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ABSTRACT 
 
 
 

 

The reconfiguration process for the power system is to reroute the electric power in the 

power system in order to achieve certain objectives, such as maximizing the service restoration, 

minimizing the power loss, optimizing the power dispatch, etc. The reconfiguration process can 

improve the survivability and reliability of the power system.  

Various methods have been applied to the reconfiguration process of the power system. But 

most of the proposed reconfiguration methodologies are centralized. In a centralized 

reconfiguration approach for power system, the single point of failure may happen if the system 

is less of the redundancy. The Multiagent System (MAS) technology is recently applied to the 

applications in the power system. The MAS is composed of agents that are intelligent entities 

with the capability of problem solving. However, the MAS applications on power system 

reconfiguration methodologies are topology dependent. No MAS based reconfiguration 

methodology has been proposed for radial power system reconfiguration. 

In this dissertation, a completely decentralized MAS based reconfiguration methodology is 

proposed for power systems. In this approach, an MAS is proposed for the reasoning of the 

reconfiguration. In the MAS, each agent is associated with one electric component in the power 

system. If two electric components in the power system have connection with each other, two 

corresponding agents in the MAS are defined as the neighboring agents of each other. The agents 

in the MAS are restricted to communicate only with their neighboring agents. In the MAS, there 

is no central controller or coordinator. Each agent works autonomously and independently based 

on the information it receives from its neighboring agents and the corresponding electric 

component. The MAS works in a completely decentralized manner. 



 x

In a completely decentralized MAS with loop(s), a message that starts from an agent in the 

MAS may reach the agent from which it initially originates through the loop. This looping 

problem may cause the redundant information accumulation (RIA) problem in an MAS for the 

reconfiguration of a power system. The RIA problem is like the positive feedback loop in the 

traditional control system and leads to incorrect message flow in the MAS. In this dissertation, a 

decentralized spanning tree algorithm is proposed. By applying the decentralized spanning tree 

algorithm, the RIA problem can be avoided in the MAS with loop(s). The proposed decentralized 

spanning tree algorithm in topology independent and can be applied to an MAS with any 

topology. 

Based on the decentralized spanning tree algorithm, a completely decentralized MAS based 

reconfiguration methodology is proposed for the mesh structured power system. The objective of 

the reconfiguration is to maximize the service restoration in the power system. The agents in the 

MAS make reconfiguration decisions independently and autonomously based on the information 

from the environment. The loads in the power system are restored based on the priorities of the 

loads. 

The proposed reconfiguration methodology in this dissertation is tested and validated on a 

shipboard power system (SPS). The SPS is special power system with some unique 

characteristics. In the dissertation, a simulation platform is developed for testing and validating 

the proposed reconfiguration algorithm. In the simulation platform, the SPS is simulated on the 

real time digital simulator (RTDS). The agents in the MAS are developed in Java agent 

development framework (JADE). The hardware for developing the agents is the iPAQ, which is 

a pocket PC developed by HP company. An FPGA interface is developed in the simulation 

platform as the middleware that can set up the communication between RTDS and iPAQs. The 

illustration and simulation results show the proposed reconfiguration methodology is effective 

and promising. 

 
 
 
 
 
 

CHAPTER 1 
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INTRODUCTION 

 
 
 
 

Reconfiguration is a process to physically alter the topology of a network to achievement 

certain objectives. In a power system, reconfiguration is a process to change the topology of the 

power system by switching the circuit breakers (CBs), switches, and other devices in the system. 

The reconfiguration is performed in power systems to achieve certain objectives, such as 

restoration, minimizing the power loss, maintain stability, maximizing the loads, etc. Since there 

are many possible switching combinations in a power system, the reconfiguration is a 

complicated combinatorial, non differentiable constrained optimization problem [1]. In the past 

years, several reconfiguration methodologies have been proposed for the power system [2-14]. 

With the advancement in the power system, the topology of the power system has become more 

complicated. However, in previous reconfiguration methodologies, no generic methodology was 

proposed for the reconfiguration in a power system with a complicated topology. Most of the 

previous reconfiguration methodologies are topology dependent. New reconfiguration 

methodology needs to be researched and developed for the power system with large scale and 

complicate topology.  

The reconfiguration process can be situated using centralized or decentralized method. This 

research work presents a novel completely decentralized reconfiguration control methodology 

that is applicable to large scale systems that can be modeled as graph. The purpose is to assure 

reliable flows of resources from source to sink, given sets of invariant constraints. The control 

methodology is based on multiagent technologies, which are becoming very popular for these 

types of applications. The control methodology is demonstrated on a Shipboard Power System 

(SPS) [20], which provides power flow from generators to loads on ships, while constrained by 

invariants such as Kirchhoff’s current and voltage laws, voltage constraints at nodes, current 

constraints on nodes, etc. 

In this research work, reconfiguration control methodology is based on the intelligent agent 

technology. An agent is a computer system that is situated in some environment, and that is 

capable of autonomous action in this environment in order to meet its design objectives [15]. In 

this research work, the environment of the agents is the power system. In recent years, the Multi 
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Agent System (MAS) technology is increasingly applied to the reconfiguration of the power 

systems [16-18]. The MAS is a system that is composed of agents, collectively capable of 

reaching of goals that are difficult to achieve by an individual agent or monolithic system [15]. 

The agents in the MAS can interact with one another [15]. Each agent in MAS works 

independently and autonomously. Agents can work cooperatively, i.e. agents in an MAS may 

share the same global goal. Agent can also work competitively, i.e. agents in an MAS may try to 

maximize their own benefits, sometimes at the expense of other agents. An MAS is generally 

works in decentralized manner [15]. In a decentralized MAS, each agent makes decision 

independently based on the information it receives from the environment. However, recently 

some centralized MAS based reconfiguration methods have been applied to the power system 

[16-18]. In a centralized MAS application, some agents in the MAS works dominantly based on 

the preset global information of the power system or are responsible for coordinating or directing 

the functions of other agents.  

In this work, an MAS is applied to the reconfiguration methodology for the power system. 

This MAS works in a completely decentralized manner. Each agent in the MAS is limited to 

communicate only with its designated direct neighboring agents. So each agent only has a local 

view of the MAS. Each agent in the MAS works autonomously and independently based on the 

information it receives from the power system and its neighboring agents in the MAS. Each 

agent has limited information about the power system and no agent has preset global information 

of the power system. Compared to the centralized reconfiguration solution, the decentralized 

solution makes the reconfiguration more robust. Since there is no dominant or central agent in 

the MAS, the MAS is immune to the single point of failure. The reconfiguration methodology 

proposed in this work is topology independent. Since each agent in the MAS is restricted to 

communicate with its neighboring agents, the communication among the agents is reduced. The 

entry and exit mechanism for an agent is well defined and simple. It is like a plug-and-play 

mechanism and makes the reconfiguration methodology scalable.  

This chapter is organized as follows: section 1.1 provides some background information and 

motivation of this dissertation. Then the contributions of this work are summarized in section 1.2. 

Finally, the organization of this dissertation is introduced in section 1.3. 
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1.1 Background and Motivations 
 

One of the earliest research works on the reconfiguration of power system was discussed in 

[1]. In this work, Merlin and Back put forward a heuristic reconfiguration method for the power 

system. The objective of the reconfiguration in [1] was to minimize the power loss in the power 

system. One of the constraints of this work was that the power system for reconfiguration had to 

be in radial configuration in order to simplify the power flow computation of the power system. 

In later works, Civanlar and Grainger [2] et al proposed another heuristic reconfiguration 

approach for the power system to minimize the power loss in the power system. Other methods 

have been applied to the reconfiguration of power system, such as artificial neural network based 

reconfiguration [21,22], expert system based reconfiguration [23,24], genetic algorithm based 

reconfiguration [25-29], etc. Also other objectives for reconfiguration of power system have 

been researched, such as maximizing the load maintain in the power system [24], planning and 

marketing [20-22], etc. 

However, the reconfiguration methodologies for the power system discussed above are 

examples of centralized solutions. In a centralized reconfiguration approach for the power 

system, a central controller is required to make reconfiguration decisions. The central controller 

collects data from the entire power system, analyzes the collected data, and then makes 

reconfiguration decisions. In a centralized reconfiguration system without redundancy, if the 

central controller fails, the entire reconfiguration system fails. This is the single point of failure 

problem for centralized solutions. A central controller for reconfiguration of a power system 

performs large number of computations, such as power flow calculations, optimization, stability 

analysis, etc. When the number of electric components increases, or the topology of the power 

system become complicated, the computational burden of central controller increases. It may 

slow down the reaction time of the central controller and decrease the performance of the 

reconfiguration system. Also, the central controller of the reconfiguration system gathers data 

from the power system and sends reconfiguration decisions to the actuators in the power system 

to switch CBs through a communication infrastructure. Therefore, for a large power system with 

numerous electrical components and sensors, the amount of communication bandwidth required 

for operation of a central controller will be very high and costly. The communication 
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requirements of a central controller may become the “bottleneck” of the central reconfiguration 

solution for a power system. 

In recent years, decentralized methods such as MAS technologies have been increasingly 

applied for the reconfiguration of power systems. Nagata and Watanabe, et al [33] proposed an 

MAS based restoration method for power system. However, in their work, a facilitator agent 

works as a dominant agent that has preset global information for the power system. Other agents 

have to refer to the global information in the facilitator agent in order to make reconfiguration 

decision. If the facilitator agent fails, the reconfiguration system cannot work properly. This 

makes the reconfiguration methodology put forward in [33] a mix of centralized and 

decentralized approach. In [34], Nagata and Tao, et al put forward another MAS based 

reconfiguration approach for power system. In that approach also, the MAS works in a partial 

decentralized manner instead of a completely decentralized manner. Also, the reconfiguration 

methodology proposed in [34] can only be applied to a power system with radial configuration. 

In [35], Sun and Cartes put forward a completely decentralized reconfiguration manner for 

reconfiguration of radial power system. However, the reconfiguration method proposed in [35] 

cannot be applied to the power system with loop(s) configuration, such as ring structured power 

system and mesh structured power system. 

Currently, no research work has been done on completely decentralized reconfiguration for a 

mesh structured power system. One of the biggest challenges for the implementation of 

completely decentralized reconfiguration is how to manage the communication among the 

distributed controllers in a looped (ring or mesh structured) network. In a control network with 

loop(s), a message may flow back to the controller from where the message initially originates. 

This is like a positive feedback loop in a traditional control system and may lead to incorrect 

message flow in the control network eventually leading to incorrect reconfiguration decisions. 

This message looping happens in any completely decentralized system with loop(s) [36-39]. In a 

completely decentralized MAS for reconfiguration of a power system with loop(s), the message 

looping may occur causing the redundant information accumulation (RIA) problem in the MAS. 

The details of RIA problem will be demonstrated in Chapter 3. Another challenge is how to 

make the completely decentralized reconfiguration system scalable and flexible. The power 

system operates dynamically with continuously change of the system state. A robust 

reconfiguration methodology for such systems needs to be topology independent. When an 
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electric component is connected/disconnected into/from the power system, or the parameters in 

the power system change, the reconfiguration system needs to react to the change and make 

reconfiguration decisions based on the latest most currently available information of the power 

system. Also, when the scale of the power system becomes large, the increase in computation for 

reconfiguration needs to be reduced. 

The challenges mentioned above are the motivation behind the research work presented in 

this dissertation. In this research work, a completely decentralized MAS based reconfiguration 

methodology for a general power system is presented that solves all the challenges mentioned 

earlier. The reconfiguration methodology is independent of the topology of the power system. 

