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Abstract— The amount of distributed generation (DG) 
integrations in the distribution network is increasing. In order to 
enhance the service reliability, intentional islanding operation 
and coordinated operations of DG with supporting feeders can be 
considered to assist service restoration during fault. This paper 
presents a multi-agent based fault restoration system with and 
without DG assistance and compares its performance with 
centralized processing scheme. Network simulation results 
indicate that for fault detection, isolation and service restoration, 
a multi-agent system could outperform the centralized processing 
system. Equipped with adequate synchronizing equipment in the 
distribution system, coordinated operations of DG and 
supporting feeders could minimize the un-served load during 
fault. 

Index Terms—Distributed generation, multi-agent system, 
service restoration, feeder reconfiguration. 

I.  INTRODUCTION 
Incorporating technologies such as automated switches, 

remote terminal units (RTU), servers/workstations, SCADA 
software and network management tools, modern feeder 
dispatch control system (FDCS) can perform system 
monitoring, supervisory controls, and automated fault 
detection, isolation and service restoration (FDIR). Currently, 
FDCS adopts a centralized control and management model. 
Control center executes solicited or unsolicited data polling to 
all connected feeder terminal units (FTU) so as to collect 
information for application processing. There is a limitation to 
such a model in terms of speedy fault processing. During 
multiple faults scenario, data collection and processing done by 
the control center could require a considerable time to complete 
as data volume for transmission is usually high.  

Previous study results have shown that FDIR could be 
effectively executed with the cooperation among FTU. In this 
scheme, local FTU exchange information with other FTU to 
handle network outage. In comparison to the centralized 
processing model, distributed processing could reduce fault 
processing time and increases system reliability. 

Protection relay that works with feeder circuit breaker 
(FCB) would induce it to trip when there is a fault at its 
protection zone. For safety reason, DG in the affected area will 
also be tripped to prevent islanding operation. Following that, 

FDIR function is triggered to automatically isolate terminal 
switches of the fault zone(s), and service restoration procedure 
is identified and executed. In this process, FCB would be 
reclosed in order to restore electricity to network upstream to 
the fault zone. Following that, downstream service restoration 
will also be executed so that de-energized zone could be 
minimized. Downstream recovery proposition depends on the 
allowable load that could be transferred to the neighboring 
feeders through tie switches. Partial or no downstream 
restoration solution could be proposed if neighboring feeders 
can not support the additional loads that are to be transferred. 

   As there is a rapid increase of quantity and capacity of 
DG integrations in the distribution network, if DG capacity 
could be exploited during FDIR downstream restoration, it 
would greatly enhance the system reliability and reduce 
unnecessary outage time suffered by affected healthy network. 
Using a distributed processing technique, i.e., the multi-agent 
technique, this paper explores the feasibility of using DG for 
supporting FDIR function in FDCS. 

II. DG ASSISTED SERVICE RESTORATION 
DG could be used for service restoration in two occasions 

[1]: 

1). DG is within the downstream restoration zone: The 
downstream restoration zone refers to the area between 
downstream fault zones to the normal open tie switches that 
divide neighboring feeders. Activation of DG depends on the 
capability of neighboring feeders to absorb incoming loads at 
restoration zone. If supporting feeders could absorb all 
incoming loads, DG would not be activated. However, if only 
partial load transfer to the neighboring feeders is possible, DG 
could offer additional help. Prior to activate DG, the additional 
loads that can be restored by DG should be carefully calculated 
in order to avoid overloading the supporting feeders and 
maximize service recovery on affected healthy network.  

Using Figure 1 as an example, if there is a permanent fault 
occurs between switches S1 and S2, the FCB of the affected 
feeder would be tripped. In addition, the DG within the 
network needs to be disconnected to prevent un-intended 
islanding operation. When the fault zone has been identified 
and isolated, FCB would be reclosed to restore electricity to the 



upstream network. Downstream network would be re-energized 
via supporting feeders through tie switches as illustrated in 
Figure 1(b). 

Figure 1(b) assumes that the supporting feeder does not 
have enough capacity to support full load transfer from affected 
network. The left reserve of the feeder from Substation 2 could 
only support additional load between switches S4 and S6, and 
the feeder from Substation 3 could support load between 
switches S9 and S10. Since there is a DG inside the restoration 
zones supported by Substation 2, if the left margin of the 
supporting feeder and DG could support more load as depicted 
in Figure 1(c), DG would be integrated. Activating DG would 
essentially stretch the recovery zone from switches S4 and S6 
to S3 and S6. 

 
(a) 

 
(b) 

 
(c) 

Figure 1.  DG within downstream restoration zone. 

