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Abstract—This work is the result of a Research and 

Development Project carried out by Daimon Engineering & 

Systems, in partnership with Energisa Group, who is one of the 

main private groups of Brazilian electricity industry and operates 

in the distribution, generation and commercialization of 

electricity, controlling 13 distribution utilities in Brazil. It is 

present in 788 cities and meets around 6.5 million consumers, 

which corresponds to about 16.3 million people. The current 

paper presents the usage of a cluster analysis algorithm by Ward 

Method applied to medium voltage feeders study. This paper 

describes how to classify electrical circuits using similar 

characteristics. The methodology of this paper facilitates the 

decision-making on investments proposed to improve quality on 

the offered service. In addition, the company will also have 

financial returns due to the incentives provided by ANEEL and 

the reduction of penalties for not meeting the individual 

reliability standards. A simulation with real feeders data is 

presented to show the results that can be obtained by this 

methodology. 

 
Index Terms—clustering, Ward method, electric network 

diagnosis, reliability indices, works proposition. 

I.  INTRODUCTION 

HE study presented on this paper is part of a Research and 

Development (R&D) Project of ANEEL (Brazilian 

Electricity Regulatory Agency), developed jointly by Energisa 

Group and Daimon Engineering & Systems. The medium 

voltage feeders presented on this paper are a real data from 

Energisa-ENF, in the region of Nova Friburgo, in the state of 

Rio de Janeiro, located on southeast Brazil. 

The challenge occurs currently in all distribution 

companies in Brazil: improve the reliability indices which are 
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established by ANEEL – FEC and DEC (equivalent to SAIFI 

and SAIDI, respectively) by the 8
th

 module of Power 

Distribution Procedures – PRODIST [1]. This methodology 

ensures to distribution companies, economic benefits and 

better service to consumers. The economic benefit is predicted 

by ANEEL itself to encourage utilities to systematically 

improve their reliability levels. 

Enhancements on the reliability indices impact directly on 

the annual tariffs, representing efficient distribution [2]. 

Besides that, penalties for exceeding the standards of 

individual reliability indices will also be reduced [1]. 

Currently, strategies used by distribution companies to 

reduce reliability levels, include investments on the system, 

changing constructive models, such as changing network type 

from overhead unprotected cables to overhead protected 

cables and eventually, underground protected cables. 

Other options may be to increase the service structure, with 

more staff and resources. These options represent higher 

expenditures and the result is conflicting with the current 

regulatory model in Brazil, based on an unceasing pursuit of 

tariff reduction.  

Therefore, the use of automation features, such as 

remotely-controlled switches and smart grids might be seen as 

a feasible solution, considering all costs involved. That option 

can result in gain to reliability indices with lower costs 

compared to the change of the constructive system structure. 

This study proposes an algorithm for automation and 

intelligent network redesign, a tool capable of surpassing the 

challenge of reliability indices improvement.   

In order to achieve this goal, a computer tool has been 

created, whose name is QualiPlan, which comprises four 

independent methodological approaches to achieve the 

established goals: 

 Diagnosis Module: in this stage, the networks circuits 

will be evaluated and grouped, using different 

variables, such as physical specifications, consumer 

characteristics, SAIDI, SAIFI, etc.; 

 Works Proposition Module: using the Diagnosis 

module results, this module conceives automatic and 

manual options of new investments, proposing 

interconnection options via remotely-controlled 

switch installation, circuits reconductoring, etc.; 

 Prioritization Module: chooses from alternatives 

defined in the previous stage propositions made by 

each Regional Electricity Companies of Energisa 

Group, those that will go to the final stage of the 

study at the Planning Central Office of Energisa; and 
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 Prediction Module: performs the predictions of 

scenarios with or without the implementation of 

selected works of the previous stage. 

This paper goal is focused on describing the first module of 

the project (Diagnosis Module), which is to evaluate diverse 

variables in the medium voltage feeders and group them. Each 

group will have feeders with similar characteristics, easing the 

decision-making for enhancements on the selected group.  

