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Abstract— The evaluation of reliability of a composite power
system is essential for the modern power system to assess the
capacity to supply continuous power to the consumers. The
power system network is affected by various uncertainties such
as equipment failures and random variations in power generation
and load demand. All these factors and complex network topology
with a large number of equipment components lead to difficulties
in the assessment of reliability in a composite power system.
In this paper, reliability evaluation is carried out to estimate
the power capacity availability at load bus in a composite
power system. The composite power system considered here is
a microgrid consisting of a conventional power generating unit,
power transformer, wind farm, and four loads. New simplified
predictive models have been suggested for the estimation of ambi-
ent temperature and wind velocity and validated with the actual
weather data collected from Meteorological and Oceanographic
Satellite Data Archival Centre, India. Using these models, wind
velocity and ambient temperatures are predicted one day ahead
to estimate the transformer tank temperature, from which the
transformer derating factor and the power injected into the
microgrid are computed. The proposed methodology is aimed
to obtain the power capacity availability at load bus, the limits
on the available power capacity variation, and corresponding
confidence limits.

Index Terms— Availability, composite power system, failure
rate (λ), reliability, repair rate (μ).

I. INTRODUCTION

THE electrical energy plays a vital role in our day-to-day
life to meet the needs of modern society. The reliability

evaluation of the electrical system is important to assess the
quality of power system. The power system operators must
aim to provide continuous power supply to the consumers at
a reasonable cost. The reliability and probability evaluation
methods for the power system are developed in [1]–[3].
The reliability assessment based on probability of available
power capacity at load bus in an interconnected system is
quite difficult due to the large number of equipment com-
ponents, network topology, and constraints on its generation
capacity [4]–[7].

The power transformer is one of the most important equip-
ment components of electrical transmission and distribution
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systems. The capital investment of the power transformer is
high compared with that of the other elements in transmis-
sion and distribution substations. Periodical maintenance and
continuous monitoring is important for power transformers for
better operation. Failures of power transformers lead to finan-
cial loss and replacement cost and require large downtime.
A complete power outage will occur in the associate trans-
mission and distribution systems due to power transformer
failures. Hence, estimation of service life of power transform-
ers is a well-known topic of interest [11]–[23]. Overloading
of the power transformers is common and can occur in
different forms such as continuous and intermittent due to
various factors such as planned or emergency contingencies.
The failure may be due to overloading, so the prediction
of available transformer capacity is required to control the
load. Derating of the transformer based on the harmonics and
unbalanced and overloading conditions has been presented by
Kumar et al. [29], Kolar et al. [30], Boroyevich et al. [31],
Han et al. [32], and Fatu et al. [33] . Some of the recent
developments in the microgrid are available in [29]–[33].

All these factors affect the power availability at the load
bus. The reliability estimation in composite system is helpful
to power system planners to take decisions on creating redun-
dancy. This paper presents the methodology for evaluating
the power capacity availability at load bus. It also provides
knowledge in advance about some idea on the confidence level
with which the available power capacity changes, which will
be helpful to both the consumers and power system operators.

The following sections describe the procedure adopted for
the available power capacity evaluation. Section II deals with
the composite power system reliability and its importance.
Section III discusses the methodology used for assessing the
available capacity of power transformer through the calculation
of its tank temperature based on the prediction of wind velocity
and ambient temperature and evaluation of transformer derat-
ing factor based on the tank temperature. The evaluation of
available power capacity at load bus is discussed in Section IV.
Sections V and VI deal with the results and the conclusion,
respectively.

II. COMPOSITE POWER SYSTEM

The reliability assessment is very important for the power
system operation and control. The evaluation of reliability
in the composite system is complex in nature due to the
large number of equipment components and network topology.
This is a challenging issue in the reliability evaluation in
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Fig. 1. Microgrid.

TABLE I

COMPOSITE POWER SYSTEM DATA

interconnected power systems [5]. The increased complexity
of systems, competitive costs, types of designs, loss of revenue
due to interrupted supply, and lack of periodical maintenance
procedures are the main reasons that affect the reliability in
the composite power system. The proposed composite power
system is a microgrid consisting of a conventional generating
unit of rating 5 MVA, two power transformers, wind farm of
rating 5 MVA, and four loads as shown in Fig. 1. The failure
and repair rates of each component are given in Table I. The
nominal ratings of power transformers are the same as those
of their connected generators. The wind power generation is
fixed at 5 MVA irrespective of wind velocities above the rated
value.

