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A Modified Impact-increment-based State
Enumeration Method and Its Application 1n
Power Distribution Systems

Lukun Ge, Kai Hou, Hongmin Meng, Hongjie Jia, and Ziheng Dong

Abstract—Reliable planning and operation of power distribu-
tion systems are of great significance. In this paper, the impact-
increment based state enumeration (IIBSE) method is modified
to adapt to the features of distribution systems. With the pro-
posed method, the expectation, probabilistic, and duration reli-
ability indices can be accurately obtained with a lower enumer-
ated order of contingency states. In addition, the time-consum-
ing optimal power flow (OPF) calculation can be replaced by a
simple matrix operation for both independent and radial series
failure states. Therefore, the accuracy and efficiency of the as-
sessment process are improved comprehensively. The case of
RBTS bus 6 system and IEEE 123 node test feeder system are
utilized to test the performance of the modified IIBSE. The re-
sults show the superiority of the proposed method over Monte
Carlo (MC) sampling and state enumeration (SE) methods in
distribution systems.

Index Terms—Power distribution system, reliability assess-
ment, impact-increment, state enumeration.

1. INTRODUCTION

CCORDING to power company statistics, most power

outages are caused by component failure in the power
distribution system. Therefore, the analysis and evaluation of
the distribution system are of great significance [1]. Howev-
er, the structure of the distribution system is usually com-
plex and diverse, making it difficult to perform such analy-
ses and evaluations. For instance, multiple sections and rings
are structured in planning, and the connection of compo-
nents with other parts through an interconnected switch is
quite common. In addition, there are many different kinds of
components in the distribution system requiring dedicated at-
tention. This further exacerbates the difficulty in reliability
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evaluation of the distribution system.

The commonly used reliability evaluation methods that
consider the possibility of component failure in the distribu-
tion system can be divided into two categories: analytical
methods [2] and simulation methods [3].

A typical simulation method is Monte Carlo (MC) simula-
tion [4]-[6]. This method can be used to quantify the impact
of related events on the system, especially for complex and
large-scale systems. This is because the correlation between
computing efficiency and system scale is typically weak,
making it more suitable for evaluating the reliability of com-
plex and large-scale systems.

Analytical methods are also commonly used in reliability
assessment and can be divided into 3 subcategories: state-
space methods [7], system methods [8]-[10], and system
state enumeration (SE) methods [11]. The state-space meth-
od is used to establish a state-space graph, and then the reli-
ability indices can be obtained by solving the Markov equa-
tion. The state-space method can accurately calculate the fre-
quency and duration of each state. However, the calculation
is often complicated. The system method is based on the to-
pological structure of the distribution system. This method
includes the failure mode effect analysis method [8], the sys-
tem equivalent method, the shortest path method [9], the
minimum cut-set method [10], and the failure diffusion meth-
od. In the SE method, the possible states can be directly ob-
tained without considering the transitions between them [11].
Usually, the SE method is more time-efficient than the state-
space method. In recent years, there have also been some re-
liability assessment methods using optimization-based meth-
ods. Reference [12] proposes an optimization-based method
to compute the standard system-dependent reliability indices.
Reliability indices are equivalently determined by an effi-
cient method based on linear programming. Reference [13]
proposes an optimization model based reliability assessment
method that fully considers the detailed placement and ac-
tions of circuit breakers and switches in distribution systems.

It is worth noting that analytical methods are based on the
component reliability model and enumerated system failures.
One drawback to this method is that it concerns the fact that
the number of failure states increases exponentially with the
number of system components. Therefore, when the system
size increases, the number of failure states increases even
more. As a result, the amount of calculation required for ana-
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Iytical methods might be too large to be practical for large-
scale systems.

Another drawback to the analytical methods is that contin-
gencies with multiple component failures are generally ig-
nored, which leads to the overestimation of the distribution
system reliability and is especially implausible in large-scale
distribution systems. In large-scale distribution systems,
there is a high-possibility for multiple failures due to severe
weather condition or misoperation [14]-[16]. In addition, for
a complex distribution system such as a multisection, single
component failure will not cause a serious blackout accident
because the power shortage can be supplied by other sec-
tions. However, multiple component failures may cut off
both the conventional power supply and transfer path, result-
ing in much more serious blackout accidents. Therefore, the
possibility of multiple component failures should not be ig-
nored [14]-[16]. However, multiple failures tend to dramati-
cally expand the enumerated contingency set, resulting in
low efficiency and unacceptable time consumption. Thus,
[17] uses the Markov cut-set method to assess the reliability
of the distribution system. Some high-probability contingen-
cy states are considered in this method, so its reliability out-
come is more accurate than that of traditional methods. Ref-
erence [18] also uses the Markov cut-set method combining
DC optimal power flow (DC-OPF) to assess the reliability
of the power system. The DC-OPF is firstly used to deter-
mine the cut-set to set order and then the Markov process is
used to calculate the reliability indices. Despite the obvious
benefits of the two methods mentioned above, they still can-
not involve the majority of high-order contingency states.
With global climate change, the extreme disasters are in-
creasing, and multiple component failures caused by them
are increasingly common. As a result, the obtained reliability
indices are mostly lower than their actual values. In recent
years, the development of distribution systems has included
some new elements such as distributed renewable energy
generation, energy storage, and DC distribution systems. In
view of the development of these new elements, some re-
searchers have also proposed reliability evaluation methods
of distribution system considering those new elements [19]-
[22]. However, these assessment methods also do not consid-
er the contingencies with multiple component failures. This
shortcoming calls for a new method that can consider as
many contingency states as possible to achieve more accu-
rate reliability indices.