The methodology can avoid the RIA problem in the MAS with loop(s). The decentralization 

characteristic of the reconfiguration methodology makes the reconfiguration methodology 

immune to single point of failure. The computation associated with the reconfiguration is 

distributed throughout the agents in the MAS, so that the reconfiguration system is scalable when 

the number of components in the power system increases or the topology of the power system 

becomes complicated. Finally, the agents in the developed MAS can communicate with a limited 

bandwidth. 

A long-term objective of the current research at the Power Control Lab of the Center for 

Advanced Power Systems at Florida State University (CAPS-FSU) is to develop control 

technologies for a reconfigurable all electric ship power system in naval applications. This 

research work demonstrates the developed MAS based reconfiguration methodology on SPS 

reconfiguration, which is a important part of the all electric ship (AES) power system 

development. The objective of this research work is shown as follows: 

 

1) Develop an MAS based reconfiguration system model for the reconfiguration for a 

general power system; 

 

2) Develop reconfiguration methodology for the reconfiguration of general power system. 

The methodology works in a completely decentralized manner; 

 

3) Illustrate the proposed reconfiguration methodology for validation; 
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4) Set up hardware simulation platforms to validate and demonstrate the proposed 

reconfiguration methodology in SPS  

 
 

1.2 Contributions 
 

According to the previous discussions, it is generally accepted that a decentralized 

reconfiguration control can avoid the single point of failure and provide more robustness, 

flexibility, and scalability to the reconfiguration system as compared to centralized approaches. 

However, the completely decentralized reconfiguration methodology for a generalized power 

system has not been developed. The main objective of this dissertation is to develop the 

foundational algorithm for a completely decentralized reconfiguration methodology for a power 

system. The main contributions of this work are summarized as follows: 

 

1) Develop an MAS based reconfiguration system structure for a generalized power system 

that works in a completely decentralized manner, which can avoid the single point of 

failure and make the system more robust, flexible, and scalable; 

 

2) Present an algorithm that can break an arbitrary mesh structured multiagent into tree 

structure to avoid the redundant information accumulation (RIA) in a decentralized MAS; 

 

3) Develop an completely decentralized reconfiguration methodology for mesh structured 

SPS based on the information flow in the MAS; 

 

4) Design and build a hardware simulation platform based on real time digital simulator 

(RTDS) for validating the proposed reconfiguration methodology in an SPS; 

 

5) Verify, through processor-in-a-loop simulation, the performance of the proposed 

completely decentralized reconfiguration control. 
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1.3 Dissertation Outline 
 

The rest of this dissertation is organized as follows: 

 

Chapter 2 introduces the shipboard power system (SPS). The unique characteristics of the 

SPS are presented. Since the reconfiguration methodology is validated in an SPS, the 

reconfiguration for the SPS is discussed in this chapter.  

 

Chapter 3 provides a state-of-art review on the reconfiguration on reconfiguration methods 

on power systems, as well as their applications to shipboard power systems. Key issues are 

addressed about the completely decentralized reconfiguration approaches to a general power 

system. 

 

Chapter 4 proposes a solution to the redundant information accumulation (RIA) problem 

that can occur in completely decentralized MAS with loop(s). 

 

Chapter 5 put forward an integrated reconfiguration methodology for a generalized power 

system using MAS. The reconfiguration method can be applied to a power system with any 

topology and works in a completely decentralized manner. 

 

Chapter 6 introduces a simulation platform for demonstrating and validating the 

reconfiguration methodology proposed in Chapter 4. In the simulation platform, the power 

system is simulated on real time digital simulator (RTDS), the MAS is simulated Java agent 

development framework (JADE).  

 

Chapter 7 shows simulation results for several reconfiguration scenarios on an SPS. The 

simulation results demonstrate the effectiveness of the proposed reconfiguration methodology for 

SPS. 

 

Chapter 8 summarizes the whole dissertation. Concluding remark and recommendation for 

future work are presented. 
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CHAPTER 2 

SHIPBOARD POWER SYSTEM 
 
 
 
 

The ability to reconfigure is critical to the survivability and reliable to the shipboard power 

system. In this chapter, first, the shipboard power system (SPS) and the reconfiguration process 

for the SPS are introduced. Second, various kinds of loads in the SPS are discussed. Finally, the 

architecture and topology of the SPS are presented. 

 
 

2.1 Overview 
 

The Navy ship electric power systems supplies energy to the weapons, communication 

systems, navigation systems, and operation systems. The reliability and survivability of a 

Shipboard Power System (SPS) are critical to the mission of a ship, especially under battle 

conditions. In the event of battle, part of the ship power systems may not be available due to 

damage in the attack. Some real examples of SPS damage due to an attack on a ship are shown as 

follows. 

In 1987, the USS Stark (shown in Figure 2.1) was struck by 2 air-to-surface missiles. This 

event led to extensive damage and fire in forward areas of ship and loss of electric power; 

In 1988, the USS Samuel B. Roberts was struck by mine. This event led to a flooded engine 

room and two of three auxiliary machinery rooms and loss of electric power;  

In 1991, USS Princeton was struck mine. This event led to considerable damage and loss of 

electric power. 

In these examples, the damage to the ships led to a loss of electric power. The SPS is 

vulnerable to damage. Having the ability to reconfigure will make SPS significantly more 
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survivable. The reconfiguration can increase the survivability and reliability of the SPS and keep 

ships operational.  

 

USS STARK

 
 

Figure 2. 1 Partly Damaged USS STARK 

 

Since the SPS provides electric power to the electric components onboard to keep the ship 

operational, it is essential to keep the SPS working properly and efficiently. Reconfiguration of 

the SPS is proposed to ensure that the system can work effectively, i.e. the ship is survivable. 

The reconfiguration of the SPS can be fault oriented or mission oriented. In the event of fault(s), 

such as grounding, short circuit, etc, in the SPS, the faulty region of the SPS has to be isolated in 

order to prevent the faults from spreading to other parts of SPS. Failing to isolate the faulty 

portion from the system may lead to catastrophic failure of the loads, cables, circuit breakers, and 

power sources. By controlling circuit breakers and other switching devices in the system, the 

faults can be isolated in the SPS. 

After over 100 year’s development, today’s SPSs have some inherent characteristics that 

make them different from typical terrestrial power systems. Therefore, reconfiguration methods 
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that are developed for terrestrial power system cannot be applied to SPS. Some of the unique 

characteristics of the SPSs are as follows: 

 

• There is very little rotational inertia relative to load; 

 

• SPS is an islanded system with no power supply from outside power system; 

 

• Fast control maintains frequency of the system over a wider frequency range; 

 

• Shipboard prime movers typically are faster than utility systems relative to dynamic times 

of interest; 

 

• Due to the limited space on shipboard, SPS does not have a transmission system. The 

electric power in SPS is transmitted through short cables. It is leads to less power loss 

and voltage drop as compared to terrestrial power systems; 

 

• There is a large portion of nonlinear loads relative to the power generation capability; 

 

• In SPS, large number of electric components are tightly coupled in a small space. A fault 

happens in one part of the SPS may affect other parts of the SPS; 

 

• A large number of electronic loads, such as combat, control and communication sensors, 

radiators, and computers are sensitive to power interruptions and power quality; 

 

• Some electrical components, which affect the reconfiguration process, are unique to SPS 

such as Automatic Bus Transfers (ABT), Manual Bus Transfers (MBT), Low Voltage 

Protection devices (LVPs), and Low Voltage Release devices (LVRs). 

 
Due to these unique characteristics of the SPS, some of the mathematical expediencies used 

in terrestrial power system analysis may not be applicable to SPS accordingly. For example, 

infinite buses and slack buses do not have manifestations in SPSs. Constant voltage, constant 
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frequency, and constant power simplifications are usually invalid in SPS. Also, the SPSs are 

tightly coupled both electrically and mechanically, requiring integrated modeling of both systems. 

One example is the chilled water system that is a highly coupled electrical and mechanical 

system on ships. Finally, the faults in the SPS must be modeled consistently with the 

characteristics of SPSs. 

 

2.2 Loads in the SPS 
 

The loads in the SPS provide various services to the ship. According to the importance of the 

services being provided, the loads in the SPS can be classified into nonvital, semivital, and vital 

loads in increasing priority order as follows: 

Nonvital (Nonessential) - Readily sheddable loads that can be immediately secured without 

adversely affecting ship operations, survivability, or life. Examples are hotel loads such as 

heating and galley; ship, avionics, and ground support equipment shops; aircraft fueling systems; 

refrigeration systems; and other loads that can be shut down for a short time until full electric 

power capability is restored. 

Semivital (Semiessential) - Loads important to the ship but that can be shut down or switched 

to the alternate plant in order to prevent total loss of ship’s electrical power. Examples include 

aircraft and cargo elevators, deballasting compressors, assault systems, some radar, 

communications, and seawater service pumps. 

Vital (Essential) - Nonsheddable loads that affect the survivability of ship or life. Power to 

these loads is not intentionally interrupted as part of a load shedding scheme. Examples of vital 

loads are generators, boilers, and their auxiliaries; close-in weapon systems; electronic 

countermeasures; tactical data system equipments with volatile memories; medical and dental 

operating rooms; and primary air search radar. 

The vital loads are required to be connected to two independent power sources in the SPS. If 

a load is classified as vital load at any major mission of the ship, such as propulsion system, it 

has to be connected to the SPS through Automatic Bus Transfer (ABT). ABT is a device that can 

sense the loss of power from normal power source. When normal power is absent, ABT can 

automatically disconnect the load from the normal power and switch the load’s power flow from 

an alternate power source. ABTs are designed to transfer loads very quickly. If a load is 
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classified as a vital load in some missions and a nonvital load in other missions, such as the 

lighting system, the load is connected to its SPS through a Manual Bus Transfer (MBT). MBT is 

a device, like an ABT, that can connect loads either to a normal power source or to an alternate 

power source. But unlike the ABT, the MBT must be shifted manually by an operator when the 

operator notices that the load’s primary source of power becomes unavailable. Loads that are 

classified as nonvital loads in any missions are connected to only one power source in the SPS. 

The electric loads are hard wired to their source(s) at the time of ship construction. How “vital” 

they are is determined at that time and does not change unless the power system hardware is 

modified. 

 
 

2.3 Segregated vs. Integrated Power System 
 

There are two main designs for SPS namely: segregated power system and integrated power 

system (IPS) [215]. In the segregated power system, each of the ship services and the ship 

propulsion load is provided by segregated sets of generators. Each set of generators works 

independently. One ship service or one propulsion load can only be supplied by one set of the 

segregated generators. The IPS design is applied because it is simpler and cheaper, and better to 

centrally produce a commodity such as electricity, than to locally produce it with the user of 

commodity. In the IPS, the ship service and the propulsion loads are provided by a common set 

of generators. The integrated power systems are currently used for a wide range of ship 

applications. The primary advantage of using integrated power systems is the flexibility to shift 

power between the propulsion and mission-critical loads as needed. The integrated power system 

can also improve the survivability and reliability of the SPS. It has been identified as the next 

generation technology for SPS platform and an important step to achieve the all-electric ship 

initiative [216]. 

The primary advantage of using IPS is the flexibility to shift power between the propulsion 

and mission-critical loads, as needed. The integrated power system can also improve the 

survivability and reliability of the SPS. It has been identified as the next generation technology 

for SPS platform, and an important step to achieve the all-electric ship initiative. 
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Survivability relates to the ability of the SPS, when potentially damaged by a threat, to 

support the ship’s ability to continue fulfilling its missions to the degree planned for the 

particular threat. The threats for which a ship is designed to are its design threats, and the 

residual capability following exposure to the design threats is the design threat outcome. 

US Navy demands reduced manning and increased system survivability for next generation 

of warships, which can provide more fight through capabilities. New techniques should be 

developed to reconfigure the SPS efficiently and automatically under catastrophic situations. The 

goals of the techniques are to increase the survivability, eliminate human mistakes, make 

intelligent reconfiguration decisions more quickly, reduce the manpower required to perform the 

functions, and provide optimal electric power system service throughout the SPS. 