III. POWER CAPACITY AVAILABILITY

An interconnected power system consists of a number of
equipment components that have their own failure and repair
rates. The reliability index considered here is the power
availability at load bus. The system considered here is a
microgrid with a wind farm and a conventional generating

unit as shown in Fig. 1. The most commonly used methods
are series–parallel and star–delta conversions of the reliability
model of the network using the individual failure and repair
rates of each component and then from the power flow paths
and so on. From this analysis, an equivalent failure (λ) and
repair (μ) rates are obtained between the source and the
load [28]. Once the failure and repair rates are computed, then
the average power availability is calculated from (1) and (2).
The classical node elimination method, which simplifies the
analysis, is applied here to get the equivalent failure and repair
rates and is explained in [28]

Availability = μ

(λ + μ)
(1)

Unavailability = λ

(λ + μ)
. (2)

A. Prediction of Wind Velocity, Ambient Temperature,
and Tank Temperature

In this paper, hourly metrological data of the past one
week are collected from Meteorological and Oceanographic
Satellite Data Archival Centre (MOSDAC) to predict the
wind velocity, tank temperature, and ambient temperature
for the eighth day. In general, the tank temperature is high
compared with ambient temperature. This is because of the
heat dissipation from the tank to ambient. The heat transfer
is mainly due to convection [8]–[17]. From the MOSADC
data, it is observed that if the ambient temperature and wind
velocity are high, then the difference between the ambient
and tank temperatures is less. Similarly, it is observed if the
ambient temperature is high and wind velocity is low, then
the difference between the ambient and tank temperatures is
high [18]–[23]. This is due to the convective heat loss from the
tank, which depends on both ambient temperature and wind
velocity. That means there is a correlation among the wind
velocity, tank temperature, and ambient temperature [24]–[27].
It is also observed that the wind velocity has a greater influence
on the tank temperature. It is therefore necessary for the
estimation of the tank temperature, wind velocity, and ambient
temperature to be monitored near the transformer. However,
the microgrid area under consideration is not very large and
only one monitoring system for MOSADC data is located in
that area, and an approximation is made that the wind velocity
and ambient temperature are uniform in this region.

In order to predict the wind velocity on the eighth day based
on the past seven-day hourly data. The hourly wind velocity
Vn on any day is calculated from the weekly average wind
velocity, Vo for the particular hour in the previous week, its
standard deviation σ , and constant An , as given by

Vn = Vo + σ An . (3)

Here, one-week hourly wind velocity is taken to compute
the average wind velocity (Vo) and σ . The constant An for a
particular hour of the day is assumed to follow a second-order
polynomial as given in (4). The hourly based data of one-week
wind velocity are shown in Table II

An = m0 + m1 X + m2 X2 (4)
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Fig. 2. Profile of wind velocity.

TABLE II

VELOCITY, AMBIENT TEMPERATURE, AND TANK TEMPERATURE DATA
FOR THE PAST ONE WEEK IN A PARTICULAR HOUR

where An = constant corresponds to the day number (n = 1
to 7), m0, m1, and m2 are the constants, and X is the day
number (1 to 7).

The profile of the wind velocity in a particular hour of the
day for the past week is shown in Fig. 2. From the weekly
wind data for the hour under consideration, the average wind
velocity for the week and its standard deviation are calculated,
and from (3), the constants A1 to A7 ((Vn − Vo)/σ ) for the
particular hour in the week are calculated. Using (4), constants
m0, m1, and m2 are evaluated by minimizing the square of
the error in the calculation of An . From these data using
the previously calculated constants m0, m1, and m2, the wind
velocity for the eighth day for the hour under consideration
is computed. It is assumed that the average wind velocity and
its standard deviation remain the same for the eighth day for
the specified hour.

The predictions of wind velocity and ambient temperature
through (3) and (4) are validated for the eighth day with the
data collected from MOSDAC, Government of India, and the
same is shown in Tables VIII–XI.

