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Abstract – Slow coherency analysis is used to effectively 

determine the slowly coherent generator groups among weak 
connections for any given power system. A novel graphic 
theoretic method is proposed in this paper to simplify a large 
scale power system into a smaller network without losing 
optimal solutions. A multi-level recursive bisection graph 
partition method is employed to partition the reduced network 
into desired sub-networks with minimum generation-load 
imbalance. The relevant simplification rules and partitioning 
procedure are presented. The strategy is tested on the pre-
cascading August 14, 2003 scenario for the Eastern 
Interconnection. The simulation results show that the proposed 
islanding strategy is effective.  
 
 Index Terms – Slow coherency based grouping, Power 
System Stability, Graph simplification, multi-level graph 
partition. 
 

I.  INTRODUCTION 

ower systems are being operated closer to stability 
limits as a result of competition in the market and other 

factors that include growth in generation and demand 
without the concomitant transmission system expansion. 
Stressed system conditions together with inadequate 
situational awareness, ineffective vegetation management 
and insufficient diagnostic support can cause catastrophic 
failures as demonstrated by the August 14, 2003 blackout 
[1].  In the literature, several approaches to deal with large 
disturbances have been proposed.  Several of these tools are 
critical components of modern energy management 
systems.  In general, the tools employed to defend against 
catastrophic failure can be categorized as either a) 
preventive control techniques or b) corrective control 
techniques.    

In [2-4], a corrective control strategy that splits the 
system into controlled self-sustaining islands using a slow 
coherency approach has been presented.  The islands are 
created based on a minimum load-generation unbalance 
criterion. The criterion takes into account aspects of 
restoration related to black start and reactive power 
capabilities. A load-shedding scheme based on the rate of 
frequency decline is applied to prevent frequency instability 
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in load rich islands. In [3], an analytical approach to 
automatically determine the islands from the identified 
slowly coherent groups of generators using an exhaustive 
cut set approach was developed.  Reference [4] further 
refined the automatic island determination scheme using a 
max-flow min-cut, graph theoretic approach with 
capabilities to merge adjoining slowly coherent groups, or 
break coherent groups based on the location of the 
disturbance.  Reference [9] proposed a timing schedule for 
controlled islanding and a possible implementation based on 
decision tree technology. A controlled islanding strategy 
was tested using the extended transient-midterm stability 
program (ETMSP) [5] on a 179- bus, 29-generator 
equivalent of the WECC system and showed potential in 
mitigating the impact of disturbances and preventing 
cascading outages. The work reported in [12] demonstrated 
the slow coherency based islanding strategy on a realistic 
large scale power system. A maximum flow algorithm was 
employed to form the boundary between two islands. 
Simulation results demonstrated that the frequency of the 
island with generation shortage could recover to acceptable 
values via proper load shedding. 

The advantage of the slow coherency criterion in 
capturing the structural characteristics of generators is 
critical when used for identifying the slowly coherent 
generator groups in [2-4, 12] while various graph theoretic 
methods are adopted to decide islands boundaries 
consistently.   

The power system could be converted into a graph by 
denoting buses and transmission lines as vertices and edges 
respectively. The power system islanding problem then 
turns into the following graph partitioning problem: splitting 
the graph into connected and balanced sub-graphs 
according to properly defined vertex weights under the 
constraint that the net weights on boundary of each sub-
graph is minimized. A breadth first search (BFS) algorithm 
is introduced in [14] for island detection and isolation. 
Reference [15] presents a graph splitting method using the 
OBDD technique. Boolean variables are used to determine 
whether a vertex belongs to an island or not. A software 
package called ‘BUDDY’ [16] is used to solve the Boolean 
equations under constraints that load and generation 
imbalances are within limit in each island. Reference [4] 
proposes a strategy to partition the graph using minimal cut 
sets with minimum net flow.  
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Several efforts based on graph theory have been applied 
to solve this specific graph partitioning problem. However, 
there are still some issues that need to be addressed. Firstly, 
most of the graph theoretic methods are demonstrated on 
reduced size systems. Since the graph partitioning problem 
has been proved to be an NP-hard problem [13, 21] the 
computational complexity of this problem would be 
extremely high for large scale power systems. Therefore 
graph network reduction while preserving useful 
information is required. Reference [20] gives several clues 
of graph simplification after power system characteristics.  
Secondly, most of the boundary solutions obtained from the 
above mentioned islanding strategy are sub-optimal within 
some limits. Therefore improving accuracy of the obtained 
feasible solutions is still necessary. 

