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ABSTRACT This paper proposes an incremental-variable-based state enumeration method (IVSE) for
power system operation risk assessment and develops the risk indices considering the safety margin. Firstly,
the traditional risk indices are modified to take into account the safety margin, which is defined as the
virtual distance from the operational limits to the current normal operating point. Those indices can provide
more potential risk information to operators for reasonable decision-making. Thereafter, an incremental-
variable-based state enumeration is developed by utilizing the relationship between high order contingencies
and low order contingencies. The proposed method is more efficient and accurate than traditional methods,
which makes it more suitable for online application. Finally, case studies are performed on the IEEE-118
bus system. And results verify the accuracy and efficiency of the proposed method in various situations.
In addition, it also can diagnose the weak points of the system, which can assist operators in online decision
making.

INDEX TERMS Power system, risk assessment, risk indices, state enumeration method, safety margin,
variable increments.

I. INTRODUCTION
With the development of the social economy, electric power
dependence and power grid scale continue to expand. Mean-
while, the grid structure is increasingly complex and the
power load is constantly growing. Besides, the development
of new technologies such as electric vehicles, distributed
generation, and demand-side response has made the load
fluctuations and the interaction between users and the grid
increasingly frequent. In short, these all are increasing the
potential risk for power system operation. However, the deter-
mined criteria used currently cannot judge the uncertain
factors, so it tends to get the conservative analysis results,
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which not only cannot adapt to the changes of the grid but
also will lead to certain economic waste.

Therefore, the increased uncertainty factors make power
system risk assessment more important. So far, there have
been many researches in the field. To promote computa-
tion efficiency, some optimization methods andmathematical
concepts are introduced to power system risk assessment:
Reference [1] combines the risk assessment with multi-
objective optimization methods to assess the real-time risk.
Reference [2], [3] combines the optimal flow with risk
assessments. In [4], the random set theory in mathematical
concepts is used to assess system risk for obtaining more
information which can characterize the risk level. Aiming at
various risk in different scenario, researchers also proposed
some specific assessment approach: Reference [5] proposed
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a probabilistic method for calculating voltage collapse and
overvoltage risk. Reference [6] proposed a method for calcu-
lating the risk of transient instability at the operating point.
In [7], an online branch thermal overload risk assessment
method is proposed and the Bayesian time series model is
used to simulate the weather conditions of the transmis-
sion line. Reference [8] proposed a probabilistic power flow
Monte Carlo simulation based on Levenberg-Marquardt with
a nonmonotone line search (LMNL) algorithm to calculate
risk indices for islanded hybrid AC/DC microgrid. Refer-
ence [9] proposed a risk assessment method for large-scale
distributed photovoltaic feeding into distribution networks.
In addition, the risk-based strategy also is proposed to opti-
mizing actual operation. For example, in [10], the risk-based
maintenance optimization model is proposed and the main-
tenance plan is formulated according to the risks at different
times throughout the year.

The above-mentioned papers studies various aspects of
power system risk, meanwhile, proposes many quantitative
risk indices. In addition, owing to the fact that the safety
of the power system is improved continuously by all kinds
of protection devices, the probability of violation risk will
be decreased accordingly. However, these risk indices did
not consider the influence of safety margin, which refers to
the virtual distance from the operational limits to the current
normal operating point. Therefore, traditional risk indices
may lead to conservative decisions. In this regard, this paper
proposes the risk indices considering the safety margin.

In addition, in operational risk assessment, high efficiency
is necessary to support the online decision but the tradi-
tional methods do not meet high-efficiency demand increas-
ingly. Generally, the traditional risk assessment method can
be roughly classified into two categories: state enumera-
tion methods (SE) [11]–[13] and Monte Carlo simulations
method (MC) [14], [15].