A similar procedure is used for predicting the ambient
temperature for the eighth day based on the collected data
available over the last week. The tank temperature and ambient
temperature for the particular hour in the past week are also
shown in Table II. The profile of these temperatures are plotted
and shown in Fig. 3. The constants in (4) for each day are
calculated and shown in Table III.

As stated earlier, the tank temperature depends on the wind
velocity, ambient temperature, and the internal losses of the

Fig. 3. Profile of ambient temperature and tank temperature.

TABLE III

CONSTANTS IN (4)

transformer. This relationship is given in the following :

Tank temperature = (K1 × Wind Velocity)

+(K2 × Ambient temperature)

+K0 (5)

where K0 takes care of the variable load on the transformer
From the past one-week data, the variables K1, K2, and K0

are determined to minimize the error between the measured
and computed values of tank temperature. Using the constants
K1, K2, and Ko and the predicted values of wind velocity and
ambient temperature, the tank temperature for the eighth day
for the particular hour is computed. Since the tank temperature
is dependent on wind velocity and ambient temperature, which
are varying with time, it is not correct to predict the tank
temperature also from its past one-week data as is done for
wind velocity and ambient temperature. Hence, the suggested
procedure for estimating the tank temperature for the eighth
day is followed.

Constants K1, K2, and K0 in (5) are calculated from the past
one-week data are K1 = −2.9909, K2 = 0.2137, and K0 =
87.119. The predicted wind velocity and the ambient temper-
ature for the eighth day are 15.6429 km/h and 47.12706 °C,
respectively. Using (5), the tank temperature is calculated and
is 50.351°C. It is assumed that the tank temperatures of the
two power transformers in the microgrid are the same since
they are in close vicinity in the microgrid. Otherwise, if the
local data at both places are available, then the two tank
temperatures can be computed for the eighth day using the
same procedure for the particular hour.

B. Generation Power Capacity Availability

The proposed composite power system consists of a
conventional generating unit and a wind generator. Both
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are connected to the network through power transformers.
The power transformer rating is not constant and it depends
on the tank temperature. Hence, the rating changes from
its nominal value and there is a need to know the derating
factor of the power transformer. The power injected into the
grid is limited to the derated capacity of the interconnecting
transformer. Periodical maintenance and continuous monitor-
ing are important for power transformers for better operation.
The failure of power transformers leads to financial loss
and replacement cost and require large downtime. Complete
power outage will occur in the associate transmission and
distribution systems due to power transformer failures. The
failure may be due to overloading. Hence, the prediction of
available transformer capacity is required to control the load.
The available capacity of the power transformer is affected by
the variation of tank temperature, which depends on ambient
temperature, wind velocity, and top oil temperature. The top oil
temperature is fixed at 80 ° considering the life of insulation.
There will be accelerated dissociation of the oil beyond this
temperature [16], [17]. The I 2 R losses are more predominant
and responsible for the rise in oil temperature compared with
other losses, which are small in comparison and depend on
voltage and frequency, which are fairly constant. Transformer
I 2 R losses depend on the connected load. Thus, the difference
between top oil temperature (80°) and the tank temperature
decides permissible amount of I 2 R losses, which in turn leads
to the permissible rating of the transformer [14]–[16]. The
difference in temperature �T decides the permissible value of
load connected and the derating factor the transformer capacity

�T = C[I 2 R] (6)

where C depends on the thermal resistance of oil. Both C
and R (Transformer winding resistance) are assumed to be
constant for a given transformer and I is the RMS value of
the load current.

Therefore

I =
√

�T

CR
(7)

and

Power Transformer Rating = (Votage × Current)α
√

�T .

(8)

The derating factor is proportional to the RMS rating of the
current. The distortion in the current waveform expressed in
terms of Total Harmonic Distortion (THD) due to nonlinear
loads increases the RMS value and so the losses for the same
fundamental current. Therefore, for the same tank temperature,
the permissible RMS current magnitude should be decreased
to maintain the prescribed top oil temperature. Therefore, the
derating factor decreases with the increase in THD.

