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Abstract: In view of the current situation that the load 

difference is not considered in the existing research on public 

standby transformer, the reliability Markov model and public 

standby planning model of distribution transformer unit based 

on public standby mode are proposed. When the transformer 

fails, the standby transformer is preferred to replace the faulty 

transformer. The power failure time of the user is shortened 

from the transformer maintenance time to the standby 

installation and operation time. The state transition rate is the 

installation and operation rate of the standby transformer, and 

the replaced faulty transformer is converted to the standby 

transformer in the unavailable state. This paper applies the 

scheme decision analysis method to the field of engineering 

control, and applies the combination of the compound matter 

element analysis and the subjective and objective weight to the 

quantitative calculation of correlation entropy. This method 

solves the current situation that transformer faults are difficult 

to measure and calculate quantitatively, and it can accurately 

predict the healthy development trend of transformers, which 

has a good guiding value for the use and maintenance of 

transformers. At the same time, the public standby measures of 

distribution transformer can better solve the problem of long 

transformer fault repair time with a small amount of capital 

investment, effectively shorten the recovery time of fault outage 

and reduce the impact of transformer fault. The standby 

measures of distribution transformer have an obvious impact on 

the reliability of distribution system. 

 

Keywords:—Reserve Planning Method, Transformer Group, 

Markov Reliability Model, Health Degree 

I. INTRODUCTION 
s the key equipment of distribution system, distribution 
transformer takes a long time to repair its fault and has a 
great impact of power failure[1]. The public standby 

measures of distribution transformer can better solve the 
problem of long transformer fault repair time with a small 
amount of capital investment, effectively shorten the recovery 
time of fault outage and reduce the impact of transformer 
fault. The standby measures of distribution transformer have 
an obvious impact on the reliability of distribution system 
[2-3]. Reference [4-6] analyzes the common standby 
measures of distribution transformers from the perspective of 

reliability. Among them, Reference [4] uses Markov method 
to model the reliability of distribution transformer groups 
with common standby, but this study does not take into 
account the differences between transformers. In reference 
[5], the state enumeration method is used to calculate the 
failure probability of transformer unit based on equipment 
aging failure, and the input strategy of standby equipment is 
determined based on this criterion. Reference [6] considers 
the standby settings under two fault modes of transformer 
repair failure and irreparable failure, and takes the system 
average outage duration index as the criterion to formulate 
the standby equipment investment plan in the planning cycle. 

Reference [7] analyzes the influence of equipment aging 
on fault rate in combination with statistical data, and 
establishes a standby optimization model aiming at the sum 
of investment cost and operation cost of standby transformer. 
Based on the probability distribution model of distribution 
transformer group based on Poisson distribution, Reference 
[8] proposed the minimum cost criterion of optimal reserve, 
and determined the optimal reserve quantity under each 
criterion. Reference [9] uses sequential Monte Carlo 
simulation method to calculate the probability and frequency 
index of distribution transformer group with standby 
equipment, and establishes the standby optimization model, 
but the model does not consider the influence of the 
installation and operation process of standby transformer. 
Reference [10] proposed a calculation method of common 
reserve quantity of distribution transformer unit based on 
probability criterion, and analyzed the changes of investment 
cost and outage loss cost under different reserve quantities. 

The above literature studies the optimal standby mode and 
quantity of distribution transformer units from the perspective 
of economy and reliability, but there are few studies on the 
public standby of distribution transformer units considering 
both reliability and load difference, and few studies consider 
the priority of installation and operation of standby 
transformers. Taking the equipment group composed of 
distribution transformers with one or several outgoing lines in 
a region as the research object, considering the differences in 
the importance and size of distribution transformer load, this 
paper analyzes the state transfer process and transfer rate of 
distribution transformer group, establishes the reliability 
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Markov model of distribution transformer group, and then 
establishes the public standby optimization planning model 
based on economy. 

