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Abstract: With the rapid development of power electronic equipment, the automation and intelligence
level of active distribution networks (ADNs) continues to improve. Against this background, soft
open points (SOPs) are gradually replacing traditional segmented switches and interconnection
switches. The voltage support capability and fast response characteristics of SOPs can shorten power
outage time and expand load recovery range. However, the widespread integration of distributed
renewable energy and new power electronic devices has made the fault characteristics of ADNs more
complex, significantly increasing the computational complexity of ADN reliability assessment. At
present, there are few studies that comprehensively consider ADNs with multiple devices. Therefore,
this paper proposes a reliability evaluation method for ADNs that considers multiple devices. Firstly,
the impact of circuit breakers, SOPs, and segmented switches on the load recovery process is analyzed.
Secondly, an improved virtual fault flow model based on the action mechanisms of circuit breakers,
SOPs, and segmented switches is established. The virtual fault flow is represented by logical variables
to simulate post fault network reconstruction strategies that include circuit breaker tripping, SOP
power supply recovery, and segmented switch isolation actions. Then, with the goal of minimizing
the system average outage time after network reconstruction, a generalized mixed integer linear
programming (MILP) model is given. Finally, taking the IEEE 33-node testing system as a case, the
effectiveness and feasibility of the proposed method are demonstrated.

Keywords: active distribution network; power electronic devices; reliability evaluation method;
mixed integer linear programming (MILP) model

1. Introduction

With the rapid development of active management technology, the form of distribu-
tion networks is undergoing a historic transformation, that is, conventional distribution
networks are gradually transforming into active distribution networks (ADNs) containing
a high proportion of renewable energy [1,2]. ADNs have become a hub for achieving
comprehensive energy interconnection [3], playing an important role in ensuring the safe,
economical, and reliable use of electricity [4]. Among them, adjustment technologies such
as intelligent SOPs [5], fault indicator [6], uninterruptible power supply (UPS) [7], and
user-side demand response (DR) [8] have also been widely applied. ADNs can quickly
adjust the system flow through automation equipment, achieve fault location and isolation,
and improve system reliability. Due to the different roles played by different devices in the
process of fault recovery, when a fault occurs, the circuit breaker, the segmented switch,
the SOP, and the fault indicator that detects fault current operate at different stages with
different operating principles and different impacts on system reliability [9]. Therefore,
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accurate ADN reliability assessment and planning need to simultaneously consider the
impact of different equipment and load recovery stages [10].

Currently, there are two main types of reliability assessment methods for distribution
networks: analytical methods and simulation methods. References [11–14] used a fault
diffusion method to conduct a breadth search on circuit breakers and switches in order to
obtain the range of fault impact. In detail, reference [11] proposed a practical reliability
evaluation algorithm for power distribution systems with general network configurations.
This algorithm is an extension of the analytical simulation method for radial distribution
systems; the proposed method in [12] develops a comprehensive plan that specifies the
optimal plan and schedule for the installation of lines, substations, and automation equip-
ment; reference [13] proposed a novel multistage planning model for implementing a
distribution automation system, considering all main hardware and software infrastruc-
tures. The aim is to provide a methodology for developing plans to optimally determine
the type, location, and time in which equipment or infrastructure must be added to the
network, taking into account the network capacity expansion plan. Reference [14] proposed
a novel profit-oriented model for multistage distribution network expansion planning with
distribution automation. The objective function to be maximized is the net present value of
the company’s profit. In addition, reference [15] proposed a distribution network reliability
evaluation method based on a fault correlation matrix by calculating reliability indicators;
reference [16] recursively calculated reliability indicators from upstream to downstream
using algebraic equations, providing a new approach for evaluating reliability through
algebraic operations; reference [17] obtained the failure mode consequence analysis matrix
through topology identification and matrix operation, thereby calculating the reliability in-
dex. In order to simulate different operating modes, the Monte Carlo simulation method is
widely applied to complex distribution networks [18–20]. The simulation method has been
widely used in flexible simulation of switch actions [21], islanding operation [22], and self-
healing recovery [23]. In the above reliability evaluation methods, the analytical method
struggles to consider the load recovery strategy when the network topology changes, which
can lead to an underestimation of distribution network reliability indicators [24]. The
simulation method is computationally complex when considering circuit breakers and
segmented switches, and it is difficult to directly embed the reliability calculation into the
planning problem using a posterior approach.

