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Comparison of maintenance scheme effects 

on power transformer reliability performance

Comparación de los efectos de esquemas de mantenimiento  

en el desempeño de la coniabilidad de un transformador de potencia
I.C. Durán1, L.S. Rosero2, A. Pavas3, and O.G. Duarte4

ABSTRACT 

Power transformer failures have a signiicant impact on electrical systems reliability, as they compromise the electricity delivery. Failures 
impact the operational cost of electric utilities as they endanger the accomplishment of power commitments. Power transformer 
failure rate can be modeled from its health condition, which is determined from different condition parameters. This paper is aimed 
to compare different maintenance schemes that allow the asset to be available the longest possible time. The power transformer 
operation is represented considering actual electric load proiles and temperature. Electrical and thermal transformer parameters are 
taken from manufacturer tests and technical standards. An electrical-thermal model is employed to estimate the life span reduction 
and temperature changes. From life span and loading, the health condition is determined, so as the effects of different maintenance 
schemes. The failure rates are calculated for unmaintained conditions and different maintained schemes, allowing to determine their 
effects on transformer reliability. Optimal maintenance schemes are determined and the expected beneits in failure rate reduction, 
asset reliability and life span extension are presented. As a result, it was found that certain time-based maintenance schemes provide 
better transformer reliability performance in comparison to condition based schemes, allowing to reduce the interruptions and 
extending the life of the transformer.

Keywords: Power transformer, failure rate, maintenance, health index, reliability improvement, asset management.

RESUMEN

Las fallas en los transformadores de potencia tienen un impacto signiicativo sobre la coniabilidad de los sistemas eléctricos, debido 
a que comprometen la prestación del servicio de energía. Las fallas impactan los costos operacionales de la energía debido a que 
ponen en riesgo el cumplimiento de los contratos de energía. La tasa de falla en los transformadores de potencia puede modelarse a 
partir de su condición de salud, la cual es determinada a partir de diferentes parámetros de condición. Este artículo apunta a comparar 
diferentes esquemas de mantenimiento que permitan tener el activo disponible el mayor tiempo posible. La operación del transformador 
de potencia es representada considerando periles reales de temperatura y carga eléctrica. Los parámetros eléctricos y térmicos del 
transformador son tomados de pruebas de fabricantes y estándares técnicos. Un modelo eléctrico-térmico es empleado para estimar 
la reducción de vida útil y los cambios de temperatura. A partir de la vida útil y la carga se determina la condición de salud, así 
como el efecto de diferentes esquemas de mantenimiento. Se calculan las tasas de falla para condiciones sin mantenimiento y para 
diferentes esquemas de mantenimiento, permitiendo determinar los efectos en la coniabilidad del transformador. De los esquemas de 
mantenimiento se presentan los beneicios esperados en la reducción de la tasa de fallas, coniabilidad del activo y extensión de la vida 
útil. Como resultado,  se encontró que ciertos esquemas de mantenimiento basados en el tiempo proveen un mejor desempeño de la 
coniabilidad del transformador que permitiendo reducir las interrupciones y extendiendo la vida útil del transformador.

Palabras clave: Transformador de potencia, tasa de fallas, mantenimiento, índices de salud, mejoramiento de la coniabilidad, 
gestión de activos.
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Introduction

In asset management, maintenance of power transformers 
is considered an important task. Thanks to maintenance, 
it is possible to mitigate the problems of premature aging 
and extend the equipment useful life (Brown, & Humphrey, 
2005). The main issue of maintenance is to know the most 
pertinent moment to perform the activities. Transformer 
manufacturers, standards and maintenance engineers 
suggest either schedules or advisable moments when the 
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maintenance should be performed. Maintenance seeks to 
avoid potential equipment failures and the use of corrective 
maintenance, which involves stopping transformer 
operation indeinitely.

When maintenance is scheduled at regular moments it is 
known as time-based maintenance (TBM), which has been 
widely implemented and documented in several standards. 
This practice presents many advantages over corrective 
maintenance, but also has disadvantages in comparison 
to other types of maintenance (Shneider, Gaul, Neumann, 
Hogräfer, Wellbow, Shwan, & Shnettler, 2006). The 
advantages and disadvantages are:

• It can detect faults for reduced maintenance intervals.