This paper identifies the slowly coherent generator 
groups based on the slow coherency criterion and then 
determines the boundary of each island with a novel graph 
theoretic method. The proposed graph theoretic approach 
includes two parts: a graph simplification method based on 
the characteristic of the graph formed from a power system 
to reduce the computational burden and a multi-level graph 
partitioning method to solve the graph partitioning problem. 
The approach is qualitatively demonstrated on the August 
14, 2003 blackout scenario. The demonstration is 
characterized as “qualitative’ because a 2004 summer peak 
load Eastern Interconnection base case was altered to 
represent the condition during the 2003 blackout based on 
the information available from the joint US-Canada task 
force final report [1]. As a result, the reconstruction is 
presumed to closely resemble actual conditions prior to the 
blackout. However, the reconstruction does not exactly 
replicate the system state that existed prior to the blackout 
because these details were not provided in [1] and, indeed, 
the full set of data may not exist.  

The 2004 summer peak load Eastern Interconnection 
case consists of 30000-buses and nearly 5000-generators. 
All the model detail provided in the available data remains 
un-changed as obtained from AEP. The slow-coherency 
method available in EPRI’s DYNRED package [6] is used 
to identify the generator groups. The proposed graph 
theoretic method is applied to simplify the original graph 
and the boundary of island is determined based on the 
disturbance location taking into account the load-generation 
unbalance. A rate of frequency decline based load-shedding 
scheme is then applied to the load rich island.  

This paper is organized as follows:  Section II provides a 
brief overview of the slow coherency based generator 
grouping algorithm and rate of frequency decline based 
load-shedding scheme. Section III gives graph 
simplification rules and the details of the multi-level graph 
partitioning method. Section IV describes the recreated 
August 14, 2003 scenario from [12] and the simulation 
results of the demonstration of the proposed strategy. 
Section V presents discussion and conclusions. 

II.  SLOW COHERENCY BASED ISLANDING AND  
LOAD-SHEDDING 

In the controlled slow coherency based islanding 
approach, the determination of sub-regions of the electric 
power system, or islands, is a critical step.  A slow 
coherency method [7] based on two-time-scale theory is 
utilized. A modification called tolerance based slow 
coherency [8] is used to deal with large systems and achieve 
more precise results. In the tolerance based approach to 
coherent generator identification, the user can specify 
tolerance values, the number of slow modes, and the 
number of eigenvalues of the linearized dynamic system 
equations being calculated. After having determined the 
groupings of generators using slow coherency and taking 
into account the location of a disturbance, an automatic 
controlled islanding algorithm is applied that takes into 
account certain physical constraints in forming islands.  In 
these methods, two assumptions are made: 1) The coherent 
groups of generators are independent of the size of 
disturbance so that the linearized model could be used to 
determine the coherency group; 2) The coherent groups are 
independent of the level of detail used in modeling the 
generator unit so that a classical generator model can be 
considered [9]. 

One of the most important requirements for islanding is 
to minimize the real power imbalance within the islands to 
facilitate restoration. A graph theoretic technique has been 
developed in which the graph is partitioned with balanced 
vertex weights and minimized net flows. Once an island is 
formed, the net flow in the lines that must be interrupted is 
an indicator of the load – generation imbalance.  It is 
assumed that losses can be ignored.  

Once the islands are formed, some of the islands will be 
load rich and some of the islands will be generation rich.  In 
the load rich islands, the decline in frequency becomes a 
serious issue and an adaptive load shedding scheme has 
been developed and demonstrated in [2-3] to shed load 
based on a rate of frequency decline.  A load shedding 
scheme based on the rate of frequency decline is used here 
to identify the magnitude of the disturbance. At the same 
time, conventional load shedding is modified in a   two-level 
load shedding algorithm [3]. Normally, load frequency 
relays are used to implement a conventional load shedding 
scheme. Conventional load shedding has long time delays 
and lower frequency thresholds which can be used to 
prevent inadvertent load shedding in response to small 
disturbances. If the system disturbance is large and exceeds 
the signal threshold [3], a second layer will be activated and 
the load shedding scheme based on the rate of frequency 
decline will take effect. This layer of the load shedding will 
shed load quickly to prevent the cascading events in the 
island.   Thus the two levels of load shedding consists of 
conventional under frequency load shedding (slow response 
time), and rate of frequency decline load shedding (rapid 
response time). 