A potential solution to the above issue is the impact-incre-
ment-based (IIB) method, which is proposed in our previous
research [23], [24]. The 1IB method is originally developed
for transmission systems. It can be used to improve the effi-
ciency of both the IIB state enumeration (IIBSE) and IIB
Monte Carlo (IIBMC) methods. Note that the IIBSE and
[IBMC are both adapted to large-scale transmission systems
[23], [24]. The IIB method can also be integrated with the
Lagrange multiplier for further efficiency enhancement [20].
Additionally, the calculation formula of the IIB methods is
derived from the traditional SE method by replacing the im-
pact of each enumerated state with its increment. Conse-
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quently, the IIB methods can take into account high-order
contingency states when enumerating the lower-order states.
With these merits, the accuracy and calculation efficiency of
the IIB methods are also higher than those of the traditional
SE method, especially for expectation indices, e.g., expected
energy not supplied (EENS). A high-order contingency reduc-
tion method is also proposed herein based on the unique fea-
tures of the IIB methods mentioned above. This implies that
the reliability assessment process is further accelerated. How-
ever, the IIB methods do introduce some extra errors in the
probabilistic and duration reliability indices, e.g., in the prob-
ability of load curtailment (PLC) index used in reliability ac-
cessment of transmission system and in the system average
interruption duration index (SAIDI) used in reliability access-
ment of distribution system. This is a drawback that needs to
be addressed.

It should be noted that although the IIB method is first de-
veloped for transmission systems, it is also suitable for distri-
bution systems, especially for those with radial operation
structures. In this paper, the [IBSE method is modified to
suit the distribution system, and the mentioned drawback is
well addressed. The following are its three contributions.

1) High-order contingency reduction methods are devel-
oped for independent and radial series failure states to avoid
the time-consuming OPF calculation, which remarkably ac-
celerates the reliability assessment process.

2) Both expectation and duration reliability indices can be
accurately obtained by the high-order contingency reduction
methods, so that the defect of the original IIBSE (O-IIBSE)
method is well addressed.

3) A new identification method is developed especially for
distribution systems to identify the categories of high-order
failure states.

The rest of the paper is organized as follows. Section II
presents the IIBSE method. Section III presents the new cate-
gory of high-order contingency reduction and the calculation
expressions of expectation and probabilistic indices. Section
IV presents the new contingency set construction method,
failure identification method, and flowchart of the algorithm.
Section V presents the case study and Section VI concludes
the paper.

II. IIBSE METHOD

A. Reliability Indices of Distribution Systems

For the original SE method, the reliability index can be
obtained by:

N
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where R is the reliability index; N is the SE order; 4 is the
set of all components; Q' is the set of all N—k contingen-
cies; s is the system failure state; P, is the probability of sys-
tem state s; [, is the impact of state s, and for the expecta-
tion indices such as EENS, 7, is the load curtailment of state
s; a, is the component availability; u, is the component un-
availability; 4, is the failure rate of the component; and g, is
the repair rate of the component which can be obtained by
the mean time to repair (MTTR) [25].

For probabilistic and duration indices such as PLC and
SAIDI, the calculation process includes two steps. First,
PLC; is the PLC of the load point (LP) and can be calculat-
ed by (1). 1 in (1) is the load curtailment flag location I,
of each LP, which indicates whether LP i in state s has load
curtailment. /;, can be obtained by:

1 Is,i > 0
o 1,0 ©
where /; is the load curtailment of LP i in state s.
Then the SAIDI can be obtained as:
8760 % >'n,- PLC;+ > n, z >ty
SAIDI = - =l flsed) ()

n
S
i=1

where n is the number of LPs in the system; #, is the num-
ber of customers in LP 7; A, is the frequency of state s; and
t,; is the switch operation time of LP i in state s. The first
part is the duration caused by failure and the second part is
the duration caused by the switch operation which can be
calculated by the original method.

B. Fundamental Principle of IIBSE Method

By replacing the impacts and probabilities of system
states with their increments, (1) can be converted into an im-

pact-increment form:
N

R=2 >

k=15¢Q

where AP, and A/, are the modified probability and the im-
pact-increment of state s, respectively. The two variables can

be obtained as:
AP = Hui

ies

AP Al (7
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where u, is the unavailability of component 7; n_ is the num-
ber of failed components in state s; Al, is the impact incre-
ment of the system state u, which is the lower contingencies
of state s; and Q is the k"-order subset of state s, deter-
mined by:

(10)
where Card(u) represents the cardinality of state u, when k=
0, Q' =¢.

The difference between SE and IIBSE in the same high-or-

= {u|ucs, Card(u):k}
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der contingency state is illustrated in Fig. 1. Figure 1(a)
shows the load curtailment of a system during multiple fail-
ures. Here, 1 and 2 refer to failed components 1 and 2, re-
spectively. The failure durations of the two components over-
lap. The idea of the original SE method is to evaluate the im-
pacts of the three states, as shown in Fig. 1(b). The three
states consist of the N—1 state with only one failed compo-
nent (s, or s,,) and the N—2 state with both failed compo-
nents (s, ,). The load curtailment of the N—2 state is higher
than the sum of the N—1 state. The weight of each state in
the reliability indices is the impact of the state. Figure 1(c)
shows the idea of the IIBSE method. The impact of s,,,, can
be decomposed into the sum of the two N—1 state and the
increment between s,,,, and s, +s,,. The weight of the N—1
state in reliability indices is also the impact of the state, but
the weight of the higher-order state is only the increment be-
tween s, and sy, +s,,. Therefore, the weight of higher-or-
der states is greatly reduced.