• It can increase useful life of the power transformer for 
regular maintenance.

• It can be expensive when regular inspections happen 
to be unnecessary.

• It does not always detect faults over long periods of 
maintenance.

• It can lead to unnecessary transformer shutdowns, 
increasing operational costs.

The kind of maintenance performed according to certain 
performance or observed physical conditions, is known 
as Condition-Based Maintenance (CBM). This type of 
maintenance is based on transformer health status, 
modifying the maintenance schedule, reducing possible 
potential failures and their corresponding costs.

This paper presents a method to estimate the optimal 
maintenance scheme based on the calculation of reliability, 
condition and failure rates of power transformers. The 
transformer condition is determined from the aging and the 
insulation degradation. Methodologies for estimating the 
aging are extracted from currently available methods.

The paper is divided in ive sections. The irst section briely 
explains how to model the power transformer using an 
electro-thermal approach. The second section explains 
how to model the health index, the failure rate and the 
maintenance effects on failure rate for power transformers. 
The next section evaluates the reliability performance 
for different maintenance schemes with an optimization 
and application case. The application case is divided 
in: settings, loss of life due to thermal effects, condition 
monitoring results, reliability and optimization results. The 
fourth section presents some discussion about maintenance 
schemes. Finally, the last section presents the conclusions.

Electrical-thermal power transformer model

The Power Transformer is modeled with an approximate 
model, which represents the temperature exchange between 
the ambient and the transformer, so as the oil circulation. 
The model works with two differential equations, which are 
the mathematical representation of the equivalent circuits 
of the oil-to-air and the winding-to-oil heat transfer (Duran 
et al, 2013), (Mazo et al, 2015). Equation (1) represents 

the oil-to-air heat transfer and Equation (2) models the 
simpliied winding-to-oil heat transfer
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Where θ
TO

 is the Top-oil temperature rise over ambient, θ
H
 is 

the Hot-spot temperature rise over the oil, θ❆ is the ambient 
temperature, ♥ is the exponent of loss function vs. top-oil 
rise and m is the exponent of load squared vs. winding 
gradient (Institute of Electrical and Electronics Engineers 
[IEEE], 2011), τ

H
 is the winding time constant at the hot 

spot location in minutes, Δθ
H,R is the rated temperature 

hot-spot rise over ambient, ■♣� is the per unit load, β is the 
ratio of load to no-load losses (IEEE, 2011), τ❖✁✂ is the top 
oil time constant in minutes, and Δθ

T❖✄☎ is the rated top 
oil temperature rise over ambient. All temperatures are in 
Celsius.

With the Hot-Spot temperature, the accelerated aging 
factor ❋❆ can be calculated according to Equation (3) for 
thermally-upgraded power transformers (Duran & Duarte, 
2012), (Duran et al, 2015). The loss of life Llife is extracted 
from Equation (4) (Duran et al, 2013), (International 
Electrotechnical Commission [IEC], 2005), for an 
observation time t2-t1 in hours.
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Health index and failure rate modeling

Health Index is a powerful tool that allows to estimate 
the conditions in power transformers, combining multiple 
measurement and inspections as a single quantitative 
indicator. This indicator can be useful to make a simple 
model for the behavior of the failure rate in power 
transformers.

Health index

A methodology to calculate a health index is the weighted 
sum of individual indicators (Jahromi, Piercy, Cress, 
Service, & Fan, 2009), (Brown, 2004). This sum requires to 
set the individual indicators over a numeric range, where 
excellent condition is set to 0,0 and worst condition to 
1,0. The thresholds for each state are based on the limits 
proposed by international standards (Institute of Electrical 
and Electronics Engineers [IEEE], 2009), (IEC, 2005). These 
limits can be modiied according to local conditions and 
expert experience.

In (Jahromi et al, 2009) some thresholds for individual 
indices are proposed, with ive health states ri for each 
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index. In (Brown, 2004) the thresholds use nine numeric 
states. References (Jahromi et al, 2009) and (Brown, 2004) 
use different weights wi for each index. This paper takes into 
account the weight criteria of (Brown, 2004), as listed in 
Table 1. Table 2 shows the thresholds for the Load History 
indices (Jahromi et al, 2009). The Value range for the index is 
modiied to use the same range showed in Table 1.