III.  GRAPH SIMPLIFICATION AND GRAPH PARTITIONING 

Having obtained the slowly coherent generator groups, 
the graph theoretic islanding method consists of two parts: 



1) graph simplification; 2) graph partitioning. The flow 
chart is shown in Fig. 1.   

 
 

 
Fig. 1. Flow chart of the proposed method. 

A. Graph Simplification 

 The motivation for graph simplification is easy to 
understand. The graph partitioning problem is NP-hard 
[13]. The computational complexity is high for large sized 
graph even for heuristic solutions. Simplifying the graph 
without losing too much useful information is necessary and 
efficient in order to speed up the simulation. 

    In general the process of partitioning a given graph 
consists of finding a group of edges which when removed 
will split the original graph into desired numbers of 
connected sub-graphs with minimized net flow. The 
simplification is aimed at decreasing the volume of the 
vertex and edge space for searching while conserving useful 
information. Converting the power system into a graph with 
vertices and edges could give a clear view of the total 
solution space. Network reduction could be conducted 
based on some features of the graph. 

The simplification procedure consists of two aspects: 1) 
reducing the size of vertices and 2) reducing the size of 
edges.  

The degree of a vertex is the number of edges connected 
to this vertex. It could be any positive number other than 
zero. Since the goal of partitioning is to form connected 
sub-graphs, edges of vertices of degree one would not be 
included in the feasible solutions.  

The weight of a vertex is defined as the active power that 
flows out of it. For a vertex converted from a generator bus, 
the weight is positive. The weight is negative if the vertex 
corresponds to a load bus. The weight of a vertex could be 
zero if the input power flow equals to the output flow. This 
type of vertex is very common for long distance 
transmission lines.  They are defined as ‘energy conserving’ 
in this paper. 

A tree is a graph in which any two vertices are connected 
by exactly one edge. A properly designed tree could include 
desired vertices with least information. A shortest path tree 
(SPT) could guarantee that the number of undesired vertices 
included is minimized and the least redundant vertex and 
edge information would be adopted.  

Based on the characteristics of graphs obtained from 
power systems, the following simplification rules are 
proposed: 

1. Remove vertices of degree one  
Taken as vertices in a graph, generators and loads are 

connected to a bus in the power system through 
transmission lines. In a graph, these vertices are vertices of 
degree one at the end of an edge. As shown in Fig. 2, they 
could be removed from the graph without changing the total 
vertex weights by adjusting the weight of vertex connected 
to them. Also the partitioning solution is going to split the 
graph into a connected sub-graph and the edge with a vertex 
of degree one will not be among the feasible solutions. Rule 
No.1 could reduce the both the size of vertices and edges of 
a graph. 

 
Fig. 2. Simplification rule No. 1: remove vertices of degree one. 

 

2. Contract energy conserving vertices of degree two 
For buses at which no loads and generators are 

connected, the power flow into the buses should equal to 
the power flow out if power loss along the transmission 
lines are ignored. For long distance power transmission, the 
power loss along lines is low compared to the total amount 
of power transmitted. Such buses could still be considered 
as energy conserving. The vertex weight of such buses 
would be defined as zero and they could be contracted 
without changing net flow of the island as shown in Fig. 3. 
Rule No. 2 could also reduce both the amount of vertices 
and edges.  

 
Fig. 3. Simplification rule No. 2: contract energy conservative vertices of 
degree two. 

3. Tree node collapsing 
Generator groups are identified based on slow coherency 

to capture the structural dynamics among generators within 
one island. In the graph partitioning problem, vertices 
corresponding to these generators within one coherent 
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group are not intended to be split into different sub-graphs. 
One approach to realize this is to form a shortest path tree 
(SPT) with all generators in one slowly coherent group and 
allow only generator vertices to appear at the end of the 
branches. Collapsing the whole tree into one multi-mode 
would significantly reduce the numbers of vertices and 
edges as shown in Fig. 4. 

 
Fig. 4. Simplification rule No. 3: tree node collapsing. 