Recently, research works on reconfiguration techniques to support self-healing, survivable 

control of the SPS reconfiguration have increased. Autonomous reconfiguration of an SPS is 

essential for meeting the future ship’s survivability requirements. The existing protection system 

has several shortcomings in providing continuous supply under battle and certain major failure 

conditions. The control strategies that have been implemented are not effective in isolating the 

loads that are affected by the damage, and are highly dependent on human power to manually 

reconfigure the SPS in order to restore supply to healthy loads. Due to the system complexity, 

timing constraints and manning reductions, it is essential to make the reconfiguration process of 

SPS automatic. 

 
 

2.4 Topology of the SPS 
 

When the SPS was first developed, the radial topology was applied to the SPS in order to 

keep the protection system and reconfiguration system simple and easy to maintain [20]. 

However, ships, especially US Navy ships are designed to remain afloat and operable even in the 

scenario of severe damage. In Navy designs, the strategy to achieve this survivability is to 

employ redundancy and separation of vital systems. This has led to ship service electric power 

systems that employ a ring bus interconnection. Figure 2.2 shows the architecture of an SPS with 

a ring bus structure [206]. In Figure 2.2, the generators are connected in a ring configuration via 

generator switchboard. The loads located throughout the ship are fed from the ring bus via 
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switchboards that are connected to the ring bus, then load centers, distribution panels, and power 

panels in a radial topology. The ring bus structure provides more reliability and flexibility to the 

SPS than radial configuration. In such a ring structure topology, a generator can provide power 

to any load through appropriate switching actions. This feature is of great importance as it 

ensures the supply of power to vital loads, if the generating unit supplying it power fails. 

 

Figure 2. 2 SPS with Ring Bus Structure [206] 

 

Recently, beginning with USS Oscar Austin (DDG 79), the “zonal” topology has been 

applied to the design of SPS [20]. In this topology, longitudinal feeder running the length of the 
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ship on either side allow power to be provided from the generators. Within the geographic zones, 

power is provided to loads from either the port side or the starboard side longitudinal feeder. 

Figure 2.3 shows a typical AC zonal structure of SPS [189]. Compared to the ring architecture, 

the zonal architecture can provide more reliability and robustness to the SPS. 
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Figure 2. 3 Zonal Structure of SPS [189] 
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2.5 Summary 
 

In this chapter, the unique characteristics of the shipboard power system (SPS) are discussed. 

Because of these unique characteristics of SPS, special reconfiguration methodology has to be 

developed to achieve the reconfiguration process in the SPS. Loads in the SPS provide services 

to the ship. According to the importance of the service that a load provides, the loads in the SPS 

are categorized into vital loads, semivital loads, and nonvital loads. The vital loads and semivital 

loads can be switched to another power source if the current power source can not supply the 

loads. For the vital load, the switching action is achieved automatically; for the semivital load, 

the switching action has to be achieved mannally. The Integrated Power System (IPS) design and 

zonal structure design are used in modern SPS in order to increase the survivability and 

reliability of the SPS. The typical topology of the SPS is the mesh structure. These 

characteristics of the SPS add challenges to the reconfiguration process for the SPS. 
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CHAPTER 3 

LITERATURE REVIEW OF POWER SYSTEM 
RECONFIGURATION 

 
 
 
 

The objectives of a system or process reconfiguration vary from by application. For instance, 

in a manufacturing system, reconfiguration is applied for increasing the efficiency of the 

manufacturing system, scheduling, adapting to unexpected changes in the manufacturing system, 

etc. In a power system, the purpose of the reconfiguration process is to reroute the electric power 

by changing the status of sectionalizing switches, and altering the topological structure under 

both normal and abnormal conditions. The reconfiguration of a power system is performed to 

achieve one or more objectives, such as service restoration, load balancing, power loss 

minimization, etc. 

Reconfiguration has been also applied to systems other than the power system, such as robot 

control systems [40], manufacturing systems [41-43], software systems [44-46], communication 

systems [47-50], control systems [51-53] etc. Bojinov et al [40] demonstrate that MAS can 

provide useful control techniques for modular self-reconfigurable robots. Ulireu and Norrie [43] 

proposed an online reconfiguration strategy for an automatic manufacturing production system, 

which adapts to unexpected changes in the manufacturing environment. In [44], Andersson and 

Lennartsson presented an approach to dynamically reconfigure the application at the software 

architectural level. Irapi et al [47] introduced a configurable MAS architecture for quality of 

service (QoS) control in wireless asynchronous transfer mode. Brennan et al [27] proposed a 

general approach for dynamic and intelligent reconfiguration of real time distributed control 

systems. 
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The problem of reconfiguring a power system can be solved using a centralized or a 

decentralized approach. In a centralized reconfiguration process of power systems, one or more 

central controller(s) are used to make the reconfiguration decisions. If the central controller fails, 

the entire reconfiguration process fails if the reconfiguration system lacks of redundancy. This is 

the single point of failure. In a decentralized reconfiguration approach for power systems, there 

is no central controller with preset global information about the power system. Each entity in the 

reconfiguration system works independently and autonomously. The decentralized approach is 

immune to the single point of failure. Also the decentralized approach is more flexible and 

scalable. Multiagent System (MAS) is a decentralized approach for performing the 

reconfiguration of a power system. In recent years, MAS technology is being increasingly 

applied to power systems, especially for reconfiguration of the power systems. An MAS consists 

of several agents, which are software entities that are situated in some environment. These agents 

can sense and react to the change(s) in that environment [15]. Agents are capable of independent 

action on behalf of its user or owner. In the past few years, some MAS based research work has 

been done for service restoration of the power system [175-179], protection of the power system 

[171-172], optimal power dispatch in the power system [165-166], etc. 

In this dissertation, the developed reconfiguration algorithm is applied to a shipboard power 

system (SPS). The SPS is a power system that supplies electric power to the equipment on ships. 

The SPS has some unique characteristics compared to the terrestrial power system. The details of 

the unique characteristics of the SPS are discussed in chapter 5. With these unique characteristics, 

current reconfiguration processes for the terrestrial power system are not applicable for the SPS. 

Some reconfiguration methodologies have been proposed for SPS using heuristic methods [190], 

optimization methods [191-192], expert systems [194-195], MAS technologies [202, 204-205], 

etc. 

In the remaining chapter 3, literature reviews are presented on methodologies and 

applications of reconfiguration to power systems. Then the MAS based reconfiguration 

methodologies for power systems are discussed. Since the reconfiguration process in this work is 

demonstrated on an SPS, the reconfiguration methodologies for the SPS are reviewed at the end 

of this chapter. Finally, some conclusions are drawn based on this literature review. 
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3.1 Reconfiguration of Terrestrial Power System 
 

Figure 3.1 shows the hierarchy of current methods that are applied to the reconfiguration 

approach for terrestrial power systems. The reconfiguration approach for power system can be 

implemented in centralized manner or in decentralized manner. In centralized approach, various 

methods are applied to the reconfiguration approach, such as evolutionary programming, 

heuristic method, artificial intelligent method, etc. The decentralized approach for the 

reconfiguration in the power system is mainly achieved by applying multiagent system technique. 

 

Reconfiguration Approach for
Power Systems

Centralized Approach Decentralized
Approach

Heuristic
Method

Artificial
Intelligent
Method

Genetic
Algorithms

Traditional
Method

Multiagent
System

Evolution
Programming

Particle
Swarm

Optimization

Petri Net
Method

Expert
System
Method

Fuzzy Logic
Method

Integer
Programming

Dynamic
Programming

Simulated
Annealing

Expert
System
Method

Distributed
Control
System

 
 

Figure 3. 1 Methods Applied to the Reconfiguration of Power Systems 

 

The main advantage of the centralized approaches for power system reconfiguration is that it 

is easy for the central controller to access required information for reconfiguration reasoning. 

The central controller in a centralized approach can directly gather data from the sensors 

throughout the entire system. When there are changes in the system, the central controller can 

easily update its database for reconfiguration. The disadvantage of the centralized approach for 

reconfiguration is that it may lead to the single point of failure in the system if the system lacks 

redundancy. The subheadings in Fgiure 3.1 will be pointed out in the following reviews. 

The main advantage of the decentralized approach for power system reconfiguration is the 

robustness. The decentralized approach is immune to the single point of failure because there is 
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no central controller in the approach. Also the decentralized approach has more flexibility and 

scalability compared to the centralized approach. However, the controllers in the decentralized 

system have limited access to the information of the system for control decisions. So, compared 

to the centralized approach, it is harder to for the decentralized system to achieve the global 

optimal solution based on the limited information each controller has. 

The terrestrial power system is usually composed of three parts: power generation plants, 

transmission system, and distribution system. The power generation plant is a facility that 

produces electrical energy from other forms of energy, such as fossil fuel, hydraulic, nuclear, etc. 

The transmission system carries electric power at high voltage and low current from one distant 

point to another distant point in the power system. Transmission is typically seen as power lines 

over 100 feet in the air, atop large framework supports. The distribution system includes all the 

facilities and equipments that reduce the voltage to usable value and connect a transmission 

system to the customer’s loads. Distribution includes components such as substations, power 

lines, transformers, poles, and other equipments that can deliver the electric power to the 

customers. A reconfiguration process in a power system can involve all three parts of a power 

system. For example, when some events, such as faults, happen on the transmission lines, the 

faulty transmission line must be disconnected and the transmission system is reconfigured in 

order to reroute the electric power to the distribution system for restoration purpose. The 

reconfiguration process in a distribution system is different from the reconfiguration process in 

the transmission system because of the difference in voltage levels, resistance to impedance 

ratios of the transmission lines, topology complexity, and closeness to the customer.  

Many of the proposed automatic reconfiguration methodologies are developed for 

distribution system reconfiguration. The distribution system is usually reconfigured for restoring 

the loads in the distribution system, decreasing the power loss in the distribution system, 

stabilizing the distribution system, etc. Table 3.1 shows the reconfiguration methodologies that 

have been applied in the terrestrial power systems. In Table 2.1, the first row shows the 

objectives of the reconfiguration process in the power system. The first column of Table 3.1 

shows the methods for the reconfiguration process of the power system.  
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Table 3. 1 Reconfiguration in Terrestrial Power Systems 

 

 Power loss 
minimization 

Load balancing Service 
restoration 

Planning, 
marketing, 

stability, etc. 
Dynamic 
Programming / 
Integer 
Programming 

[155] [156]   

Heuristic [71-75][83-
86][87-99][104-
105] 

[72][100-102] 
[104]  

[76-77][79-
82] [104] 

[106-107] 

Expert System [66] [103] [65-70][78] [64] 
Petri Net [148]  [146-

148][153] 
[62-63] 

Simulated 
Annealing 

[19][108-114] [113-114] [112] [116] 

Ant Colony 
Optimization 

[154]  [153]  

Artificial 
Neural Network 

[54] [57-61]  [56] [55] [61] 

Fuzzy Logic [142-144] [145] [134-141] 
[145] 

 

Evolution 
Programming 

[157] [19]  [157]  

Genetic 
Algorithm 

[117] [121] [4] 
[31][122] [72] 
[19] [131-132] 

[118] [115] [123-
130] [72] 

[119] [120] 
[122] [133] 

Particle Swarm 
Optimization 

[149] [151]  [150][152] 

Distributed 
Control System 

   [219] 

Agent   [18][33-
34][175-179] 

 

 

Schmidt et al [155] put forward a fast integer programming based reconfiguration 

methodology to minimize the power loss in a distribution system. The power loss in the 

distribution system is the electric power that is consumed by transmission equipments, such as 

transformers, cables, wires, etc. This methodology is only applicable to radial power systems. 