Table 1. Some power transformer condition and weight values.

Condition criteria Weight Value range

DGA (current analysis) 2 0,0-1,0

Condition of solid insulation (Furans) 4 0,0-1,0

Load History 3 0,0-1,0

Transformer age 2 0,0-1,0

Source: (Brown, 2004).

Table 2. Load History index threshold.

Condition rating Load Factor Value of r
i

Good LF ≥ 3,50 0,05

Acceptable 2,50 ≤ LF < 3,50 0,25

Need caution 1,50 ≤ LF < 2,50 0,50

Poor 0,50 ≤ LF < 1,50 0,80

Very poor LF ≤ 0,50 1,00

Source: (Jahromi et al, 2009).

To calculate the Load Factor, a linear method of load score 
is proposed in (Jahromi et al, 2009), applying Equation (5) 
and Table 3.
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Table 3. Load ratio categorization.

N
i

Load ratio [pu] i

N0 Number of Si/SB ≤ 0,6 0

N1 Number of 0,6 ≤ Si/SB < 1,0 1

N2 Number of 1,0 ≤ Si/SB < 1,3 2

N3 Number of 1,3 ≤ Si/SB < 1,5 3

N4 Number of Si/SB ≥ 1,5 4

Source: (Jahromi et al, 2009).

Where ✎✏ is number of ❙✏✴❙❇, ❙✑ is the monthly peak load, and ❙❇ 
is the rated loading of the transformer. For the present paper,  
❙✏✴❙❇❂✒

pu
.

Some condition indicators are only for current values, but 
not for trending values. Some authors established trending 
equations for these types of indicators, such as furans. In 
(Shang, 2001) an equation was proposed to calculate the 
time of operation top of solid insulation in hours, based on 
the amount of parts per million (ppm) of furans F in the oil, 
also based on the Chendong degree of polymerization. The 
trend equation is shown in Equation (6).

 lo❣✭F ✮=−1,8✓08+0.0578×t♦✔  (6)

The threshold for Furans is shown in Table 4 (Jahromi et al, 
2009). Again, the value range for the index is modiied to 
use the range shown in Table 1.

Table 4. Condition of solid index threshold.

Condition rating Furans [ppm] Value of r
i

Good 0,00 – 0,10 0,00

Acceptable 0,10 – 0,25 0,25

Need caution 0,25 – 0,50 0,50

Poor 0,50 – 1,00 0,75

Very Poor >1,00 1,00

Source: (Jahromi et al, 2009).

In the case of Dissolved Gas in oil Analysis (DGA), it is much 
more dificult to determine a trend equation. Reference 
(IEEE, 2009) proposes a table with different increase rates 
for the dissolved gas content TDCG. This dissolved gas 
content is calculated with Equation (7) (IEEE, 2009).
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Table 5 shows the threshold used in (IEEE, 2009) to 
calculate the condition for dissolved gas concentrations. A 
value range is proposed for condition.

Table 5. Dissolved gas index threshold.

Condition rating TDCG [ppm] Value r
i

Condition 1 (good) TDCG ≤ 720 0,00

Condition 2 (acceptable) 720 ≤ TDCG < 1.920 0,33

Condition 3 (poor) 1.920 ≤ TDCG < 4.630 0,66

Condition 4 (very poor) TDCG ≥ 4.630 1,00

Source: (IEEE, 2009).

For transformer age, the individual condition index is taken 
from (Brown, 2004) and shown in Table 6.

Table 6. Transformer age index threshold.

Age Value r
i

Less than 1 year of operation 0,00

Between 1 – 10 years of operation 0,05

Between 11 – 20 years of operation 0,10

Between 21 – 25 years of operation 0,25

Between 26 – 29 years of operation 0,40

Between 29 – 31 years of operation 0,50

Between 32 – 35 years of operation 0,60

Between 36 – 40 years of operation 0,80

Greater than 40 years of operation 1,00

Source: (Brown, 2004).