The tank temperature of the eighth day is predicted based
on past one-week hourly data and the rating of the transformer
is mostly affected by the losses. The major parts of the
losses in a power transformer are from the copper windings
(i.e., heat losses or I 2 R losses) and remaining losses are
much less compared with I 2 R losses. The transformer top
oil temperature changes due to the load variations and the

TABLE IV

DERATING FACTOR FOR EACH DAY

ambient temperatures. As a result, the heat losses go up
during heavy loaded situations and increase the temperature
difference between the top oil and the tank. This will affect
the rating of the transformer. In this paper, only the I 2 R losses
are assumed to affect the difference in temperatures of tank
and top oil, and thereby, the rating of the transformer is given
by (8). The derating factor is developed based on the above-
mentioned analysis. The derating factor and the available
megavolt-ampere rating of the transformer are obtained as
given in (9)

K =
√

Difference between Ttop oil and Ttank

Difference between the nominal Ttop oil and Ttank

where Ttop oil is the top oil temperature and Ttank is the tank
temperature

K =
√

�T

�TNominal
= IPermissible

INominal
= New Rating

Nominal Rating

Available MVA rating of transformer

= K × Nominal rating of transformer. (9)

The nominal oil temperature and tank temperature of the
transformer are 80 °C and 45 °C, respectively. The power
transformer at conventional generation of a nominal rating
of 5 MVA and an average load of 4 MW 0.8 power factor
(5 MVA) and the power transformer at the wind farm side
of a nominal rating of 5 MVA are considered to have the
same derating factor. The derating factor for the particular
hour in each day is shown in Table IV. The wind generating
unit capacity variations are also considered for analysis. If the
nominal capacity of wind generator is 5 MVA at a nominal
wind velocity (Vo) of 15 km/h, the new rating on the eighth
day is given by

New Rating on 8th day = Nominal power capacity

×
(

Velocity on 8th day

Nominal Velocity

)3

. (10)

The extractable wind power by the wind turbine depends on
its design parameters, wind velocity, and air density. Therefore,
the available wind power from the same wind turbine is a
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TABLE V

WIND POWER GENERATED FOR EACH DAY

function of wind velocity and air density. As an approximation,
it is generally considered that for the short-term forecasting,
the variation in air density need not be considered [5]. Hence,
in (10), the power available from the wind generator is
assumed to be proportional to the cube of the wind velocity.
If the air density data are available, it can be included in the
calculation of available wind power.

The wind velocity on the eighth day as computed in
Section III-A is 15.64 km/h. Hence, the actual power gen-
erating capacity available from the wind farm on the eighth
day using (10) is 5.66 MVA. However, the power generation
is limited to 5 MVA. The derating factor of the power trans-
formers on the eighth day computed from (9) is 0.9203, which
is the same for the both transformers. The power capacity
available at the point of connection of power transformers
to the grid using the derating factors on the eighth day
for the transformer near the conventional generating unit is
4.605 MVA and for the transformer near the wind farm
side is 4.605 MVA (G2). Therefore, the net power capacity
available from wind farm is only 4.605 MVA irrespective of
wind generating power capacity of 5 MVA. The actual power
injected into the network is limited by the permissible rating of
the connecting transformer. Similarly, the power injected into
the grid from the conventional generation is also restricted
to 4.605 MVA due to the reduction in the capacity of its
connected power transformer. From this, it is clear that the
conventional power injected into the grid is affected by only
the tank temperature of the power transformer connected to it.
The derated capacities of the power transformers connected
to the conventional unit and the wind generation unit over
the past one week are given in columns 4 and 5 of Table IV.
The power delivered to the grid by the conventional unit is
the same as given in column 4 of Table IV.

The wind power generation is affected by the wind velocity
as well as the tank temperature of the connected power
transformer. The power generated from the wind generation
for the particular hour is shown in column 4 of Table V. The
wind velocities on some days at the specified hour are more
than the rated velocity. During these days, the wind generation
is more than 5 MVA and it is limited to the actual rated power
of 5 MVA of the wind generator, which is given in Table V.
The derated capacity of the connected transformer is shown in
column 5 of Table IV. Therefore, the net power available for

TABLE VI

AVERAGE AND ACTUAL POWER AVAILABILITY AT LOADS

the particular hour from the wind farm is constrained by the
derated capacity of transformer and is shown in column 5 of
Table V. If the wind velocities on some days are less than the
rated velocity and the connected power transformer derating
is more than the available wind power, then the actual wind
power generated will be injected into the grid.