SE

IIBSE

I Al
TR
i Weight of
t
/ Al ﬁrst-order
contingencies
[ [se)]
t t
! Al Weight of
second-order
2 S{1.2) contingencies
L
t

(b) (c)

Fig. 1. Difference between SE and IIBSE in the same high-order contin-
gency state. (a) Load curtailment of a system during multiple failues. (b) SE
method. (¢) [IBSE method.

From the above analysis, it is apparent that the IIBSE
method can transfer part of the impact of a high-order con-
tingency state to the corresponding lower-order contingency
states. Therefore, it can effectively improve the weight of
low-order states in reliability indices. Therefore, it can ob-
tain a more accurate assessment result with a smaller num-
ber of enumerated states.

Another benefit of the IIBSE method is that the number
of high-order contingency states can be markedly reduced.
This independent failure diagram is illustrated in Fig. 2. If a
high-order contingency state s,, can be divided into two
subsets s, and s, and the components in s, and s, are in-
dependent of each other, then the impact increment of s, ,,
will always be 0 [22]. Therefore, the expectation indices of
these kinds of independent contingency states can be elimi-
nated in the assessment process.

AIS{LZ.,“,;:}:O (11)
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Busbar A Busbar C

Fault bm {Z}}E
Tie line A . Largf:-scale Tie line B
distribution system
Fault branch B

Busbar B Busbar D

Fig. 2. Independent failure diagram.

III. NEw CATEGORY OF HIGH-ORDER CONTINGENCY
REDUCTION AND CALCULATION EXPRESSIONS OF
EXPECTATION AND PROBABILISTIC INDICES

The IIBSE method can be utilized to enhance the accura-
cy and efficiency of the reliability assessment for distribu-
tion systems. Unlike a transmission system, if different
branches in a large-scale distribution system do not have a
tie line connection, the corresponding components are natu-
rally independent of each other. This idea is illustrated in
Fig. 2. This feature can make the high-order contingency re-
duction method more suitable for the distribution system. In
addition, the radial characteristics of the distribution system
result in a greater reduction of high-order contingency states,
so the efficiency can be further improved.

Notably, the original high-order contingency reduction
method is based on the additivity assumption of the reliabili-
ty indices. Therefore, it is more applicable to expectation in-
dices such as EENS. However, the reduction method will in-
evitably introduce some errors into the probabilistic and du-
ration indices such as SAIDI. This problem can be solved by
utilizing the relationship between the high-order contingency
state and the low-order contingency state, as shown in Sec-
tion III-B. In addition, there are many series branches in the
distribution system, and the corresponding components are
mutually correlated. These states can also be efficiently pro-
cessed, as shown in Section III-C.

A. Classification of System States

The failure states that can be efficiently processed in a dis-
tribution system can be divided into two categories: indepen-
dent failures and series failures. Each category has two types
of indices, i.e., expectation and probabilistic. The original
high-order contingency reduction method can still be used to
compute the expectation indices of independent states, as
shown in Fig. 3. Efficient processing methods are also devel-
oped for other categories of radial series failure.

B. Impact-increment of Independent Failure for Probabilis-
tic and Duration Indices

The original high-order contingency reduction method is
based on the additivity assumption [22]. This assumption
does not hold for probabilistic and duration indices. There-
fore, the reduction of mutually independent contingencies
will bring extra errors for probabilistic and duration indices,
e.g., PLC and SAIDI. For example, in the failure in Fig. 1,
if sy, 55, and s, ,, all have load curtailments, the system PLC
Ly =10, =1, = 1. According to (9), Al ,, ;#0 regardless
of whether s, and s, are independent. It is worth noting that ac-
curate probabilistic and duration indices of the whole system
can still be obtained by the IIBSE method if the original high-
order contingency reduction method is not applied.

1915

LRSS

L1 L2

Other situation

t
With OPF calculation
(time consuming)

| High-order contingency state reduction |

r |

Without OPF calculation
(time efficiency)

i

L1 L2
Independent failure Radial series failure
! |

Expectation indices
in Section II

Expectation indices

in Section III-C-1)

Probabilistic and duration indices  Probabilistic and duration indices
in Section III-B in Section II1-C-2)

x Failure location; [ Interconnected switch
[l Circuit breaker; mm Section switch
Fig. 3. Categories of high-order contingency reduction method.

However, for the PLC of LPs, the situation is different. It
can still be directly calculated by the impacts of each LP in
the corresponding low-order contingency states, which
means that it can also be obtained without a time-consuming
OPF calculation. For an independent high-order contingency
state s, LP 7 will only be within the fault isolation range of
the failed component in s, or s,, for the definition of the in-
dependent high-order contingency. Therefore, 1, =1, ,=
1, [y, =0 or Iy, =1 =1, I, =0. According to (9),
Al;y 5,;=0. This means that if LPs are within the fault isola-
tion range of the failed component in the independent high-
order contingency, Al ; can be obtained by:

A]f,s,i:() l,,>0,ucs (12)

The switch operation time can also be directly calculated
by the impacts of each LP in the corresponding low-order
contingency states, and there are possible situations as below.

1) Load point i has switch operation time in the corre-
sponding lower-order states u for which 7,,>0. A switch op-
eration time will also occur in the higher-order state s. And
similar to load 7 in fault branch A in Fig. 2, it will not be im-
pacted by fault branch B, so #,,,,>0, 7,5, ,=0. For the high-or-
der contingency, the LP i is still only impacted by branch A,
8O L5y~ Ligy i

2) The switch operation time of LP i for all corresponding
lower-order contingency states u is equal to 0 (similar to LP
i in busbar B or busbar C in Fig. 2). The LP in busbars B
and C is not impacted by the failed component in busbars A
and D, so t,,,,=1,,=0. According to (9), the switch opera-
tion time of the independent high-order contingency state s
should also be 0, which means ¢, ,,,=0.