The MC estimates the system risk by randomly sampling
the system state. Because it is not limited by the size of the
system, it is suitable for large-scale systems. However, its
efficiency is very low, especially, in the high-safety system.
The reason is that the method requires to spend more sam-
pling times on obtaining acceptable precision demand since
the high-safety system usually has lower component failure
probability. Therefore, researches proposed some improved
MC, such as stratified random sampling [16], [17] vari-
ance reduction techniques [18], state space pruning [19],
cross-entropy algorithm [20], [21], importance sampling [22]
and state-space classification [23] et. al. However, because
the above-mentioned methods only focus on the occurrence
probability of system states for improving the traditional
method, it is still necessary to improve further efficiency by
paying more attention to impact factors of system states.

The SE quantifies system risk by enumerating the possible
system states. The advantage is that the concept is clear and
the assessment results can be theoretically more accurate.
However, the complexity of the method is positively corre-
lated with the system scale. And because it is unrealistic to

consider all system states in the actual power system, the tra-
ditional state enumeration method generally ignores numer-
ous high-order contingency states, which causes the value of
risk indices smaller than the true value. Therefore, to solve
the problem, many improved SE have emerged as far. Refer-
ences [24], [25] proposed a state expansion method, which
can extend to high-order contingency states through low-
order contingency states, thereby restraining the accuracy
degradation, which caused by ignoring high-order contin-
gency states. Reference [26] proposed a fast sorting algorithm
(FSA), which gives the concept of adjacent state sets. The
method can rank the probability of the system state by this
concept and then considering all high probability states. Fur-
ther, based on the fast sorting algorithm, [27] introduced the
concept of alternative adjacent state and minimum state set
and proposed a fast contingency screening technique (FCST).

However, those methods cannot take account into all pos-
sible high-order contingency states. In reality, the risk is not
only determined by probabilities of contingencies but also
affected by their impacts. If we only consider system states
with high probability, some low probability and high impact
system states will be neglected. In fact, the amount of those
system states may be very huge, so the accuracy of those
methods above may be limited. In addition, for power sys-
tem operation risk assessment, calculation efficiency is also
important because the results need to guide the dispatching
operation department for online decision-making.

Therefore, to solve above-mentioned problems, it is very
necessary to design a high-efficient and high-precision power
system risk assessment method which considers both proba-
bilistic factors and impact factors, to assist the operator in
online making decision. In previous research, we proposed an
incremental impact method [28]. This method can improve
the calculation efficiency by increasing the weight of the
low-order contingency states. Based on this idea, we trans-
form the state variable into an incremental formation and pro-
pose an incremental variable based state enumeration method
(IVSE) accordingly.

In this paper, the innovation can be described as follows:
1. The concept of safety margin is introduced to the field

of risk assessment, and the new risk indices are developed to
provide more potential risk information.

2. An incremental variable method is proposed to speed-up
the operational risk assessment process.

Section 2 briefly introduces the basic concepts of
power system risk assessment. Section 3 proposes the
risk indices considering safety margin and develops an
incremental-variable -based state enumeration method.
Section 4 assesses the IEEE 118-bus system by proposed risk
indices and proposed method for verifying the effectiveness
and testing the method performance.

II. BASIC CONCEPTS OF POWER
SYSTEM RISK ASSESSMENT
Risk assessment is a useful tool to maintain the operational
safety of power systems. In order to help planners and
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operators comprehensively understand the risk level of the
system, quantitative risk indices are necessary. Generally,
the risk index of the power system is defined as the product
of the uncertainty factors and their impacts, which can be
obtained by

R =
∑
s∈�

IsPs (1)

where R is the risk index of the system.� is the set of possible
system states. s is a system state, including both normal and
contingency states. Ps and Is represent the probability and
impact of state s, respectively.

Based on the utilized index, risk assessment can be divided
into several types, such as the risk-based static security
assessment, voltage stability assessment, transient stabil-
ity assessment, and security domain analysis. In addition,
according to the assessment time framework, power sys-
tem risk assessment can also be divided into planning risk
assessment and operational risk assessment. The assessment
time framework of planning risk is usually years or decades,
and the time framework of operational risk assessment is
generally ranged from minutes to hours.

