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Abstract— This paper investigates techniques for frequency and 

voltage partitioning of power network based on the graph-theory. 

These methods divide the power system into distinguished regions 

to avoid the spread of disturbances and to minimize the 

interaction between these regions for frequency and voltage 

control of power system. In case of required active and reactive 

power for improving the performance of the power system, 

control can be performed regionally instead of a centralized 

controller. In this paper, renewable energy sources are connected 

to the power network to verify the effect of these sources on the 

power systems partitioning and performance. The number of 

regions is found based on the frequency sensitivity for frequency 

partitioning and bus voltage for voltage partitioning to 

disturbances being applied to loads in each region.  The 

methodology is applied to the north part of Chile power network. 

The results show the performance and ability of graph frequency 

and voltage partitioning algorithm to divide large scale power 

systems to smaller regions for applying decentralized controllers. 

Index Terms— Chile Power Network, Graph Theory, 

Secondary Frequency Partitioning, Voltage Partitioning.      

I. INTRODUCTION 

oday’s power systems are encountering a fundamental re-

infrastructure considering the renewable energy resources 

(RES) connecting to their structure. RES can affect frequency 

and voltage in power systems. High penetration of renewable 

resources and required technology for integration of these new 

resources provide new challenges for researches. Therefore, 

the recent trends of researches are through the adoption of 

previous concepts and conventional models with high 

penetration of RES [1]-[3].  

   The way of controlling the frequency and voltage of power 

systems are different. Centralized control become complex and 

insufficient. Decentralized control for frequency and voltage 

can be as a replacement techniques. Decentralized control is a 

technique that can be adequate and effective for large scale 

power systems using local controllers. The first step of 

decentralized control for a large scale power system is 

partitioning. Here, two different methods are presented to 

partition large scale power systems to smaller regions using the 

Graph theory algorithm. It is shown that the results of 

partitioning for frequency and voltage are different. It means 

different partitions are obtained for frequency and voltage 

control.  Distances between buses and power flow results play 

an important role into the frequency and voltage partitioning 

of the power systems. With increasing of RES in power 

systems, it is vital to consider the effect of RES integration into 

partitioning of the power systems. Here, for a case study, North 

Chile Power Network (NCPN) is considered. The RES 

including PV and Thermal Solar have been connected to the 

ATACAMA region. The partitioning can elaborate the idea of 

secondary frequency and voltage control as the power industry 

is investing to protect power system networks against different 

disturbances, but large interconnected power systems require 

innovative solutions to make these practical. Although the 

literature presents several studies on the partitioning problem, 

but the unique power network of Chile have specific 

challenges. In Chile, transmission systems have long lines with 

loads remote from production. There are a lot of mines 

connected to the network that can affect quality of the network 

and its performance. It is generally difficult to maintain 

constant frequency and voltage when the demand varies under 

highly loaded conditions. Without control, the frequency and 

voltage will exceed its operating range and is harmful to the 

quality and security.  

   This motivates us to study and find efficient and secure 

frequency and voltage partitions for power systems by future 

controls suitable to real-time and large networks. The goal is 

to maintain frequency and voltage within the ranges permitted. 

   Different methods have been developed for partitioning 

recognition and model reduction [4]-[12]. 

      The graph partitioning is open area of research and 

involving many different branches of engineering. The use of 

graph representation is employed to simplify the structure of 

power systems and utilizes the following systems: branches 
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representing transmission lines and transformers, nodes 

representing buses in the power systems, weights of a branch 

equal to the active/reactive power flow in MW/MVAR through 

the line or a transformer representing the branch [13]-[17].  

      This paper describes a spectral graph-based partitioning 

method to perform a k-way partitioning for frequency and 

voltage based on the k-dimensional spectral embedding of a 

graph [18]. In spectral partitioning techniques, the 

eigenvectors and eigenvalues of a graph are computed and a 

cost function is shown to be minimized by a function of the 

spectrum. The proposed scheme separates the large scale 

power system into smaller partitions to avoid cascading events.   
   The scheme proposed in this paper separates the power 

system into smaller regions based on frequency and voltage 

using graph theory with the goal to avoid cascading events. 

The algorithm is tested on the NCPN network. This network is 

divided into regions that are designed to have minimum 

interaction and therefore any disturbances in a particular 

region will not strongly propagate to the other regions. The 

regions can be reconfigured and updated in accordance with 

variations in grid structure. In this paper, disturbances are 

defined as increasing of active and reactive power into the 

loads. 

   In this paper different weights have been considered for the 

frequency and voltage partitioning accordingly. Furthermore, 

RES have been connected to the power network and 

partitioning have been performed to see the effect of the RES 

on the partitioning of the power network. 