With ✇✏ and r✏ from Tables 1, 2, 4, 5 and 6, the health index 
H✖ is calculated with Equation (8) (Brown, 2004).
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Failure rate modeling

In order to obtain the transformer failure rate, it is 
necessary to have a history of failures and maintenance 
workouts to estimate a statistics model. An interesting 
technique is proposed in (Brown, 2004), which performs 
an interpolation between three failure rates (good, average 
and bad condition) for power transformers. The result is an 
exponential Equation (9), where the failure rate is calculated 
in function of the health index.

 λ(H
I
)= Ae

B×H
I +C  (9)

Where A, ✗ and ✘ are constants. Reference (Brown, 2004) 
presents an interpolation procedure to determine the given 
constants with Equations (10) to (12).

 A= (λ(1/ 2)−λ(0))2 λ(1)−2λ(1/ 2)+λ(0)  (10)

 B= 2ln λ(1/ 2)+ A−λ(0)( ) A( )  (11)

 C = λ(0)− A  (12)

Where λ(0) is the failure rate for good condition, λ(1/2) is 
the failure rate for average condition and λ(1) is the failure 
rate for bad condition.

Maintenance effects on failure rates

Maintenance work on power transformers is applied not only 
to ix damages inside the equipment, but also as a preventive 
measure to reduce the possibility of future failures and 
extending the transformer useful life. A good maintenance 
work reduces the general health to the immediately previous 
condition state. Some indicators do not change with 
maintenance work, such as age or internal solid insulation, 
but others like DGA can be reduced even to zero.

The health condition index always tries to return to its 
natural behavior without maintenance. The time gained 
between maintenance work and the return to the natural 
aging will be the transformer life span extension.

With the aim of determining the possible decrease in the 
failure rate due to maintenance, (Wang, Lu, Bie, You, & 
Cao, 2014) proposed the iterative Equation (13), which 
calculates different failure rates, and the result is the 
maximum value achieved from these iterations.
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Where λ
pos

(t) is the transformer failure rate after 
maintenance, λ

pre
(t’) is the previous failure rate for iteration 

t’, t is the total study time, t
ini

 is the initial time duration after 
last maintenance, X(t) is an auxiliary binary variable, equal 
to 1 if maintenance is conducted or otherwise equal to 0.

Evaluation of maintenance  
schemes performance

Because TBM, supplied by manufacturers and standards, 
is not always the most suitable maintenance, some experts 
apply a CBM to improve maintenance issues. However, 
CBM schemes cannot be completely optimal, and therefore 
it is necessary to evaluate the reliability performance in order 
to know the beneits among different maintenance schemes.

Failure simulation and reliability estimation

The irst step to evaluate the performance of each 
maintenance scheme is the calculation of failure rates. For 
every scheme, the evolution of the condition is calculated 
with and without maintenance using Equation (8), and then 
the failure rate is calculated with Equations (9) and (13). 
From the failure rate curves, with a Monte Carlo simulation, 
the reliability of the transformer is determined by calculating 
the probability of expected interruptions for each scheme. 
An Exponential distribution model is employed to simulate 
the failures, as shown in Equation (14).

 F✛t✜= P✢t≤T )=
0 if t < ✣

1− e−λt if t ≥ 0

⎧
⎨
⎪⎪⎪

⎩
⎪⎪⎪

 (14)

Where F(t) stands for the probability of a failure to happen 
for a time lesser than T, and λ is the failure rate.

Optimization of maintenance schemes

Once the failure rates and the expected reliability for 
each maintenance schemes are calculated, maintenance 
schedules are technically optimized by minimizing the 
number of interruptions and maintenance actions as 
function of the applied maintenance schedule. 

The applied optimization is linear multivariable. The 
Equations of the objective function and constraints are 
shown in (15).
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Where f(imt) is the objective function which depends on 
the number of interruptions i

mt and number of maintenance 
activities N

mt
 in each case, h

in
 is the duration in hours for the 

interruptions, h
mt

 is the duration in hours for each maintenance 
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action, i✱✲✳ is the number of interruptions without maintenance,
✶

mt_poss
 is the maximum number of possible maintenance 

works, and t
op

 is the operation time in years.

SAIDI and SAIFI indexes are reliability performance 
indicators for distribution systems.  These indexes are 
not the most commonly employed indicators to study 
reliability performance for power transformers, but provide 
an initial quantiication to study interruptions frequency 
and duration, i.e. transformer reliability. Both indexes are 
calculated using Equations (16) and (17).