This paper focuses on system-level operation risk assess-
ment, which is generally utilized to support online decision-
making. Therefore, it requires a high assessment efficiency.
The basic process of risk assessment can be performed by the
iteration of the following three steps:

Step1: select system state;
Step2: calculate the impact and probability of the state;
Step3: update the risk indices.
In order to enhance the efficiency of the assessment pro-

cess, this paper proposes an incremental variable method to
speed up the impact calculation step. In addition, we modify
the traditional definition of state impact by introducing the
safety margin, then more information can be provided by the
obtained risk indices.

III. INCREMENTAL-VARIABLE-BASED RISK ASSESSMENT
CONSIDERING SAFETY MARGIN
This section introduces the risk indices considering the safety
margin, which can provide more potential risk information
for operators. In addition, we propose an incremental variable
based sate enumeration method to efficiently calculate the
proposed risk indices. The proposed method can improve
efficiency of risk assessment, especially, for high-efficiency
demand of operational risk assessment.

A. RISK INDICES CONSIDERING SAFETY MARGIN
At present, since the improvement of various protective
devices, power system safety improves continuously, so most
contingencies will not cause violation of the state variables
(i.e. S or V ). However, the traditional risk indices only
consider violation operation point, therefore, excessively
emphasizing low probability contingencies, which may cause
conservative decision-making. To address these issues, this
paper develops the risk indices considering the safety margin.

FIGURE 1. Schematic diagram of branches power distribution.

In the proposed indices, the concept of the safety margin
considers the safety degree of normal condition. According to
the selection of different state variables (i.e. S or V ), different
risk indices can be defined. This paper takes branch overload
and bus low voltage as example.

1) BRANCH OVERLOAD RISK INDEX
When the system is in contingency state, the failure branches
are taken out of operation, then the power of the non-failure
branches changes. Therefore, the value of the system over-
load risk is determined by the power of these non-failure
branches. Because the occurrence of contingency is assumed
as a Poisson distribution in [10], we suppose branches power
is bound to obey a certain distribution. This paper assume that
it obeys to an arbitrary distribution fs. That is:

Si ∼ fs(ESi, σ 2
Si ) (2)

where ESi is the expected power of the ith branch; σ 2
Si is the

power variance of the ith branch. They can all be estimated
by sampling.

Fig.1 shows a schematic diagram of probability distri-
bution of the ith and the jth branches power. Vertical axis
and horizontal axis respectively represent probability and
branches power; Se is rated branch power; 1.1Se repre-
sents critical limited value; ESi and ESj respectively refer
to expected power value of the ith and the jth branches; the
shadow part refers to power violation part of branches.

As shown in Fig.1, for the ith branch, due to the fact
that the area of shadow part a account for only a small
part, the cumulative probability of the power violation part
is very low. In fact, with increasing power system security,
this situation will heavily increase in occurrence probability.
And because traditional risk indices consider a large number
of this situation, assessment results may tend to conservative
and cause poor economy. Aiming at the problem, we find this
situation can be reflected through which the expected value of
the branch power is less than critical limited value. Therefore,
the paper defines the concept of safety margin which refers to
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FIGURE 2. Schematic diagram of bus voltage distribution.

the virtual distance from the operational limits to the current
normal operating point.

It is can be found in Fig1 that the normal operating point of
the ith branch is more than its power violation point because
ESi is less than 1.1Se. Therefore, the safety margin of the ith
branch is considered so large enough that the branch can be
thought safe. On the contrary, for the jth branch, the shadow
part b and a constitute its power violation part, then ESj is
greater than 1.1Se, hence the jth branch is considered unsafe.
Further, as long as most of the branches are known as safe, the
whole system is considered safe enough. Conversely, when
most of the branches are easy to violate, the safety margin of
the system is considered to be less than the violation risk.

Based on the above analysis, we define Ri|S as the overload
risk function of the ith branch:

Ri|S (ESi) = max(0,ESi − 1.1Se) (3)

2) BUS LOW VOLTAGE RISK INDEX
The risk of voltage violation in the power system can be
divided into overvoltage risk and low voltage risk. In general,
the use of lightning protection devices and relay protec-
tion measures can minimize the overvoltage risk. However,
in terms of the low voltage risk, its impact more serious on
the power system. The low voltage risk is mainly caused by
the lack of reactive power, which not only causes a series
of serious problems such as increased branch loss, reduced
generator output and motor burnout but also even may dam-
age the stable operation of the power system. Based on the
above description, only the low voltage risk is introduced in
this paper.