The paper is organized as follows: Section II presents the 

frequency partitioning algorithm based on the graph theory. 

Section III describes frequency partitioning considering the 

RES connected to the power system. Section IV demonstrates 

the voltage partitioning algorithm. Section V presents the 

voltage partitioning algorithm with connection of RES. 

Section VI presents the conclusion. 

II. FREQUENCY PARTITIONING ALGORITHM 

For frequency control, as figure 1 shows, frequency and 

variation of frequency of each partition will be measured and 

active power will be injected into partitions to compensate 

frequency variations. The importance of frequency 

partitioning is to obtain the active power transferred between 

buses on transmission lines in different contingencies. A power 

plow in different situations considering different contingencies 

will be considered to verify the partitions. 

The NCPN has eight generators, which one of them is in 

Argentina and will not be considered in our study. A PV and 

Thermal Solar plants are connected to the area of ATACAMA 

and will penetrate about 200 MW to the network. 

 A power flow has been performed in normal situation of the 

network to find the active and reactive power flowing on the 

lines connected between buses. This information will be used 

as weighting of graph connection matrix between buses. 

Active power will be used for frequency partitioning 

technique. The weights on the transmission lines for the 

frequency partitioning are calculated as follows: 

 

A.1       Weighted Graph model of the NCPN 

 𝜔𝑖𝑗 = 𝑃𝑖𝑗  (1) 

 

where 𝑃𝑖𝑗 is the active power transferred on the transmission 

lines between buses. 

The frequency graph partitioning problem involves a graph, 

𝐺 = (𝒱, ℇ) with vertices, 𝐵 = {𝑏1, 𝑏2, … , 𝑏𝑛} and weighted 

edges where the weight of edge 𝑃𝑖𝑗 = (𝑏𝑖 , 𝑏𝑗) represents the 

active power transferred between 𝑏𝑖 and 𝑏𝑗. 

We associate to G a weight matrix 𝜔 that satisfies the following 

properties: 
 

(1) 𝜔ij = 𝜔ji. 

(2) 𝜔ii = 0. 

 

(3) 𝜔ij ≥ 0 and ωij = 0 if i is not adjacent to j in G. 
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Fig. 1. Partitioning for frequency control 

 
 

The problem is to find a partition for the set of vertices 𝒫 =
{𝑝1, 𝑝2, … , 𝑝𝑘} for a given 𝑘 that optimizes some cost criterion 

based on the weights of edges. Spectral-based partitioning 

extracts global information about the structure of a graph from 

eigenvalues/eigenvectors of graph matrices. 

The relation between the properties of a graph and its spectrum 

are studied in [22].  The adjacency matrix of G  is the n × n 

matrix A(G) = [𝑎ij] where aij is the weight of the edge 

between 𝑏𝑖 and 𝑏𝑗. The degree matrix of G  is the n × n matrix 

D(G) = [dij] is defined by 
 

𝑑𝑖𝑗 = {
    ∑ 𝑎𝑖𝑘           𝑖𝑓 𝑖 = 𝑗

𝑛

𝑘=1

         0                𝑖𝑓𝑖 ≠ 𝑗

 

 

 

(2) 

 

The Laplacian of 𝐺 is the 𝑛 × 𝑛 symmetric matrix 𝐿(𝐺) =
𝐷(𝐺) − 𝐴(𝐺). Since the rows (and columns) sum to 0, the 

Laplacian is singular, it has rank at most 𝑛 − 1 and it has 0 as 

eigenvalue. The matrix 𝐿(𝐺) is positive semidefinite and has 

only real eigenvalues. Thus the smallest eigenvalue is 0 and all 

other eigenvalues are positive. The multiplicity of 0 as an 

eigenvalue represents the number of connected sub-graphs. 
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𝜆1, 𝜆2, . . , 𝜆𝑘 are the 𝑘 smallest eigenvalues of the matrix 𝐿 and 

𝑥1, 𝑥2, . . , 𝑥𝑘 are the eigenvectors associated with eigenvalues 

from which the first eigenvectors partition vector will be built. 