II. RELIABILITY MARKOV MODEL BASED ON STANDBY 
TRANSFORMER GROUP 

A.  Markov Model 

There is a phenomenon in real life, that is, in the case of 
the known current conditions, situations occurring in the 
future are only related to the present instead of the past events, 
and the model describing the phenomenon is Markov chain 
model. Assume  ,2,1, nn  is random sequence, state 
space E is finite or countable set, corresponding to arbitrary 
positive integers m, n, and if )1,,1(,,  nkEiji k  , 

   ijPiiijP nmnnnnmn    |,,,| 1111 

(1)
 

Thus,  ,2,1, nn is called as a Markov chain, 
Equation (1) is called as Markov property. Assume 
 ,2,1, nn  is a Markov chain. If the right conditional 
probability of Equation (1) is unrelated to n , 

  )(| mPijP ijnmn           
(2)

 

Thus,  ,2,1, nn  is called as Markov chain of 

time-homogeneity. )(mPij is the transition probability of 
system transferring from state i  to state j  through m  time 
intervals (or m steps). Equation (2) is called as 
time-homogeneity. 

For a Markov chain  ,2,1, nn , matrix 
))(()( mPmP ij whose element is m step transition 

probability. When 1m ,  P(1) is simply transfer matrix. 
They have three basic properties 
(1) For any Eji , , 1)(0  mpij ; 

(2) For any 
Ei

, 



Ej

ij mp 1)(  

(3) For any Eji , , 








ji

ji
p ijij ,0

,1
)0( 

 
When the actual problem can be described with Markov 

chain, we first need to determine its state space and parameter 
set, and then determine its one-step transition probability. 

B.  Reliability Markov Model of Transformer Group 

The state of distribution transformer group is discrete in 
space and continuous in time. It is in a discrete state at a 
certain time until it is transferred to another discrete state. 
Markov model can clearly show the state and mutual transfer 
relationship of transformer group, so as to calculate the 
probability and frequency index of transformer group in each 
state. 

 
Fig. 1 Markov state space of Transformer Group 

In the case of excluding public standby, the state of 
transformer is operation and fault, and the transfer between 
States is composed of fault transfer and repair transfer. When 
multiple transformers fail at the same time, priority shall be 
given to the maintenance of transformers with greater power 
failure loss. In order to illustrate the modeling process of 
reliability Markov model, a transformer group composed of 
two transformers is taken as an example. The state space of 
the system is shown in Figure 1. 

In Figure1, U and D respectively indicate that the 
distribution transformer is in operation and fault state. 

I and I is the failure rate and repair rate of distribution 
transformer respectively. T1 and T2 are transformer numbers 
and the number in the lower right corner of the box is the 
status number. 

It can be seen from Figure 1 that when there is no 
transformer fault, it will be transferred through fault transfer. 
When only one transformer fails, repair the faulty transformer 
from state 2 and state 3 to state 1 or from fault transfer to 
state 4. When two transformers fail, priority will be given to 
repair transformer T1 and transfer to state 2. 

The total number of states in the state space diagram is 
related to the number of transformers and the number of 
transformer states. The total number of states of the 
equipment group composed of N 2-state transformers is 2n . 
In order to reduce the computational complexity, high-order 
fault events are omitted to reduce the total number of system 
states. The calculation formula of the total number of states is 

0 1

0

D
D d

T N N N N

d

S C C C C


            (3) 

Where, ST is the total number of states, d is the fault order, 

and D is the highest fault order (2 or 3). 

C. Reliability Markov Model of Common Standby 

Transformer Group 

For the transformer bank with public standby, the state of 
the public standby transformer and its installation, operation 
and transfer process shall be considered in the state space 
diagram. The status of standby transformer is divided into 
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available status and unavailable status, in which: available 
status refers to the status that can be installed and put into 
operation; Unavailable status refers to the status that can be 
installed and put into operation only after repair. 

When the transformer fails, the standby transformer is 
preferred to replace the faulty transformer. The power failure 
time of the user is shortened from the transformer 
maintenance time to the standby installation and operation 
time. The state transition rate is the installation and operation 
rate of the standby transformer, and the replaced faulty 
transformer is converted to the standby transformer in the 
unavailable state. If two or more transformers fail at the same 
time, priority shall be given to replace or repair the 
transformer with greater power failure loss. 

During the analysis, the following assumptions are made. 
(1) When the standby transformer is idle and available, it is 
100% reliable. (2) In case of transformer failure, spare 
replacement measures shall be taken. (3) When multiple 
transformers fail at the same time, standby replacement or 
maintenance shall be carried out according to the outage loss. 
(4) After the standby replacement operation is completed, 
start to repair the faulty transformer. (5) Only one faulty 
transformer can be repaired or installed and put into operation 
at a time, and the fault rate is the same before and after 
updating. (6)The limitations of maintenance resources and 
maintenance personnel are not considered in the model. A 
Markov state space of a distribution transformer bank with 
one standby transformer is shown in Figure 2. 