In this regard, f,; can be obtained by:
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dt,,>0,ucs

(13)

max f,;
] vVt =0,ucs

C. High-order Contingency Reduction Method for Radial Se-
ries Failures

For the radial distribution system, the schematic diagram
of radial series failure is shown in Fig. 4.

S L e ey

L5 L4 L3 L2 L1
(@)
F3 F2 F1
Busbar | J - l - J -%T
L5 L4 L3 L2 L1
(b)

x Failure location; . Circuit breaker; Bl Section switch

Fig. 4. Schematic diagram of radial series failure. (a) 2-component radial
series failure. (b) 3-component radial series failure.

1) Impact-increment of Radial Series Failure for Expecta-
tion Indices

For an N-component series failure, the expression of the
effect of load curtailment on the impact-increment is:

Ns{l,z,....n}:(_l)kl]s{l} (14)

where [, is the impact of the last element in series failures.
The mathematical proof is shown in Appendix A.

An example of the 2-component radial series contingency
is as follows. The impact of failed components for the expec-
tation indices such as EENS is demonstrated in Fig. 4(a).
For component 1, /,,=L,. Besides, the impact of failed com-
ponent 2 [, equals L, plus L,. Additionally, I, =1 =L+
L,, so the impact increment of 7, ,, can be given by:

Mx{1,2}:[.y{],2}_AIS(]}_AIs'{2}:LI +L,-L,-L,-L,=-L, :_Im}
15)

Exception index impact-increment of 3 component radial
series failures is available in Appendix B.

2) Impact-increment of Radial Series Failure for Probabilis-
tic and Duration Indices

For the probabilistic and duration indices such as SAIDI
and PLC, the impact-increment of the load curtailment flag
in an N-component series failure can be obtained by:

_ ~1
Mﬁy{],Z, snkhi —(_ l)n I/;smj

: (16)
The mathematical proof is available in Appendix A.
An example of a 2-component radial series contingency is
as follows. It can be observed from the failure diagram that

I =1, Therefore, the impact increment of sy, ,, is:

fis{l2).i
A]_/.'S{I,Z}J = [f;s{l,Z).i - lﬁx{l},i_ ]_/;su).i =_I/;x{1).i (17)

The switch operation time can be easily found as:
ts{l,Z,....n}.i:ts{n},i (18)

Probabilistic and duration index impact-increment of 3-
component radial series failures is available in Appendix C.
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IV. NEW CONTINGENCY SET CONSTRUCTION METHOD,
FAILURE IDENTIFICATION METHOD, AND WHOLE
ALGORITHM FLOW DIAGRAM

In this section, an IIB reliability assessment method is de-
veloped, especially for distribution systems. The IIB reliabili-
ty assessment method is based on the original impact-incre-
ment theory in Section II as well as the new contingency
state category in Section III. This is done by first dividing
the distribution lines into several segments based on the sec-
tional switch to construct the contingency set for reliability
assessment. Afterwards, an identification criterion is devel-
oped to determine the independent and series contingencies
based on topological analysis. Finally, the flow diagram of
the proposed method is presented.

A. Distribution System Model

The models of branches and transformers include the start
point, end point, resistance, inductance, and other data re-
quired by the OPF. The difference between the two models
is that the transformer model needs the transformer tap. The
switch on the branch is simulated by changing the on-off state
of the line. In addition, the reliability data include availability
and unavailability data, which can be obtained by (3) and (4).

B. Contingency Set Construction Based on Distribution Line
Segment

Constructing the contingency set is the foundation of the
reliability assessment of power systems. For the transmission
system, the contingency set is built based on the outages of
transmission lines and transformers. One inherent challenge
regarding this is that lines (or feeders) in a distribution sys-
tem may have sectionalizing and interconnected switches.
Different failure locations in the same line may cause differ-
ent impacts on the power supply, hence we apply the seg-
ment to construct the contingency set for reliability assess-
ment of the distribution system.

A segment is a set of components with common entry
components [26], [27]. The entry components are switches
or protective devices. From Fig. 5, it is evident that the fail-
ure locations within the same segment are likely to cause the
same impact. Therefore, the segment can be regarded as the
identification component in the contingency set. It can not
only cover all possible contingency states but also avoid repeti-
tion. The number of identification components in Fig. 5 is de-
creased from 10 branches and 2 transformers to 5 segments.

:Segment 4 ; Segment 5 ‘
. LP3 LP5;
gy ™
T Qe T ‘Photovoltaic
3 Segment 1 i ; 3 10
H HSI 2 P82 | N
| ' ‘ 3 e
i Circuit Segment3 9 1
| breaker Sl
,,,,,,, 3 o
A £ T SO Lh4
7
LP2
Segment 2
Fig. 5. Structure of segment.
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If the segment has x components and y LPs, the failure
rate and MTTR of a segment can be obtained by:

/lseg = ;)‘1

A,
i 2t @0)
luseg_ l

seg

(19)

where 4, is the failure rate of the segment; and u,,, is the
MTTR of the segment.

The contingency set is a collection of all possible contin-
gency states, which can be denoted by a set, e.g., {1, 2} re-

fers to the contingency that segment 1 and segment 2 fail.

