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Abstract 

This paper presents a hierarchical clustering algorithm 

approach to the optimal coordination of directional overcurrent 

relays (OCRs) in microgrids. The proposed approach takes 

advantage of the fact that modern OCRs are able to consider 

multiple setting groups; therefore a clustering analysis of the 

microgrid is performed to take into account multiple 

operational modes. Since the number of available setting 

groups is lower than the number of possible operational modes 

of the microgrid, the unsupervised learning technique known as 

hierarchical clustering algorithm was implemented to 

determine a number of clusters equal to the number of setting 

groups. Once the clustering is performed, the optimal settings 

of the OCRs are obtained by means of a genetic algorithm 

(GA). Several tests are performed on a benchmark IEC 

microgrid evidencing the robustness and applicability of the 

proposed approach.    

Keywords – Hierarchical clustering, protection coordination, 

microgrids, operative scenarios, unsupervised learning 

techniques.  

 

I. INTRODUCTION  

Protection against failures is of paramount importance in the 

planning and operation of distribution systems. A proper 

protection coordination scheme must be able to isolate a portion 

of the system when a fault takes place and avoid unnecessary 

disconnection in areas that are not affected by the fault [1]. In 

this sense, a protection scheme must guarantee the fast tripping 

of the main relay, and in the event that it fails, it must be backed 

up by another protective device. The radial topology of 

traditional distribution systems facilitates their protection 

coordination since power flows are unidirectional. 

Nonetheless, the increasing participation of distributed 

generation (DG) in modern distribution networks (DNs) has 

brought along new challenges in the protection coordination 

problem. DG can be defined as small-scale generation allocated 

in the distribution system or near the end user, and is mainly 

based on renewable resources [2], [3]. The introduction of this 

type of generation changes the topology of the network as well 

as the magnitude and direction of short-circuits, making the 

protection coordination a challenging task.   

The advent and increasing popularity of microgrids that are 

used to integrate DG as well as other distributed energy 

resources (DERs) in distribution networks has also brought a 

change in paradigm in the protection coordination problem [4]. 

One of the most distinctive features of a microgrid is the fact 

that it can operate in grid-connected or islanded mode. In the 

former operation mode the microgrid exchanges power with the 

main grid; while in the later one, the demand is supplied by the 

DG units located within the microgrid. This last feature 

increases the security of the network, since if any disturbance 

occurs in the main grid the microgrid is able to change the 

operation into insolated mode providing uninterrupted power to 

at least some of the main loads.  

The implementation of microgrids brings along important 

protection challenges related to bidirectional power flows due 

to the presence of DERs, and the dynamic operational modes 

of the microgrid. Several studies have been conducted 

regarding the protection coordination of microgrids. In [5], a 

particle swarm optimization (PSO) algorithm is implemented 

to ensure the proper coordination of microgrids. PSO is an 

optimization procedure based on the behavior of fish schools 

and bird flocks. This methodology was also implemented in [6] 

considering a multi-objective approach.     In [7], single 

contingencies are included in the protection coordination 

scheme. The authors in [8] proposed a novel metaheuristic 

approach known as IWO (Invasive Weed Optimization) to 

solve the coordination problem in microgrids with participation 

of DG. In [9], the authors proposed a TLBO (Teaching 

Learning-Based Optimization) approach for coordination of 

overcurrent relays with the aim of reducing the incidence of 

nuisance tripping in network topology changes.  

In [10], the authors proposed a setting group-based adaptive 

protection approach to consider multiple operative scenarios 

that result from connecting and disconnecting DG of a 

microgrid. The setting groups are limited according to the 

capabilities of commercial relays. In [11], the authors take 

advantage of the feature that allows saving multiple setting 

groups within digital OCRs to adapt such settings to the current 

topology of the network; based on this research, the authors in 

[12] developed a technique for OCRs coordination using a Self-

Organizing Map clustering algorithm. 

In this paper, we propose a novel protection coordination of 

OCRs in microgrids based on the works presented in  [10], [11] 
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and [12]. In this case, the number of setting groups is limited to 

the capabilities of commercial relays. Therefore, the proposed 

approach adopts a machine learning technique to intelligently 

group operational modes according to the groups available in 

commercial relays. Several tests are performed on an IEC 

microgrid that features 16 operational modes on which 4 setting 

groups are considered.   

The rest of the document is structured as follows: Section II 

presents the mathematical formulation of the coordination 

problem. Section III describes the proposed methodology. 

Section IV presents the tests and results; finally conclusions are 

presented in Section V. 

 

II. MATHEMATICAL FORMULATION 

The objective function of the optimal coordination problem 

consists on minimizing the operation time of the OCRs as 

indicated in equation (1). In this case,  𝑡𝑖𝑓 is the operation time 

of relay i when fault f takes place, while m and n are the number 

of relays and faults, respectively.  