Therefore, the distribution network reliability planning model is essentially still a
mixed integer nonlinear programming model, usually solved using heuristic algorithms
such as the genetic algorithm and particle swarm optimization algorithm, which cannot
guarantee the global optimal solution. Compared to traditional models, the MILP model
can ensure a global optimal solution, which can be solved by a commercial solver. Based
on this, numerous scholars have also conducted research on this issue and achieved
good results. Reference [25] proposes a reliability evaluation method based on MILP,
which describes the upstream and downstream relationships of nodes through virtual
power flow, and directly embeds reliability evaluation methods into distribution network
planning. Given the unique advantages of MILP, reliability evaluation methods based on
MILP have gradually become a research hotspot. Reference [24] proposed a distribution
network reliability evaluation model based on MILP considering network reconstruction;
reference [26] proposed a reliability evaluation method based on MILP, which considers
the impact of circuit breaker and segmented switch actions in detail and can obtain more
practical reliability evaluation results. Reference [27] considered the impact of UPS on
reliability. Reference [28] analyzed the fault localization process of the fault indicator and
further improved the MILP model. The reliability evaluation method based on MILP can
effectively analyze the mechanism of load recovery strategies and is easily embedded in
the planning and operation model. However, reliability assessment methods based on
MILP usually only consider fault isolation and fault repair separately, or fault localization
modeling separately, without comprehensively considering the impact of fault isolation,
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fault isolation, fault localization, and fault forwarding [25–28], resulting in underestimated
reliability results.

With the continuous improvement of ADNs’ automation and intelligence level, electri-
cal equipment such as a SOP that can flexibly adjust its operating status is gradually being
put into use in the power grid. In terms of reliability assessment based on MILP, there is
little comprehensive consideration of the impact of circuit breakers, segmented switches,
SOPs, fault indicators, and UPS on the reliability of distribution networks. Therefore, this
paper designs a general MILP reliability evaluation model by comprehensively considering
the mechanism of these devices, providing new ideas and technical support for ADN relia-
bility evaluation methods. The remainder of this paper is organized as follows: in Section 2,
the detailed recovery process is analyzed. Based on this, an improved virtual power flow is
proposed and the whole process is divided into three different stages, including right-after
stage (RA), segment switch fault isolation stage (SSI) and fault location and load transfer
(LT) stage. Then, by introducing intermediate variables, an improved relationship between
the decision variables of virtual power flow analysis of equipment working state and relia-
bility index variables is built in Sections 3.1–3.3. Meanwhile, an ADN reliability evaluation
method based on MILP is established in Section 4. The effectiveness and feasibility of the
proposed method is verified in Section 5. Finally, Section 6 concludes the paper.

2. Analysis of Load Recovery in an ADN

Based on the working principles of circuit breakers, fault indicators, segmented
switches, SOPs, UPS, and other equipment, this section analyzes the impact of their partici-
pation in load recovery on system reliability. Among them, the circuit breaker isolates the
fault current through tripping, reducing the fault diffusion range; the segmented switch
isolates faults and restores upstream power supply through reverse operation; the fault
indicator determines the fault current and combines it with the line inspection process
to locate the fault; the UPS reduces power outage time by continuously restoring load
power supply; the SOP quickly achieves power locking by switching control modes, and
its DC isolation link quickly isolates the feeders at both ends. In conjunction with seg-
mented switches, it achieves fault isolation and power recovery. In order to provide a better
understanding of this process, the load recovery method is described as follows:

Step 1: When a continuous fault occurs in an ADN, the fault is isolated by tripping the
circuit breaker, forming a downstream power outage area of the circuit breaker. Meanwhile,
the UPS quickly restores the load of the node where it is located;

Step 2: Isolate the power outage area with segmented switches and restore some loads
in non-outage areas, forming downstream power outage areas of segmented switches and
upstream isolation recovery areas of segmented switches;

Step 3: The fault indicator determines the fault feeder section by flowing through the
fault current and manually inspects the fault line. After the fault line inspection time, the
fault is further isolated and part of the load is restored;

Step 4: Through the SOP, load transfer is achieved and the SOP fault-side converter
switches from PQ control mode to Vf control mode to provide voltage support and achieve
rapid load transfer in power outage areas;

Step 5: The load that cannot be restored through switch action is restored to a normal
operating state through the repair or replacement process of faulty components.

In summary, the fault recovery process includes four processes: (1) Fault occurrence
process; (2) Fault isolation process; (3) Fault location and load transfer process; (4) Fault
repair process.

The fault occurrence process, which is the instantaneous process from the fault oc-
currence to the detection of a fault current by the circuit breaker, is not considered in this
paper due to its short duration. The process of fault isolation, that is, the process of fault
isolation and load recovery through the action of circuit breakers and segmented switches,
is divided into the right-after stage (RA) and the segment switch fault isolation stage (SSI).
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The fault location and load transfer (LT) stage refers to the process of locating faults
through fault indicators, further isolating faults, and combining them with SOP transfer.
Among them, the fault indicator determines the fault current path through fault current,
reduces the range of fault line inspection, and further isolates the fault through manual
line inspection; switches the SOP fault-side converter to Vf control mode; and provides
voltage support. The non-fault-side converter of the SOP adopts a DC voltage-reactive
power (UdcQ) control mode to maintain stable power transmission on both sides of the
converter and maintain stable DC voltage on both sides of the SOP.

The fault repair process refers to the entire process from component failure to the
restoration of the system to normal operation after component repair is completed.