The grouping of feeders will be based on the clustering 

algorithm called Ward Method [3]. Ward Method combines 

similar data in groups called clusters, minimizing a pre-

determined function.  

In the next section, this method and the function will be 

specified. Then, section III will show how this method 

achieves the results. In section IV, the results of the applied 

methodology on real data will be exposed. The last section 

presents the conclusions and final comments. 

II.  CLUSTERING AND WARD METHOD 

Clustering is the task of grouping objects by pre-defined 

specifications, and each group (called cluster) is more similar 

to each other than to those in the other groups (clusters) [4], 

[5]. 

 There are many cluster algorithms available on the 

literature [6]-[8]. Hierarchical methods use the construction of 

the hierarchy using a tree type. Moreover, clusters can be 

grouped by approaches like bottom-up or top-down. The main 

feature of hierarchical methods consists in grouping objects in 

a cluster and, then, group these clusters in a new cluster, until 

only one cluster is left, justifying the tree structure. An 

example of a classical algorithm which uses this method is the 

Ward Method [6], [8]. 

Developed by Joe Ward and published for the first time in 

1963, this algorithm has the goal to accomplish a clustering of 

many objects and keep an agglomeration approach. To n 

samples, this procedure allows the creation of (n – 1) groups. 

Thus, comparisons among all 𝑛∗(𝑛 −1)/2 possible pairs are 

realized, verifying which one of them will result in the lowest 

gain in the result of an objective function used. This objective 

function is used to measure the similarity of the samples (the 

lower the value, the higher the similarity among the samples in 

a cluster). The objective function might be, for example, the 

variance of the samples in a cluster and, and the chosen cluster 

would the one, whose samples had the lowest variance among 

themselves [3]. 

Hence, the same procedure is repeated, until the process 

leads to only one cluster, forming therefore, a complete 

hierarchical structure [3]. 

The tree structure is conveniently represented by a 

dendrogram. A dendrogram with samples grouped in clusters 

by a hierarchical method is shown in Fig 1. Each stage has one 

group less, compared to the previous one and, the value of 

objective function is higher. On the first stage, the samples 1 

and 9 become a cluster.  Still on the first stage, three more 

clusters are created: samples 4 and 5, samples 3 and 8; and 

samples 2 and 7. On the second stage, the cluster formed by 

samples 1 and 9 and the one formed by samples 3 and 8 

becomes a new cluster. This procedure continues until the 

sample 6 along with the other clusters are united, forming only 

one final cluster. One observes that the clusters do not 

necessarily have the same number of samples. 

At the end of the stages, the desired number of clusters can 

be selected. For example, according to a maximum tolerance 

of the resulting objective function or just by a pre-defined 

number. In example of the Fig. 1, three clusters have been 

chosen: the first one, which contains the samples 1, 2, 3, 7, 8 

and 9; the second one, which contains the samples 4 and 5; 

and the third one, with only the sample 6. 

 

 
 

Fig. 1.Dendrogram representing the tree structure created by the Ward 
Method. 

 

III.  METHODOLOGY 

The first step is to define which variables will be used to 

group the medium voltage feeders. The choice of adequate 

variables helps in directing the type of intervention on the 

electrical network the user wants to accomplish afterwards. 

The following parameters have been selected for clustering the 

feeders: 

 Length: Length of the medium voltage feeder; 

 Urbanization level: Percentage of the urban 

consumers; 

 Consumers: Amount of the consumers of the medium 

voltage feeder; 

 Average Energy Consumption: Average consumption 

of each costumer; 

 Reclosers: Number of reclosers of the feeder; 

 SAIFI: System Average Interruption Frequency 

Index (measured over the course of year 2015 and 

based on the total number of feeder consumers); 

 SAIDI: The System Average Interruption Duration 

Index (measured over the course of year 2015and 

based on the total number of feeder consumers), and; 

 Individual penalties: Payment from utilities for not 

meeting individual consumer reliability standards in 

2015. 