 ✷A✻✼✻ = ✽
i
✾
i∑ ✾❚  (16)

 ✿A❀❁❀ = ❃
i∑ ❃❄  (17)

Where r
i
 is the restoration time for each interruption event, 

N
i
 is the Number of interrupted customers for each sustained 

interruption event during the reporting period, and N
T
 is the 

Total number of customers served for the area (IEEE, 2012).

Application case

In order to assess the reliability performance for different 
maintenance schemes, a power transformer of 25 MVA 
66/11 kV ONAF is simulated. The study time starts 5 years 
from commissioning to 40 years. 

Maintained scenarios parameters

The irst simulation (Case 1) consists of a TBM with 
the maintenance intervals of 20.000 hours between 
maintenance actions, starting from 100.000 hours. The 
second TBM simulation (Case 2) is performed with the 
same intervals of Case 1, but starting from 60.000 hours. 
The third TBM simulation (Case 3) starts maintenance 
actions at the same time of Case 2, but the maintenance 
interval is 40.000 hours (one half the frequency of Case 
2). The last TBM simulation (Case 4) starts maintenance 
action at 60.000 hours, but the maintenance interval is 
10.000 hours (twice the frequency of Case 2). The ifth 
simulation consists in a CBM with maintenance actions in 
every condition change, and some TBM maintenance every 
20.000 hours. Finally, the second CBM simulation (Case 6) 
performs each maintenance action only where a condition 
change is observed. Case 6 shows the moments where 
CBM maintenance is applied for Case 5 and 6. Figure 1 
illustrates the six proposed maintenance schemes.

Figure 1. Maintenance schemes proile.

Transformer parameters

The input parameters for the power transformer are given 
in Table 7. The load proile and the ambient temperature 
proile are show in Figure 2. A yearly constant demand 
growth of 0,06 % is assumed.

Table 7. Transformer characteristics.

Parameter Value Unit

Load to no-load ratio 6,2

Per unit. Eddy current losses 0,69

Rated top-oil rise over ambient temperature 38,3 Celsius

Rated Hot-spot rise over ambient temperature 23,5 Celsius

Top-oil time constant 1,9 Hours

Winding time constant 0,117 Hours

Exponent m (for ONAF) 0,8

Exponent n (for ONAF) 0,9

λ(0) for good condition 0,0075 Failures/year

λ(1/2) for average condition 0,0400 Failures/year

λ(1) for bad condition 0,1400 Failures/year

Source: (Brown, 2004), (IEEE, 2011).

Using the parameters of Table 7, considering only the 
effects of ambient temperature and load heating, without 
considering any kind of maintenance, and not taking into 
account any other factors capable of affecting the useful 
lifetime, the transformer experiences a 2,72 years loss of 
life for a 35 years simulation. This kind of aging is unlikely 
to happen in real conditions; therefore, the proposed 
modeling procedure must be applied. This result will be 
employed for the simulation cases in the next section as a 
reference aging baseline. 

Table 8. Initial DGA parameters.

Gas Value Unit Gas Value Unit Gas Value Unit

H2 50 ppm C2H2 0,5 ppm CO 150 ppm

CH4 60 ppm C2H4 25 ppm C2H6 35 ppm

For condition monitoring, four individual indicators are 
considered. The indicators and their weights are taken from 
Table 1. Initial values for DGA are derived from technical 
standards, Table 8 shows the values assumed for the 
application case. Equation (6) is used for furans growth, for 
an operation time top = 306.600 hours.

Figure 2. Daily load and ambient temperature proile.
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Unmaintained performance simulation

The following results will be displayed against a time scaled 
at thousands of hours, which corresponds approximately to 
one month.

Taking into account the reference temperature aging 
baseline calculated above, the growth of furans and DGA, 
Figure 3 shows the behavior of every individual condition 
indicator. It is worth to note that the age indicator remains 
constant over the 40 years. In addition, the load indicator 
remains constant. On the other hand, DGA and furans 
indicators have signiicant condition changes.

Figure 3. Individual condition indicators.