In this paper, when a fault occurs, the ADN still operates as a whole body and does
not form an island. Therefore, the power flow constraints still need to be satisfied in the RA
stage, SSI stage, and LT stage. On the other hand, the operating status of the equipment
determines the power supply status of the load point. For example, the load point will be
cut off when the circuit breakers and segmented switches are disconnected. Therefore, as
long as the operating status of the equipment in each stage is obtained, the system reliability
results can be obtained. It can be seen that the number and location of equipment in an
ADN will have a significant impact on reliability indicators, so it is necessary to model its
action mechanism in detail.

3. Improved Virtual Power Flow Considering Multi-Stage Fault Recovery Process

The widespread access of distributed power sources and power electronic devices
has increased the complexity of fault characteristics in distribution networks, making
traditional reliability analysis methods difficult to apply. Therefore, this article draws on
reference [25] and considers the combination mechanism of circuit breakers, segmented
switches, SOPs, fault indicators, and UPS to expand the virtual power flow. The improved
virtual power flow simulates the state variables of equipment during the load recovery
process after a fault occurs. It starts from the fault components, propagates through
nodes and lines, and is ultimately isolated by circuit breakers, segmented switches, SOPs,
fault indicators, and UPS. After a fault event occurs, the power outage status of a load
point can be represented by node, line, and equipment state variables. Therefore, the
reliability indicators of the load point can be directly calculated based on the given network
topology, reliability parameters, and other data. Reliability indicators commonly used
include system average interruption frequency index (SAIFI), system average interruption
duration index (SAIDI), average system availability index (ASAI), and expected energy not
supplied (EENS). Reliability parameters commonly used include failure rate and repair
time. This section comprehensively considers the impact of the immediate power outage
stage, segmented switch isolation stage, fault location, and SOP transfer stage on the load
recovery process, and proposes a virtual power flow modeling method.

For greater clarity, a definition is provided and the symbol and set indices are sum-
marized as follows: i and j represent the distribution network node indices; ij represents
the index of distribution network lines; xy represents the index of line xy; γ represents a
set of faulty lines; NO indicates that the system is in normal operation; f represents the
feeder index; h represents the load level index; γSOP

I and γSOP
J represent the collection of

the first and last ends of the line ij installed SOP; γUPS
I represents a node set with UPS;

γB
I and γSS

I represent sets with installation of a circuit breaker and sets with a segmented
switch at the beginning of the line, respectively. γB

J and γSS
J represent sets with installation

of circuit breakers and sets with a segmented switch at the end of the line, respectively. ΨF

represents a set of feeders; ΨSUB represents a set of substation nodes; ΨLN represents a set
of load nodes; ΨL represents a set of lines; H represents the set of load levels.

3.1. Virtual Power Flow Model in RA Stage

After a fault occurs, the RA stage is the process of circuit breaker tripping and fault
current isolation. The RA virtual power flow starts from the faulty components and
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propagates through the state variables of nodes and lines until the first circuit breaker flows
through. The fault outage range of the RA stage is represented by the node and line state
variables. The virtual power flow model in the RA stage is shown in (1)–(7).

f xy,RA
xy = 0 (1)

−(1− si,NO,SS
ij )M + f xy,RA

i ≤ f xy,RA
ij ≤ (1− si,NO,SS

ij )M + f xy,RA
i , ∀ij ∈ γSS

I , ij /∈ γB
I (2)

−(1− si,xy,CB
ij )M + f xy,RA

i ≤ f xy,RA
ij ≤ (1− si,xy,CB

ij )M + f xy,RA
i , ∀ij /∈ γSS

I (3)

f xy,RA
ij = f xy,RA

i , ∀ij /∈ γS
I , ij /∈ γB

I (4)

∑
ij∈γB

I

si,NO,CB
ij + ∑

ij∈γB
J

sj,NO,CB
ij − 1 = ∑

ij∈γB
I

si,xy,CB
ij + ∑

ij∈γB
J

sj,xy,CB
ij (5)

f xy,RA
i = 1, ∀i ∈ ΨSUB (6)

1− f xy,RA
i − xUPS

i ≤ pxy
i ≤ 1− xUPS

i , ∀i ∈ ΨLN (7)

Here, f xy,RA
i and f xy,RA

ij represent the virtual power flow variable in the RA stage. If

the failure of line xy will cause a power outage of node i, f xy,RA
i = 0; otherwise, f xy,RA

i = 1.

If the failure of line xy will cause a power outage of line ij, f xy,RA
ij = 0; otherwise f xy,RA

ij = 1.

The logical variable si,xy,CB
ij represents the state of the circuit breaker which is on or off at

node i when line xy is in the fault state; si,xy,SS
ij represents the state of the segmented switch

which is on or off at node i when line xy is in the fault state; si,NO,CB
ij represents the state of

the circuit breaker which is on or off at node i when line xy is in the normal state; si,NO,SS
ij

represents that the segmented switch is on or off at node i when line xy is in the normal
state; pxy

i is a logical variable that represents whether node i is powered off due to a line xy
fault; xUPS

i is a logical variable that indicates whether node i is installing UPS.
In this model, (1) represents the source of the virtual power flow during the RA stage;

(2)–(4) represent that after a line xy fault, the virtual power flow is transmitted through
nodes and lines and isolated through circuit breaker tripping; (5) indicates that there is only
one circuit breaker that will trip after a line xy fault; (6) indicates that the substation nodes
will not be affected by line xy fault events; (7) represents a variable constraint. If node i is
not installed with UPS and is affected by a fault, the value is 1; otherwise, it is 0.