𝑚𝑖𝑛 ∑ ∑ 𝑡𝑖𝑓

𝑛

𝑓=1

𝑚

𝑖=1

 
(1) 

The objective function given by (1) is subject to a set of 

constraints as described by equations (2) - (8). Equation (2) 

corresponds to the coordination criterion. This indicates that the 

back up relay must actuate after the main relay with a margin 

of time known as CTI (coordination time interval). In this case, 

𝑡𝑖𝑓  and 𝑡𝑗𝑓  are the operation time of main and back relays, 

respectively. 

𝑡𝑖𝑓 − 𝑡𝑖𝑗 ≥ 𝐶𝑇𝐼   (2) 

Equation (3) describes the relay characteristic. In this case, A 

and B are constant parameters of the relay curve, 𝑇𝑀𝑆𝑖  is the 

time multiplying setting of relay i, 𝐼𝑓𝑖  is the fault current and 

𝑖𝑝𝑖𝑐𝑘𝑢𝑝𝑖  is the pickup current. 

𝑡𝑖𝑓 =
𝐴. 𝑇𝑀𝑆𝑖

(
𝐼𝑓𝑖

𝑖𝑝𝑖𝑐𝑘𝑢𝑝𝑖
)𝐵 − 1

 
(3) 

Equations (4)-(7) indicate the lower and upper limits of the 

operation time, time setting multiplying, pickup current and 

number of setting groups (𝑆𝐺𝑖), respectively. 

𝑡𝑖𝑚𝑖𝑛 ≤ 𝑡𝑖𝑓 ≤ 𝑡𝑖𝑚𝑎𝑥     (4) 

𝑇𝑀𝑆𝑖𝑚𝑖𝑛 ≤ 𝑇𝑀𝑆𝑖 ≤ 𝑇𝑀𝑆𝑖𝑚𝑎𝑥    (5) 

𝑖𝑝𝑖𝑐𝑘𝑢𝑝𝑖𝑚𝑖𝑛 ≤ 𝑖𝑝𝑖𝑐𝑘𝑢𝑝𝑖 ≤ 𝑖𝑝𝑖𝑐𝑘𝑢𝑝𝑖𝑚𝑎𝑥  (6) 

𝑆𝐺𝑖𝑚𝑖𝑛 ≤ 𝑆𝐺𝑖 ≤ 𝑆𝐺𝑖𝑚𝑎𝑥  (7) 

 

III. METHODOLOGY   

3.1 Hierarchical clustering  

Hierarchical clustering is an unsupervised learning technique 

that groups similar objects into clusters. Hierarchical clustering 

algorithms permit to identify homogeneous groups of data 

location from a similarity matrix. Finding the hierarchical 

structure involves calculating the distance between each pair of 

points and then use these distances to join pairs of points [13]. 

These algorithms perform the clustering in a bottom-up 

fashion. Each sample starts with its own group, and then the 

two more similar groups are combined into a new larger group 

until all samples are joined together. 

Figure 1 illustrates an example of hierarchical clustering. In this 

case, six elements are allocated in a square. The first two 

elements that are combined to form a cluster are 5 and 6. This 

is done by computing the distance based on the length of a 

straight line drawn from one element to another, which is 

commonly referred as the Euclidean distance (however other 

distance metrics can be used). The closest element to the new 

set formed by 5 and 6 is 4; then elements 4, 5 and 6 form a new 

cluster. The process continues until all elements are grouped 

together as indicated in the dendogram. 

1     2

3

4

5
6

 1    2    3    4    5    6

Dendogram

Figure 1. Illustration of hierarchical clustering 

In this research, we used the Single, Complete and Ward 

methods to compute the distances as indicated by Equations (8) 

to (10), respectively. In the single method, the distance 𝑑𝑖𝑗  

between groups 𝑔𝑖  and  𝑔𝑗  corresponds to the minimum 

distance between two points x and y belonging to groups 𝑔𝑖 and 

𝑔𝑗 , respectively. The same is applicable for the Complete 

method but considering the maximum distance. In the Ward 

method the total variance between the group is minimized. At 

each step groups 𝑔𝑖  and 𝑔𝑗  with a minimum distance 𝑑𝑖𝑗  

merge, A pair of groups is found that yields a minimal 

increasing of the total variance within the group after fusion.  

𝑑𝑖𝑗 = 𝑚𝑖𝑛𝑥∈𝑔𝑖,𝑦∈𝑔𝑗
𝑑(𝑥, 𝑦) (8) 

𝑑𝑖𝑗 = 𝑚𝑎𝑥𝑥∈𝑔𝑖,𝑦∈𝑔𝑗
𝑑(𝑥, 𝑦) (9) 

𝑑𝑖𝑗 =  ‖𝑥𝑖 − 𝑦𝑗‖
2
 (10) 

3.2 Proposed approach  

This section describes the proposed approach for the optimal 

coordination problem. Initially, the microgrid under study is 

modeled in DigSilent Power Factory and several simulations 

are performed to characterize its behavior. This step is 

performed to obtain information regarding the short-circuit 

currents seen by the relays for a set of operational modes and 

faults. A cluster analysis is then performed with this 
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information. Then, the optimal coordination of OCRs is carried 

out for each of the clusters obtained. A conventional GA is used 

in this step. Figure 2 depicts the flowchart of the proposed 

methodology. 