Similarly, as shown in (4), we also assume the bus voltage
is subject to an arbitrary distribution fv. σ 2

Vi is the voltage vari-
ance of the ith bus;EVi refers to the expected voltage value of
the ith bus; Fig.2 shows a schematic diagram of the ith and jth
bus voltage probability distribution. The horizontal axis rep-
resents bus voltage; Ulim represents critical limited voltage;

The shadow part refers to a voltage violation part.

Vi ∼ fV (EVi, σ 2
Vi ) (4)

As shown in Fig.2, shadow part c represents violation part
of the jth bus and shadow part d and c denotes violation part
of the ith bus. Therefore, the EVi is less than the Ulim and the
EVj is greater than the Ulim. The low voltage risk function of
the ith bus can be described as (5).

Ri|V (EVi) = max(0, 1− EVi) (5)

It should be noted that the voltages in this paper all are
standard values. As shown in (5), when the expected voltage
value is less than 1, the bus is considered unsafe and risk value
a linear function of the expected voltage value. In contrast,
as long as the EVi is greater than 1, the bus is known as safe
enough.

B. INCREMENTAL VARIABLE APPROACH
In this section, we develop an efficient risk assessment
method based on the idea of impact increment [28]. It is
notable that the original impact incrementmethod can be used
only when the impact of the high-order contingency can be
expressed as the function of the impacts of the corresponding
low-order contingencies. However, the above assumption is
not suitable for risk assessment. In this paper, we denote the
incremental variable as the difference of the state variables
(e.g. S and V ) between the contingency state and the normal
state. Then the IVSE is developed accordingly. Therefore,
the major difference between the two methods is the research
object.

According to (3) and (5), we find that the risk indices of the
ith component can be obtained through the expectation of the
corresponding state variable Xi (e.g. bus voltage Vi & branch
power flow Si). Therefore, the incremental variable based SE
method is used in this section to calculate EXi, where EXi is
generalization for ESi and EVi.

1) CALCULATION FORMULA
Firstly, as shown in (6), the risk value of the system is calcu-
lated by summing the risk values of all components. And the
risk value of the single component is obtained by substituting
the expected state variable of the component into the above
risk function.

RA|X =
N∑
i=1

Ri|X (EXi) (6)

Secondly, we just focus on how to calculate the EXi.
According to the (1), the EXi can be determined by the (7):

EXi =
∑
j∈�k

s

PjXi,j (7)

�k
s = {j|j ⊂ s,Card(j) = k} (8)

where Card(j) represents the cardinality of the jth contin-
gency state; �k

s is the k-order contingency state sets and
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FIGURE 3. Schematic diagram of outage branches with long distances.

if k = 0, �k
s = φ; Pj is the occurrence probability of

the jth contingency state; Xi,j is the state variable of the ith
component for the jth contingency state, which is calculated
according to the following formula:

Xi,j = Xi,0 + Xaddi,j (9)

whereXi,0 is the state variable of the ith component in the nor-
mal state; X add

i,j is the amount of change in the state variable
of the ith component for the jth contingency state.
Next, substituting (9) into (7) to obtain (10):

EXi =
∑
j∈�ks

Pj
(
Xi,0 + Xaddi,j

)
= Xi,0 +

∑
j∈�ks

PjXaddi,j

= Xi,0 + EXaddi,j (10)

where EXaddi,j refers to the expected value of the X add
i,j .

Finally, as shown in (11), the EXaddi,j can be calculated by
the IVSEmethod for an N -order system. Pu(j) is used to indi-
cate the unavailability rate of the failure component for the
jth contingency state; 1Xaddi,j represents variable increment.
As shown in (11), the variable increment is the difference
value between variable and low-order variable increment.
In addition, the specific derivation and the proof process have
been described in [28].