3.2. Virtual Power Flow Model in SSI Stage

After the RA stage, the segmented switch preliminarily isolates the faulty line and
restores the upstream load power supply from the main power supply. The virtual power
flow model in the SSI stage is shown in (8)–(14).

f xy,SSI
xy = 0 (8)

−(1− si,xy,FI
ij )M + f xy,SSI

i ≤ f xy,SSI
ij ≤ (1− si,xy,FI

ij )M + f xy,SSI
i (9)

−(1− si,xy,SS
ij )M + f xy,SSI

i ≤ f xy,SSI
ij ≤ (1− si,xy,SS

ij )M + f xy,SSI
i , ∀ij ∈ γSS

I (10)
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f xy,SSI
ij = f xy,SSI

i , ∀ij /∈ γSS
I (11)

f xy,SSI
i = 1, ∀i ∈ ΨSUB (12)

qxy,SSI
i = f xy,SSI

i − xUPS
i (13)

kxy,SSI
ij ≤ f xy,SSI

ij ≤ 1 (14)

Here, f xy,SSI
i and f xy,SSI

ij represent the virtual power flow variable in the SSI stage, and

the definition of the variable is similar to that in the RA stage. qxy,SSI
i represents whether

the load point can be restored after the fault is isolated by the segmented switch during
the SSI stage; kxy,SSI

ij represents the state variable of the line ij during the SSI stage, when

the line is a path, kxy,SSI
ij = 1; otherwise, kxy,SSI

ij = 0; si,xy,FI
ij represents the logical variable

that when line xy is in the fault state, the fault indicator is in the on state or off state. M
represents a constant with a large value.

In this model, (8) represents the virtual power flow source during the SSI stage; (9)–(11)
represent the virtual power flow propagation process during the SSI stage; (12) represents
that the substation nodes are not affected by the virtual power flow during the SSI phase;
(13) represents the logical variable that determines whether load power at node i can be
restored during the SSI stage through segmented switch action. If load power can be
restored during the SSI stage, then qxy,SSI

i = 1; otherwise, qxy,SSI
i = 0; (14) represents the

operating status of line ij during the SSI stage.

3.3. Virtual Power Flow Model in LT Stage

After the SSI stage, the fault indicator is combined with manual line inspection to
locate the fault, further isolate the fault, and transfer the load with power outage to other
power sources in conjunction with the SOP. The virtual power flow in the LT stage starts
from the faulty components and propagates through the state variables of nodes and lines
until the segmented switches pass through. The state variables of nodes and lines are used
to represent the recoverable power supply range in the LT stage and the continuous power
outage range in the LT stage.

The virtual power flow model in the LT stage is shown in (15)–(21):

f xy,LT
xy = 0 (15)

−(1− si,xy,SS
ij − si,xy,SOP

ij )M + f xy,LT
i ≤ f xy,LT

ij ≤ (1− si,xy,SS
ij − si,xy,SOP

ij )M + f xy,LT
i (16)

f xy,LT
ij = f xy,LT

i , ∀ij /∈ γSS
I (17)

f xy,LT
i = 1, ∀i ∈ ΨSUB (18)

qxy,LT
i = f xy,LT

i − f xy,SSI
i (19)

kxy,LT
ij ≤ f xy,LT

ij ≤ 1 (20)

qxy
i = qxy,SSI

i + qxy,LT
i + xUPS

i (21)
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The definition of related variables is consistent with the previous text, and the specific
meanings of superscripts, subscripts, and constraints can also refer to the previous text.

4. MILP-Based Active Distribution Network Reliability Evaluation Method

This section considers the states of circuit breakers, fault indicators, SOPs, segmented
switches, UPS, and other equipment participating in the fault recovery process. Based
on the improved virtual power flow model mentioned above, an ADN reliability evalu-
ation method based on MILP is established. Due to the fact that the proposed reliability
model belongs to MILP and the MILP problem has global convergence, global optimality
can be guaranteed. Below is a detailed introduction to the MILP-based ADN reliability
evaluation method.

4.1. Objective Function of ADN Reliability Evaluation

Firstly, the power outage time at the load node can be calculated according to Equation (22):

Ui =
N

∑
m=1

λmτm (22)

Here, Ui represents the shutdown time of load node i due to component failure in that
year; τm represents the component failure repair time under the m-th fault scenario; λm
represents the annual failure frequency of components under the m-th fault scenario; N
represents the total number of fault scenarios.

This paper chooses the minimum system average interruption duration index (SAIDI)
as the objective function, which can be described as (23).

obj : minSAIDI =

n
∑

i=1

N
∑

m=1
Ui Ni

n
∑

i=1
Ni

(23)

4.2. Other Constraints

(1) Constraints of improved virtual power flow

The improved virtual power flow constraints are given in Equations (1)–(21) in
Section 3. Its purpose is to linearly represent the state variables of nodes, lines, and equip-
ment through virtual power flow, providing a model basis for the analytical expression of
reliability indicators.