Start

End

Hierarchical
Clustering

Genetic
Algorithm

Single Complete Ward

 

Figure 2. Clustering and OCR coordination 

 

V. TESTS AND RESULTS  

To show the applicability of the proposed approach several 

tests are carried out on the IEC microgrid depicted in Figure 3.  

 

 

Figure 3. Benchmark IEC microgrid  

The parameters of this system can be consulted in  [14] while 

the characteristics of the protection scheme can be found in 

[15]. In this case, 16 operational modes (OMs) are considered. 

Such OMs are obtained by different generation and topological 

conditions that arise by modifying the states of switches CB-1 

and CB-2, as well as the fact that the microgrid may operate in 

grid-connected and islanded modes. 

All relays are labeled with number preceded by the letter R, as 

indicated in Figure 3. A coordination time interval (CTI) of 0.3 

seconds is considered to guarantee the enforcement of the 

constraint given by Equation (2). Also, normally inverse IEC 

characteristic curves are used for all OCRs. Also a maximum 

of 4 setting groups is considered for all relays and the failures 

were considered in the lines of the microgrid.  

 

Table 1.  Description of operational modes 

Operative 

Mode 

DG1-

DG2 

DG3-

DG4 

Grid CB1 CB2 

OM1 OFF OFF ON OPEN OPEN 

OM2 ON ON ON OPEN OPEN 

OM3 ON OFF ON OPEN OPEN 

OM4 ON ON OFF OPEN OPEN 

OM5 OFF OFF ON CLOSE CLOSE 

OM6 ON ON ON CLOSE CLOSE 

OM7 ON OFF ON CLOSE CLOSE 

OM8 ON ON OFF CLOSE CLOSE 

OM9 OFF OFF ON CLOSE OPEN 

OM10  ON ON ON CLOSE OPEN 

OM11 ON OFF ON CLOSE OPEN 

OM12 ON ON OFF CLOSE OPEN 

OM13 OFF OFF ON OPEN CLOSE 

OM14 ON ON ON OPEN CLOSE 

OM15 ON OFF ON OPEN CLOSE 

OM16 ON ON OFF OPEN CLOSE 

 

For comparative purposes, the coordination problem was 

initially solved without clustering. In this case, the operation 

time was 724.8052 seconds with violation of 13 constraints 

regarding the CTI, which is not admissible. Then, a 

Hierarchical clustering was performed considering the Single, 

Complete and Ward Methods. The results are presented in 

Tables 2 and 3. Note that the Single and Complete methods 

achieved the same results presented in Table 2. In this case, 

there are still two violations of the CTI and a total operation 

time of 469.3726, which corresponds an improvement when 

compared with the test without clustering. When the Ward 

method is applied, a new clustering is reached. In this case, only 

one violation of the CTI is obtained and the total operation time 
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is 474.2702.  Despite of the fact of having one violation of the 

CTI, these results are promising, since a fine tuning may be 

applied latter to eliminate such violation. This would not be 

possible in the case without clustering that features 13 

violations and a considerably higher operational time.  

 

 

 

Table 2. Results using the Single and Complete methods 

Cluster Operational Modes Operation Time CTI violations 

1 OM4 – OM8 – OM12 – OM16 109.1561 0 

2 OM1 – OM2 - OM3 –OM13 – OM14 - OM15 127.4997 1 

3 OM5 – OM7 - OM9 – OM10 - OM11 202.0690 1 

4 OM6 30.6478 0 

Total Time   469.3726 2 

 

Table 3. Results using the Ward method  

Cluster Operational Modes Operation Time CTI violations 

1 OM4 – OM8 – OM12 – OM16 109.1561 0 

2 OM1 – OM3 –OM13 – OM15 58.0175 0 

3 OM5 – OM7 - OM9 –OM11 145.1465 1 

4 OM2 – OM6 - OM10 OM14 161.9506 0 

Total Time   474.2702 1 

 

IV. CONCLUSIONS 

Protection coordination of modern distribution networks has 

become increasingly complex due to the presence of DG and 

microgrids. Since microgrids are able to operate in grid-

connected and islanded modes, and may have different 

operational topologies, traditional approaches for OCRs 

coordination are rendered inefficient. This paper proposes a 

novel approach that takes advantage of digital OCRs that 

feature several setting groups. The main contribution consist on 

applying clustering analysis to the different operational modes 

of a microgrid to then classify a number of clusters equal to the 

number of setting groups of OCRs. Then a GA is used to 

perform the protection coordination of each group. Promising 

results are found after several tests performed on a benchmark 

IEC microgrid evidencing the applicability of the proposed 

approach. 
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