C. Identification Criteria Based on Topological Analysis

The transmission system is generally ring-structured.
Therefore, the independent failures can only be determined
by the sensitivity criteria, which inevitably introduces some
errors [28]. However, the distribution system is usually ring-
structured during the planning and radially structured during
the operation, so topological analysis can be used to deter-
mine the relationships among faulty components, as shown
in Fig. 5. This is possible through the following steps.

Step 1: judge whether the faulty components are in the
same station area. If so, go to Step 2. Otherwise, they are
mutually independent, and their impact increment can be ob-
tained by (11) and (12).

Step 2: record the starting point, search depth, and branch
data of all segments in a certain station area by the depth-
first search. If the faulty segments are in different branches
that started from the same node (segments 2 and 4), the cor-
responding contingency state {2, 4} is independent, and its
impact increment can be obtained by (11) and (12). Other-
wise, go to Step 3.

Step 3: if the faulty components are in the same branch or
front-back branch (segments 3 and 5), the corresponding con-
tingency state {3, 5} is series. Its impact increment can be
obtained by (14) and (16). Otherwise, its impact increment
can be obtained by OPF calculation and (9).

D. Flow Diagram of Reliability Assessment Method

The flow diagram of the reliability assessment method by
IIBSE is shown in Fig. 6.

V. CASE STUDY

A. Modified RBTS Bus 6 Feeder 4 Test System 1

The proposed method is first tested in RBTS bus 6 feeder
4 test system 1 [29], which involves 30 feeder segments, 26
nodes, 23 distribution transformers, 23 LPs, circuit breakers,
and disconnections. Node 40 is connected to another feeder
by an interconnected switch, whose external characteristics
are modelled by a power supply with 4 kW capacity, as
shown in Fig. 7. This power supply cannot meet the demand
of all loads. The number of consumers at each LP is as-
sumed to be 1. The average failure rate of lines and trans-
formers is set to be 0.13 occurrences per year. MTTR is 8
hours for the line and 15 hours for the transformer.
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Input system data

Determine segment and calculate
the unavailable probability

Construct k-order contingency set £,
)

Does contingency state
need OPF calculation?

Is the type of contingency
state independent?

Calculate A/
by (11), (12)

Calculate A7
by OPF and (9)

i=i+1

Calculate the system reliability by (6) and (7) |

End

Fig. 6. Flow diagram of reliability assessment method by IIBSE.
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Fig. 7. Segments in modified RBTS bus 6 feeder 4 test system 1.

The MC simulation method with 2x10° samples is used as
the benchmark. Importantly, the EENS of the benchmark is
102.86 MWh per year, while its SAIDI is 19.66 hours per
year. The cut-set method is not used as a benchmark because
it calculates the reliability indices only by topology, but in a
high-order contingency, power flow can better respond to the
real situation. Table I shows the results of the MC, minimal
cut-set [30], SE, O-1IBSE, and modified IIBSE (M-IIBSE)
methods with various parameters. For the 3 SE-based meth-
ods, the obtained indices are more accurate when the enu-
meration order increases. However, when the enumeration or-
der is higher than 2, a further increase in the enumeration or-
der results in little impact on the assessment outcomes with
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a concomitant dramatic increase in the computation time.
Consequently, the enumeration order should be set to be 2 to
balance the accuracy and efficiency.

TABLE I
RESULTS OF MC, MINIMAL CUT-SET, SE, O-IIBSE, AND M-IIBSE
METHODS WITH VARIOUS PARAMETERS

Enumeration order EENS EENS SAIDI SAIDI Time
(MWh/year) error (%) (hout/year) error (%) (s)
MC (2 % 10% 102.86 19.66 1949.1
MC (5% 10% 105.38 2.44 20.15 2.50 62.7
MC (2% 10%) 103.65 0.76 19.79 0.71 279.6
Minimal cut-set 98.22 4.51 18.86 4.05 0.9
SE (N-1) 100.82 1.98 19.31 1.75 3.6
SE (N-2) 102.45 0.39 19.82 0.82 94.9
SE (N-3) 102.46 0.38 19.83 0.84 1529.5
O-IIBSE (N-1) 102.41 0.44 19.47 0.95 4.5
O-IIBSE (N-2) 102.46 0.38 19.80 0.69 82.0
O-1IBSE (N-3) 102.47 0.37 19.80 0.69 1232.2
M-IIBSE (N-1) 102.41 0.44 19.47 0.95 3.6
M-IIBSE (N-2) 102.47 0.37 19.77 0.57 72.8
M-IIBSE (N-3) 102.48 0.36 19.77 0.57 903.6

It is also shown that the proposed M-IIBSE method is
more accurate than the SE and O-IIBSE methods when the
enumeration order is identical. It is notable that the O-IIBSE
(N-2) case has a higher error than the SE (N-2) case. This
is because the impact increments of series failures are nega-
tive, which is rare in transmission systems.

Compared with the minimal cut-set, the accuracy of M-
IIBSE is significantly higher than that of the minimal cut-set
because the power supply at point 40 cannot meet all the LP
demands. The minimal cut-set only uses the topological anal-
ysis to calculate the load curtailment, which cannot calculate
the load curtailment by insufficient power transfer. The IIB-
SE can calculate this situation by OPF. In addition, the OPF
can consider voltage constraints, which can also increase the
accuracy of the M-IIBSE. However, the efficiency of topo-
logical analysis is higher than that of OPF, and the operation
speed of the minimal cut-set is higher.