Tzeng et al [156] proposed a feeder reconfiguration methodology for the distribution system. In 

that work, dynamic programming is used to find the optimal switching actions for load balancing 
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in a distribution system. In a power system, the loads get electric power supply from load feeders. 

The load feeders that supplies more loads need more current injections than those load feeder 

supplying lesser loads. This will cause the imbalanced current distribution in the power system. 

With the same loads supplied in the power system, the imbalanced current distribution in the 

power system leads to more power loss than balanced current distribution in the power system. 

The imbalanced current in the power system also leads to the over current problem and stability 

problem. The load feeders in the power system need to be balanced by switching the circuit 

breakers and other switching devices so that the current distribution in the power system can be 

balanced  

Gomes et al [73] proposed a heuristic reconfiguration methodology to reduce the power loss 

in a distribution system. In this work, the optimal power flow and sensitivity analysis are used to 

find the reconfiguration solution. This reconfiguration methodology is only applicable to radial 

power systems. Hsu et al [102] proposed a reconfiguration methodology for transformer and 

feeder load balancing in a distribution system. When the number of loads that are supplied 

through a load feeder increases, the current injection to the load feeder increases. The current 

that flows through the transformer that is connected to the load feeder increases, too. It may lead 

to the risk of over current on the transformers and the transmission lines in the system. The 

proposed reconfiguration methodology is based on heuristic search. Another heuristic search 

based reconfiguration algorithm was proposed by Wu et al [76]. In that work, the reconfiguration 

methodology was applied to the radial power system for service restoration, load balancing, and 

maintenance of the power system. Zhou, et al [107] put forward a heuristic reconfiguration 

methodology for distribution system to reduce the operating cost in a real time operation 

environment. In that work, the operation cost in the power system is the power loss in the 

distribution system. The operation cost reduction in that work is based on the long term operation 

of the power system. 

The knowledge based systems, such as expert systems, have also been applied to the 

reconfiguration of power systems for a long time. Knowledge based system is a computer system 

that is programmed to imitate human problem-solving by means of artificial intelligence and 

reference to a database of knowledge on a particular subject [212]. Jung et al [103] proposed an 

artificial intelligent based reconfiguration methodology for load balancing in a distribution 

system. In that work, an expert system was applied to the heuristic search in order to reduce the 
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search space and reduce the computational time for the reconfiguration. Liu et al [66] proposed 

an expert system for restoration and loss reduction in distribution systems. The expert system 

proposed in that work can be utilized as an online aid to system operators in a distribution 

supervisory control and data acquisition (SCADA) environment. Chang et al [64] proposed a 

knowledge based software package for distribution systems. The software can be used to analyze 

and reconfigure a distribution system. However, the proposed reconfiguration methodology in 

these works can be applied to a distribution system with radial configuration. 

Wu et al [146] proposed a Petri net based reconfiguration methodology for restoration of the 

power system. In that work, a token passing and a backward search processes are used to identify 

the sequence of restoration actions and their time. This method can help to estimate the time 

required to restore a subsystem and obtain a systematical method for identification of the 

sequence of actions. Ke [62] proposed a Petri net base approach for reconfiguring a distribution 

system to enhance the performance of the power system by considering the daily load 

characteristics and the variations among customers due to the temperature increase in the power 

system. 

Jiang and Baldick [110] proposed a comprehensive reconfiguration algorithm for distribution 

system reconfiguration. The employed simulated annealing is used to optimize the switch 

configuration of a distribution system. The objective of the reconfiguration is to decrease the 

power loss in the distribution system. Chiang and Jumeau [114] proposed a modified simulated 

annealing technique based two stage reconfiguration methodology for a distribution system. 

Matos and Melo [112] put forward a simulated annealing based multi objective reconfiguration 

for power system for loss reduction and service restoration. A reconfiguration for enhancing the 

reliability of the power system was proposed by Brown [116]. In that work, a predictive 

reliability model is used to compute reliability indices for the distribution system and a simulated 

annealing algorithm is used to find a reconfiguration solution. 

Shu and Sun [153] proposed a reconfiguration methodology to maintain the load and 

generation balance during the restoration of a power system. An ant colony optimization 

algorithm was used to search the proper reconfiguration sequence based on the Petri net model. 

Daniel et al [154] proposed an ant colony based reconfiguration for a distribution system. The 

objective of the reconfiguration was to reduce the power loss in the power system. 
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Salazar et al [54] proposed a feeder reconfiguration methodology for distribution system to 

minimize the power loss. In that work, a reconfiguration algorithm was based on the artificial 

neural network theory. Clustering techniques to determine the best training set for a single neural 

network with generalization ability are also presented in that work. Hsu and Huang [56] put 

forward another artificial neural network based reconfiguration for a distribution system. The 

reconfiguration can achieve service restoration by using artificial neural network and pattern 

recognition method. Methaparyoon et al [55] proposed a multi stage artificial neural network 

based reconfiguration for a power system. The artificial neural network make the short term load 

forecast for reconfiguration based on weather forecasting information. 

Wang et al [142] proposed a fuzzy logic and evolutionary programming based 

reconfiguration methodology for distribution systems. In that work, a fuzzy mutation controller 

is implemented to adaptively update the mutation rate during the evolutionary process. The 

objective of the reconfiguration is to reduce the power loss in the distribution system. Zhou et al 

[145] put forward another fuzzy logic based reconfiguration methodology for distribution system. 

In that work, a fuzzy logic based reconfiguration was developed for the purpose of restoration 

and load balancing in a real-time operation environment. Kuo and Hsu [134] proposed a service 

restoration methodology using fuzzy logic approach. In that work, the fuzzy logic based 

approach was estimated the loads in a distribution system and devised a proper service 

restoration plan following a fault. 

Hsu and Tsai [157] proposed a multi objective method for feeder reconfiguration in a power 

distribution system. In that work, the proposed reconfiguration methodology is based on 

evolution programming. The objectives of the reconfiguration in the work were to reduce the 

power loss and increase the loads maintained in the distribution system. Wang et al [142] 

developed a reconfiguration method, which combined evolutionary programming and fuzzy 

logic for reducing the power loss in the distribution system. 

Mendoza et al [121] proposed a genetic algorithm based reconfiguration for distribution 

systems. The reconfiguration methodology was developed for reducing the power loss in the 

power system. Hsiao et al [118] proposed a reconfiguration for service restoration in a 

distribution system using a combination of fuzzy logic and genetic algorithms. The objectives of 

the proposed reconfiguration methodology were to maximize the load restored in the system and 

minimize the switching operations for the reconfiguration. However, the methodology proposed 
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in this work is only applicable to radial power system. Oyama [115] proposed a reconfiguration 

for service restoration in a power system. In that work, the restoration of the power system was 

solve by applying genetic algorithm combined with the branch exchange method. In [119], 

Miranda et al proposed genetic algorithm based reconfiguration methodology for distribution 

system planning. The objective of the reconfiguration was to reduce the operation cost and new 

facility installation cost. The operation cost in that work refers to the power loss in the 

distribution system. The methodology proposed in that can only applied to radial power system. 

Wang and Zhang [149] proposed a particle swarm optimization algorithm based 

reconfiguration methodology for distribution system. In that work, a modified particle swarm 

algorithm has been presented to solve the complex optimization problem. The objective of the 

methodology was to minimize the power loss in the power system. Jin et al [151] introduced a 

binary particle swam optimization based reconfiguration methodology for distribution system. 

The objective of the reconfiguration was load balancing. The reconfiguration methodology 

proposed in that work can only be applied in the power system with radial configuration. 

Hemeida et al [219] proposed a distributed control system (DCS) based control system for 

unified power system. The proposed control system consists of a number of controllers that are 

connected through a communication network. The controllers can set up high speed and reliable 

communication with each other. In a DCS, the processing load of the control system is 

distributed into the distributed controllers. However, in that work, a central controller is also 

required to talk with the distributed controllers and work as a data manager. Hence the DCS does 

not work in a completely decentralized manner. 

As shown in Table 3.1, various methods have been applied to the reconfiguration process of 

the terrestrial power system. However, most of the reconfiguration methodologies in Table 3.1 

are centralized. A central controller is a requirement to gather data from the power system, make 

reconfiguration decisions after calculation and analysis. The centralized controller may lead to 

the single point of failure in the reconfiguration process. Some MAS based restoration 

methodologies provide partial decentralized solution for the restoration of the power system 

[177-178]. It was found that though these methods used decentralized approach, still their 

algorithms were dependent on some kind of centralized information or coordination. Hence none 

of these methods can be said to be a completely decentralized method. Also these methods can 

only be applied to a power system with radial configuration. Currently, there is no completely 
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decentralized reconfiguration method that can be applied to a power system with ring or mesh 

structure. More detailed review of agent based reconfiguration methods for power system is 

presented in the next section. 

 
 

3.2 Multiagent System and Its Application in Power Systems 

 

MAS is one of the most popular approaches for decentralized solution. It is being increasing 

applied to problems in area from finance, to engineering, to communications. Talukdar et al [17] 

proposed one of the earliest MAS applications in the power system. In that work, an MAS based 

technique was introduced for power flow optimization in power system. The agents in [17] 

worked in parallel and communicated with one another asynchronously. Recently, the MAS 

technique is applied to power system management [36-38,41-43,50], power dispatch [47,54], 

power marketing and trading [44-46,48], protection [16,40,62], restoration [18,55-61], fault 

detection and diagnosis [63,64], etc. Tables 3.2 show the current applications of MAS in power 

systems and corresponding objectives and methods applied. 

 

Table 3. 2 MAS and Its Applications in Power System 

 

Application Reference Objective/Method 

Dimeas et al,  

2005 [158] 

Distributed control approach for optimizing the use 

of the local resource of a microgrid 

Al-Hinai and 

Feliach, 2004 

[159]  

Control methodology using agents for distributed 

generator control 

Power 

System 

Control and  

Management 

Buse et al, 2003, 

[160] 

Biernatzki et al, 

2004 [161] 

 

Proposed an MAS architecture for state estimation, 

database environment and demand management in 

power system 
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Stephen et al, 

2006 [162] 

Survey of MAS applications in power system 

Lum et al 2005 

[163]  

An MAS for distribution system management 

 

Nordman et al 

2005 [164] 

Agent based decentralized control for distribution 

systems 

Li et al 2005 

2005 [165] 

Reactive power optimization using grid 

computation 

Power 

Dispatch 

Zhao et al 2005 

[166] 

Optimal reactive power dispatch using particle 

swarm optimization 

Wei et al 2001 

[167] 

Decentralized optimal wholesale trade planning 

Yu et al 2004 

[168] 

Electricity market analysis using agent based 

modeling 

Zhang et al 2006 

[169] 

Electric power bidding decision system design 

Power 

Trading and 

Marketing 

Gnansounou et al 

2004 [170] 

Agent based long term planning for power system 

Wan et al 2005 

[171] 

Substation protection for distribution generators 

Tomita et al 

1998 [172] 

MAS based protection system for power system 

Zeng et al 2004 

[16] 

MAS based protection for distributed generators 

using artificial neural network 

Protection 

Heydt et al 2001 

[187] 

Liu et al [186] 

A comprehensive MAS for power system protection 

and self-healing 

Fault 

Detection 

Liu et al 2005 

[173] 

MAS based fault detection and diagnosis using 

probabilistic neural network 

Table 3. 2 - Continued 
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Heo et al 2006 

[174] 

MAS based intelligent control and fault diagnosis 

system for power plant 

and 

Diagnosis 

Enacheanu et al 

2005 [203] 

MAS based fault diagnosis system for distribution 

systems 

Nagata et al 

2000 [18] 

Nagata et al 

2002 [33] 

Nagata et al 

2005 [175] 

MAS based restoration for radial power system 

Liu et al 2005 

[176]  

Centralized MAS based restoration for power 

system 

Nagata et al 

2004 [177] 

Ngata et al 2005 

[178] 

Partial decentralized restoration for radial power 

system. 