The standard deviation of the power fed into the grid from
the wind farm in the particular hour for the past one week
is 0.02. The standard deviation for the predicted power fed
into the grid by the wind farm is assumed to be same as 0.02
over the hour on the eighth day. The standard deviation of
the hourly average power injected by the conventional unit
is calculated as 0.01 based on the past one-week data. It is
assumed that the predicted power injected into the grid on
the eighth day for the particular hour by the conventional unit
equal to 4.605 MVA (G1) will also have the same standard
deviation over that hour.

IV. METHODOLOGY

The main objective of this paper is to compute the available
power capacity at load bus. The average power availabilities at
each load bus are computed from (1) and (2), where equivalent
failure and repair rates are computed using the classical node
elimination method [28].

If P1, P2, P3, and P4 are these probabilities, then the
probability of availability of power at each consumer bus is
given as

Probability of power avaliable at load bus = Pn∑
Pn

. (11)

These probabilities at the load buses are given in Table VI.
Column 3 gives the probability of average power availability at
each load bus and column 4 gives the actual power availability
at each load bus is calculated using (11)

The power capacity availability at load bus 1

= P1

(P1 + P2 + P3 + P4)
(G1 + G2) (12)

where G1 and G2 are the computed capacities of power avail-
able through the transformers from the conventional generator
and wind farm for the eighth day. Similarly, the available
power capacity on the eighth day can be computed at the other
load buses and is shown in column 5 of Table VI.
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Fig. 4. Normal density distribution function.

TABLE VII

LIMITS ON AVAILABLE POWER CAPACITY AT LOADS

Assuming normal distribution for the available power capac-
ity, its standard deviation is calculated from the available past
one-week data for the specified hour. Fig. 4 shows the normal
density distribution curve with the mean value of a variable
(X/Xaverage) equal to Xo = 1.0 and the standard deviation
(σ), where X is the actual value. Based on the probability
theory for normal distribution, the variable (X/Xaverage) will
stay between the limits (1−2σ) and (1+2σ) with a confidence
level of 95%.

In this paper, Xaverage is the predicted available power capac-
ity (Q) at the specified hour on the eighth day. Its standard
deviation σ is calculated in Section III from the past seven-day
data, which is equal to 0.01 for conventional power generation
and 0.02 for the wind power generation. The predicted lower
limit of the power available from the conventional power unit
(G1) on the eighth day for the particular hour is 4.51 MVA
and the upper limit is 4.69 MVA. Similarly, the lower limit on
the power available (G2) from the wind farm on the eighth
day is 4.4208 MVA and the upper limit is 4.7892 MVA. The
total power (G) injected into the grid is equal to the sum of
G1 and G2. The corresponding predicted values of lower and
upper limits of the total power available on the eighth day at
specified hour at each load bus are given in Table VII.

V. RESULTS AND DISCUSSION

In this paper, the average available power capacity at load
bus is calculated. The average power capacity of the proposed
composite system is predicted in advance by considering all
the possible nonlinearities. The total average power capacity
available to the microgrid on the eighth day at the specified
hour is 9.21 MVA. Using the methodology followed, the total
power capacity available stays between 8.8416 and 9.5784
MVA with a confidence limit of 95%, and average powers
available at each load bus on the eighth day are 2.6352, 2.3123,
1.6926, and 2.5694 MVA. From this, the probable limits on

the available power capacity at each load with a confidence
limit of 95% are given in Table VII.

VI. CONCLUSION

This paper proposes a methodology to evaluate the power
capacity availability at different load buses in a compos-
ite power system. The generating system nonlinearities are
included to estimate the average power availability. In this
paper, the power transformer and wind farm power capacity
are predicted in advance and used to calculate the available
power capacity at each load bus.

APPENDIX

TABLE VIII

STATION NAME: KUTCH–MANDVI (GUJARAT, INDIA)

TABLE IX

STATION NAME: KUTCH-MANDVI (GUJARAT, INDIA)
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TABLE X

STATION NAME: RAJPIPLA (GUJARAT, INDIA)

TABLE XI

STATION NAME: BANGAPET–KOLAR (KARNATAKA, INDIA)
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