Compared with the O-IIBSE, the M-IIBSE has higher ac-
curacy of SAIDI indices. In addition, it is also relatively less
time-consuming. In that case, it was found that the SE
(N—1) case has a 1.98% error rate in EENS, but the M-IIB-
SE (N—1) case only has a 0.44% error rate, which is close
to error rate of SE (NV—2). This is because the weight of the
high-order contingency is transferred to the low-order contin-
gency in the IIB method. The error rates in SE (N—-2) and
M-IIBSE (N-2) are almost similar to each other and to the
benchmark. However, the M-IIBSE method can save as
much as 23% of the time performing the same task, making
it a better technique. This is because the high-order indepen-
dent contingency and radial series contingency can use a
high-order contingency reduction method instead of a time-
consuming OPF calculation. And the time consumption of
the M-IIBSE (N-2) case is slightly more than that of MC
(5%10%). The accuracy is almost the same.
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B. Modified RBTS Bus 6 Feeder 4 Test System 2

If the node of the interconnected switch is changed from
node 40 to node 39, the results become slightly different.
The segments in modified RBTS bus 6 feeder 4 test system
2 is shown in Fig. 8. The MC case with 2x10° samples is
used as the benchmark. The EENS is 74.41 MWh per year,
while the SAIDI is 13.55 hours per year. The EENS index
decreases because most of the loads can obtain power access
from both node 1 and node 39. Table II shows the result of
M-IIBSE and other methods with different parameters in
modified RBTS bus 6 feeder 4 test system 2. The results
show that the EENS of the N—2 cases is slightly higher
than that of the N—1 cases. The trend of SAIDI is similar to
that in Section V-A. The result of the N—3 cases is also sim-
ilar to that in Section V-A.
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5 " H :
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Fig. 8. Segments in modified RBTS bus 6 feeder 4 test system 2.
TABLE 11
RESULT OF M-IIBSE AND OTHER METHODS WITH DIFFERENT PARAMETERS
IN MODIFIED RBTS BUS 6 FEEDER 4 TEST SYSTEM 2

The maximum EENS EENS SAIDI SAIDI Time
enumeration order (MWh/year) error (%) (hour/year) error (%)  (s)

MC (2% 10% 71.97 13.55 2169.0
MC (5% 10% 74.41 3.39 13.98 3.18 81.8
MC (2 x 10%) 71.43 0.75 13.45 0.73 257.5
SE (N-1) 70.35 2.25 13.26 2.19 3.6
SE (N-2) 71.75 0.32 13.62 0.49 99.6
SE (N-3) 71.76 0.30 13.62 0.49 1841.1
IIBSE (N-1) 71.55 0.58 13.47 0.55 53
IIBSE (N-2) 71.76 0.30 13.61 0.47 91.3
IIBSE (N-3) 71.76 0.30 13.61 0.47 1418.1
M-IIBSE (N-1) 71.55 0.58 13.47 0.55 43
M-IIBSE (N-2) 71.76 0.30 13.59 0.34 84.5
M-IIBSE (N-3) 71.77 0.28 13.59 0.34 934.5
Minimal cut-set 69.43 3.52 13.04 3.79 0.9

The results of Table II are largely similar to those of the
previous system. For instance, the results of the SE (NV—1)
case have a higher error rate than Section V-A, which is
2.25%. The M-IIBSE (N—1) case only has a 0.58% error,
which is a number that is higher than that of case 1 but
much less than that of the SE (N—1) case because the
weight of the high-order contingency is transferred to the
low-order contingency. The results of the SE (N—2) and M-
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IIBSE (N-2) are almost the same, but the M-IIBSE method
can save as much as 15% more time with the high-order con-
tingency reduction method. The time consumption of the M-
IIBSE (N-2) is almost the same as the time consumption of
MC (5x10%), but the accuracy is almost the same as that of
MC (2x10%). The comparison between O-IIBSE and M-IIB-
SE is similar to that of Section V-A.

In this case, because the power supply from node 39 can-
not supply all LPs, the error of the minimal cut-set is still
slightly lower than SE (N—1). However, the operation speed
is still the fastest among all methods.

The sums of the independent and radial series contingency
percentages of RBTS bus 6 feeder 4 test systems 1 and 2
are 27.7% and 21.1%, respectively, as shown in Table III.
The values in parentheses represent the percentage of corre-
sponding faults in the total number of N—2 faults. This is
the reason that the time consumption of the IIB method used
in test system 2 is higher than that in test system 1. As men-
tioned before, the EENS of test system 1 is higher than that
of test system 2 because most of the load can obtain power
access from both nodes 1 and 39.

TABLE III
COMPARISON OF NUMBER OF DIFFERENT CATEGORIES (N—2 CONTINGENCY)
IN TEST SYSTEMS 1 AND 2
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but it is still lower than the M-IIBSE. The operation time of
the minimal cut-set is also the fastest of all 5 methods.

| ILP36__ILP38  LP40)
LP37i P39 |

Fig. 9. Segments in modified RBTS bus 6 system.
TABLE IV
RESULT OF M-IIBSE AND OTHER METHODS WITH DIFFERENT PARAMETERS
IN MODIFIED RBTS BUS 6 SYSTEM

Number of different categories

Test system

Independent Radial series Other situation
1 66 (4.6%) 331 (23.1%) 1034 (72.3%)
2 121 (8.5%) 180 (12.6%) 1130 (78.9%)

C. Modified RBTS Bus 6 System

The third system shown in Fig. 9 is the modified RBTS
bus 6 system with 64 lines, 38 distribution transformers, and
40 LPs (LP1-LP40). There are regular open contact switches
at the end of feeders F1 and F2. After dividing the feeder ar-
ea, the number of identification components is reduced to
27, as shown in Fig. 9. The number of consumers at each
LP is assumed to be 1. The average failure rates of lines and
transformers are set to be 0.14 and 0.02 occurrences per
year, respectively.