Service 

Restoration 

Nagata et al 

2005 [179] 

Nagata et al 

2004 [34] 

MAS based load restoration with coordination 

agents 

 

 

Al-Hinai and Feliachi [159] proposed an intelligent agent based application for the control 

and operation of the distribution systems that contain distribution generators. In that work, the 

proposed control architecture is hierarchical with one supervisor that optimizes the overall 

process and a number of distribution local control agents associated with distributed generators. 

Dimeas and Hatiargyrou [158] introduced an MAS for the control of a micro grid. In that work, 

the MAS was selected as a tool, not only to provide intelligence for the needs of complex tasks, 

but also to facilitate management in the design of the algorithm. 

 

Table 3. 2 - Continued 
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Al-Hinai and Feliachi [159] proposed an intelligent agent based application for the control 

and operation of the distribution systems that contain distribution generators. In that work, the 

proposed control architecture is hierarchical with one supervisor that optimizers the overall 

process and a distributed number of local control agents associated with each distributed 

generator. Dimeas and Hatiargyrou [158] introduced an MAS for the control of a micro grid. In 

that work, the MAS was selected as a tool, not only to provide intelligence for the needs of 

complex tasks, but also to facilitate management in the design of the algorithm. 

Li and Liu [165] proposed an agent based grid computing methodology for reactive power 

optimization in a power system. In that work, the proposed methodology can exploit 

geographically and organizationally distributed computational resources for solving reactive 

power optimization problems. A large power system was divided into many small scale 

subsystems according to administrative domain and power system topology. The optimization 

for corresponding subsystems can be worked out autonomously by agents, which are wrapped 

into grid services. However, the methodology in this can only be applied to radial power system. 

Zhao et al [166] proposed an MAS based particle swarm optimization approach for optimal 

reactive power dispatch in a power system. In that work, a method combined with MAS and 

particle swarm optimization was developed. An agent in the MAS represent one particle to the 

particle swarm optimization and one candidate solution to the optimization problem. All agents 

reside in a lattice-like environment, with each agent fixed on a lattice point. By making use of 

the interactions between the agents and evolution mechanism of the particle swarm optimization, 

the proposed methodology can find the solution to the optimization problem. The particle swarm 

optimization proposed in this work is centralized. 

An MAS based methodology for power system trading was proposed by Wei et al [167]. In 

that paper, the MAS helps the market participants to make electric power trading decisions based 

on their own benefit. In the meantime the minimum production and transmission cost of the 

entire system can be reached without a central coordination expect necessary information 

exchange through the communication infrastructure in the MAS, such as the Internet. In that 

work, the production cost refers to the cost that is related to electric power generation in the 

power system. The transmission cost mainly refers to the power loss on the transmission lines. 

Although there is no central controller/coordinator in the system, all market information 

(including network topology, announced prices and available capacities, etc) is continuously 
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updated and available to all market participants through a central server. So the proposed method 

is not completely decentralized. Yu et al [168] put forward an agent based method for retail 

electricity market modeling and analysis. In that work, an agent based model was developed to 

simulate the trading procedure in modern power systems. Colored Petri nets technology was 

applied to present the communications and cooperation of agents in the market. Different types 

of the agents were proposed in the agent based model to simulate the behavior of the power 

market. 

Wan et al [171] proposed an MAS based application for substation protection with 

distributed generators. In that work, an agent based protection methodology was developed with 

the existence of the distributed generator in the power system. Different types of agents were 

proposed to achieve the protection. However, a substation management agent is used as a 

coordinator of the system. This makes the methodology a centralized approach. Zeng et al [16] 

proposed another MAS based protection for distribution generation systems. In that work, the 

proposed methodology can achieve the fault detection, location, and load shedding in a 

distribution generation system. 

Heo and Lee [174] proposed an MAS based intelligent identification system for power plant 

control and fault diagnosis. In that work, the proposed methodology can achieve the online 

adaptive identification for control in real time power plant operation and offline identification for 

fault diagnosis. Enacheanu et al [203] proposed a distribution system architecture that can make 

the reconfiguration in the power easy to achieve. The reconfiguration in that work is to locate 

and isolate the faults in the power system. A remote agent is used in that work as a central 

controller for the reconfiguration in the power system. 

Heydt et al [187], Liu et al [186], and Li et al[208] proposed a comprehensive MAS based 

power infrastructure defense system. The proposed strategic power infrastructure defense (SPID) 

system methodology in that work was a real time, wide area, adaptive protection and control 

system involving the power, communication, and computer infrastructure. The SPID system 

performs the failure analysis, vulnerability assessment, and adaptive control actions to avoid 

catastrophic power outages. In the SPID, the MAS technology was applied to prevent and control 

catastrophic failures in large power systems. The MAS can evaluate the vulnerability of the 

power system to the catastrophic events taking account the market environment and competing 
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entities. However, the proposed SPID system is not a completely decentralized system. The 

SPID system has not been tested on real time hardware. 

Nagata et al [18] proposed an MAS based restoration methodology for power systems. The 

MAS proposed in that work was composed of bus agents and a single facilitator agent. The bus 

agent decides a suboptimal target configuration after faults occur. A facilitator agent was 

developed to act as a manager for the decision process. The existence of the facilitator agents 

make the methodology centralized. Liu et al [205] put forward another restoration method for the 

power system. However, this method is also centralized because the restoration decision is made 

with the help of coordinating agents with global information in the MAS. 

Nagata et al [178] improve the method proposed in [18]. In the MAS proposed in [178], the 

coordination functions were distributed to several facilitator agents instead of one facilitator 

agent. The facilitator agents coordinate with each other autonomously. However, each facilitator 

agent works as centralized coordinator in the local area. So the MAS proposed in that work is not 

completely decentralized. In that work, the proposed restoration can only be applied to a radial 

power system. Also, the reconfiguration method was tested on a small power system simulated 

on a PC. The agents’ performance in the restoration for a large power system was not provided.  

Among the MAS based applications for the power system shown in Table 2.2, there is very 

limited research on reconfiguration methodologies for terrestrial power systems. Most of the 

MAS based reconfiguration methodologies are centralized [18,33,175-176], which may lead to 

the single point of failure. Nagata et al [177, 178] proposed MAS based partial decentralized 

reconfiguration methodologies for the power system. In these methods, the MAS is separated 

into several parts. In each part, a coordination agent works as a central controller for the 

reconfiguration of the subsystem of the power system. The reconfiguration in that work is not 

completely decentralized. Also, in these methods the reconfiguration method can only be applied 

to a power system with radial configuration. However, in these works, the proposed MAS based 

reconfiguration methodologies were not completely decentralized. No real time simulation 

scenario was implemented to test the proposed reconfiguration methodologies. The agent 

performance and the communication bandwidth requirement in the MAS were not discussed. 
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3.3 Shipboard Power System Reconfiguration 

 

Shipboard Power Systems (SPS) are power systems that supply electric power to the 

weapons, communication, navigation, and operation systems onboard for US Navy ships. The 

SPS consists of electric components such as generators, transformers, power conversion 

components, mission loads, etc. The SPS has to be controlled effectively to operate in different 

configurations according to the current mission requirements of the ship. Also, when the faults 

happen in the SPS, the SPS has to isolate the faulty region from the rest of the system, and 

maintain the availability of electric power to the vital loads for survivability and reliability of the 

ship. Compared to the terrestrial power systems, the SPS has its unique characteristics. Based on 

the unique characteristics of the SPS, some reconfiguration methods have been proposed. Some 

of the significant literature of the SPS reconfiguration process of the SPS is reviewed below. 

Butler and Sarma [190] propose a heuristics based general reconfiguration methodology for 

AC radial SPSs. In this work, the reconfiguration process is applied to the SPS for service 

restoration. The reconfiguration process is based on the initial configuration and desired 

configuration details of the system, such as the list of load connected /disconnected to the SPS, 

list of available component (cables, circuit breakers, etc) in the SPS, etc. 

Butler and Sarma [191] put forward an optimization method that can be applied to the 

reconfiguration of SPS. In this work, the objective for reconfiguration is to maximize the load 

restored in the SPS. A commercial software package is used for solving the optimization 

problem in the reconfiguration process. Butler and Sarma [192] improve the reconfiguration 

methodology proposed in [191]. In this work, reconfiguration methodology is similar to the 

reconfiguration methodology proposed in [191]. However, in this work, more constraints, such 

as voltage constraint for buses in the SPS, are applied to the reconfiguration compared to the 

work in [191]. In [190] and [191], the reconfiguration methodology is implemented by using a 

commercial optimization software, which cannot provide a real time performance.  

Srivastava and Butler [195] proposed an automatic rule based expert system for the 

reconfiguration process of an SPS. The objective of the reconfiguration process is to supply the 

de-energized loads after battle damage or cascading faults. In the event of battle damage or 

cascading faults, a failure assessment (FAST) system detects faults, identifies faulted 
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components in damaged sections, and determines de-energized loads. The reconfiguration 

method uses the output of a FAST system, real time data, topology information and electrical 

parameters of various components to perform reconfiguration for load restoration of an SPS. 

Srivastava and Butler [196] proposed a probability based pre-hit reconfiguration method. In 

this work, the reconfiguration actions are determined on the estimation of the damage that a 

weapon hit may cause before the weapon hit happens. The objective of the reconfiguration in this 

work is to restore the service in SPS and reduce the damage caused by weapon hit. This 

probabilistic reconfiguration methdology has two major modules: weapon damage assessment 

(WDA) module and pre-hit reconfiguration module. The main goal of the WDA me is to 

compute the expected probability of damage (EPOD) value for each electrical component in an 

SPS. The pre-hit reconfiguration module takes the EPOD calculated by WDA as the input, and 

determines the reconfiguration actions to reduce the damage to the SPS that may be caused by 

the weapon hit. 

In recent years, MAS technologies have been applied to the reconfiguration process in SPS. 

Srivastava et al [193] proposed an MAS based reconfiguration methodology for automatic 

service restoration in the SPS. In this work, the overall function of the MAS is to detect and 

locate the fault(s), determine faulted equipments, determine de-energized loads, and perform an 

automated service restoration on the SPS to restore de-energized loads. The MAS also gives an 

output list of restorable loads and switching actions required to restore each load. The restoration 

methodology proposed in that work is not completely decentralized. Feliachi et al [201] proposed 

a new scheme for an energy management system in the form of the distributed control agents for 

the reconfiguration of the SPS. The control agents’ task is to ensure supply of the various load 

demands while taking into account of system constraints and load priorities. A graph theoretic 

self-stabilizing maximum flow algorithm for the implementation of the agents’ strategies has 

been developed to find a global solution using load information and a minimum amount of 

communication. In that work, a control and command is used for centralized control and 

reasoning. Although a simulation platform is developed to implement parts of the 

reconfiguration system, the simulation platform proposed in [201] is not a real time solution and 

cannot provide bandwidth requirement and latency performance of the system.  

Momoh and Diouf [202] put forward an MAS based optimal reconfiguration for SPS. The 

objective of the reconfiguration process in this work is to minimize the power loss in the SPS. 
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The MAS is applied to the reconfiguration process to make the power system converge towards 

its optimal configuration in its initial start up and during normal operation when a 

reconfiguration is required. Several kinds of the agents are applied to the MAS, such as action 

agents, equipment agents, negotiating agents, etc. Facilitator agents and negotiator agents are 

required. Therefore, the reconfiguration approach is not completely decentralized. Also the 

simulation platform of the reconfiguration methodology is not real time. 

Sun et al [205] put forward a completely decentralized reconfiguration methodology for the 

reconfiguration of the SPS. The objective of the reconfiguration is to restore the loads in the SPS. 