 

The data should be normalized before the beginning of the 

process in order to keep the same magnitude order, otherwise 

a certain variable will prevail over the other ones. Thus, it is 

possible to apply Ward Method, creating clusters using feeder 

characteristics as samples. The formation of these clusters is 
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very important, because the common characteristics will be 

passed to the next stage, helping to determine which actions 

are the best to each group. For example, not urbanized circuits 

should be treated differently compared to the urban area 

feeders whose downstream fault consumers may be restored 

through alternate path by closing normally open tie-switches. 

Likewise, longest networks should be treated differently from 

the shorts one, and so on regarding other variables. Besides 

that, the circuits in the cluster whose reliability standards are 

already adequate, should not have measures to improve them. 

The flow chart at Fig. 2 shows the structure of clustering 

through Ward Method by presenting the input data (electrical 

network characteristics, meeting area, reliability indices, etc.) 

and the clusters as output ones, ranging from rural area circuits 

to high operative flexibility urban feeders. 

 

 
 

Fig. 2. Ward Methodology 

 

IV.  RESULTS 

To show the results of Ward Method, 24 medium voltage 

feeders of Energisa-ENF, located in Nova Friburgo, in the 

state of Rio de Janeiro in southeast Brazil have been selected. 

The Table I presents these data and their characteristics. 

On Table I, the values have been normalized in order that 

the highest value of each variable was “1” and the lowest one 

was “0”. Thus, all variables would have the same magnitude 

order. 

One can see that, analyzing individually, that: 

 Feeder CPO-CPO has the highest SAIFI value 

and very high SAIDI value (relatively speaking), 

possesses the highest number of consumers and 

has just one recloser; 

 Feeder CET-LUM2 is the longest one and has the 

highest SAIDI value; 

 Feeder TAO-CON pays the highest individual 

compensation penalties for not meeting the 

reliability indices, and; 

 Feeder CQT-AMPLA has just one consumer and 

the highest consumption, indicating that it should 

be a VIP client, according to the utility 

parameters. 

The definition of clusters amount is chosen depending on 

the analysis, but, generally, is chosen in order to produce the 

latest cluster variance lower than 30% (chosen by the user) of 

the variance of all samples together, that is, the final cluster. 

The dendrogram of Fig 3. presents the clustering of the data 

by using the Ward Method. 

The variance of the upper cluster is 10.2. Hence, the limit 

value is 3.06, representing (30% of 10.2). Therefore, the 

clusters number is defined by the variance. 

 
 

Fig. 3.Clusters in dendrogram as a result from Ward Method of Energisa-ENF 

feeders 

 

The circuits of the first cluster (A), according to Table II, 

are short and highly urbanized, with adequate number of 

reclosers per km. It is likely to decrease SAIDI indices by 

increasing the number of tie switches. 

The circuits in the second cluster (B) represent medium-

sized feeders, and the reconductoring is an option to avoid 

SAIFI. 

The circuits in the third cluster (C) are the longest ones 

within the company and also with the increase of tie-switches 

it is likely to reduce SAIDI indices. 

The fourth cluster (D) possesses the circuits with the 

highest number of consumers and also the highest penalty 

levels by exceeding the reliability indices. Reconductoring of 

feeders may provide better quality service and thus, decreasing 

SAIDI and SAIFI indices, and consequently, resulting in 

lower penalties. 

The last cluster (E) is composed by one feeder which has 

only one consumer, with high energy consumption. 

Apparently, the utility has already been providing a satisfying 

service level to it. 

Having presented that, it seems that the cluster D should be 

prioritized, if there is a budget constraint for investments, 

considering its number of clients, its bad reliability indices and 

the penalties paid to them. 

