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 12 

Abstract: This work aims to develop an integrated fault location and restoration approach for 13 
microgrids (MGs). This work contains two parts. Part I presents the fault location algorithm, and 14 
Part II shows the restoration algorithm. The proposed algorithms are implemented by particle 15 
swarm optimization (PSO). The fault location algorithm is based on network connection matrices, 16 
which are the modifications of bus-injection to branch-current and branch-current to bus-voltage 17 
(BCBV) matrices, to form the new system topology. The backward/forward sweep approach is used 18 
for the prefault power flow analysis. After the occurrence of fault, the voltage variation at each bus 19 
is calculated by using the Zbus modification algorithm to modify Zbus. Subsequently, the voltage error 20 
matrix is computed to search for the fault section by using PSO. After the allocation of the fault 21 
section, the multi-objective function is implemented by PSO for optimal restoration with its 22 
constraints. Finally, the IEEE 37-bus test system connected to distributed generations is utilized as 23 
the sample system for a series simulation and analysis. The outcomes demonstrated that the 24 
proposed optimal algorithm can effectively solve the fault location and restoration problem in MGs. 25 

Keywords: Fault location; Service restoration; Particle swam optimization; Microgrid; Power flow; 26 

Short-circuit fault 27 
 28 

1. Introduction 29 

Microgrids (MGs) can be regarded as a set of load clusters, distributed generations (DGs), and 30 
energy storage systems [1-3]. In terms of the traditional power grid, MGs are the partial active 31 
networks in distribution systems. Therefore, MGs could be formed and owned in any possible type, 32 
such as utility and customer MGs. Utility MGs could be distribution substations, main transformers, 33 
full feeders, partial feeders, or distribution transformer-level MGs. However, regardless of their 34 
types, MGs are capable of operating in grid-tied and islanding modes through the point of common 35 
coupling, which is the connection point between the MGs and the main grid made by a static switch. 36 
Traditional passive distribution networks, which do not have DG interconnection, spend more than 37 
half an hour for fault detection, isolation, and restoration (FDIR). As a result of the high penetration 38 
of DGs in feeders to form active distribution networks, a large amount of data are available and are 39 
received by the feeder dispatch control center or distribution dispatch control center; consequently, 40 
the FDIR concept in distribution contingencies is different, in which the rigorous fault current 41 
calculation approaches are proposed by DGs[4-8]. Besides, the advanced information and 42 
communication techniques in FDIR are proposed to restore power to as many systems as possible 43 
and to reduce power restoration time after the occurrence of feeder faults in a radial-type feeder 44 
arrangement [9-11].  In the past few decades, the customers in rural distribution networks served by 45 
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many power companies have been experiencing long duration of power outages, especially those in 46 
upstream networks. In recent years, the possible solution for rapid and effective restoration is to 47 
operate these feeders as MGs because DGs that are composed of photovoltaics and wind power are 48 
interconnected into rural distribution feeders. Huijuan et. al [12] presented a case study to provide 49 
recommendations for utilities to evaluate the feasibility of MG operation as a potential solution to 50 
improve power supply reliability in rural feeders during a power outage. The key points of FDIR in 51 
MGs for outages attributed to overhead conductors or underground cables are fault location and 52 
restoration algorithms; therefore, IEEE Std C37.114 [13] and EPPRI [14] presented essential data and 53 
approaches for distribution fault location. Krishnathevar and Ngu [15] proposed the one-end 54 
impedance-based fault location method applied to distribution system; however, this method cannot 55 
be used for unbalanced three-phase systems. Brahma [16] also proposed an approach that uses 56 
synchronized voltage and current measurements at the interconnection of DG units in distribution 57 
systems to overcome the fault location errors caused by fault currents contributed by DGs. Wang et. 58 
al [17] proposed an effective ground fault location scheme using unsynchronized data for multi-59 
terminal lines; this scheme does not require the data from each terminal to be synchronized. Yang et. 60 
al [18] presented a joint power restoration approach in active distribution networks that combines 61 
DG local restoration and switcher operation-based restoration to enhance self-healing; additionally, 62 
they formulated a stochastic mixed-integer linear program to maximize the served load presented in 63 
[19]. Wang et. al [20] proposed a decentralized outage detection algorithm that uses AMI meters to 64 
obtain the total number of customers and the total amount of lost load in the outage area. The black 65 
start capability for MGs is vital. Hence, Wang et. al [21] proposed a parallel restoration strategy that 66 
considers the characteristics of DGs for MG black start. These state-of-the-art studies presented power 67 
restoration approaches in modern active distribution networks and revealed that MGs are distinct 68 
from traditional passive radial-type networks. MGs provide feasible and reliable power restoration 69 
after an upstream system outage, such as transmission line, main transformer, and feeder failures. In 70 
the current work, an integrated fault location and restoration approach for MGs is proposed to 71 
effectively solve the FDIR problem in MGs. This paper is divided into six sections. Section 1 72 
introduces the background and objective of this study. Section 2 describes the flow chart of the 73 
proposed approach. Section 3 explains the fault location algorithm and solution procedure. Section 4 74 
presents the power restoration algorithm and solution procedure. Section 5 discusses the simulation 75 
results. Section 6 presents the conclusion. 76 