In this work, there is no central controller in the MAS. Each agent works independently and 

autonomously. This work can avoid the single point of failure in the MAS. The reconfiguration 

methodology proposed in this work cannot be applied to SPSs with ring and mesh structure. 

Morejon et al [199] developed a simulation platform to simulate the reconfiguration 

methodology. However, the simulation platform cannot provide a real time performance. 

Solanki et al [200] proposed an MAS based decentralized reconfiguration methodology for 

SPS. In this work the reconfiguration process can isolate the fault and restore the power supply 

quickly and autonomously. Also, this reconfiguration methodology can be applied only to radial 

SPS. Solanki and Schulz [197] demonstrated the MAS for the reconfiguration of the SPS and the 

implementation of the MAS. In the simulation of the reconfiguration process in [197] and [200], 

the MAS and SPS are implemented on the same PC. The communication bandwidth of the MAS 

cannot be researched by using this simulation platform. 

From the literature review in this section, a lot of reconfiguration methodologies have been 

proposed for the SPS. However, all the reconfiguration methodologies for SPS are centralized 

solutions, except the reconfiguration work proposed in [199] and [205]. The centralized 

reconfiguration methodology may lead to the single point of failure in the reconfiguration 

process. Also, the simulation scenarios in these works are not in real time and cannot provide the 

bandwidth requirement latency performance of the system. 

 

3.4  Summary and Conclusions 
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This chapter provides a literature review of the reconfiguration methodologies in power 

systems. First, the reconfiguration methodologies in terrestrial power system are reviewed. Then 

the MAS technology is introduced and its application to the power system reconfiguration 

process is discussed. Since in this work, the proposed reconfiguration methodology is 

demonstrated and verified in an SPS, the SPS is introduced and previous reconfiguration 

methodologies on SPS are presented in the end of this chapter. 

The literature review in this chapter reveals some important points, which are: 

 

1). Most of the proposed reconfiguration methodologies are centralized solutions. A central 

controller (processor) is required in the reconfiguration system for data process and 

analysis, decision making, etc. When the central controller fails, the entire 

reconfiguration system fails if the reconfiguration system does not have redundancy. This 

will lead to the single point of failure.  

 

2) Power system reconfiguration, especially agent based reconfiguration works, are not 

completely topology independent. For example, in [18,33,75] the MAS based 

reconfiguration methodology can only be applied to radial power systems. However, ring 

structure and mesh structure are widely applied to modern power systems in order to 

increase the reliability of the power system. A power system reconfiguration 

methodology is required for a power system with any topology. 

 

3) MAS based reconfiguration methodologies proposed in previous works have not been 

demonstrated in real time environment. The agents in the MAS are implemented on one 

PC to simulate the reconfiguration methodology [18]. When the power system becomes 

large, the reconfiguration computation will increase in the simulation system. It may slow 

down the simulation and affect the simulation performance. 

 

4) Very little large scale performance analysis of an MAS is provided. The simulation of the 

MAS is on one PC, the communication between agents is achieved by the communication 

between threads on one PC . So the bandwidth requirement cannot be found by using one 

PC to simulate the MAS. 
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In light of the points discussed above it is important to develop a completely decentralized 

reconfiguration approach that is scalable, can avoid the single point of failure, requires limited 

communication bandwidth, topology independent, and flexible. It is also important to perform a 

real time or nearly real time implementation/validation of such algorithm to correctly assess the 

performance of agents. Only by adequately assessing the agents’ performance in or near real 

time, a strong case for agent based solution over reconfiguration solution can be made. 

In the later chapters, an MAS based completely decentralized reconfiguration for power 

system is proposed. The proposed methodology is immune to the single point of the failure and 

applicable to a power system with radial, ring, or mesh structure. Each agent in the system works 

autonomously and independently to make the reconfiguration decisions, which makes proposed 

MAS scalable, flexible and robust. 
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CHAPTER 4 

SOLVING REDUNDANT INFORMATION ACCUMULATION 
 
 
 
 

In this chapter, an MAS based reconfiguration system for a power system is introduced. This 

reconfiguration system works in a completely decentralized manner. Each agent in the MAS 

works independently and autonomously. There is no dominant agent or central controller in the 

MAS. In an MAS with information loop(s), such as ring structured and mesh structured MAS, 

the redundant information accumulation (RIA) will happen when the agents operate in a 

completely decentralized manner. RIA is like a positive feedback loop in a traditional control 

system and makes the message flow in the MAS unstable. Then, a spanning tree algorithm is 

proposed to solve the RIA problem in an MAS with loop(s). The proposed spanning tree 

algorithm works in a complete decentralized manner. The spanning tree algorithm can break the 

connections between agents in the MAS, however, it does not affect the connections between the 

electric components in the power system. 

In this chapter, the concepts of an agent and an MAS are introduced first. Second, a 

completely decentralized MAS is proposed for the reconfiguration of a power system in a 

completely decentralized manner. Third, the solution to RIA is demonstrated in a simple MAS 

applied to a looped architecture. Finally, a comprehensive demonstration of the solution to the 

redundant information accumulation problem and a completely decentralized system is given. 

 
 

4.1  Agent and Multiagent System 
 

Wooldridge and Jennings [15] define the agent as “a computer system that is situated in some 

environment, and that is capable of autonomous action in this environment in order to meet its 
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design objectives”. Wooldridge and Jennings [182] indicate that an agent is used to denote a 

hardware or (more usually) software based computer system that enjoys the following properties: 

 

1) Autonomy: Agents operate without the direct intervention of humans or others, and 

have some kind of control over their actions and internal states; 

 

2) Social ability: Agents interact with other agents (and possibly humans) via some kind 

of agent communication language; 

 

3) Reactivity: Agents perceive their environment (which may be the physical world, a 

user via a graphical user interface, a collection of other agents, the Internet, or 

perhaps all of these combined), and respond in a timely fashion to changes that occur 

in it; 

 

4) Pro-activeness: Agents do not simply act in response to their environment. They are 

able to exhibit goal-directed behavior by taking the initiative. 

 

An abstract view of an agent is shown in Figure 4.1. This figure shows the action output 

generated by the agent in order to affect its environment. The agent takes sensory input from the 

environment, and produces output actions that affect the environment. The interaction is usually 

ongoing and non-terminating [15].  

 

AGENT

ENVIRONMENT

Action 
Output

Sensor 
Input 

 
 

Figure 4. 1 An Agent in Its Environment [15] 
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Recently, MAS technology has been widely applied to solving problems in power systems. 

MASs are typically distributed systems in which several distinct components, each of which is 

an independent problem solving agent, come together to form a coherent whole [183]. D’Inverno 

and Luck [183] indicate that an MAS is any system that contains: 1) Two or more agents, and; 2) 

At least one autonomous agent, and; 3) At least one relationship between two agents where one 

satisfies the goal of the other. Figure 4.2 illustrates the typical structure of an MAS [184]. The 

system consists of a number of agents that interact with one another through communication. 

The agents have ability to act in an environment and have different “spheres of influence”. This 

means that they will have control over or will have the ability to influence different parts of the 

environment. In some cases these “spheres of influence” may overlap or coincide. This gives rise 

to dependency relationships between the agents. Agents are linked with each other by other 

relationships [15]. 

 
 

Sphere of Influence 
Environment 

------- organizational relationship 

 Interaction 

 agent 
 

Figure 4. 2 Typical Structure of MAS [184] 
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The basic approach behind MAS is to decompose a large, complex problem into a number of 

(less complex) sub problems. Each sub problem falls under the responsibility of an agent. Since 

sub problems are interrelated, a coordination mechanism is applied to ensure that local decisions 

lead to a globally desirable result [185]. This approach leads to a modular and flexible software 

solution, which is well suited for the problem of predictive reconfiguration. 

 
 

4.2 Multiagent System for Power System Reconfiguration 
 

In this research work, an MAS based reconfiguration system for a power system is developed 

and implemented. Each agent in the MAS is integrated with a major electric component in the 

power system, such as generators, motors, circuit breakers, etc. Figure 4.3 shows the simplified 

architecture of the proposed MAS based reconfiguration system model for a power system. 

 

Agent

Agent

Agent

AgentAgent

Electric
Component

Multi-agent
Layer

Power System
Layer

 

Figure 4. 3 Hierarchy of Reconfiguration Model 
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The MAS and the power system reside separately in two layers, as shown in Figure 4.3. The 

lower layer is the power system layer. The power system consists of different electric power 

components, such as generators, transformers, motors, circuit breakers, and so on. The electric 

current flows in the power system layer to transmit the electric power from a source to a load. 

The upper layer is the MAS layer, in which an each agent is associated with a major component 

in the power system layer. An agent in the MAS can exchange information with the 

corresponding electric component in the power system layer. For example, the agent that is 

associated with a generator can gather the information of the current, voltage, and electric power 

output of the corresponding generator. The agent can also send control command(s) to the 

corresponding generator in order to adjust the real and reactive power outputs of the generator. If 

two electric components have connection between each other in the power system layer, the two 

associated agents in the agent layer consider each other as a neighboring agent. For example, if a 

generator is connected with a circuit breaker in the power system layer, the corresponding 

generator agent and circuit breaker agent are defined as neighboring agent of each other. So the 

topology of the MAS layer is similar to that of the power system layer, as shown in Figure 4.3. 

An agent in the multi-agent layer is restricted to only communicate its neighboring agents to 

assure that the system works as a decentralized system. This communication architecture makes 

the system less dependent on the topology of an SPS. Meanwhile, this setup also decreases the 

communication burden within the system.  

The agents in the MAS exchange information with their neighboring agents. An agent makes 

reconfiguration decisions autonomously and independently based on the information it received 

from the neighboring agents and its corresponding component in the power system layer. After 

an agent makes reconfiguration decisions, it sends control command(s) to the corresponding 

component in the power system layer to achieve the reconfiguration objectives. For example, 

based on the current information from the neighboring agents in the MAS and the corresponding 

circuit breaker in the power system, a circuit breaker agent may make a reconfiguration decision 

to open the corresponding circuit breaker. Then the circuit breaker sends a control command to 

the corresponding circuit breaker. The actuator of the circuit breaker will then open the circuit 

breaker.  
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In the proposed MAS, there is no dominant agent. Each agent works autonomously and 

independently. No agent has the pre-set global information of the entire power system. The MAS 

for reconfiguration works in a completely decentralized manner, which makes the MAS immune 

to the single point of failure. Without a central coordinating or reasoning agent, the 

reconfiguration decision making process is distributed throughout the entire MAS. The agents in 

the MAS implement most of the decision-making process and analysis associated with the 

reconfiguration locally. This leads to a reduced communication burden as compared to what is 

caused in a centralized reconfiguration system generally implemented using a client server 

approach. For example, in [18] a facilitator agent facilitated the negotiation process of the MAS. 

The facilitator agent had access to all other agents in the MAS. In order to communicate with all 

other agents in the MAS, the facilitator agent had to acquire global information that is required 

for the reconfiguration. In that solution, the facilitator agent worked as a centralized server. 

When the size of the power system becomes large, the communication burden between the 

facilitator agent and other agents in the MAS will increase exponentially. This may cause the 

communication bottleneck between the facilitator agent and other agents in the MAS and slow 

down the performance of the reconfiguration system. In the proposed MAS in this dissertation, 

the agents in the MAS are limited to communicate with their neighboring agents. When the 

topology of the MAS changes, e.g. a new agent comes into the MAS or an agent in the MAS 

quits the MAS, the agent only needs to update the information with its neighboring agents. So 

the communication and computation can be reduced when the topology of the MAS changes  

 
 

4.3 Redundant Information Accumulation 
 

In a completely decentralized MAS, each agent only communicates with its neighboring 

agents. The agents exchange information with each other by sending/receiving message to/from 

their neighboring agents. When an agent receives a message from one of its neighboring agent, it 

generates a message and forwards the message to all other neighboring agents. When there is a 

loop in the MAS, the message may go back to the agents from which the message initially 

originates. This is the information looping problem in the completely decentralized MAS. This 

looping problem happens in any completely decentralized control networks with loop(s). The 
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information looping problem is a well known problem in computer science. In [36,37], a looping 

problem in network communication is discussed. The looping problem in [36] is defined as 

“packets are returned to a node from which they were previously transmitted.” A routing-table 

loop is defined in [38] as “a path specified in the nodes’ routing table at a particular point in time, 

such that the path visits the same node more than once before reaching the intended destination”. 