In the case of furans, its change follows Equation (6) and 
is calculated for an approximate solid insulation total life 
of 55-60 years. For the DGA, growth is given in the early 
stages for transformer simulation, and then stabilizes. This 
behavior is unique to this simulation.

When applying Equation (8) with the given indicators and 
the weights, H❅ is calculated for the power transformer. 
The result is a stepped curve shown in Figure 4. This curve 
is converted to a continuous condition curve (ramp), by 
joining the points where the condition values change. The 
unmaintained failure rate is calculated using Equation (9) 
and displayed in Figure 5.

In Figure 4, a sharp rise in the failure rate between 125.900 
and 128.000 hours can be observed. This increase, 
although it lasts a short duration (only 2.100 hours), is 
caused by the simultaneous changes in furans and DGA 
indicators, as can be detailed in Figure 3. It is also noted 
that the change is comparable to the increase after 231.800 
hours, which lasts longer. These types of jumps, in the case 
of dissolved gases, can be improved by means of preventive 
maintenance actions.

Figure 4. Transformer general condition (stepped and continuous).

Figure 5. Unmaintained transformer failure rate.

Maintained scenarios performance simulation

Figures 6 to 9 show the yielded failure rates for all TBM 
Cases, which were derived from Equation (13). Figures 10 
and 11 show the failure rate results for CBM Cases 5 and 6. 

Figure 6. Transformer failure rate for TBM case 1.

In both cases, no abrupt reductions in the failure rate 
are observed, especially in the middle of the simulation. 
This is because these schemes applied the maintenance 
just a few hours after the condition change. This shows, 
compared with what happened in the cases 1, 3 and 4, 
that the maintenance action must be placed just after a 
signiicant increase in the failure rate. This ensures a longer 
useful life for the power transformers without incurring in 
high-maintenance costs. 

It is important to highlight which indicator causes the 
failure rate increase, since some components such as the 
solid insulation are not repairable.

Figure 7. Transformer failure rate for TBM case 2.
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Figure 8. Transformer failure rate for TBM case 3.

Figure 9. Transformer failure rate for TBM case 4.

Figure 10. Transformer failure rate for CBM Case 5.

Figure 11. Transformer failure rate for CBM Case 6.

From the results of Figures 6 to 11, the amount of non-
programmed interruptions for TBM and CBM cases during 
the 35 years of simulation was calculated. Figure 12 
shows seven cases of failure rate were the calculation of 
reliability is applied. The cases found in the box are listed 
in a descendent way. For the calculation of unscheduled 
interruptions, as previously explained, a Monte Carlo 

simulation is applied, with 200 realizations as the initial 
parameter. Equation (14) is applied to determine the 
probability of interruption for the each case.

Figure 12. Transformer failure rates for reliability evaluation.

The results in Figure 13 show in more detail the comparison 
of non-programmed interruptions for all the six Maintained 
Cases against the Unmaintained Case. The cases found in 
the box are listed from right to left. 

Figure 13. Transformer expected interruptions for each case.

First, noted in the middle of the igure, Cases 1 and 5 
had the same amount of expected interruptions. This is 
because the number of maintenance actions are almost 
equal and with similar points of application. As the 
number of maintenance applied decreases, the expected 
interruptions approach the case without maintenance, as 
shown in Cases 3 and 6. In contrast, when increasing the 
number of maintenance actions, there was a considerable 
achievement in reductions in interruptions, as shown in 
Cases 2 and 4. Comparing CBM and TBM cases, a gain in 
reliability appears if the maintenance frequency increases. 
The probabilities of 50 % of interruptions for all cases are 
shown in table 9.

Table 9. Results of the reliability for each case.

Case Number of interruptions Percentage

Unmaintained Case 324 100,0 %

TBM Case 1 313 96,6 %

TBM Case 2 308 95,1 %

TBM Case 3 316 97,5 %

TBM Case 4 293 90,4 %

CBM Case 5 313 96,6 %

CBM Case 6 319 98,5 %
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Finally, the optimization of Equation (15) is performed for 
each simulated case. The SAIDI and SAIFI are calculated from 
the 50 % of interruptions of the reliability simulation using 
Equations (16) and (17). The maximum number of hours 
per interruption, hours required to perform a maintenance 
action and maximum of maintenance works are arbitrary 
values. Table 10 shows the values for the optimization.