SOP mainly utilizes fully controlled power electronic devices for control. This section
takes the back-to-back voltage source converter as an example and selects the PQ-VdcQ
control mode. The back-to-back voltage source converter (VSC) of the SOP consists of a
DC capacitor and two converters, i.e., VSC1 and VSC2, shown in Figure 1. Due to the
DC isolation effect of the SOP, it can be considered a normally open breakpoint under
normal operation.

Processes 2023, 11, x FOR PEER REVIEW 7 of 17 
 

 

The definition of related variables is consistent with the previous text, and the spe-

cific meanings of superscripts, subscripts, and constraints can also refer to the previous 

text. 

4. MILP-Based Active Distribution Network Reliability Evaluation Method 

This section considers the states of circuit breakers, fault indicators, SOPs, segmented 

switches, UPS, and other equipment participating in the fault recovery process. Based on 

the improved virtual power flow model mentioned above, an ADN reliability evaluation 

method based on MILP is established. Due to the fact that the proposed reliability model 

belongs to MILP and the MILP problem has global convergence, global optimality can be 

guaranteed. Below is a detailed introduction to the MILP-based ADN reliability evalua-

tion method. 

4.1. Objective Function of ADN Reliability Evaluation 

Firstly, the power outage time at the load node can be calculated according to Equa-

tion (22): 

1

N

i m m

m

U  
=

=  (22) 

Here, iU  represents the shutdown time of load node i due to component failure in 

that year; m  represents the component failure repair time under the m-th fault scenario; 

m  represents the annual failure frequency of components under the m-th fault scenario; 

N represents the total number of fault scenarios. 

This paper chooses the minimum system average interruption duration index 

(SAIDI) as the objective function, which can be described as (23). 

1 1

1

: min

n N

i i

i m

n

i

i

U N

obj SAIDI

N

= =

=

=



 (23) 

4.2. Other Constraints 

(1) Constraints of improved virtual power flow 

The improved virtual power flow constraints are given in Equations (1)–(21) in Sec-

tion 3. Its purpose is to linearly represent the state variables of nodes, lines, and equipment 

through virtual power flow, providing a model basis for the analytical expression of reli-

ability indicators. 

SOP mainly utilizes fully controlled power electronic devices for control. This section 

takes the back-to-back voltage source converter as an example and selects the PQ-VdcQ control 

mode. The back-to-back voltage source converter (VSC) of the SOP consists of a DC capacitor 

and two converters, i.e., VSC1 and VSC2, shown in Figure 1. Due to the DC isolation effect of 

the SOP, it can be considered a normally open breakpoint under normal operation. 

VSC1 VSC2

C1

 

Figure 1. Circuit topology of SOP. Figure 1. Circuit topology of SOP.



Processes 2023, 11, 3404 8 of 17

Under normal operation, one of the converters is in active reactive power (PQ) control
mode; the other converter is in the VdcQ control mode, controlling the stability of the DC
voltage. When the AC-side system of the converter malfunctions, the faulty-side converter
is in the AC voltage frequency (Vf) control mode to achieve voltage support, while the
other-side converter is in the VdcQ control mode to achieve uninterrupted power supply
on the non-faulty side.

There is a certain power loss during the state control and switching process of the
SOP, but for larger distribution networks, the power loss of the SOP is very small and is
ignored here. The SOP operation constraints are as follows (24)–(28):

Pi,xy,ij
SOP + Pj,xy,ij

SOP = 0 (24)

√
(Pi,xy,ij

SOP )
2
+ (Qi,xy,ij

SOP )
2
≤ SSOP

i (25)

QSOP
i,min ≤ Qi,xy,ij

SOP ≤ QSOP
i,max (26)

si,xy,SOP
ij − 1 ≤ ui,xy,SOP

ij + uj,xy,SOP
ij ≤ xSOP

ij (27)

−Mui,xy,SOP
ij ≤ Ui −Ure f

SOP ≤ Mui,xy,SOP
ij (28)

Here, Pi,xy,ij
SOP represents the active power output by the SOP at node i when line xy is in

the fault state; Qi,xy,ij
SOP represents the reactive power output by the SOP at node i when line

xy is in the fault state; SSOP
i represents the converter capacity of SOP at node i; QSOP

i,max and
QSOP

i,min represent the maximum and minimum reactive power output of SOP, respectively;

Ure f
SOP represents the square reference value of the voltage at the fault side during the fault

recovery process; ui,xy,SOP
ij represents whether the port converter of SOP on line ij is in

VdcQ control mode.
In this model, (24) represents the active power balance constraint of the converter;

(25) represents the power constraints of the converters; (26) represents the output reactive
power constraint of the converter; (27) indicates that only one converter at both ends of the
SOP is in VdcQ control mode after a failure; and (28) indicates that the voltage at the fault
side is the reference voltage value of SOP.

Using the linearization method, (25) can be transformed into linear constraints. The
detailed content can be referred to in reference [24] and will not be elaborated here.