There are other physical constraints that should be 
considered in islanding, which could further reduce the size 
of the graph. For example, within a given area which should 
not be interrupted during islanding, the whole area could be 
collapsed into one multi-mode. The vertex weight would be 
the total weights of vertices within the area and the edges 
connected to the area would be connected to the multi-node 
directly without changing edge weights. 

Following the above three simplification rules, the 
complexity of a graph would be reduced and hence the 
computational cost of the original graph partitioning 
problem would be lowered. 

B. Graph Partitioning 

 Graph partitioning is an important topic in graph 
theory. Several techniques in this field have been adopted to 
find solutions for the specific power system splitting 
problem [5, 12, and 17]. However, the islanding problem is 
not exactly the same as traditional graph partitioning 
problem.  

The islanding problem can be formally stated as: given a 
graph ),( EVG = with weight )(vw and )(ew associated with 

each vertex Vv ∈  and each edge Ee ∈ respectively, for 
given vertex sets nUUU ..., 21 , partition the vertex set V into 

n  subsets nVVV ,..., 21 , such that: 

1) The n sub-graphs induced by nVVV ,..., 21  are 

connected; 
2)   niVU ii ...1, =∈ ; 

3) ni   
n

Vw
Vw i ...1,

)(
)( == Where )( iVw is the 

summation of vertices weights in vertex set iV ;  

4) ni  ew i ...1),( =  is minimized for each sub-graphs, 

where )( iew is the total edge weights for edges on the 

boundary. 
The multi-level recursive spectral bisection algorithm is 

employed to partition the graph into n sub-graphs [18]. 
Each graph ),( EVG = is associated with a Laplacian 

matrix L , where matrix mmjilL ×= )(: , satisfies: 
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 The eigenvector Y  corresponding to the second smallest 
eigenvalue of L  is computed. Let r  be the median of 

iy with ]...,[ 21 myyyY = . Those vertices of ryi < would 

be in a different vertex subset from those of ryi > . In this 

way, the graph could be partitioned into two equal parts 
[18]. Recursive spectral bisection leads to the required 
number of partitions consistently.  

Unfortunately the computational cost of Y is expensive. 
A multi-level approach is applied to omit the calculation for 
the whole matrix L directly. The matrix L is coarsened 
stepwise to an acceptable smaller sized matrix 'L using 
graph theoretic methods. The corresponding eigenvector 'Y  
is solved and interpolated back to the original size. The 
approximation of 'Y  could be further improved using 
iterative methods. 

IV.  SIMULATION RESULTS 

A. August 14, 2003 blackout scenario overview 

In reference [12], the scenario before August 14, 2003 
blackout is recreated. The slow coherency algorithm 
available in DYNRED [6] is then applied to find the slowly 
coherent generator groups based on the power flow 
obtained from the scenario recreated and the given dynamic 
data. No simplifications were made and all modeling details 
provided in the data are included. As noted in [12], First 
Energy (FE) forms a slowly coherent group by itself.  

The initiation of the cascading event started with the trip 
of the Sammis-Star line on a Zone 3 relay setting as detailed 
in [1]. This was the primary disturbance which caused the 
cascade to spread across the system. 

Reference [12] also shows that islanding within FE area 
is feasible and efficient to prevent disturbances escalation. 
This information was used in the initiation of the proposed 
graphic theoretic islanding strategy which identifies the 
islands with the minimum load generation unbalance. In 
general the criterion of when to island will be determined by 
conducting off-line analysis. 

B. Network simplification and partitioning for the Eastern 
Interconnection  

The 2004 summer peak load Eastern Interconnection 
case consists of 30000-buses and nearly 5000-generators. 
When converted into a graph, it has 26552 vertices and 
37839 edges. For the FE area, there are 708 vertices and 
1018 edges. A number of edges and vertices of the graph 
could be eliminated and the computational cost for graph 
partitioning would be reduced. Fig. 5 shows the efficiency 
of proposed graph simplification rules. 

With the simplified graph, the multi-level recursive 
bisection method available in the METIS package [19] is 
employed to form the island imposing the minimal net flow 
constraint on the boundary. As shown in Fig. 6, the region 

Multinode



around Cleveland near Lake Erie in the FE area is split from 
the rest of the system and forms an island.  