2. Problem Description of Fault Location and Service Restoration in MGs 77 

The fault location and restoration problem of MGs can be divided into two layers. The flow chart 78 
of the proposed approach is shown in Figure 1. The first priority is to establish the network topology 79 
by using bus connection matrices based on graph theory; the bus impedance matrix (ZBus) can be 80 
easily obtained by multiplying the bus-injection to branch-current (BIBC) and the branch-current to 81 
bus-voltage (BCBV) matrices [22,23] according to the system topology that changes during pre-fault 82 
and fault conditions. 83 

The methods used for fault detection and isolation are summarized as follows: 84 
(1) Impedance method  85 
(2) High-frequency components and wavelet transform 86 
(3) Artificial neural network  87 
(4) Comparison measurement and simulation value 88 
(5) Hybrid method 89 
In general, the fault current contributed by the upstream main grid and DGs causes bus voltage 90 

variation, and it is used to determine the fault location in MGs. Brahma [16] used synchronized 91 
voltage and current measurements to detect the fault section for distribution systems with high DG 92 
penetration; however, how to effectively rebuild the ZBus after fault occurred is the key factor; 93 
unfortunately, lots of researches are weakly in this part, and the advantage of this paper is to 94 
effectively rebuild the ZBus corresponding to network topology under post-fault conduction. The 95 
concept of the proposed approach in this paper is based onthe impedance method, PSO, and the 96 
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synchronized voltage and current measurement technique proposed in [16]. It is distinct that a 97 
systematic and effective graph theory-based algorithm is proposed for fault location in MGs. 98 
Therefore, only a minor modification of the BIBC matrix built in the pre-fault stage is needed in the 99 
fault stage; and a new, fast, and effective ZBus is derived. This approach is applicable to unbalanced 100 
distribution networks and is distinct from the traditional ZBus modification method, which is used in 101 
three-phase balanced systems. Service restoration implemented by PSO algorithm follows fault 102 
detection and isolation and is aimed at a minimum operation number of switches and loss of 103 
electricity service.  104 

Start

Setting Correlative Parameters:

Power Output of DGs, Load Demand, Line Data, 

Bus data, Voltage and Current Constraints, etc.