(2) Other operational constraints

−M(1− qxy
i ) ≤ Pxy

i + Pi,xy
DG + Pi,xy,ij

SOP − Pi
d(1− xUPS

i ) ≤ M(1− qxy
i ) (29)

−M(1− qxy
i ) ≤ Qxy

i + Qi,xy
DG + Qi,xy,ij

SOP −Qi
d(1− xUPS

i ) ≤ M(1− qxy
i ) (30)

PNO
i = Pi

d − Pi,NO
DG (31)

QNO
i = Qi

d −Qi,NO
DG (32)

−M(1− kxy
ij ) + 2(rijP

xy
ij + xijQ

xy
ij ) ≤ Uxy

i −Uxy
j

≤ M(1− kxy
ij ) + 2(rijP

xy
ij + xijQ

xy
ij ), ∀xy ∈ γ ∪ xy = NO

(33)
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Uxy
i = Umax , ∀i ∈ ΨSUB (34)

Umin ≤ Uxy
i ≤ Umax , ∀i ∈ ΨLN (35)

Pi,xy
DG , Qi,xy

DG ≤ αDG
i SDG

max, ∀i ∈ ΨLN (36)

Pi,xy
DG ±Qi,xy

DG ≤
√

2αDG
i SDG

max, ∀i ∈ ΨLN (37)

kxy
ij = si,xy,SOP

ij + sj,xy,SOP
ij + si,xy,SS

ij + sj,xy,SS
ij (38)

−Mkxy
ij ≤ Pxy

ij ≤ Mkxy
ij , ∀xy ∈ γ ∪ xy = NO (39)

−Mkxy
ij ≤ Qxy

ij ≤ Mkxy
ij , ∀xy ∈ γ ∪ xy = NO (40)

Pxy
ij ±Qxy

ij ≤
√

2SC
ij , ∀xy ∈ γ ∪ xy = NO (41)

−SC
ij ≤ Pxy

ij , Qxy
ij ≤ SC

ij , ∀xy ∈ γ ∪ xy = NO (42)

Pxy
f = Pxy

tr f , ∀ f ∈ ΨF, tr f ∈ ΨLN , ∀xy ∈ γ ∪ xy = NO (43)

Qxy
f = Qxy

tr f , ∀ f ∈ ΨF, tr f ∈ ΨLN , ∀xy ∈ γ ∪ xy = NO (44)

−
√

2SC
f ≤ Pxy

f ±Qxy
f ≤

√
2SC

f , ∀xy ∈ γ ∪ xy = NO (45)

−SC
f ≤ Pxy

f , Qxy
f ≤ SC

f , ∀xy ∈ γ ∪ xy = NO (46)

kxy
ij ≤ xEL

ij , ∀xy ∈ γ ∪ ∀xy = NO (47)

Here, Pxy
i and Qxy

i represent the active and reactive power injected by node i, respec-
tively; Pxy

ij and Qxy
ij represent the active and reactive power flowing through the line ij,

respectively. Pi,xy
DG and Qi,xy

DG represent the active and reactive power emitted by DG at node
i, respectively; Pi

d and Qi
d represent the active and reactive power of the load at node i,

respectively; Uxy
i represents the square of the voltage at node i; Umin and Umax represent the

minimum and maximum squared value of node voltage, respectively; SDG
max represents DG

capacity; aDG
i represents whether node i is connected to DG; kxy

ij represents the connected

variable of the line ij after the fault; if the line is connected, then kxy
ij = 1; otherwise, kxy

ij = 0;

SC
ij represents the line capacity; Pxy

f and Qxy
f represent the active and reactive power output

by the transformer; tr f represents the outgoing line to which feeder f belongs; xEL
ij is a

logical variable that represents the existence of circuit ij in the system.
In this model, (29) and (30) represent the expressions of active and reactive power

injected by nodes in fault scenarios, respectively. These constraints use the big-M method
to relax, and M represents a constant; (31) and (32) represent the injection of active and
reactive power by nodes during normal system operation; (33) represents the node and
line power flow constraints; (34) represents the voltage constraint of the substation node;
(35) represents the voltage constraint at the load node; (36) and (37) represent the DG output
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constraints; (38) represents the line connectivity constraints after network reconstruction;
(39)–(42) represent the constraints on active and reactive power of the line; (43)–(46) repre-
sent the constraints on active and reactive power emitted by the transformer; (47) indicates
that line ij can be connected only when line ij exists.