The nodes in the network discussed in [36-38] are similar to the agents in the MAS. In the MAS 

proposed in this research work, the looping problem may cause the redundant information 

accumulation (RIA) problem. 

 

4.3.1 Multiagent System for a Power System with Loop 
 

Consider a simple ring structured power system with two generators and two loads as shown 

in Figure 4.4 (a). In Figure 4.4 (a), G1 and G2 are two generators that connect to generator buses 

B1 and B3 respectively; L1 and L2 are two loads that connect to load buses B2 and B4 

respectively. In this work, the power capacity of a generator is defined as the rated power output 

of the generator. Assume that the power capacities of G1 and G2 are c1 kW and c3 kW, 

respectively. The power capacity of a load is defined as the opposite number of the rated power 

consumption of the load. For example, if the rated power of a load is p kW, the power capacity 

of that load is defined as –p kW. Assume that the power capacities of L1 and L2 are c2 kW and 

c4 kW, respectively. The ideal bus and circuit breaker do not produce/consume power, so the 

power capacity of the bus and circuit breaker in the power system is defined as 0 kW. In the 

power system shown in Figure 4.4, the generator buses and load buses are connected in a ring 

structure. The generators and loads are connected to the corresponding buses. The corresponding 

MAS for the simple power system is shown in Figure 4.4 (b). In Figure 4.4 (b), Agent5 and 

Agent7 are generator agents associated with G1 and G2, respectively. Agent6, and Agent8 are 

loads agents associated with L1 and L2, respectively. Agent1, Agent2, Agent3, and Agent4 are 

bus agents associated with B1, B2, B3, and B4 respectively.  

Based on the definition of neighboring agents, expressed earlier, since B1 and B2 are 

connected with each other, the corresponding Agent1 and Agent2 are neighboring agents with 

connecting shown by solid lines in Figure 4.4 (b). As shown in Figure 4.4 (b), the neighboring 

agents are connected by solid lines. 
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Figure 4. 4 Simple Ring Structured Power System 

 

4.3.2 Message Flow in MAS 
 

The main objective of a reconfiguration function in a power system is to make sure that 

important loads in the power system can receive electrical power supply. One main consideration 

of the reconfiguration process is the available power in the system. 

Consider 

 

i j
i j

NP c c= +∑ ∑  

 

where ic  is the power capacity of the generators in the power system, jc  is the power 

capacity of the loads in the power system. NP  is the net power of the power system. 

If 0NP > , it means the available power in the power system is higher than the power 

consumed in the power system and some loads in the power system can be restored. If 0NP < , 

that means the available power is lower than the total power demand in the power system and 

some loads have to be shed. The agents in MAS exchange the power capacity of the electric 

component with each other check the available power in the power system. Based on the 
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received power capacity received from neighboring agents, the agents make reconfiguration 

decisions. 

In Figure 4.4 (a), G1 is connected with B1 and power capacity of G1 is c1 kW, that means c1 

kW power can be supplied to the power system through B1. Similarly c3 kW can be supplied to 

the power system through B3 to the power system. L1 and L2 are loads connected with B2 and 

B4 respectively. Since c2 < 0 and c4 < 0, B2 and B4 request –c2 kW and –c4 kW from the power 

system to supply load L1 and L2, respectively.  

In order to simplify the message flow in the MAS, only the agents that are connected in the 

loop are considered for the message flow, as shown in Figure 4.5. In Figure 4.5 shows the 

message that flows among the agents in the MAS for the first round. Assume that the message 

flow starts from Agent1. Since B1 can supply c1 kw to the power system, Agent1 sends power 

capacity c1 kw to Agent2. When an agent ia in the loop receives power capacity message ,i jG  

from an agent ja , it generates the power capacity message ,i kS  to be sent to bus agent ka  by 

using (4.1) 

 

, ,S G ci k i j i= +                (4.1) 

 

where ic  is the power that can be supplied through the component that is associated with 

agent ia .  So Agent2 sends 1 2c c+  to Agent3. Agent3 sends 1 2 3c c c+ +  kW to Agent4. Agent4 

sends 1 2 3 4c c c c+ + +  kW to Agent1, as shown in Figure 4.5. In the MAS, an agent can send 

message to any neighboring agents in any direction. So the message flow can be clockwise and 

counter clockwise. In order to simplify the message, only clockwise message flow is shown in 

Figure 4.5. 

When Agent1 receives 1 2 3 4c c c c+ + +  kW from Agent4, it generates the message to be sent to 

Agent1 by using (4.1). The result becomes 1 2 3 4 1c c c c c+ + + +  kW. Since 
4

1
i

i

NP c
=

= ∑  in this power 

system, Agent1 sends a message, which is 1cNP +  kW, to Agent2, as shown in Figure 4.6. When 

Agent2 receives 1cNP +  kW from Agent1, it also generates the message for Agent3 as 1 2NP c c+ + . 
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Figure 4.6 shows the message flow in the MAS after Agent1 receives NP  kW from Agent4 as 

shown in Figure 4.5. 

Agent1

Agent2

Agent3

Agent4

c1
c1+c2

c1
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+c3
c1+c2+c3+c4  

 

Figure 4. 5 First Round Message Flow in an MAS with Ring Structure 
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Figure 4. 6 Second Round Message Flow in an MAS with Ring Structure 

 

4.3.3 Information Accumulation in MAS with Loop 
 

Comparing the message flow in Figure 4.5 and Figure 4.6, it is clear that after the second 

round of information flow NP  kW gets accumulated to the message flow. This NP  kW is 

accumulated to the message flow due to the loop in the MAS. It is clear that NP  kW information 

will get accumulated in any round of information flow. Let , ( )i kG n  be the message that agent ia  
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receives from its neighbor agent ka for the thn round. Let , ( )i kS n  be the message that agent ia  

sends to its neighbor agent ka for the thn round. The message , ( )i kG n  satisfies (4.2) when agents 

use (4.1) to generate and exchange the message. 

 
( ) (1) ( 1), ,G n G n NPi k i k= + − ×         (4.2) 

 

Lemma 4.1: , ( )i kG n  satisfies (4.2), if (4.1) is applied to calculate the message flow in the 

MAS with agents connected in a ring structure.  

 

Proof: Assume that there is a ring in the MAS that is composed of m  agents. The agents in 

the loop are denoted as 1 2, ,... ma a a . The power capacities of the corresponding electric 

components of the agents are 1 2,, ... mc c c , respectively. Agent 2a  and ma  are neighboring agents of 

1a . Agents 1a  and 1ma −  are neighboring agents of agent ma . Agent 1ka −  and agent 1ka +  are 

neighboring agents of ka  ( 1,k m≠ ). Assume that the agent 1a  receives a message from the 

neighboring agent ma  for the thn  round. The received message is denoted as 1, ( )mG n . The agent 

1a  applies (4.1) to generate the message to be sent to the neighboring agent 2a . 

 

1,2 1, 1( 1) ( )mS n G n c+ = +          (4.3) 

 

When agent 2a  receives the message from the agent 1a , 

 

2,1 1,2( ) ( )G n S n=        (4.4) 

 

The agent 2a  applies (4.1) to generate the message that is to be sent to the agent 3a ,  

 

2,3 2,1 2( ) ( )S n G n c= +               (4.5). 

 

Put (4.3), (4.4) into (4.5), then 
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2,3 1, 1 2( 1) ( )mS n G n c c+ = + +          (4.6). 

 

Similarly, when an agent ima  receives message , 1m mG −  from the agent 1ma − , it generates the 

sending message to the agent ma : 

 

,1 , 1 1, 2 1 1, 1 1( 1) ( ) ( ) ... ( ) ...m m m m m m m m m m mS n G n c G n c c G n c c c− − − − −+ = + = + + = = + + + +        (4.7). 

 

When Agent 1a  receives the message from Agent ma , 

 

1, ,1 1, 1 2( 1) ( 1) ( ) ...m m m mG n S n G n c c c+ = + = + + + +            (4.8). 

 

Since 
1

m

k
k

NP c
=

= ∑ , 1, 1,( 1) ( )m mG n G n NP+ = +  (4.9). So  

 

1, 1, 1, 1,( ) ( 1) ( 2) 2 ... (1) ( 1)m m m mG n G n NP G n NP G n NP= − + = − + = = + − ×  

 

Q.E.D. 

 

The accumulation of NP  kW power over early round of information flow is defined as the 

redundant information accumulation (RIA). This is like the positive feedback loop in a control 

system. Each time the message flow goes through the loop, NP  kW power will be accumulated 

to the message flow. The RIA will lead to the incorrect information flow in the MAS. For 

example, in Figure 4.6, Agent4 receives 1 2 3c c c NP+ + + kW from Agent3 indicating that B4 can 

receive 1 2 3c c c NP+ + +  kW through B3. However, B4 can only receive 1 2 3c c c+ +  kW through B3 

actually. If the MAS makes reconfiguration decision based on the messages flow as shown in 

Figure 4.6, the reconfiguration process cannot be achieved correctly.  
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4.3 4 Possible Solutions to RIA problem 
 

There is no way for the agents in the MAS to identify and avoid the RIA problem without 

additional information or processes. For example, assume that there is no capacity change in the 

electric components in the power system. The NP  kW power has accumulated in the message 

flow every time a message goes through a loop in the MAS and return to the agents that it 

originates. The agents in the MAS need to identify if the message it received is initially from 

itself. Unfortunately, in a completely decentralized MAS, an agent can only communicate with 

its neighboring agent and has no preset topology information of the entire MAS. 

One of the possible solutions to the RIA problem is to setup the routing table for each agent 

in a completely decentralized MAS. The agents can send message to the neighboring agents 

according to its own routing table. By using the routing table, the agents in the MAS can avoid 

sending a message back to the agent from which the message originated. However, the routing 

tables need to be preset for each agent in the MAS. When the MAS becomes large and topology 

of the MAS becomes complicated and changing, it becomes difficult to set up and maintain the 

routing table. When the topology of the MAS changes due to a change in the SPS, the routing 

tables for the agents also need to be updated. When the MAS becomes large, the work related to 

the routing table update can increases dramatically. Eventually, the routing table process 

becomes too complex to compute in reasonable time. Clearly a routing table solution is not a 

scalable solution. 

Another possible solution to the RIA problem is to put tags in the message. Each agent in the 

MAS has its unique identifier (UID). The tag of a message is a list that records the UIDs of the 

agents that the massage has passed. So when an agent receives the message from its neighboring 

agent, it checks the tag of the received message. If the tag of the message shows that the message 

has not yet passed through this agent, the agent processes the received message using (4.1), puts 

its UID in the tag and forwards the message to its neighboring agents. If the tag shows that the 

message has passed this agent, it stops processing the received message and does not forward the 

message to its neighboring agents. Since the message flow cannot form a loop, the RIA problem 

can be avoided. However, the overhead (tags) of the message will increase when the MAS 

becomes large. In [36], a similar solution to the looping problem is proposed. However, 

“although the looping problem can be resolved completely by this algorithm, the size of the 
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routing message and the memory required to store the routing tables are proportional to the 

diameter of the network. Hence, it will induce very high operational overheads” [39]. The MAS 

will require more communication bandwidth due to the increase of the overhead if this method is 

applied. 