The result of the MC case with 2 x 10° samples is used as
the benchmark. The EENS is 263.46 MWh per year, while
the SAIDI is 13.14 hours per year. Table IV shows the result
of M-IIBSE and other methods with different parameters in
modified RBTS bus 6 system. From the effect of the maxi-
mum enumeration order on the reliability index, the errors of
EENS and SAIDI in the M-IIBSE (N-2) are slightly lower
than those of the IIBSE (N—1). The time consumption of
the M-IIBSE (N-3) is significantly higher, which is an ob-
servation that can be attributed to the increase in the number
of system states. However, the results for EENS and SAIDI
are similar to the M-IIBSE (N -2) case.

In this case, the power supply in F1 and F2 can fully sup-
ply all LPs in F1 and F2. There will be no load curtailment
by insufficient power transfer, so the results of the topologi-
cal analysis and OPF are almost the same. Therefore, the
minimal cut-set has almost the same error as the SE (N-1),

The maximum EENS EENS SAIDI SAIDI Time
enumeration order (MWh/year) error (%) (hour/year) error (%) (s)

MC (2x10% 263.46 13.14 1992.2
MC (5% 10% 255.40 3.06 12.76 2.90 55.4
MC (2 x 10%) 266.17 1.03 12.98 1.15 203.9
SE (N-1) 258.58 1.85 1291 1.81 17.9
SE (N-2) 262.28 0.45 13.21 0.57 808.5
SE (N-3) 262.30 0.44 13.21 0.57 37530.2
IIBSE (N-1) 262.28 0.45 13.13 0.54 19.6
IIBSE (N-2) 262.52 0.36 13.19 0.43 319.7
IIBSE (N-3) 262.53 0.35 13.20 0.44 13211.8
M-IIBSE (N-1) 262.31 0.43 13.13 0.54 16.2
M-IIBSE (N-2) 262.59 0.33 13.17 0.30 188.9
M-IIBSE (N-3) 262.61 0.32 13.17 0.30 2097.2
Minimal cut-set 258.57 1.85 12.80 1.80 2.1

The SE (N—1) has less error compared with what is ob-
served in Section V-A and V-B, where only a 1.85% error
rate in EENS is observed. Compared with other methods,
the M-IIBSE (N—1) only has a 0.43% error rate, which is
less than that of the SE method. The results for the SE
(N—-2) and M-IIBSE (N-2) are very similar in terms of er-
ror rates. With regard to time consumption, the M-IIBSE
method only uses 25% of the time that the SE method uses
to perform the same activity. This shows the advantage of ef-
ficiency of the M-IIBSE method. The time consumption by
the M-IIBSE (N—2) case is similar to that of MC (2x10°%).
However, the accuracy is much higher in M-IIBSE (N-2)
compared with the latter method. The comparison between
[IBSE and M-IIBSE is similar to the result in Section V-A.

Table V shows the number of different categories (N—2
contingency) in modified RBTS bus 6 system. Most of the
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N-2 contingency states can be calculated quickly because
of the structure of the modified RBTS bus 6 system, making
the time consumption of M-IIBBSE much less compared
with that of the SE method. The number of independent fail-
ures increases compared with that in Section V-A and V-B.
This observation can be attributed to the increase in the feed-
er number. The number of radial series failures also increas-
es due to the radial structure of the distribution system. Be-
cause of the tie switch between F1 and F2, all N—2 contin-
gency states in F1 and F2 need to be calculated by OPF.

TABLE V
NUMBER OF DIFFERENT CATEGORIES (N —2 CONTINGENCY) IN
MODIFIED RBTS BUS 6 SYSTEM

Number of different categories
Other situation
982 (18.7%)

Case ; X
Radial series

1120 (21.3%)

Independent
3151 (59.9%)

RBTS bus 6

D. Modified IEEE 123 Node Test Feeder System

The fourth system shown in Fig. 10 is the modified IEEE
123 node test feeder system with 129 lines and 85 LPs.
There are 39 segments in the system. In this paper, the sys-
tem is simplified and modified. The three-phase system is
simplified to a single-phase system and some structures are
removed. There are also some switches that are added to the
system. The number of consumers at each LP is assumed to
be 1. The average failure rates of the lines are set to be 0.14
occurrences per year, and the MTTR is 8 hours. The result
of the MC case with 2 x 10° samples is used as the bench-
mark. Its result for EENS is 1.9168 MWh per year, and for
SAIDI, the result is 1.0615 hours per year. Table VI shows
the the result of M-IIBSE and other methods with different
parameters in modified IEEE 123 node test feeder system.
From the effect of the maximum enumeration order on the
reliability index, the error rates of EENS and SAIDI in the
M-IIBSE (N-2) are slightly lower than those of the IIBSE
(N—1) case. Because of the increase in the number of sys-
tem states, the time consumption of the M-IIBSE (N-3)
case is significantly higher than that of M-IIBSE (N-2),
however, the results of EENS and SAIDI are similar to
those of the M-IIBSE (N-2) case.

Similar to the case in modified RBTS bus 6 system, the
transfer power supply can fully supply all LPs in the whole
system. There will be no load curtailment by insufficient
power transfer, so the results of the topological analysis and
OPF are almost the same. Therefore, the minimal cut-set
still has the lowest operation time among all methods. It al-
so has almost the same error as SE (N—1), but it is still low-
er than that of M-IIBSE.