EX add
i,j =

N∑
k=0

∑
j∈�ks

Puj1X
add
i,j (11)

1Xaddi,j = Xaddi,j −

nj−1∑
k=1

∑
u∈�ks

1Xaddi,u (12)

Two facts can be observed from the above formulas. On the
one hand, the weight of the low-order contingency state is
increased due to the fact that the availability rate also is elim-
inated; on the other hand, because variable increment is pos-
itive value, the state variable of high-order contingency state
is less than its original state variable, which further makes the
weight of the high-order contingencies be reduced.

2) REDUCTION OF HIGH ORDER CONTINGENCY
In an actual power system, when the failed component is
far apart in space, the failure component has a relatively
independent impact on the entire system, as shown in Fig.3.

Therefore, as shown in (13), the high-order contingency state
s which has independent component can be split into two
unrelated sub-states s1 and s2:

Xaddi,s=s1∪s2 = Xaddi,s1 + X
add
i,s2 (13)

where s denotes a failed component set and s1 ∈ s, s2 ∈s.
Based on the above assumptions, as shown in (14), the state
variable increment of the states s can be derived by (13).

1Xaddi,s = Xaddi,s − X
add
i,s1 − X

add
i,s2 = 0 (14)

For theN -order system, the specific proof process is shown
in [25]. Therefore, owing to the fact that most of the high-
order contingency states may be independent, elimination
of independent high-order contingencies will significantly
reduce the computational burden.
In order to quantify the independence, this paper uses sen-

sitivity analysis methods to determine whether each branch
is relatively independent. Since the failure branch has an
impact on the power flow of the system, it is reasonable
to check the correlation between the branches by sensitivity
of the power flow of the branch I to the impedance of the
branch H (represented by SPZ (H, I)). SPZ can be calculated
by the perturbation method, then we need to set threshold
δs to determine the correlation. Finally, according to the
values of SPZ and δs, the correlation flag dij between the ith
branch and jth branch can be determined, thereby obtaining
the independencematrixDs of the system state s. The specific
calculation steps are introduced in [28].When all components
in the matrix Ds are reachable, it corresponds to1Xaddi,s 6= 0;
Otherwise, 1Xaddi,s = 0, so there is no need to analyze the
state.

C. PROCESS OF THE PROPOSED METHOD
The calculation process of the proposed method is as follows:
Step 1: Enter system data and preset parameters, includ-

ing the maximum order of contingency state order Nctg,
the branch sensitivity threshold δs, and the initial state order
k =1.
Step 2: Calculate the sensitivity matrix [Spz] of each

branch.
Step 3: Determine the correlation flag of each branch based

on the sensitivity matrix [Spz] and the threshold δs.
Step 4: Select the ith system component to analyze, i.e. the

ith branch or the ith bus.
Step 5: In the system normal state, calculate the power flow

of the branch or the bus voltage as the reference value of the
state variable.
Step 6: Create all k-order contingency state set �k

A.
Step 7: Select the jth k-order contingency state.
Step 8: Calculate its reachable matrix Ds.
Step 9: Use the breadth-first search algorithm to check the

reachability of the elements in the Ds. If so, go to the next
step. Otherwise, select the next k-order contingency state and
return to Step 8.
Step 10: Calculate the variation of state variable Xaddi,j by

the PF calculation program.
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FIGURE 4. The overall process of the proposed approach.

Step 11: Calculate the incremental variable 1Xaddi,j
by (12).

Step 12: Calculate the expected variation of state variable
EXaddi,j by (11).

Step 13: Check if all k-order contingency states have been
analyzed. If so, go to the next step. Otherwise, select the next
k-order contingency state and return to Step 8.

Step 14: Check if k = Nctg. If so, go to the next step.
Otherwise, k = k + 1 and return to Step 7.

Step 15: Calculate the expected state variable EXi for the
ith component by (7)

Step 16: Check if all components have been analyzed. If so,
go to the next step. Otherwise, i = i+ 1 and return to Step 4.
Step 17: Calculate the risk value of the component by (3)

and (5).
Step 18: Calculate the risk value of the whole system

by (6).

TABLE 1. Comparison of the three results (IEEE-118).