Another simulation has been done, this time for 169 feeders 

of Energisa-EMG, in the state of Minas Gerais, also located in 

southeast Brazil. Fig. 4 shows a dendrogram using a Ward 

Method to group Energisa-EMG feeders. 

In this new simulation, as the result of the algorithm, a 

maximum variance of 47 has been achieved, which means a 

variance of 14.1(30% of 47). This variance has resulted in 7 

clusters. 

This latest test confirmed the robustness of the algorithm 

and may be employed to many samples (feeders). 
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In addition to the aforementioned results, QualiPlan´s 

Module 1 can also present useful information, as an example 

of feeder CET-LUM2 reliability data, shown through Tables 

III–VI: 

 Table III presents a reliability data summary of 

feeder CET-LUM2 of substation Centenário, in 

December 2015, featuring the 20 biggest non-

planned outages. One points out that the variable 

“Ocorrência” is the service note number of the 

dispatched road crew; 

 Table IV presents the affected equipment due to 

interruptions of ENERGISA ENF´s feeder CET-

LUM2 of substation Centenário, in December 

2015. Where “C” means sectionalizer, “I” means 

transformer, “A” means feeder, and “O” means 

isolated consumer; 

 Table V presents the interruptions origin of 

ENERGISA ENF´s feeder CET-LUM2 of 

substation Centenário, in December 2015. The 

total interruptions is due to accidental events, 

originated across the distribution network; 

 Table VI presents the interruptions cause of 

ENERGISA ENF´s feeder CET-LUM2 of 

substation Centenário, in December 2015. The 

main cause regarding SAIDI (DEC) is due to 

small/medium sized trees, whereas the main cause 

regarding SAIFI (FEC) is due to eucalyptus (big 

sized tree). 

 

 
 

Fig. 4. Clusters in dendrogram as a result from Ward Method of Energisa-
EMG feeders 

 

V.  CONCLUSION 

This paper presented a new methodology for analyzing 

interventions/measures/works which should be realizes in 

medium voltage feeders in order to achieve a better meeting 

quality for consumers. 

The interventions goal is to reduce the reliability indices, 

bringing a financial feedback for the distribution utilities. The 

location and type of the investment is one of the main 

objective of the computer tool (Module 1 of QualiPlan) 

proposed to ease the decision-maker. Otherwise, the 

investments will be allocated to works which will not improve 

the reliability indices. 

Hence, the proposals of Module 1 of QualiPlan are focused 

on reconductoring and the usage/installation of automated 

switches, particularly the latter one to improve the SAIDI 

index. 

To facilitate the decision-maker, the methodology uses a 

cluster concept, where a group of samples is united by their 

similar characteristics. Likewise, samples present in different 

clusters will be distinct. Thus, to achieve the functionality and 

practicality levels, the Ward Method algorithm has been 

implemented. 

In order to analyze the results, this methodology has been 

applied to 24 feeders of Energisa-ENF. After running the 

program, the result has produced five clusters with specific 

features. This, the Module 1 of QualiPlan has been capable to 

create scenarios to better study the reliability gains. 

A second simulation has been done to 169 feeders of 

Energisa-EMG, which have been reduced to seven clusters, 

showing the robustness of the implemented algorithm. 
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TABLE I 

ENERGISA-ENF MEDIUM VOLTAGE FEEDER CHARACTERISTICS 
 

 
TABLE II 

ENERGISA-ENF CLUSTERS 

 

Cluster 
Feeder (sample 

number) 

Length 

(km) 

Urbanization 

level (%) 

Average 

Consumers 

Client Energy 

Consumption 

(MWh/month) 

Reclosers 

(Average 

number/km) 

SAIDI 

(hours) 

SAIFI 

(interruptions) 

Individual

Penalties 

(USD) 