Establish Network Topology and its Corresponding 

Connection Matrices

Execute Fault Location Program Module

Execute Service Restoration Program Module 

End
 105 

Figure 1. Proposed fault detection, isolation, and restoration of MGs. 106 

3. Derivation of Fault Location Approach 107 

The fault location approach proposed in this study is described in detail. The first step of the 108 
proposed method is to calculate the pre-fault and fault bus voltages. Therefore, a fast and systematic 109 
power flow method should be developed to avoid rebuilding ZBus due to the different network 110 
topologies before and after the occurrence of a fault. Consequently, graph theory is applied to 111 
develop the bus impedance matrix for the power flow solution and fault current calculation. Finally, 112 
the proposed voltage error matrix (VEM) and particle swarm optimization (PSO) are used to 113 
determine the fault location. The detailed theory of the proposed method is described here.  114 

3.1. Graph Theory-based Power Flow Algorithm 115 

For a convenient combination of ZBus, graph theory and backward/forward sweep algorithm are 116 
applied in power flow analysis. A systematic approach, graph theory, is use to build incidence 117 
matrices that correspond to network topologies. The proposed algorithm use the A incidence matrix, 118 
which is the element–bus incidence matrix; and the K matrix, which is the branch–path incidence 119 
matrix. The BIBC and BCBV matrices can be established according to the network topology based on 120 
these matrices. Furthermore, the BIBC and BCBV matrices are applied in the power flow algorithm. 121 
The solution procedure of the proposed power flow is described as follows. 122 

Step 1: Establish A matrix. Derive K matrix using Equation (1). Build the BIBC matrix using 123 
Equation (2). 124 

K=[A-1]t (1) 
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[BIBC]=-K (2) 

Step 2: Transpose the BIBC matrix and add the primitive line impedance, which means total 125 
series impedance between two connection buses into the corresponding non-zero element position 126 
to derive the BCBV matrix. 127 

Step 3: Build the bus impedance matrix using Equation (3) by multiplying the BIBC and BCBV 128 
matrices. 129 

[ ] [ ][ ]BusZ BIBC BCBV  (3) 

Step 4: Calculate the equivalent bus injection current at each bus connected to the source or load 130 
using Equation (4). 131 

*
( )

k i i
i k

i

P Q
I

V


  (4) 

Step 5: Compute the voltage derivation of each bus using Equation (5). 132 

[ ] [ ][ ]k k
BusV Z I   (5) 

Step 6: Using Equation (6) to update the bus voltage, where _no loadV  is the no-load voltage at 133 

each bus, i.e. the bus voltage is assumed as 1.0 pu, that is, 134 

1
_[ ] [ ]-[ ]k k

no loadV V V   . (6) 

Step 7: Check the convergence by Equation (7). If the Equation (7) is true, then it is not 135 
convergence; therefore, proceed to Step 4; otherwise, end the solution procedure.   is the maximum 136 

toleration, that is, 137 

1( )k k
i i imax I I    . (7) 

3.2. Fault Location Alogrithm Based on ZBus 138 

The proposed fault location algorithm uses the bus voltage variation, which is caused by the 139 
fault current contributed by the upstream utility grid, and distributed energy resources to determine 140 
fault locations. A fast ZBus modified algorithm based on the BIBC and BCBV matrices is necessary for 141 
the rigid computation of the bus voltage variations before and after the occurrence of a fault. 142 
Therefore, ZBus can be built by using Equation (3) according to the pre-fault network topology. ZBus 143 
needs to be modified when a short-circuit fault occurs at bus k. We assume that the MGs are equipped 144 
with measuring devices placed at the output terminals of each DG unit. During fault conditions, the 145 
values of zero-sequence, positive-sequence, and negative-sequence voltages and currents are 146 
recorded by the measuring devices and can be used to obtain the zero-, positive-, and negative-147 
sequence Thevenin impedances of the DGs [24], respectively. The phase frame impedance of the DGs 148 

are calculated by using Equation (8), where
2

3
j

a e


  . The derived Thevenin impedances of all DGs 149 
are added as branches from the connected buses to the reference bus. Consequently, ZBus can be 150 
modified according to the minor change of the BIBC and BCBV matrices. 151 

(0)

2 (1) 2

2 (2) 2

1 1 1 0 0 1 1 1
1

1 0 0 1
3

1 0 0 1

Sa Sab Sac S

abc Sba Sb Sbc S
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Z Z Z Z a a Z a a

Z Z Z a a Z a a

      
      

        
      
      