The partition matrix �̂�  is defined as: 
 

 �̂� = 𝑍(𝑋)𝑋𝑋𝑇𝑍(𝑋) 
 

(3) 

where 𝑍(𝑋) is a diagonal matrix with 
 

 
𝑧𝑖𝑗 =

1

√∑ 𝑥𝑖ℎ
,2𝑘

ℎ=1

 

 

 

(4) 

�̂�𝑖𝑗  is the cosine of  the angle between the two row vectors 𝑖  

and 𝑗 and represent the closeness of vertices to each other. The 

first vertex is chosen at random and can be considered as center 

of the first region. To find the second vertex, or the center of 

the second partition, �̂�𝑖𝑐1
 𝑓𝑜𝑟 𝑖 = 1, … , 𝑛 is calculated to find 

the minimum of �̂�𝑖𝑐1
, therefore the second center of the region 

is found. During searching other regions to find the 𝑘 region, 

the following equation is used: 
 

 Min Y= (1 − �̂�𝑖𝑐1
 ) + (1 − �̂�𝑖𝑐2

 ) + ⋯ + (1 − �̂�𝑖𝑐𝑘
 ) (5) 

 

A. 2        NCPN frequency graph partitioning 

 

Graph theory algorithm for frequency partitioning can be 

considered as follow: 

 Numbering the buses (Loads and Generations) 

 Finding connection matrix 

 Weighting connection matrix 

 Finding Degree matrix 

 Finding Laplacian matrix 

 Finding eigenvalue and eigenvectors 

 Finding partitions 
 

The Graph Theory algorithm has been performed to find three 

partitions for NCPN. The results can be seen in the figure 2. 

As can be seen in this figure, firstly, three partitions have been 

considered. 

In this partitioning, PV and Thermal Solar are not connected 

to the NCPN. Buses are including in each partition has been 

differently colored. The active power transferred on the 

transmission lines are considered as weights and partitioning 

has been performed based on power flow results.  

To check the robustness and performance of the frequency 

partitioning algorithm based on graph theory for different 

operating conditions, different tests have been performed. 

Disturbances are applied to ramp up all system loads 

simultaneously. The disturbances have been initiated at 3% 

and increased to 8%. The partitions stay approximately the 

same with some minor changes near the boundaries. Figure 3 

shows the result of partitioning considering 4 partitions.  

 

A. 3        NCPN frequency graph partitioning considering PV       

and Thermal Solar 

 

In the following section, impact of PV and Thermal Solar is 

considered in the partitioning of NCPN. 200 MW active power 

is added to the NCPN in ATACAMA area. Figure 4 shows the 

results of partitioning in 3 regions with this new re-

configuration of the system.   

As can be seen from the above figures, adding PV and Thermal 

Solar to the NCPN will change the partitioning structure. 

 

 
Fig. 2. Graph partitioning of NCPN considering three regions on the 

geographical map. 

 

It can be seen that in the new partitioning, the buses Encuentro 

(22), Collahuasi (12), Quebrada Blanca (13), Spence (23) and 

El Tesoro (24) has been added to the partitioning where 

Atacama generator is there. The results show adding the PV 

and Thermal Solar can change the frequency partitioning and 

future control of the network. 

III. VOLTAGE PARTITIONING ALGORITHM 

 

For voltage control, as figure 5 shows, voltage on buses of each 

partition will be measured and reactive power will be injected 

into partitions to compensate voltage variations. The 

importance of voltage partitioning is to obtain the required 

reactive power injected in each partition. A power plow in 

different situations considering different contingencies will be 

considered to verify the partitions. 

 

A.1       Weighted Graph model of the NCPN 
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Fig. 3. Graph partitioning of NCPN considering four regions. 

 

A power flow has been performed in normal situation of 

NCPN to find the buses voltage. This information will be used 

as weighting of graph connection matrix between buses. Buses 

voltage will be used for voltage partitioning technique. 

 

 

 

A. 2        NCPN voltage graph partitioning 

 

The Graph Theory algorithm has been performed to find three 

partitions for NCPN. The results can be seen in the figure 6. 

As can be seen in this figure, firstly, three partitions have been 

considered. 

In this partitioning, PV and Thermal Solar are not connected 

to the NCPN. Buses are included in each partition has been 

differently colored. The buses voltage are considered as 

weights and partitioning has been performed based on power 

flow results. The weights on the transmission lines for the 

voltage partitioning are calculated as follows: 
 

 
 𝜔𝑖𝑗

= √(𝑣𝑛𝑜𝑟𝑚𝑎𝑙  )2 + (𝑣𝑡𝑜𝑡𝑎𝑙_𝐷𝑖𝑠𝑡 )
2

+ (𝑣𝑠𝑜𝑚𝑒_𝐷𝑖𝑠𝑡 )
2

  

(6) 

 

where 𝜔𝑖𝑗  is the weight on the transmission lines between 

buses 𝑖 and 𝑗, 𝑣𝑛𝑜𝑟𝑚𝑎𝑙  is the voltage buses in the normal 

situation of the NCPN and is calculated as: 

 
 

𝑣𝑛𝑜𝑟𝑚𝑎𝑙 = √(𝑣𝑏𝑢𝑠_𝑗
𝑛𝑜𝑟𝑚𝑎𝑙 − 𝑣𝑏𝑢𝑠_𝑖

𝑛𝑜𝑟𝑚𝑎𝑙)
2

  

 

(7) 

 
Fig. 4. Graph partitioning of NCPN considering three regions adding PV and 

Thermal Solar on the geographical map. 

