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a b s t r a c t

Vulnerable overhead electricity lines are a cause of serious risk to power distribution grids

as damage can be the cause of large scale blackouts and cascading failures. With the

integration of large scale wind power into generating capacity, both the topology structure

and the distribution characteristics of power flow in distribution grid have undergone

various changes that have increased line vulnerability. A novel approach to identify

vulnerable lines based on the weighted entropy analysis method is proposed in this paper.

In this approach, an assessment index, named the incremental power flow entropy, is first

developed, which is used to describe influences caused by variation of the lines' capability

of carrying power flow transfers on the vulnerability of the lines themselves at the same

aggregation level. A second assessment index, named structural importance, describes the

structural changes of a power grid that are caused by the integration of wind-generated

electric power. The two assessment indices then are merged into one index by using the

entropy weight analysis method, which can assess the vulnerability of the lines from the

two aspects of power flow transmission and structural links. Vulnerability analysis under

different situations, such as with and without the integration of the wind farm, and sharp

fluctuations in wind speed at the wind farm, were carried out on an IEEE 39-bus system

integrated with a 75 MW wind farm. Simulation results verified that the proposed

assessment index not only can identify the vulnerable lines in a power grid with wind farm

integration but also accurately reflected the vulnerability of the internal lines of the wind

farm itself.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Due to the inherent randomness and intermittent character-

istics of wind power, the integration of large-scalewind power

into power grids has a significant impact on the network

structure and the distribution of power flow in a power grid

[1e5]. Therefore, it is necessary to study vulnerability identi-

fication of power lines with wind power integration in order to

optimize the operation mode of the power grid and avoid

large-scale cascading failures or blackouts [6].

Recently, several typical methods on vulnerability identi-

fication have been researched, including probabilistic meth-

odology [7], fault chain theory [8], risk graph theory [9],
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complex network theory [10,11], and entropy theory [12]. Ac-

cording to the main modeling ideas, these can be divided into

two methods. The first is the structural vulnerability analysis

method for power grids, which is based on complex network

theory. In Ref. [11], Fang summarized the application status of

complex network theory in the identification of vulnerable

lines. He pointed out that the assumption that information

flows only along the shortest path in complex network theory

is not consistent with the actual situation of a power grid.

Therefore, some researchers introduced the maximum flow

theory into power grid modeling, which can search for the

maximum transmission flow between the source and the

nodes on the path, so the operations laws of the model pro-

vide a result that is more consistent with the physical situa-

tion of power distribution in the grid [12,13]. The alternative is

the status vulnerability analysis of a power grid based on

entropy theory, which can take into consideration the distri-

bution characteristics of power flow under disturbances due

to overload and breakage of lines [11,12]. The weighted

network was proposed to reflect the speed of fault propaga-

tion by considering node and edge differences [14]. The effect-

risk weighted entropy was used to evaluate comprehensively

the vulnerability of nodes in the power grid [15]. However, the

carrying capacity of the transmission lines themselves, which

has a profound impact on the vulnerability of the line, was

ignored. Additionally, the vulnerability of the internal lines of

the wind farms also was ignored.

The aim of this study was to identify vulnerable lines in

power grids with wind farm integration. To achieve this

objective, the concept of incremental power flow entropy has

been proposed, based on the entropy of power flow transfer,

which can describe the transmission capacity of power lines

themselves under sharp real-time fluctuations in power flow

due to the integration of wind farms. The structure impor-

tance has been redefined in two aspects: the maximum flow

and the extent of the network, to analyze the influence

changes in the topological structure on the vulnerability of the

network that are caused by integration of the wind farms. The

above two indices have been merged into a novel type of

power line vulnerability index by using the weighted entropy

analysis method, which can assess the vulnerability of the

lines from the two aspects of the power flow transmission and

topological structure. The validity of the proposed method

was observed by virtue of the tests on the IEEE 39-bus power

system that was integrated with a 75 MW wind farm. It was

observed that the proposed method could capture both the

power flow and the network topology properties of the power

grid and also could identify the vulnerable lines of power grids

with wind farm integration, and the vulnerable lines of the

wind farm itself.

Incremental power flow entropy

Power flow transfer entropy and its limitations

Power flow transfer entropy, which was proposed by Li [16],

can describe quantitatively the distribution and accumulation

of power flow transfer on the other lines if/when, for some

reason, a line is broken. Assuming that a power grid is under

operation, and then the line k is broken and the line iwill take

up part of the power flow increment, this can be expressed as:

Dmik ¼ Pik1 � Pik0 (1)

where Pik1 is the power flow of line i after line k breaks, Pik0 is

the power flow of line i before line k breaks, Dmik is the incre-

mental power flow of line i.

The proportion of the transferred power flow for line i to

the total power flow transfer qik is:

qik ¼ DmikPS
i¼1 Dmik

(2)

where S is number of lines except line k.

Based on entropy theory, the power flow transfer entropy

of the line k can be obtained:

HðkÞ ¼ �
XS

i¼1

qikln qik (3)

where H(k) is the power flow transfer entropy of the line k.

It can be deduced from (3) that the linewith smallest power

flow transfer entropy H(k) has biggest line break vulnerability.

This means that the transferred power flow is concentrated in

a small number of lines after line k breaks. However, this

definition ignores the self-margin of those lines that under-

take most of the power flow transfer. For example, if the self

margin of a certain line is larger, the line may not be broken

when the line undertakes a large amount of power flow

transfer (i.e. the transferred power flow does not exceed the

self-margin of the line). Conversely, if the self margin of the

line is smaller than the excess power flow to be transferred as

a result of the first break, the alternative line also is likely to

break. In these two cases, the impact on the power grid is

different. However, in the definition of the power flow transfer

entropy, only the degree of the distribution of power flow

transfer is used to determine the entropy, and thus this

method has limitations in describing the vulnerability of the

system status.

The incremental power flow entropy

In power grids with wind farm integration, the capability of

the line itself to cope with power flow transfer also depends

upon the difference between the maximum value and the

current value of the power flow in the line that will fluctuate

rapidly in real time, due to the randomness and volatility of

wind power output. Therefore, in this study, the power flow

incremental margin is used as the weighting to construct an

incremental power flow entropy to overcome the limitation of

power flow transfer entropy. The incremental power flow en-

tropy can describe the effect of the change in the capability of

the line itself to carrying transferred power flow when the

status of power grid itself varies. The power flow increment

margin can be defined as follows:

uik ¼ Pimax � Pik0

Pik1 � Pik0
(4)

where Pimax is the maximum transmission capacity of line i.

As the fluctuation of wind power output leads variation in

power flow in the transmission lines, the value of the power
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