2). DG is situated at non-restored zone: This area lies 
downstream of the fault zone and is unable to be restored by 
the supporting feeders due to reasons such as exceeding 
allowable loading limit of connecting feeders or there is no 
supporting feeder at all. In this case, to avoid long interruption, 
intentional islanding operation of the DG could be considered. 
However, prior to the activation of DG operation, the feeder 
section that could be supported by the DG has to be carefully 
calculated. If the total load exceeds the DG rating, then DG 
should be used to support load that is within its capability. In 
occasions where neighboring islands could be operationally 
synchronized, the switch between the neighboring islands 
would be closed to form a combined network and possibly 
increase the restored zone. If there is a switch between 
neighboring islands and feeders, coordinated synchronization 
could be performed in order to support additional load. Figure 

2 shows the flow diagram of a DG augmented service 
restoration procedure. 
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Figure 2.  DG supported restoration procedure. 

III. MULTI-AGENT BASED SERVICE RESTORATION 
Intelligent Agent (IA) system can be considered as an 

automation software system that upon receiving command or 
certain operation condition tallies, pre-defined procedures 
could be executed individually by different players (agents) in 
the network. Coordinated operations and interaction will be 
performed without human intervention. Such a system has local 



distributed decision-making capabilities. Each identity in the 
system could communicate, resolve, coordinate, and debate 
with other agents prior to making a decision. As such, it is 
named as an intelligent agent. To accommodate 
communication and consultation among multiple intelligent 
agents, the following conditions have to be met. First, 
communication languages between intelligent agents have to be 
the same. Secondly, intelligent agents need to have the same 
perspective on the same scenario. And lastly, interaction 
procedures need to be standardized among all intelligent agents.   

Foundation for intelligent physical agencies (FIPA) is an 
IEEE standard organization that promotes the agent-based 
technology and compatibility with other technologies. As such, 
FIPA defines many issues pertaining to agents, such as high-
level architecture, agent usage, agent communication, agent 
management [2-3]. FIPA ACL is a communication language 
between agents. Java Agent Development Environment (JADE) 
uses Java as the foundation language and tools were developed 
with regard to the FIPA specifications [4]. As Java is object-
oriented, developer could make use of the available libraries to 
create an agent-based system. This would fundamentally 
reduce the complexity related to program design; particularly 
eliminate the needs to survey the communication issues related 
to agents. In our study, FIPA data transmission and processing 
schemes are used in discrete event simulations to evaluate the 
performance of the proposed multi-agent based service 
restoration procedure. 

IV. SIMULATION RESULTS 
DG integrations in the distribution network could 

complicate the fault diagnosing process in conventional feeders 
due to reversed fault current contributed by DG. A current 
differential approach was proposed in [5] to deal with this 
problem in order to identify correct fault zone. During 
restoration, neighboring feeders might not be able to support 
the total load transfer from the affected network. As such, DG 
would be considered. In the simulations, coordinated DG 
islanding operation and supports from neighboring feeders are 
used to reduce outage region and time. 

This study uses information network simulation tool, NS2, 
to simulate transmission delay between nodes in the network. 
NS2 is a discrete event simulator targeted at networking 
research. It provides substantial support for simulation of TCP, 
routing, and multicast protocols over wired and wireless (local 
and satellite) networks. Details of NS2 can be found in [6] and 
[7]. The followings are the assumptions for information 
transmission simulations. Data length of each FTU 
transmission to control center is 167 bytes. Fiber optic 
communication bandwidth is 100Mb with packet size equals 
249 bytes. Data transmission delay is calculated based on a 
transmission speed of 2*105(km/s), and distance between 
routers (agents) is 2 km. The communication protocol is TCP. 

A. Scenario one 
Figure 3 shows a service restoration scenario by feeder self 

reconfiguration. The 3MVA DG is situated between FTU3 and 
FTU4. A permanent three phase fault occurs between FTU2 
and FTU3, FCB, DG and related switches are opened after the 

fault. Fault currents contributed from the system and DG are 
shown in the figure along with the fault flags provided by FTU 
overcurrent relays. Traditional centralized processing scheme 
judges fault location between adjacent FTU with and without 
fault flags. For a system with DG, as shown in Fig. 3, the 
reversed fault current contributed by the DG could lead to extra 
fault flags and jeopardize fault section diagnosis. Hence, more 
logical analysis would be needed in order to pinpoint the fault 
zone [5]. As discussed earlier, in a distribution network with 
DG, coordinated operation could be considered to support the 
service restoration. Table 1 shows the processing times of 
service restoration steps in scenario one by using centralized 
processing of FDIR. Due to the incorporation of DG, it will 
take a longer FDIR processing time as compare with system 
without considering DG. 