A 

6, 7, 12, 13, 15, 

17, 18, 19, 21, 

22, 24 

17.55 99 3,007.55 0.26 2.09 0.14 0.14 7,469.44 

B 4, 5, 8, 11, 16, 23 39.16 98 5,832.83 0.29 2.66 0.32 0.30 14,785.32 

C 1, 2, 10 164.82 92 3,760.67 0.14 3.33 0.52 0.33 26,157.22 

D 3, 14, 20 61.23 99 7,884.67 0.18 3.33 0.58 0.49 40,280.02 

E 9 0.03 100 1 1,053.38 0 0.00 0.00 0 

 

 

 

 

 

 

 

 

 

 

Sample Feeder 
Length 

(km) 

Urbanization 

level (%) 
Consumers 

Client Energy 

Consumption 

(MWh/month) 

Reclosers 
SAIDI 

(hours) 

SAIFI 

(interruptions) 

Individual 

Penalties 

(USD) 

1 CET-LUM 2 161.31 95 4,985 0.12 3 0.75 0.48 43,303.40 

2 CET-LUM 3 219.15 91 2,609 0.12 5 0.65 0.37 26,875.55 

3 CPO-CPO 72.94 99 11,587 0.15 1 0.68 0.62 17,724.52 

4 CPO-CTE 42.88 96 1,576 0.87 1 0.19 0.15 27,844.05 

5 CPO-FVO 12.87 99 5,537 0.14 3 0.38 0.37 5,266.21 

6 CPO-JOP 21.25 99 3,948 0.36 4 0.17 0.17 15,082.89 

7 CPO-PRD 10.69 99 3,122 0.27 4 0.12 0.12 6,295.69 

8 CPO-RGC 75.95 97 5,790 0.24 2 0.35 0.36 6,543.12 

9 CQT-AMPLA 0.03 100 1 1,053.38 0 0.00 0.00 0 

10 CQT-CQT 114.00 91 3,688 0.17 2 0.14 0.14 8,292.75 

11 JAJ-AMP 73.32 98 5,958 0.14 6 0.43 0.32 32,454.27 

12 JAJ-CON 56.77 98 2,254 0.24 3 0.28 0.19 12,648.47 

13 JAJ-LUM 21.70 98 596 0.17 1 0.05 0.03 9,664.69 

14 JAJ-MUR 61.81 99 5,985 0.16 4 0.57 0.42 40,394.18 

15 JAJ-SAN 15.54 99 5,342 0.29 4 0.19 0.24 12,611.96 

16 JAJ-SIN 18.30 100 8,054 0.15 3 0.31 0.33 8,754.92 

17 JAJ-YPU 10.63 100 4,588 0.17 2 0.24 0.24 6,452.42 

18 TAO-AMP 7.03 99 2,307 0.22 1 0.07 0.12 5,350.92 

19 TAO-CID 5.26 100 3,443 0.29 2 0.11 0.15 2,165.79 

20 TAO-CON 48.96 99 6,082 0.22 5 0.50 0.44 62,721.35 

21 TAO-CQT 29.16 99 1,750 0.26 2 0.19 0.13 6,728.34 

22 TAO-DPE 1.61 100 650 0.33 0 0.01 0.02 3,224.53 

23 TAO-OLA 11.67 100 8,082 0.18 1 0.23 0.56 7,849.29 

24 TAO-RGC 13.44 99 5,083 0.20 3 0.11 0.11 1,938.80 
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TABLE III 

ENERGISA ENF´S FEEDER CET-LUM2 MAIN RELIABILITY DATA IN DECEMBER 2015 
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TABLE IV 

AFFECTED EQUIPMENT DUE TO INTERRUPTIONS OF ENERGISA ENF´S FEEDER CET-LUM2 IN DECEMBER 2015 

 
 

 

 

 

 
TABLE V 

INTERRUPTIONS ORIGIN OF ENERGISA ENF´S FEEDER CET-LUM2 IN DECEMBER 2015 
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TABLE VI 

INTERRUPTIONS CAUSE OF ENERGISA ENF´S FEEDER CET-LUM2 IN DECEMBER 2015 
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