IV. NUMERICAL RESULTS AND ANALYSIS
In the case study, the effectiveness, applicability and practica-
bility of the proposed method are tested on the IEEE 118-bus
test system which involves 118 buses, 54 generation units,
186 branches, 54 generations (PV) buses, and 64 loads (PQ)
buses. The total generation capacity and load demands are
9966 MW and 4242 MW. Reference [29] introduces the data
of this system in detail.

Firstly, the IEEE 118-bus system was used to verify the
accuracy and efficiency of the proposed method and the
traditional state enumeration method (SE) was utilized to
be comparison. Secondly, we analyzed the influence of the
preset parameters on the proposed method. Next, we tested
the applicability of the proposed method after changing the
load level and component unavailability rate. Finally, the
weak links of the system are found out andmodified to reduce
system risk through the proposed method.

A. ACCURACY AND EFFICIENCY
In this part, the system risk is assessed by below three meth-
ods: the SE method in which preset parameters Nctg are set
as 2, the IVSE method whose preset parameters are set as
follows: Nctg = 2, δs = 0 and the MC method which
convergence criterion is set to the total sampling number
MCNum=106. And the assessment result of the MC method
is used as the benchmark for accuracy. The results are shown
in Table. 1.

As shown in Table. 1, since the SE method only con-
siders the impacts of the first two order contingencies,
the assessment results are smaller than the benchmark value.
However, because the proposed method shifts the weight of
high-order contingencies into corresponding low-order con-
tingencies, the risk value is very close to the benchmark value.
Because the computation process of the proposed method is
more complex than the SE, the CPU time of the proposed
method is slightly greater than that of the SE but within the
acceptable range.

B. EFFECTS OF PRESET PARAMETERS
The proposed method has two preset parameters: maximum
enumeration orders Nctg and high-order contingency elimi-
nation threshold δS . By adjusting their values, the accuracy
and the calculation time can be controlled to responding to
the requirements in different situations. The part analyzed
the influence of preset parameters on the computational
efficiency and accuracy by changing the above two preset
parameters.
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TABLE 2. Impacts of Nctg on accuracy and efficiency (IEEE-118).

TABLE 3. Impacts of δS on accuracy and efficiency (IEEE-118).

FIGURE 5. Impacts of δs on accuracy and efficiency (IEEE-118).

On the one hand, we fix δS to 0.005 and change Nctg to test
the influence ofNctg on the proposedmethod. The assessment
results are shown in Table. 2. As shown in Table. 2, although
the calculation complexity of the proposed method is slightly
larger than that of the SE, the introduction of the high-order
contingencies elimination can effectively improve efficiency
under ensuring a certain accuracy. However, when Nctg =1,
high-order contingencies elimination does not work, so the
calculation time of the IVSE is still slightly higher than that
of the SE.

On the other hand, we fix Nctg to 2 and change δS to
test the influence of δS on the proposed method. The assess-
ment results are shown in Table. 3 and Fig.5. It can be
observed from the table that when δS = 0, the number of
contingencies is 28920, which means that all first-order and
second-order contingencies are not ignored. As the increas-
ing δS , the selected high-order contingencies reduced in
amount and the accuracy also decreased accordingly. But the

TABLE 4. Impacts of high unavailability component on accuracy and
efficiency (IEEE-118).

TABLE 5. Impacts of low unavailability component on accuracy and
efficiency (IEEE-118).

calculation speed is gradually improved. Therefore, in the
case where the accuracy requirement is not very high but the
fast calculation is required, we can achieve the corresponding
requirement by increasing δS .

C. EFFECTS OF LOAD LEVEL AND UNAVAILABILITY
In order to test the impact of the unavailability rate on the per-
formance of the proposed method, the proposed method was
applied to the IEEE-118-bus system where the unavailability
rate of branches has been modified.

This part shows the two scenarios where the unavailability
rate is increased and reduced by 3 times respectively. The pre-
set parameters and the benchmark method have been set the
same as in Section A. The scenario of the high unavailability
rate is shown in Table. 4. It can be seen from the table that
the error of the indices assessed by the proposed method is
superior to the SE method. However, the calculation error
becomes larger compared with the scenario of the original
unavailability rate. The reason may be the increasing unavail-
ability rate makes the weight of high-order contingencies
increase, which is not conducive to reducing error for the
IVSE method.