 
Fig. 2 Markov state space of common standby transformer 
group 

In Figure 2, S1 is the number of standby transformer, A 
indicates that the standby transformer is available, which can 
be directly used to replace the fault transformer, N indicates 
that the standby transformer is unavailable, which can be 
used to replace the fault transformer after repair, s  is the 

installation and operation rate and s  is the repair rate of 
public standby transformer. 

It can be seen from Figure 2 that when there is a 

transformer fault, the standby transformer is preferred to 
replace the fault transformer to shorten the power outage time. 
For example, in state 3, transformer T1 fails and standby 
transformer S1 is available, so standby transformer is used to 
replace T1 and transfer to state 5, and the transfer rate is the 
installation and operation rate of standby transformer; In state 
5, the standby transformer is in the unavailable state. After 
repair, it will be converted to the standby transformer in the 
available state, that is, it will be transferred to state 1, and the 
transfer rate is the repair rate of the standby transformer. After 
considering standby, the number of states of the system is 
much more than that without standby, and the number of 
States will rise rapidly with the increase of the number of 
transformers and standby. Compared with the conventional 
transformer, the standby transformer is not connected to the 
load and there is no load difference, so the standby 
transformer is not distinguished.  

Only the state where the number of faulty or unavailable 
equipment is less than or equal to D is considered, that is, the 
number of transformers in fault state and the number of 
standby transformers in unavailable state are d at most. The 
maximum fault order D is required to be greater than or equal 
to the number of standby transformers S. Then, when the 
system contains s standby transformers, the calculation 
formula of the total number of states is 

0 1 0 1 1

0 1

0 0

( ) ( )

( )

D D

T N N N N N N

S D s
D S d

N N N N

s d

S C C C C C C

C C C C






 

       

      (4)
 

III. CALCULATION OF PROBABILITY AND FREQUENCY INDEX 
OF DISTRIBUTION TRANSFORMER GROUP BASED ON 

RELIABILITY MARKOV MODEL 
According to the Markov state space diagram of 

transformer group, the limit probability of transformer group 
in each state can be obtained. The state random transition rate 
matrix is the key to calculate the limit state probability. For 
Markov processes with state number st, the state random 
transition rate matrix T is a square matrix of ST order. 
According to the definition of limit state of Markov process, 
the probability of limit state remains unchanged in the further 
transfer process, and the following formula can be obtained 

PT P                       
(5)

 

Where P = [ P1, P2,..., PST ] is the row vector of limit state 
probability. 

Because the sum of the probabilities of all system states is 
1,  the formula (6) can be obtained 

1
[1,1, ,1] 1

TS
T

i

i

P P


  
              

(6) 

Combining equation (5) and equation (6), the limit state 
probability of transformer group can be obtained. Because the 
transformer fault will lead to load loss of power, the load loss 
probability of transformer n is calculated by the limit state 
probability of transformer group. 
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Tn

n i

i S

P P


                   (7)
 

Where STn is the set of load loss states of transformer n in the 
state space diagram, and Pn is the load loss probability of 
transformer n. 

The frequency of each state and the frequency of transition 
between states are calculated by combining Markov state 
space diagram and random transition rate matrix. 

(1 )i i ii

ij i ij

f P T

f PT

 



               (8)

 

Where if  and ijf  are the occurrence frequency of state i 

and the frequency from state i to state j respectively. iiT  and 

ijT are the transfer rates of state i to state i and state j, 
respectively. The loss of load frequency of transformer n is 

,n n

n i ij

i ST i j ST

f f f
 

               (9)
 

Similar to the calculation of load loss frequency, the 
calculation formula of installation and operation frequency of 
standby transformer is 

i j

s i ij

y y

f P f


                 (10)
 

Where, iy  is the number of available standby transformers in 

state i, i jy y indicates that the number of available 
standby transformers of the system is reduced during the 
transition from state i to state j, that is, the process is the 
process of standby installation and operation. 

IV. PREDICTION METHOD OF RUNNING STATUS OF 
TRANSFORMER GROUP 

How to predict the running status of the transformer by 
using the calculation results of the health degree of the 
historical transformer, this paper uses parameter optimization 
to carry out the Markov modeling prediction. 