 (8) 

While a three-phase short-circuit fault occurs at bus j, the bus voltage can be expressed as the 152 
pre-fault voltage plus the voltage deviation caused by the fault current by Equation (9). The voltage 153 
at faulted bus j can be obtained by Equation (10) and can also be derived by multiplying the fault 154 
current by the fault impedance as shown in Equation (11). 155 
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 (9) 

( ) (0) ( )
abc abc abc abc

j j jj jV F V Z I F   (10) 

( ) ( )
abc abc abc

j f jV F Z I F  (11) 

Therefore, the fault current can be obtained from Equations (10) and (11), as shown in  Equation 156 
(12), for the three-phase bolted fault. =0

abc

fZ , and ( ) 0
abc

jV F  . 157 

(0)
( )

abc

jabc

j abc abc

jj f

V
I F

Z Z



 (12) 

where, 158 
(0)

abc

jV  is the pre-fault three-phase voltage at bus j. 159 

( )
abc

jI F  is the fault three-phase current from bus j to the ground. 160 

abc

jjZ  is the equivalent three-phase impedance from bus j and can be obtained from ZBus. 161 

abc

fZ  is the three-phase fault impedance. 162 

Using Equation (12), the bus voltage derivation at bus i due to a fault at bus j is expressed as 163 
Equation (13). 164 

( , ) ( )
abc abc

i j bus jV Z i j I F    (13) 

The three-phase bus voltage derivation at all DG buses for the assumed fault location can be 165 
calculated by Equation (13). The first step of the proposed algorithm is to calculate the voltage error 166 
at each bus, as shown in Equation (14). The voltage error at bus j is expressed as the norm of the 167 
difference between the voltage derivation and the value of the measured voltage.  The voltage 168 
derivation (

( ) (j)

abc

S i fV  ) at bus j is caused by the fault current contributed by source bus i, which 169 

represents the upstream utility grid or DG. The value of the measured voltage (
( ) .

abc

S i measV  ) can be 170 

obtained by the synchronized voltage and current measurement device with millisecond level 171 
response time installed in each fault current contributed source from the energy management system 172 
of the MG, and m in Equation (14) represents the number of fault current sources. For an n-bus MG, 173 
the VEM can be established, as shown in Equation (15). The smallest value of the element in the VEM 174 
denotes the short-circuit faulted bus. It is noteworthy that the fault current is about ten times of the 175 
normal load current generally; besides, the fault current contributed by DG is two times of the rated 176 
output current limited by inverter of photovoltaic. Therefore, the measurement device is able to 177 
distinguish the fault current and normal current contributed by load and DG, and then the bus 178 
voltage deviation could be distinguished from caused by fault current or normal current. 179 

     
2 2 2

( ) (j) ( ) . ( ) (j) ( ) . ( ) (j) ( ) .

1

m
a a b b c c

j S i f S i meas S i f S i meas S i f S i meas

i

ve V V V V V V     



             
 
(14) 

1   ,   number 1,...,j nve ve ve Bus = n   VEM   (15) 
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3.3. Solution Procedure of the Proposed Fault Location Algorithm 180 

Short-circuit fault may occur at the bus or in the line segment. Thus, ZBus can be modified in two 181 
conditions. If the fault occurs at the bus, then ZBus don’t need to be modified. Otherwise, if the fault 182 
occurs in the line segment, a negative impedance of the line segment should be added to remove the 183 
original line segment. Then, a virtual bus that is assumed in the middle of the line segment, as well 184 
as two elements, should be added, with one element added as a new branch from the existing bus to 185 
the virtual bus and with the other element added as a new link from the virtual bus to the other 186 
existing bus, the procedure is shown in Figure 2. Therefore, the dimension of the BIBC matrix 187 
becomes ( 1) ( 1)n n   , and the new ZBus can be derived by using Equation (3). The fault point is 188 

assumed at the virtual bus. In this study, PSO [25,26] is used to search for the faulted bus, and the 189 
assumed faulted bus is modeled as a particle whose objective function is shown in Equation (14). The 190 
proposed fault location approach of the MG is shown in Figure 3. 191 