The scenario of the low unavailability rate is shown
in Table. 5.We found that owing to the fact that decreasing the
unavailability rate may make the accuracy of the MC method
decline, the accuracy assessment results are somewhat up and
down compared with the original system. However, the error
evaluated by the proposed method is about 0.1% and it still is
superior to the SE method. So, the proposed method can be
applied to the IEEE-118-bus system with low unavailability
rate.

In addition, in order to test the impact of load level on the
performance of the proposed method, the proposed method
was applied to the IEEE-118-bus system in which load level
has been changed. The preset parameters and the benchmark
method have been set the same as in Section A.
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TABLE 6. Impacts of high load level on accuracy and efficiency (IEEE-118).

TABLE 7. Impacts of low load level on accuracy and efficiency (IEEE-118).

FIGURE 6. Risk of overload of each branch.

Table. 6 shows the performance of the proposed method
after the load level is increased by 1.2 times. With increasing
load levels, the occurrence probability of high-order contin-
gencies increased. Therefore, the calculation accuracy of the
SE method and the proposed method all decreased. However,
the risk indices assessed by the proposed method is still very
close to the benchmark value and the error is within 0.2%.
Besides, not only its accuracy is much higher than that of the
SE method but the CPU time is obviously less than the MC
method. Therefore, the proposed method can be applied to
the scenario with 1.2 times load level.

Table. 7 shows the performance of the proposed method
after the load level is decreased by 0.8 times. Due to the
decreasing load level, the system becomes safer. And the
accuracy of the MC may incline, which resulted in the accu-
racy of other methods also is reduced. However, the proposed
method still is more suitable for the system with a 0.8 times
load level compared with the SE method.

D. WEAK LINK ANALYSIS AND IMPROVEMENT
In order to verify the feasibility of the proposedmethod in risk
improving, we first get the value of branch overload risk and
bus low voltage risk of each component through the proposed
risk indices and the proposed method. Then the high-risk
components can be found, as shown in Fig.6 and Fig.7.

FIGURE 7. Low voltage risk of each bus.

TABLE 8. Risk reduction on three load level (IEEE-118).

In the IEEE-118-bus system, since branches 65-66,
68-81 and 81-80 all are power transmission channels from the
generation intensive area to the load center, they are prone to
cause overload risks. Bus 53, 76, 118 are all connected to a
generator bus of low voltage, so they are easy to result in low
voltage risk.

Based on the above analysis, it is possible to effectively
reduce system risk by focusing on the high-risk component.
Specifically, in this paper, the system risk value is reduced by
expanding the capacity of the high-risk branches and increas-
ing the voltage of the corresponding low voltage generator
node. As shown in Table. 8, after the system is improved,
we tested the system overload risk and low voltage risk at
three load levels. As load demand increases, the risk value
of the component and system all is gradually increasing.
However, by improving the high-risk component, system risk
can be dramatically reduced. Therefore, the proposed method
can effectively reduce the system risk value and can adapt to
different load demands.

V. CONCLUSION
This paper proposes an incremental variable based state enu-
meration (IVSE) for operation risk assessment and the risk
indices considering the safety margin. First, the new risk
indices are developed incorporating the concept of safety
margin, which can help operators avoid a conservative deci-
sion. Second, an incremental variable method is proposed
to speed the risk assessment process to adapt to the online
application. The proposed method has been tested on the
IEEE-118-bus system. The results show that the proposed
method can efficiently and accurately evaluate the operational
risk of power systems. The accuracy of the proposed method
is similar to the Monte Carlo method yielded to a large sam-
pling number, but its calculation speed is 4-300 times faster.
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Comparing to the SE method, the proposed approach is
10-1000 times more accurate with similar time consumption.
In addition, the accuracy and efficiency of the proposed
method can be controlled by the preset parameters to adapt
to various scenarios.
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