 

where  𝑣𝑏𝑢𝑠_𝑗
𝑛𝑜𝑟𝑚𝑎𝑙 is the voltage on the bus 𝑗 in the normal 

situation, 𝑣𝑡𝑜𝑡𝑎𝑙_𝐷𝑖𝑠𝑡  is the voltage buses when disturbances are 

applied to the all buses of the NCPN and is calculated as: 

 
𝑣𝑡𝑜𝑡𝑎𝑙𝐷𝑖𝑠𝑡

= 

√(𝑣𝑏𝑢𝑠_𝑗
3% 𝐷𝑖𝑠 − 𝑣𝑏𝑢𝑠_𝑖

3% 𝐷𝑖𝑠)
2

+ (𝑣𝑏𝑢𝑠_𝑗
5% 𝐷𝑖𝑠 − 𝑣𝑏𝑢𝑠_𝑖

5% 𝐷𝑖𝑠)
2

+ (𝑣𝑏𝑢𝑠_𝑗
8% 𝐷𝑖𝑠 − 𝑣𝑏𝑢𝑠_𝑖

8% 𝐷𝑖𝑠)
2

  

(8) 

   

 where 𝑣𝑏𝑢𝑠_𝑗
3% 𝐷𝑖𝑠 is the voltage on the bus 𝑗 after adding 3% 

disturbances on the all buses of the NCPN, 𝑣𝑡𝑜𝑡𝑎𝑙_𝐷𝑖𝑠𝑡  is the 

voltage buses when disturbances are applied to some buses of 

the NCPN (these buses are randomly chosen) and is calculated 

as: 

 
𝑣𝑠𝑜𝑚𝑒𝐷𝑖𝑠𝑡

= 

√(𝑣𝑠𝑜𝑚𝑒_𝑏𝑢𝑠_𝑗
3% 𝐷𝑖𝑠 − 𝑣𝑠𝑜𝑚𝑒_𝑏𝑢𝑠_𝑖

3% 𝐷𝑖𝑠 )
2

+ (𝑣𝑠𝑜𝑚𝑒_𝑏𝑢𝑠_𝑗
5% 𝐷𝑖𝑠 − 𝑣𝑠𝑜𝑚𝑒_𝑏𝑢𝑠_𝑖

5% 𝐷𝑖𝑠 )
2

+ (𝑣𝑠𝑜𝑚𝑒_𝑏𝑢𝑠_𝑗
8% 𝐷𝑖𝑠 − 𝑣𝑠𝑜𝑚𝑒_𝑏𝑢𝑠_𝑖

8% 𝐷𝑖𝑠 )
2

  

 

(9) 

where 𝑣𝑠𝑜𝑚𝑒_𝑏𝑢𝑠_𝑗
3% 𝐷𝑖𝑠  is the voltage on the bus 𝑗 after adding 3% 

disturbances on the some buses of the NCPN. 

 

 

 

A. 3        NCPN voltage graph partitioning considering PV   

and Thermal Solar 
 

Here, impact of PV and Thermal Solar is considered in the 

partitioning of NCPN. 200 MW active power is added to the 

NCPN in ATACAMA generation. The results for voltage 

partitioning stays the same. The results of partitioning with 

new re-configuration of the system is not changing for voltage 

partitioning.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

978-1-5090-4168-8/16/$31.00 ©2016 IEEE 



 

   

Inject

reactive 

power 

Bus voltage 

measurement

Bus voltage 

measurement

Inject

reactive 

power 

Bus voltage 

measurement

Inject

reactive 

power 

Partition i

1iQ

1jQ

1nQ

1iv

3iv

4iv

2iv

3nv

1jv
2jv

3jv

2nv

4jv

1nv

Control bus

Control bus

Control buses

Partition n

Partition j

 
 

Fig. 5. Partitioning for voltage control. 
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Fig. 6. Graph voltage partitioning of NCPN considering three regions.  
 

 

IV. CONCLUSION  

Frequency and voltage control of power systems are essential 

as these systems operating closer to their limits. High 

penetration of renewable energy resources changes the 

infrastructure of the traditional power systems. There are a lot 

of advantages to perform control of power systems in a 

decentralized conception. The partitioning have been 

performed in this paper using graph theory gives good results 

to convert large scale power system to smaller ones to have 

better capability of control. Two different technique have been 

presented for frequency and voltage partitioning. The results 

have been applied to real network of Chile power system and 

shows the performance of the algorithm. The results have also 

performed in the case if renewable energy integration in Chile 

power network and shows how the partitioning change with 

effects of penetration of renewable energy sources.  
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