Bus i Bus j

F

L

Add New 
Branch,

 Remove
Branch

Bus i Bus j
L

Add New Bus, 
Branch

Bus i Bus j

New Branch

dL
Bus n+1Add 

Link

Bus i Bus j

New Branch

dL
Bus n+1

dL

New Link

L-

zL

zL

-zL

zdLzdL z(1-d)L

 192 

Figure 2. ZBus modification procedure for adding a virtual bus. 193 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2019                   doi:10.20944/preprints201909.0127.v1

https://doi.org/10.20944/preprints201909.0127.v1


 7 of 16 

 

Start

Build Zbus by network connection matrices.

End

 Compute prefault bus voltage and line current by 

executing power flow algorithm.

 Fault occurred at bus or line section , and the bus 

voltages are  measured from EMS of the MG.

Rebuild Zbus by modifying network connection matrices.

Convergence?

Compute objective function and its corresponding 

values by VEM matrix to determine the fault location 

at Bus  or line segment between two connection 

Buses . 

No

Using PSO for fault location by setting short-circuit fault 

at bus or line segment. 

Isolate the faulted 

bus or line 

segment

Yes

 194 

Figure 3. Proposed fault location approach of the MG. 195 

4. Proposed Service Restoration Approach 196 

MGs are capable of grid-tied and islanding operations integrated with DGs and loads. Therefore, 197 
the electricity service restoration can be divided into two operation modes. Regardless of the 198 
operation mode, service restoration is aimed at reducing the out-of-service un-faulted zone and then 199 
minimizing its effect. Consequently, the service restoration problem can be described as the 200 
minimization of a multi-objective non-linear problem that is composed of the loss of load service, the 201 
number of switch operations, and power loss, as shown in Equation (16). 202 

minmin min

1 2 3max min max min max min
min  

ops opsloss service loss service loss loss

loss service loss service ops ops loss loss

n nP P P P
F w w w

P P n n P P

 

 

 
     

  
 

 
(16) 

subject to 203 

1 2 3 1w w w   ,  (17) 

maxI I ,  (18) 

min maxV V V  ,  (19) 
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where 
loss serviceP 

 denotes the loss of load service; 
opsn  represents the number of switch operations; 204 

lossP  denotes the system power loss; 
iw  denotes a weighting factor that can be adjusted for the 205 

requirement; maxI is the ampere capacity of the conductor; and minV and maxV  represent the lower 206 

and upper limits of bus voltage, respectively. The related parameters of the objective function and 207 
constraints are set to 1w =0.2, 2w =0.1, and 3w =0.7. Furthermore, the lower and upper limits of the bus 208 

voltage are 0.95–1.05 pu, and the ampere capacity is 300 A. 209 

Start

Using PSO for network reconfiguration 

by changing the states of tie-switch and 

normally closed switch.

Convergence?

Output optimal network 

topology and switch 

states in service 

restoration stage.

End

Compute objective function and its 

corresponding values by executing 

power flow algorithm.

Satisfy radial topology?
No

Yes

No

Load shedding
Yes

Yes

NoIs power generation greater

 than Load demand

Execute Fault location procedure(figure 3) and 

isolate the faulted bus or line segment

 210 

Figure 4. Proposed service restoration algorithm of the MG. 211 

By applying the PSO algorithm to solve the proposed service restoration approach, the A matrix 212 
is built according to the switch status and must be transferred to the PSO algorithm to obtain the 213 
corresponding network topology. The power flow algorithm is used to compute the specified 214 
network topology, and the value of the proposed function of each particle is obtained. PSO, which is 215 
combined of the pbest and gbest, allows a particle to fast and correct adjust, thereby resulting in rapid 216 
convergence using Equations (20)-(24). 217 
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1
1 1 ( )k k k k

n n n nV V c rand pbest s        (20) 

1
2 2 ( )k k k k

n n nV V c rand gbest s        (21) 