The data of 48 groups is measured and the data tested in 
the first three weeks of each month of the year consists of 
three groups. Each group has a training set with 12 samples. 
However, 12 samples tested in the last week of each month 
are taken as a test set, as shown in Fig.3. 
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Fig. 3 Samples tested in the last week of each month are 
taken as a test set 

The calculation and analysis of transformer’s health degree 
are helpful for judging the current working condition of 
transformer. In order to use transformer more scientifically, 
we need to accurately predict the future operating conditions 
of the transformer. This paper uses parameter optimization to 
carry out the Markov modeling prediction, uses photoacoustic 
spectroscopy to test the transformer analyzed in the upper 
section, and regularly tests the gas produced by the 
transformer every week. The data tested in the first, second 
and third weeks of each month of the year consists of three 
groups. Each group has a training set with 12 samples. 

This paper selects two functions: epsilon-SVR and 
Markov, adopts RBF kernel function, uses grid-search 
algorithm, GA and PSO algorithm to train the test set to carry 
out the parameter optimization, and also constructs the 
prediction model of transformer health degree. The best 
model is the model with the highest prediction fitting degree, 
and the best penalty parameter C and g value are determined. 
The specific comparison data is shown in Table 1. 

 
Table 1. The specific comparison data 

Performance 
Epsilon-SVM/ RBF (-s 3 -p 0.01) 

Grid-search GA PSO 

Optimal 
parameters 

c= 30.213 c = 1.21 c= 1.56  

g = 1.9159 g = 138.26 g = 143.24 

Train-MSE 0.0534 0.0044 0.0043 

Train-R 92.54% 95.20% 95.23% 

Test-MSE 0.0534 0.00403 0.00391 

Test-R 92.54% 96.99% 97.05% 
 

 The specific comparison data for Markov is shown in Table 
2. 
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Table 2. The specific comparison data for Markov 

Performance 
Markov (-s 4 -n 0.5) 

Grid-search GA PSO 

Optimal 
parameters 

c= 30.863 c = 2.793  c = 1.493 
g = 1.9159 g = 145.08 g = 176.32 

Train-MSE 0.0534 0.00430 0.00432 
Train-R 92.54% 95.28% 95.4% 
Test-MSE 0.0534 0.00356 0.00408 

Test-R 92.54% 97.17% 96.91% 
 

Table1 and Table 2 show that the prediction effect of two 
models. One is the model of epsilon-SVM-RBF- PSO 
parameters optimized by particle swarm optimization, which 
is called ERPSO model for short. The fitting error and the 
correlation coefficient are 0.0043/95.23%, and the prediction 
error and the correlation coefficient are 0.00430/95.28%. The 
other is the model of nu-SVM- RBF-GA parameters 
optimized by GA, which is called NRGA model for short. 
The fitting error and the correlation coefficient are 
0.0043/95.23%, and the prediction error and the correlation 
coefficient are 0.00356/97.17%. The simulation curves of the 
two algorithms are shown in Fig.4-7. 
 

0 20 40 60 80 100 120 140 160 180 200
0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Evolution Generation

F
it
n
e
s
s
 

Fitness Curve MSE[PSOmethod]
Population=20 Best c=1.8325 g=165.244 CVmse=0.01776

 

 

Best  Fitness

Average  Fitness

 
Fig. 4 Fitness curve based on ERPSO model 
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Fig. 5 Fitness curve based on Markov model 
 

Fig. 6 Forecasting set regression forecasting curve of 
Transformer health based on ERPSO model 
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Fig. 7 Forecasting set regression forecasting curve of 
Transformer health based on Markov model 

V. CONCLUSION  
In this paper, the reliability Markov model of distribution 
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transformer group is established, which can take into account 
the load difference of distribution transformer. On this basis, 
the public standby optimization model is established. 

This paper applies the scheme decision analysis method to 
the field of engineering control, and applies the combination 
of the compound matter element analysis and the subjective 
and objective weight to the quantitative calculation of 
correlation entropy. 

In future, BP algorithm can be used to optimize the fuzzy 
clustering analysis and prediction of transformer group, and 
good results are achieved. However, from the in-depth study 
and practical application, there are still many aspects to be 
further studied in the future. In the follow-up study, the 
clustering method will be further improved, more effective 
data features will be extracted, and the data mining 
technology will be embedded into transformer group, so as to 
improve the work efficiency of relevant managers and make 
up for the limitations of traditional analysis methods. 
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