 
Figure 3.  Scenario one. 

TABLE I.   

PROCESSING TIME OF CENTRALIZED SYSTEM FOR SCENARIO ONE 
Scenario One – 

Centralized processing 
Items of Processing Processing time (sec.) 

Farthest FTU→FRTU 0.533633 
FRTU→FDCC 0.533473 

Detect fault feeder 0.2667 
Detect downstream branch 0.2667 

Detect fault area (1) 0.2667 
Detect fault area (2) 0.2667 
Detect fault area (3) 0.2667 

Detect downstream branch 0.2667 
IF status of branch flag set to 1 0.2667 

IF fault occurred at branch 0.2667 
Detect downstream branch 0.2667 

Detect fault area (1) 0.2667 
Detect fault area (2) 0.2667 
Detect fault area (3) 0.2667 

Detect connecting feeder 0.2667 
Detect normal open switch 0.2667 
Detect non-recovery zone 0.2667 

FDCC→FRTU→FTU2→open 1.067026 
SW2 open 3 

Return message of SW2 open 1.067026 
FDCC→FRTU→FTU3→open 1.067066 

SW3 open 3 
Return message of SW3 open 1.067066 
FDCC→FRTU→FCB→open 1.067046 

FCB close 3 
Return message of FCB close 1.066946 

FDCC→FRTU→FTU5→close 1.067146 
SW5 close 3 

Return message of SW5 close 1.067146 
Total processing time                      25.603974 

 



Figure 4 depicts the multi-agent structure for system 
monitoring and service restoration. Fig. 5 shows the execution 
procedure of multi-agent system and Table II shows the 
processing times. As shown in Table II, some of the tasks could 
be performed independently resulting in parallel processing and 
reduction in overall processing time. 

 
Figure 4.  Multi-agent structure for processing scenario one. 

 
Figure 5.  Execution procedure of multi-agent system in scenario one. 

B.  Scenario two 
Fig. 6 depicts scenario two. A 3MVA DG is situated 

between FTU12 and FTU13. A permanent three phase fault 
occurs between FTU11 and FTU12. During service restoration, 
due to insufficient reserve of the neighboring feeder for load 
transfer, DG islanding operation for supporting service 
restoration is considered and results in a decrement of un-
served load from 1.4MVA to 0.7MVA. 

Fig. 7 depicts the multi-agent structure for this scenario. Fig. 
8 shows the FDIR procedure performed. As shown in Fig. 8, it 
allows simultaneous fault processing at upstream and 
downstream. In addition, the search for supporting feeder limits 
of supply and actual section loads to be transferred over could 
also be executed concurrently by local agents. 

 
Figure 6.  Scenario two. 

TABLE II.    

PROCESSING TIME OF MULTI-AGENT SYSTEM FOR SCENARIO ONE 

 



 

 
Figure 7.  Multi-agent structure for processing scenario two 

 

 
 

Figure 8.  Execution procedure of multi-agent system in scenario two. 

Table III shows the FDIR processing times required by the 
centralized processing scheme and the studied multi-agent 
system for the studied scenarios. Analyzing the simulation 
results leads to the conclusion that regardless of having DG or 
not, multi-agent system is more efficient in FDIR processing as 
compare to centralized processing scheme. In the simulations, 
it is assumed that, during fault situations, FDIR function 
always has higher priority in FDCS operations. During this 
time other daily routine processing jobs will be postponed and 
not considered in the simulations. Centralized processing 
system relies on sequential processing of tasks, the following 
tasks would not commence until the current task is completed. 
The reason behind lower processing time of the multi-agent 
system in comparison with the centralized processing scheme 
is due to its distributed processing concept. For a properly 
designed multi-agent system, the gain obtained from parallel 
processing could compensate for the overheads required in 
coordinating distributed processing and outperform the 
traditional approach. 

TABLE III.   

PERFORMANCE COMPARISON OF CENTRALIZED AND MULTI-AGENT SYSTEMS 

 
 

V. CONCLUSIONS 
A multi-agent based service restoration system is designed 

and the performance of the system is simulated. The multi-
agent system uses distributed management concept to 
strengthen existing feeder dispatch functionalities. Performance 
comparisons between multi-agent and centralized processing 
systems for FDIR function with and without DG assistance are 
presented. Network simulation results show that multi-agent 
system is more efficient than the centralized processing scheme. 
With the increase of DG integrations in the distribution 
network, this study shows that, when equipped with proper 
synchronizing equipment, DG can be activated for intentional 
islanding operation and/or coordinated with supporting feeders 
to reduce un-served load during fault. 
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