Compared with other methods, the M-IIBSE (N—1) only
has a 0.41% error rate which is less than that of the SE
method. The results for the SE (N-2) case and M-IIBSE
(N-2) case are very similar in terms of error rates. With re-
gard to time consumption, the M-IIBSE method only uses 1/
2 of the time that the SE method uses. Nevertheless, with re-
spect to time, the time consumption of the M-IIBSE (N-2)
case is almost 1/2 that of the MC (1 x 10°). However, the ac-
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curacy is much higher in M-IIBSE (N-2) compared with
the latter method.

Fig. 10.

Segments in modified IEEE 123 node test feeder system.

TABLE VI
RESULT OF M-IIBSE AND OTHER METHODS WITH DIFFERENT PARAMETERS
IN MODIFIED IEEE 123 NODE TEST FEEDER SYSTEM

The maximum EENS EENS SAIDI SAIDI Time
enumeration order (MWh/year) error (%) (hour/year) error (%)  (s)

MC (2x10°) 1.9168 1.0615 2292.2
MC (5x10%) 1.7939 6.41 0.9969 6.08 66.5
MC (1x10°) 1.8958 1.09 1.0570 1.05 947.5
SE (N-1) 1.8908 1.36 1.0466 1.40 11.9
SE (N-2) 1.9102 0.34 1.0570 0.42 813.2
SE (N-3) 1.9103 0.34 1.0570 0.42  33955.6
IIBSE (N-1) 1.9089 0.41 1.0569 0.43 12.9
IIBSE (N-2) 1.9104 0.33 1.0572 0.40 456.7
IIBSE (N-3) 1.9104 0.33 1.0573 0.40 183475
M-IIBSE (N-1) 1.9089 0.41 1.0569 0.43 13.0
M-IIBSE (N-2) 1.9104 0.33 1.0577 0.35 450.7
M-IIBSE (N-3) 1.9104 0.33 1.0577 035  16549.6
Minimal cut-set 1.8908 1.36 1.0467 1.39 3.6

Table VII shows the number of different categories (N—2
contingency) in the modified IEEE 123 node test feeder sys-
tem. Because there are several transfer operations in the sys-
tem, the number of contingencies calculated by OPF is still
the highest in N—2. The radial structures in IEEE 123 node
test feeder system are short and scattered, so the number of
radial series contingencies is much lower than the number of
independent contingencies.

TABLE VII

NUMBER OF DIFFERENT CATEGORIES (N—2 CONTINGENCY) IN MODIFIED
IEEE 123 NODE TEST FEEDER SYSTEM

Number of different categories

Case

Independent Radial series Other situation

IEEE 123 node

test feeder 2423 (29.81%)

133 (1.64%) 5572 (68.55%)
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VI. CONCLUSION

The O-IIBSE method, which was originally developed for
large-scale transmission systems, is modified to accommo-
date the distribution systems. Compared with the O-IIBSE,
the M-IIBSE can process a new kind of high-order contin-
gency, i.e., series failure. Both independent and series failure
states can be far reduced without sacrificing the accuracy of
the expectation and duration reliability indices. A new identi-
fication method is developed to identify the two categories
of high-order contingency states that can be reduced.

The modified RBTS bus 6 system and modified IEEE 123
node test feeder system are utilized to test the performance
of the M-IIBSE. Compared with traditional MC, SE and IIB-
SE, the results show that the proposed method is more effi-
cient and accurate. Compared with the minimal cut-set, the
M-IIBSE has higher accuracy, especially in distribution sys-
tems where shedding loads cannot be fully transferred. It has
also been verified in this paper that the larger the system
scale is, the more independent and radial series failure states
can be identified, and the more contingency states can be re-
duced. Therefore, the advantage of the proposed method is
more obvious in large-scale distribution systems.

There are two main future research directions. The first is
the high-order contingency reduction of series failures in
meshed structures. The second is the calculation of frequen-
cy-related reliability indices in the distribution system be-
cause the analytical method performs poorly in sequential
analysis.

APPENDIX A

It is known that this formula holds at N=2. It can be
proven by mathematical induction that if it holds at n=k, it
holds for all cases of n>1 as long as it can be proven that it
holds at n=Fk+ 1.
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A]S{z,3....,n+1})_(AIS{1,2,...,)1*”+AIS{1.2 n72n+1}+"'+
A[ (3.4,. n+1})_ _(Ns{1+AI 2}+ +A[s\n+1)

Ly + ()" (€1 Ly + CIo ) )+
(- 1)" NCI L+ Ol L+ CE 2 g )+ o+
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APPENDIX B

In Fig. 4(b), the impact of faulty component lisI,=L,
the impact of faulty component 2 is , =L, +L,, and the im-
pact of faulty component 3 is /=L, +L +L Ism. =, =L+

Ly, Iy =1y=L+L,+L; and IY{1 =1 L,+L2+L3.

The impact of an increment of [, ,, is:

Ns{1,2,3}215{1.2.3}_AIS{],Z}_NS{I,S}_AI23} AI Nsu' ngs}

L+L,+L,+L,+L,+L,+L,—L,—L,— L3 L2 L -L,=L,
(B1)
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APPENDIX C

According to the two-component expression, the impact-

increment for a three component system, Al = Imzu,

Al =l Mo =l Lsn2s:=lsy» can be giv-
en by:
AI/{S{I,2,3)1 ]fr {3} ( [_/.'x{2).i)_(_1_ s{ ) ( /Y{l)l)
[/;s{l},i_If,x{Z},i_[/;s{3}.i=1ﬁs{l),i (C1)
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