5. Case Study

In order to evaluate the effectiveness of the ADN reliability evaluation model proposed
in this paper, an improved 33-node testing system is used for case analysis. This model
is based on MATLAB 2019b programming and solved using CPLEX 12.9. All calculation
results were analyzed on an Inter Core i5-7300 2.4 GHz processor and a computer with
16 GB of memory. The topology of the IEEE 33-node testing system is shown in Figure 2.
The load level of the power system is time-varying. The electricity consumption in summer
and winter is generally greater than that in spring and autumn. If a fixed load value is
used, it will lead to inaccurate reliability evaluation results. On the other hand, the working
state of the equipment is relatively stable, so its failure rate is considered a fixed value. The
load level, fault data, and the number of customers used in this paper are selected from
reference [25]. The failure rate of lines in the system is set to 0.1/(km/year). Uncertainty at
the load side is represented by three different levels, namely, 100%, 83%, and 70% of the
peak load of the node. The duration of each load level is 1000 h/year, 5760 h/year, and
2000 h/year, respectively. The division of specific time periods can be randomly generated
using Monte Carlo simulation methods. On the other hand, in order to match the test data
with the actual situation, high load level usually appears in the noon and afternoon of
summer and winter, and low load level usually appears in the morning and late night of
spring and autumn. In practical applications, power grid operators can determine the final
load level based on the previous year’s load level while considering the load growth rate.
The SOP action time is set to 0.1 h, and the unit inspection time for overhead lines is set to
5 min/km. The SOP capacity is set to 1 MVA.
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5.1. Reliability Evaluation Comparison under Different Configuration Cases

This section considers the impact of different device configurations on system reliabil-
ity and uses an improved 33-node system for case analysis to verify the effectiveness of the
proposed reliability evaluation method.

The following seven different cases are set to analyze reliability indicators under
different configurations. In case 7, UPS is installed at nodes 14 and 18, a wind turbine is
installed at nodes 11 and 25, and photovoltaic is installed at node 19.

Case 1: Without considering UPS and DG, the circuit breaker is configured at the
substation node with a small number of segmented switches in the middle of the feeder
line and no fault indicators. The tie line is equipped with interconnection switches;

Case 2: Without considering UPS and DG, the circuit breaker is configured at the
substation node with a small number of segmented switches and fault indicators in the
middle of the feeder line. The tie line is equipped with interconnection switches;
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Case 3: Without considering UPS and DG, the circuit breaker is configured at the
substation node. All branches of the feeder line are equipped with segmented switches,
and a small number of fault indicators are installed in the middle of the feeder line. The tie
line is equipped with interconnection switches;

Case 4: Without considering UPS and DG, the circuit breaker is configured at the
substation node with a small number of segmented switches and fault indicators in the
middle of the feeder, and the SOP is configured on the interconnection line;

Case 5: Without considering UPS and DG, the circuit breaker is configured at the
substation node, and all branches of the feeder are equipped with segmented switches. A
small number of fault indicators are installed in the middle of the feeder, and the SOP is
configured on the interconnection line;

Case 6: Without considering UPS and DG, the circuit breaker is configured at the
substation node and all branches of the feeder are equipped with segmented switches. A
small number of fault indicators are configured in the middle of the feeder, and the SOP is
configured on the interconnection line;

Case 7: Consider UPS and DG configurations; circuit breakers are configured at the
beginning of all branches and segmented switches are configured for all feeder branches. A
small number of fault indicators are configured in the middle of the feeder, and the SOP is
configured for the interconnection line.

From Figure 3, it can be seen that compared to case 1, case 2 has added a fault
indicator, which reduces SAIDI by 25.9% (0.7145 h/year) and EENS by 25.9% (32.44
MWh/year). The reason is that the fault location using fault indicator can reduce the
patrol time, effectively reducing the outage time and range. As the number of segmented
switches increases, compared to case 2, the SAIDI and EENS of case 3 significantly de-
crease by 64.92% (1.3274 h/year) and 65.43% (60.74 MWh/year), respectively. Compared
to case 4, case 5 significantly reduces SAIDI and EENS by 66.49% (1.2925 h/year) and
67.57% (59.63 MWh/year), respectively. With the replacement of switches with a SOP, the
SAIDI and EENS of case 4 decrease by 4.93% (0.1008 h/year) and 4.93% (4.58 MWh/year),
respectively. Similarly, compared to case 3, case 5 reduces SAIDI and EENS by 9.19%
(0.0659 h/year) and 10.8% ( m), respectively. Through analysis, it can be concluded that
the more segmented switches in the distribution network, the better the system reliability
level. Replacing traditional switches with SOPs can effectively reduce SAIDI and EENS.
Compared with cases 2, 3, 4, and 5, case 6 has smaller SAIDI and EENS, indicating that as
the number of circuit breakers installed increases, SAIDI and EENS both decrease; in other
words, installing more circuit breakers can reduce the range of fault impact. Compared
with case 6, case 7 has smaller SAIDI and EENS. It can be seen that the connection of
UPS has a significant impact on reducing power outage time. The results indicate that the
reliability evaluation method proposed in this paper is applicable to various equipment
configuration modes, and reasonable equipment configuration has a beneficial effect on the
reliability of distribution networks.

From Figure 4, it can be seen that the power outage frequency of load node in case 3
and case 5 is the same. The reason is that the power outage frequency is determined by the
system structure during normal operation, and the switches and SOP are approximately
equivalent to open circuits during normal operation. Therefore, using SOPs to transfer
power will not affect the power outage frequency. It can also be seen that considering
SOPs for load transfer can further improve system reliability. For example, load nodes
12, 21–25, etc., will not be able to restore power supply. The reason is that compared to
contact switches, a SOP can provide power support and has a shorter transfer time, thereby
reducing power outage time.