1
1 1 2 2( ) ( )k k k k k k

n n n n nV w V c rand pbest s c rand gbest s             (22) 

1 1k k k
n n ns s v     (23) 

max max min

max

( )
k

w w w w
k

     
 
(24) 

where k
nV  denotes the velocity of the nth particle at the kth iteration, k

ns  represents the kth position of 218 

the nth particle, the learning factors are represented  as 1c  and 2c  , the random numbers of rand1 and 219 

rand2 are between 0 and 1, k
npbest  denotes the best value of the nth particle at the kth iteration, and 220 

kgbest  denotes the global best value at the kth iteration. w, wmax, and wmin are acceleration coefficients, 221 

maximum weighting values, and minimum weighting values, respectively; n denotes the particle 222 
number; kmax denotes the maximum iteration. In this study, the related parameters of PSO are set to n 223 
= 500, wmax = 0.9, wmin = 0.2, c1 = 2, and c2 = 2; the maximum iteration number is 200. The detailed solution 224 
procedure of the service restoration is illustrated in Figure 4.  225 

5. Numerical Results and Discussions 226 

The MG modified from the IEEE 37-bus test system is utilized as a sample system to verify the 227 
effectiveness of the proposed method. The original IEEE 37-bus test system is a traditional 228 
distribution network whose line and bus data are shown in [27]. The system is a three-phase 229 
unbalanced passive network that is only connected with loads. The simulation results under grid-230 
tied and islanding operation modes are discussed in the following sections. 231 

5.1. Description of the Sample System and Simulation Scenarios 232 

The MG sample system is modified on the basis of the IEEE 37-bus test system (Figure 5). Five 233 
new tie lines and switches are added as follows. S36 is installed between buses 701 and 722. S37 is 234 
installed between buses 735 and 741. S38 is installed between buses 727 and 732. S39 is installed 235 
between buses 725 and 731. S40 is installed between buses 712 and 740. In addition, the DGs are 236 
connected at buses 724, 731, and 740. The parameters of the tie switches and lines are shown in Table 237 
1. The power outputs of the DG at buses 724, 731, and 740 are 595, 460, and 150 kW, respectively. 238 

The simulation scenarios are presented in Table 2, and the scenarios are explained as follows. 239 
 Scenario 1: A single-point fault in the line segment is assumed between buses 702 and 703. 240 

This fault is used to simulate a situation in which most of the downstream areas of the MG 241 
are affected due to the fault that occurred in the upstream of the MG. 242 

 Scenario 2: A double-point fault in a line segment is assumed: one point is between buses 243 
702 and 703, and the other point is between buses 727 and 703. This fault is used to simulate 244 
multiple power outages in downstream areas. Multiple tie switches and lines must be 245 
operated at the same time for service restoration. 246 

 Scenario 3: A triple-point fault in the line segment is assumed. The multiple fault points 247 
are between buses 702 and 703, buses 727 and 703, and buses 710 and 734. This fault is used 248 
to simulate power generation less than the load demand in the downstream islanded area. 249 
Load shedding is required for this situation. 250 

In this study, a co-analysis and simulation platform is established (Figure 6). The sample system 251 
is built in OpenDSS [28] and MATLAB: the value of the measured voltage of the sample system is 252 
obtained by OpenDSS, and the proposed fault location, service restoration, and power flow 253 
algorithms are coded in MATLAB.   254 
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Figure 5. Single-line diagram of the sample system. 257 
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Figure 6. Co-analysis and simulation platform. 259 
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Table 1. Parameters of tie switches and lines. 261 