Compared to the island in [12], more generators and 
loads are included. The island by the proposed strategy is 
still around Cleveland area. 20 lines are tripped to form the 
island. They include 7, 345 kV lines, 9, 138 kV lines and 4, 
69 kV lines. The total generation in the island is 6259.23 
MW and the total load is 8309.07 MW. This load rich island 
has a power shortage of 2049.84 MW, which is lower than 
the result obtained in [12] which was 2262.1 MW.    
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Fig. 5. Comparison of graph size  

Under frequency load shedding is applied to prevent 
frequency decline in the island. With a bigger island 
geographically than in [12] and a comparable power 
shortage, it is easier to stabilize the dynamic behavior of the 
Cleveland area than it was in [12]. The under frequency 
load shedding relay operates and sheds a total of 23% 
(1911.09) MW of load. The time domain simulation results 
related to selected system states are shown in Fig 7-13.   

 

 
Fig. 6. Line connection of FE area: the outer boundary includes the FE area 
coherent group; the inner boundary shows the island. 

C. Dynamic simulations 

As described in [1], a primary disturbance of tripping the 
Sammis-Star 345 kV transmission line initiated the 
cascading events by overloading several other 345 kV 
transmission lines. The proposed islanding strategy islands 
the Cleveland area. The active power flow on these key 345 
kV lines is examined. Line active power is compared 
between the fault only case and the islanding case in Fig. 7-
9. Since the island boundary includes the 345 kV line 

between Sammis and Star, the line is opened and will not be 
overloaded as in the fault only case in Fig. 7. Moreover, the 
line flow on both Fostoria to Lima in Fig. 8 and Wayne to E. 
Erie in Fig. 9 are reduced by islanding, which indicates that 
islanding at least minimized the impact of disturbances on 
both the western and eastern portion of the system.      
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Fig. 7. Active power on Sammis-Star. 
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Fig. 8. Active power on Lima-Fostoria 
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Fig. 9. Active power on Wayne-E. Erie 

Impacts of islanding on frequency and voltage are also 
examined in Fig. 10-11. Frequency at the Burger bus 
outside the island is stable and around 60 Hz and rises a 
small amount after islanding as shown in Fig. 10. In the load 
rich island, frequency at Edgewater drops to 58.5 Hz and 
stays below 60 Hz for a few seconds. It bounces back to 
around 60 Hz after proper load shedding in Fig. 11.  



Voltage at Sammis located outside the island is slightly 
improved after islanding compared with the fault only case 
in Fig. 12. Note that the voltage at Mansfield stays solid in 
both cases as described in Fig. 13. Islanding benefits the 
voltage at Starr by raising the voltage magnitude from 
below 0.9 pu up to 1.09 pu and stabilizes at 1.03 pu in Fig. 
14. 
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Fig. 10. Frequency at Burger 

0 5 10 15 20
56

57

58

59

60

61

Time in seconds

F
re

qu
en

cy
 in

 H
z

Fault only case

Islanding case

 
Fig. 11. Frequency at Edgewater. 
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Fig. 12. Voltage magnitude at Sammis 

0 5 10 15 20
0.8

0.85

0.9

0.95

1

1.05

1.1

V
ol

ta
ge

 m
ag

ni
tu

de
 in

 p
.u

. 

Time in seconds

Fault only case

Islanding case

 
Fig. 13. Voltage magnitude at Mansfield 
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Fig. 14. Voltage magnitude at Star 

 The relative angle of Burger to the east of the Cleveland 
area is also examined in Fig. 15. It is observed that the 
impact of disturbances in the eastern portion of the system 
is low. 
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Fig. 15. Relative angle of Burger 

 

V.  CONCLUSIONS AND DISCUSSIONS  

 This paper presents a slow coherency based graph 
theoretic islanding strategy. Generator groups are identified 
by slow coherency criterion considering both structural and 
dynamic characteristics. Simplification rules are proposed 
to reduce the network and lower the computational 
complexity. The multi-level recursive spectral bisection 
method available in METIS [19] is adopted to determine the 
boundary of islands with minimal net flow.  



The impacts of islanding are inspected in detail on the 
August 14, 2003 blackout scenario. Simulation results 
reveal the efficacy of proposed islanding strategy on 
containing disturbances from spreading to the system and 
potentially preventing initiate cascading events. Islanding 
has small effect on the system outside the island.   The load 
rich island formed could also be stabilized by load 
shedding. 

In the future, the advantages of the proposed islanding 
strategy would be compared with previously employed 
strategies.  
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