Table 10. Optimization parameters.

Case SAIDI [h/years] SAIFI [int/year]

Base Case 1555,20 9,26

TBM Case 1 1520,94 8,94

TBM Case 2 1477,06 8,80

TBM Case 3 1529,13 9,03

TBM Case 4 1449,60 8,37

CBM Case 5 1518,88 8,94

CBM Case 6 1537,32 9,11

Parameter Value Unit

Maximum time of interruption 168 hours

Maximum time of maintenance action 72 hours

Maximum maintenance actions for 35 years 25

The optimization results are listed in Table 11, which are 
the number of expected interruptions for each maintenance 
scheme and the number of maintenance actions.

Note that the TBM Case 1 and CBM Case 5 once again had 
similar results, since interruptions curves are superposed, 
as show in Figure 13. TBM Case 4 had the best scheme 
because it had the lower number of interruptions with 
respect to the other cases (approximately 292). This quantity 
of interruptions is for 23 maintenances preformed during 
the 35 years of simulation. 

Table 11. Results of the optimization for each case.

Case Number of interruptions Number of maintenances

Case 1 307,41 22,06

Case 2 297,61 23,59

Case 3 309,08 22,15

Case 4 291,97 23,40

Case 5 306,87 22,32

Case 6 310,73 22,27

Discussion

The results demonstrated that while the condition-based 
maintenance cases succeed by not using unnecessary 
maintenance actions, they fail when trying to decrease the 
lifetime maintenance with respect to the unmaintained base 
case. In  asset management  theory, CBM has advantages 
with respect to TBM, but this investigation  found that it 
cannot be true under certain conditions. 

Table 12 shows how each maintenance scheme, with 
respect to the unmaintained case, improved or not the most 
representative indicators for reliability and useful life.

Table 12. Indicators improvement for each case.

Case ∆L
life

 [h] ∆l [flr/h]
∆SAIFI  

[int/year]
∆SAIDI  
[h/year]

∆LF / # maint  
[h/mant]

Case 1 24.900 0,801x10-6 0,32 34,26 2.766,66

Case 2 40.000 0,935x10-6 0,46 78,14 3.636,36

Case 3 20.000 0,520x10-6 0,23 26,07 3.333,33

Case 4 104.800 1,331x10-6 0,89 105,60 4.990,48

Case 5 24.900 0,710x10-6 0,32 36,32 3.112,50

Case 6 15.000 0,216x10-6 0,15 17,88 5.000,00

Clearly, this table shows that a time-based, such as Case 
4, is much better since it increases the useful life of the 
transformer in 104.800 hours or 11,96 years, signiicantly 
reduces the failure rate in 1,331x10-6 failures/hour (65,5 % 
in comparison to non-maintained case) and has the largest 
decrease of SAIFI (0,89 int/year) and SAIDI (105,60 h/year). 
If the best increase of transformer lifetime per maintenance 
action is the desired result, the optimal solution is Case 6. 
This is because it takes fewer interruptions during the life 
cycle of the transformer, achieving a reasonable extension 
of useful life.

Finally, it is interesting to see the analysis of results, how the 
time-location of the maintenance action is essential. This 
is due to the fact that when there are some points with a 
high decrease in the health condition, the maintenance 
actions will not make the desired life extension, despite its 
signiicant failure rate reduction. 

Conclusions

Maintenance schemes for power transformers, independent 
of the type, are mechanisms capable of reducing the failure 
rate and extending the useful life with respect to its normal 
growth due to the aging and usual usage.

Choosing a scheme based on the behavior of individual 
and general condition of the transformer can anticipate 
possible potential failures, mitigating the problems of aging 
in the power equipment.

The after-maintenance failure rate method appliance shows 
that there are maintenance works which reduce the failure 
rate, but do not ensure a long extension of useful life, and 
they are more expensive than other maintenance works.

The combination of time-based and condition-based 
schemes allow to choose an optimal plan to extend the life 
of the transformer.

A hybrid scheme between time and condition-based 
maintenance may be optimal when the study is centered 
in future aging, which only takes into account the past and 
present behavior.
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