Switch No. From Bus To Bus Length(m) Voltage Phase 

S36 701 722 91.44 4.8 kV ABC 

S37 741 735 152.40 4.8 kV ABC 

S38 727 732 60.96 4.8 kV ABC 

S39 725 731 243.84 4.8 kV ABC 

S40 712 740 457.20 4.8 kV ABC 

Table 2. Fault point assumption of each scenario. 262 

Scenario Fault Type Fault point between two buses 

Scenario 1 Three-phase short-circuit fault 702-703 

Scenario 2 Three-phase short-circuit fault 702-703, 727-703 

Scenario 3 Three-phase short-circuit fault 702-703, 727-703, 710-734 

5.2. Grid-Tied Operation 263 

Table 3 illustrates the simulation results of the sample system and the scenarios assumed in 264 
Section 5.1 according to the proposed fault location and service restoration algorithms in this study. 265 
The network topologies that correspond to each scenario are illustrated in Figures 7 (a), (b), and (c). 266 

In Scenario 1, a three-phase bolted short-circuit fault occurs in line segment 702–703, which is 267 
between buses 702 and 703. Fault is detected in line segment 702–703 according to the minimal value 268 
of the voltage deviation in the VEM using the proposed fault location algorithm (Equation (15)). The 269 
proposed service restoration algorithm is used to restore power supply to the un-faulted area. 270 
Therefore, according to the convergence of the numerical results of the objective function and the 271 
related constraints (Equations 16–18), the switch between line segment 708–709 is opened, and two 272 
tie switches (i.e., S39 and S40) are closed to form the network topology (Figure 7(a)). The service 273 
restoration percentage is 100% because of the fault that occurs in the line segment, and the operations 274 
of the tie switches successfully restore electricity service. The power loss is 62.47 kW in this radial 275 
type topology, and all the line currents and bus voltages satisfy their limits. 276 

In Scenario 2, the fault type is the same as that in Scenario 1, that is, a double fault occurring in 277 
line segments 702–703 and 727–703. These two fault points are detected by two minimal values in the 278 
VEM. The switch between line segment 708–733 is opened, and three tie switches, namely, S38, S39, 279 
and S40, are closed to form the network topology, as shown in Figure 7(b). Similar to Scenario 1, the 280 
service restoration percentage is 100%, the power loss is 61.47 kW, all the line currents are less than 281 
300 A, and the bus voltages are within 0.95–1.05 pu. The simulation results illustrate that the 282 
combined fault location and restoration approach is capable of dealing with double-point fault 283 
conditions. 284 

In Scenario 3, a triple fault occurs in line segments 702–703, 727–703, and 710–734. These multiple 285 
fault points are detected by three minimal values in the VEM. The switch between line segment 708–286 
733 is opened, and four tie switches, namely, S37, S38, S39, and S40, are closed to form the network 287 
topology, as shown in Figure 7(c). Similarly, the service restoration percentage is 100%, the power 288 
loss is 60.46 kW, and all the line currents and the bus voltages do not violate these limits. The 289 
outcomes demonstrate that the proposed approach is capable of multiple-point fault detection, 290 
isolation, and restoration. 291 

(a)  (b)  (c)  
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(c) Scenario 3 295 

Figure 7. Network topologies of the Sample System after service restoration. 296 

Table 3. Simulation Results under grid-tied operation mode. 297 

Scenario 
Fault 

Location 

Switch 
Restoration

(%) 

Power 

Loss 

Radial 

Type Open Close 
Operation 

Number 

1 702-703 S(708-709) 
S39  

S40, 
3 100% 62.67 kW Yes 

2 702-703 S(708-733) S38 4 100% 61.47 kW Yes 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 September 2019                   doi:10.20944/preprints201909.0127.v1

https://doi.org/10.20944/preprints201909.0127.v1


 13 of 16 

 

727-703 S39  

S40, 

 

3 

702-703 

727-703 

710-734 

S(708-733) 