Compared to case 3 and case 5, the node outage frequency and outage time of case 7
have been significantly increased. It should be noted that due to the installation of UPS
in nodes 16 and 20, the outage frequency and outage time are 0. The results indicate that
considering the addition of circuit breakers, segmented switches, and UPS will significantly
improve node reliability, verifying the effectiveness of the proposed method.



Processes 2023, 11, 3404 12 of 17

Processes 2023, 11, x FOR PEER REVIEW 12 of 17 
 

 

considering SOPs for load transfer can further improve system reliability. For example, 

load nodes 12, 21–25, etc., will not be able to restore power supply. The reason is that 

compared to contact switches, a SOP can provide power support and has a shorter transfer 

time, thereby reducing power outage time. 

1 2 3 4 5 6 7
0.0

0.5

1.0

1.5

2.0

2.5

3.0

S
A

ID
I/

(h
o
u
r/

y
ea

r)

Case  
(a) SAIDI under different cases. 

1 2 3 4 5 6 7
0

20

40

60

80

100

120

140

E
E

N
S

/(
M

W
h
/y

ea
r)

Case  
(b) EENS under different cases. 

Figure 3. Results under different cases. 

Compared to case 3 and case 5, the node outage frequency and outage time of case 7 

have been significantly increased. It should be noted that due to the installation of UPS in 

nodes 16 and 20, the outage frequency and outage time are 0. The results indicate that 

considering the addition of circuit breakers, segmented switches, and UPS will signifi-

cantly improve node reliability, verifying the effectiveness of the proposed method. 

Figure 3. Results under different cases.

5.2. Comparative Analysis of Existing Methods

In order to further test the effectiveness of the proposed reliability evaluation model,
the proposed method is compared with the method suggested in reference [16]. The
calculation results of system indicators obtained applying different methods are shown in
Figure 5a,b.

From Figure 5, it can be seen that in the modified IEEE 33-node system, the reliability
results obtained by the proposed method are consistent with those obtained by [16], veri-
fying the correctness and scalability of this method. The value of SAIDI obtained by the
proposed method and [16] are 0.3610 h/year and 0.4854 h/year, respectively. The value
of the EENS indicator obtained by the proposed method and [16] are 16.57 MWh/year
and 23.43 MWh/year. Due to the comprehensive consideration of the effects of circuit
breakers, segmented switches, fault indicators, UPS, and SOPs, compared with the results
obtained by the method in reference [16], in the modified 33-node testing system, the SAIDI
calculated by the proposed model decreases by 25.6%, and the EENS decreases by 29.3%.
Therefore, considering the impact of various equipment comprehensively has a significant
beneficial effect on reliability improvement.

On the other hand, under the same grid structure, the reliability indicators obtained
by the method are the same as those obtained by the simulation method. In the mod-
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ified IEEE 33-node testing system, compared to the simulation method, the proposed
method reduces the solving time by 36.4%, proving that the proposed method has high
computational efficiency.

To further show the applicability of the proposed method, a large-scale testing system
is given, i.e., the IEEE 123-node testing system. The topology of the IEEE 123-node testing
system is shown in Figure 6. Similarly, seven different cases are set, and the detailed case
information is consistent with the modified IEEE 33-node testing system mentioned earlier.
The detailed calculation results are shown in Table 1. It can be clearly seen from Table 1
that the proposed method (i.e., case 7) can effectively reduce power outage frequency and
EENS value, significantly improving the operational reliability of the system.
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Table 1. Reliability indices of IEEE 123-node testing system for different cases.

Case SAIFI (Power Outage
Frequency/Year) EENS (MWh/Year)

Case 1 3.61 178.51
Case 2 3.43 135.07
Case 3 3.17 50.53
Case 4 3.65 117.81
Case 5 3.43 37.78
Case 6 0.94 33.01
Case 7 0.82 28.40
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6. Conclusions

This paper proposes an ADN reliability evaluation method based on MILP which
comprehensively considers circuit breakers, segmented switches, SOPs, fault indicators,
and UPS. Firstly, by analyzing the impact of these different pieces of equipment on the
load recovery process, an improved virtual power flow model is designed to describe the
propagation process of fault effects. Then, a linear relationship between virtual power flow
and reliability indicators is constructed; finally, a modified IEEE 33-node testing system is
used to verify the feasibility of the proposed method.

(1) Compared with other methods that do not comprehensively consider the configura-
tion of circuit breakers, segmented switches, SOPs, fault indicators, UPS, and other
equipment, the reliability evaluation method proposed in this paper showed a de-
crease of 25.6% in SAIDI and 29.3% in EENS in the modified IEEE 33-node testing
system. Due to the consideration of the combined mechanisms of multiple devices,
the reliability results obtained by the proposed method are more in line with reality.

(2) The proposed reliability evaluation method has the same reliability evaluation results
and higher solving efficiency compared to the simulation method. In the testing
system, the proposed method reduces the solving time by 36.4%.
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