S37 

S38 

S39  

S40, 

5 100% 60.46 kW Yes 

5.3. Islanding Operation 298 

The single-line diagram of the sample system under islanding operation mode is shown in 299 
Figure 8. In the islanding operation mode, the available power output of the DGs plays a key role to 300 
ensure a stable system operation because no utility power grid acts as a swing bus. System frequency 301 
and voltage magnitude are kept constant in accordance with the power balance principle. 302 
Consequently, if the power generation of DGs is greater than the load demand, then the optimal 303 
dispatch method automatically adjusts the power output to meet the power balance requirement. 304 
Otherwise, the load shedding strategy should be used to maintain power balance. The loads are 305 
classified into critical and common loads. The symbol of critical load is expressed as “O,” and the 306 

symbol of non-critical load is represented as “☆” (Figure 8). The first priority of load shedding is non-307 
critical load and then critical load. The simulation results of the sample system and the assumed 308 
scenarios are listed in Table 4. In Scenario 1, the fault is detected in line segment 702–703 according 309 
to the minimal value of voltage deviation in the VEM. The tie switch S39 is closed to form a network 310 
topology (Figure 8). The service restoration percentage is 83.61% because the power output of the 311 
DGs is less than the load demand. Load shedding is required to keep the power balance. In addition, 312 
the power loss is 22.27 kW, and all the line currents and bus voltages satisfy their limits. In Scenario 313 
2, these two fault points are detected by two minimal values in the VEM. Then, two tie switches, 314 
namely, S38 and S39, are closed to form the network topology (Figure 8). The service restoration 315 
percentage is 83.61%, the power loss is 22.41 kW, all the line currents are less than 300 A, and the bus 316 
voltages are within 0.95–1.05 pu. In Scenario 3, the multiple-point fault is detected by three minimal 317 
values in the VEM. Three tie switches, namely, S37, S38, and S39, are closed to form the network 318 
topology. Similarly, the service restoration percentage is 83.61%, the power loss is 22.4 kW, and all 319 
the line currents and the bus voltages do not violate the limits. 320 
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 321 

Figure 8. Single-line diagram of the sample system under islanding operation mode. 322 

Table 4. Simulation Results under islanding operation mode. 323 

Scenario 
Fault 

Location 

Switch Load 

Shedding 

Bus 

Restoration 

(%) 

Power 

Loss 

Radial 

Type Open Close 
Operation 

Number 

1 702-703 - S39 1 
701 

722 

728 

735 

736 

737 

738 

83.61% 
22.27 

kW 
Yes 

2 
702-703 

727-703 
- 

S38 

S39 
2 83.61% 

22.41 

kW 

Yes 

 

3 

702-703 

727-703 

710-734 

- 

S37 

S38 

S39 

3 83.61% 
22.40 

kW 
Yes 

6. Conclusion 324 

In this study, a fault location and service restoration algorithm is developed and integrated for 325 
three-phase short circuit fault detection, isolation, and restoration in MGs. The proposed approach is 326 
based on a fast computing algorithm and the measured data from the EMS of MGs. Therefore, graph 327 
theory is used to establish BIBC and BCBV matrices for the corresponding network topology. The 328 
bus impedance matrix is effective and easy to build and modify for pre-fault and post-fault analyses 329 
without the need for the time-consuming rebuilding of a bus impedance matrix due to topology 330 
changes. Consequently, the bus impedance matrix is convenient to use in pre-fault power flow 331 
analysis and calculation of post-fault bus voltage change caused by the fault current contributed by 332 
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the upstream power gird and DGs. The multi-objective function, which is composed of load 333 
shedding, switch operations, and power loss with voltage drop and ampere capacity constraints, is 334 
proposed for service restoration. These algorithms are implemented by PSO for fault location and 335 
optimal service restoration. The MG modified from IEEE 37-bus is used as the sample system to 336 
demonstrate the feasibility of the proposed approach. The proposed approach is coded using Matlab 337 
and executed on a Windows 10 Intel®  Core™ i5-7200U CPU @2.5 GHz personal computer, and the 338 
average operational time of IEEE 37-bus is around 122 sec. The numerical results illustrate maximal 339 
service restoration percentage with minimum switch operations and power loss under both operating 340 
modes. The outcomes show that the proposed approach is capable of detecting, isolating, and 341 
restoring three-phase short-circuit faults under the grid-tied and islanding operating modes of MGs. 342 
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