Since the RIA problem is caused by the loop(s) in the MAS, the RIA problem can be solved 

by breaking the loop(s) in the MAS and generated a loop free topology in the MAS. In this 

dissertation, a spanning tree algorithm is proposed to break the loop(s) in the MAS in a 

decentralized manner. By applying the proposed algorithm, a tree structure can be generated in 

the MAS. The information flow in restricted in the generated tree topology so that the RIA 

problem can be solved. 

 
 

4.4 Decentralized Spanning Tree 
 

In graph theory, a tree is a graph in which any two nodes are connected by exactly one path. 

There is no loop in a system with tree topology. In a rooted tree, one node is the root node in the 

graph. The root node takes its neighboring node(s) as its children node(s). If node A is a children 

node of node B, then node B is a parent node of node A. If a node has node(s) other than the 

parent node, it takes those node(s) as its children node(s). A node with no children node(s) is 

defined as a leaf node. 

A graph with loop(s) can by spanned into a tree topology by breaking the loop(s) in the graph. 

The spanning tree algorithm is used to eliminate the loop(s) in a ring or mesh structured network 

by breaking the loop(s) in the network. In [211], spanning tree protocol is proposed to detect and 

break the loop(s) in a communication network so that a loop free network can be generated. 

However, in that work, the root node in the network is designated instead of elected in a 

decentralized manner. The MAS proposed in this dissertation works in a decentralized manner. 

There is no central agent that can designate the root agent for the MAS. The agents in the MAS 

have to elect a root agent in a decentralized manner. 

Other spanning tree algorithms are also proposed. For example, the minimum spanning tree 

algorithm [212] is used to form a tree in a meshed network with weighted edges. By applying the 
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minimum spanning tree algorithm, the total weight of the generated tree can be minimized. 

However, the minimum spanning tree algorithm is also achieved in a centralized manner. 

In later discussion, the tree topology refers to a rooted tree topology. In this section, an 

algorithm is put forward to solve the RIA problem in a completely decentralized MAS. This 

algorithm is scalable, generic and applicable to an MAS with any topology. The overhead of the 

message will not increase when the size the of the MAS increases. So the bandwidth requirement 

for the MAS can be reduced and will not exceed a certain limit. 

The RIA problem is caused by the existence of the loop(s) in the MAS. In an MAS with 

radial structure, the messages can flow in the MAS without RIA problem [205]. If the MAS with 

loop(s) can be converted into a radial system by breaking the loop(s) in the MAS, there will be 

no RIA problem. However, in a completely decentralized MAS, no agent has information about 

the topology of the entire MAS. The agents do not know the existent of the loop(s). The agents 

also do not know where to break the MAS to ensure: 

 

1) There is no loop existing in the MAS after MAS is broken; 

 

2) Each agent has connection at least to one other agent in the MAS after the MAS is broken; 

 

3) The information an agent received will not be affected after the MAS is broken. 

 

In the following subsections, an algorithm that can detect and break the loop(s) in an MAS 

into a spanning tree in a completely decentralized manner is proposed.  

 

4.4.1 Initialization 
 

The decentralized spanning tree algorithm proposed in this work is an asynchronous 

algorithm. The agents in the MAS coordinate with each other to generate a tree structure in the 

MAS. Consider an MAS with n  agents, the agents in the MAS are denoted as 1 2, ,... na a a . The 

variables, sets, and functions for each agent are defined as follows: 
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1. Variable uid . The variable uid  is the unique identifier (UID) of the agent. The UID is a 

number that can be used to identify an agent in the MAS. The UID of the agent ia is 

denoted as iuid . In this chapter, in order to simplify the demonstration of the algorithm, 

the index number of an agent ia  is used as the UID of the agent, i.e. iuid i = .  

 

2. Variable regroot _ . The variable regroot _ indicates the root agents of the generated tree 

structure in the MAS. The initial value of the regroot _  is the UID of the agent, i.e. 

_ i iroot reg uid= . 

 

3. Variable _is root . The variable _is root  indicates if the agent is the root agent of the 

generated tree structure in the MAS. The initial value of the _is root  is _is root false= . 

 

4. Variable _is leaf . The variable _is leaf  indicates if the agent is the leaf agent of the 

generated tree structure in the MAS. The initial value of the _is leaf  is _is leaf false= . 

5. Set parent . The set parent  contains the parent agent of the agent in the generated tree 

structure in the MAS. The initial value of parent  is = Φparent . 

 

6. Set children . The set children  contains the children agent(s) of the agent in the 

generated tree structure in the MAS. The initial value of children  is = Φchildren . 

 

7. Function ,send(*)i j . The function ,send(*)i j  indicates that agent ia  sends message to 

agent ja . The * in the parenthesis indicates the content of the message that is sent. 

There are three types of contents for the messages transmitted in the MAS for the 

decentralized spanning tree algorithm. First type of content is uid . The second type of 

the content is a Boolean variable that is true  or false . The third type of content is a 

phrase " _ "up confirmed  or " _ "down confirmed . 
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8. Function ,receive(*) j i . The function ,receive(*) j i  indicates that agent ia  receives message 

to agent ja . The * in the parenthesis indicates the content of the message that is 

receives. 

 

9. Variable _false recv . The variable _false recv  indicates the number of received 

messages with the content of false . The initial value of _false recv  is _ 0false recv = . 

 

10. Variable _confirm recv . The variable _confirm recv  indicates the number of received 

messages with the content of _up confirm . The initial value of _confirm recv  is 

_ 0confirm recv = . 

 

Some sets are defined as follows for discussing the spanning tree algorithm. These sets are 

not in the agents. 

 

1. Set mas . The set mas  contains the UID of the agents in the MAS. { }1 2, ,... nuid uid uid=mas . 

 

2. Set root . The set root  contains the root agent in the generated tree structure. The initial 

value of root  is = Φroot . 

 

3. Set cand_root . The set cand_root  contains the candidate root agent in the MAS. The value 

of cand_root  is = Φcand_root . 

 

4.4.2 Decentralized Spanning Tree Algorithm 
 

By applying the decentralized spanning tree algorithm to an MAS, the MAS can be broken 

into a tree structure in a decentralized manner. In the generated tree structure of the MAS, one 

agent is elected as the root agent of the tree. Parent agent and children agents are defined for 

each agent in the MAS for reconfiguration. The procedure of the decentralized spanning tree is 

presented as follows: 
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1 Each agent compares its UID with the UIDs of its neighboring agents. If the UID of the 

agent is smaller than the UIDs of all its neighboring agents, the agent makes itself a 

candidate root agent. The final root agent is elected from the candidate root agents in the 

MAS. 

 

j i j i j i

i

if : uid , uid <uid , where uid , uid , 

then:  = {uid }

∀ ∈ ∈

∪

mas nbr

cand_root cand_root
 

 

2 If an agent is a candidate root agent, it sends its UID to its neighboring agents.  

 

send ,
i

i,j j i

if : uid
then : (uid) where uid

∈

∈

cand_root
nbr

 

 

3 When an agent ia  receives message from the agent ja , during the spanning tree process, 

there are three possibilities as follows: 

 

3.1 The received message is the UID: The agent compares the received UID with its 

_ iroot reg . If the received UID is smaller than the _ iroot reg , it updates its 

regroot _ with the received UID. The agent then forwards the updated regroot _ to its 

neighboring agents, with the exception of the sending agent. The agent clears the 

children set, _false recv , and _confirm recv . Also the agent put the sending agent in its 

parent set, and sends the message true to the sending agent. If the received UID is 

bigger than or equal to the regroot _ , the agent sends false to the sending agent. 
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{ }

receive

send

send

j,i

i

i

i j

i

i,k k i j

i,j

(uid)

if : uid < root_reg ,
then : root_reg  = uid
          = {uid }

          = 
         false_recv = 0

         (root_reg) , where uid  - uid

         (true)

φ

∈

parent

children

nbr

send i,jelse : (false)

. 

 

If an agent has no neighboring agents other than the sending agent, the agent 

labels itself as a leaf agent. The leaf agent is an agent without children agents. When 

an agent labels itself as a leaf agent, it sends " _ "up confirmed message to the agent that 

is in its parent set. 

 

send

i j

i

i,k k i

if :  - {uid } = 

then : is_leaf  = true
         ("up_confirmed") , where uid

φ

∈

nbr

parent
 

 

 

3.2 The received message is the Boolean value falsetrue / : If an agent receives a message 

of true  from its neighboring agent, the agent puts the neighboring agent in its 

children set. If an agent receives a message of false  from its neighboring agent, the 

agent increases the value of _false recv by 1. 

 

receive

receive

j,i

i i j

j,i

if : (true)

then :  =   {uid }

else if : (false)

then : false_recv = false_recv + 1

∪children children
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If _ 1false recv + is equal to the number of neighboring agent, the agent labels itself 

as a leaf agent. Then the agent sends the message " _ "up confirmed  to the agent in its 

parent set. 

 

send

i

i,k k i

if : false_recv + 1 = size of 
then : is_leaf = true
         ("up_confirmed") , where uid ∈

nbr

parent
 

 

 

3.3 The received message is the phrase " _ "up confirmed / " _ "down confirmed : If an agent 

received the phrase " _ "up confirmed from its neighboring agent, the agent increase the 

value of the _confirm recv by 1. When the agent receives the message " _ "up confirmed  

from all agents in the children  set, the agent sends the message " _ "up confirmed to 

agent in its parent set if the parent set is not empty. If the φ=parent , the agent labels 

itself as the root agent. The root agent sends a message " _ "down confirmed  to all agents 

in its children  set. 

 

receive

send

j,i

i

i

i,k

if : ("up_confirmed")

then : confirm_recv=confirm_recv+1
          if : confirm_recv + 1= size of 
          then : if :   
                    then : ("confirm") , wher

φ≠

children
parent  

send ,

k i

i

i

i,k k i

e uid   
                    else: is_root  = true
                             = {uid }
                            ("down_confirm")  where uid
                   end if
    

∈

∈

parent

root
children

      end if
end if

 

 

If an agent receives the message " _ "down confirmed  from its neighboring agent, the 

agent now identifies the current agent(s) in the parent set and the children set as its parent 
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agent and children agent(s) respectively of the MAS. If the children set of the agent is not 

empty, the agent forwards the message " _ "down confirmed  to all agents in its children  set. 

 

receive

send
j,i

i,k k i

if: ("down_confirmed")

then: ("down_confirmed") , where uid ∈children
 

 

4 After the agents in the MAS identify their parent agent and children agents, a tree 

topology is generated in the MAS. The agents only send messages to their parent agent 

and children agents. Since the messages are transmitted in the generated tree structure in 

the MAS, the RIA problem can be avoided in the MAS. 

 

The algorithm stated above can generate a tree structure in a mesh structured MAS. The 

agent with the smallest UID is elected as the root agent of the generated tree structure. Each 

agent in the MAS identifies its parent agent and children agent(s). The algorithm can ensure that 

there is no loop existing in the generated tree structure and each agent is connected in the tree 

structure in the MAS.  

 

4.4.3 Validation of Decentralized Spanning Tree Algorithm 
 

Lemma 4.2: Each agent, except the agent with smallest UID, receives the smallest UID at 

least once from its neighboring agents. 

 

Proof: Assume iuid  of the agent ia is the smallest UID among the UIDs of all the agents in 

the MAS. Since iuid  is smaller than any UIDs of neighboring agents of ia , according to 1) in 

section 4.4.2, the agent ia  is a candidate agent. Since ia  is a candidate agent, according to 2) in 

section 4.4.2, it sends the iuid  to its neighboring agents. When the neighboring agents of ia  

receives iuid , according to 4.1) in section 4.4.2, they forward the iuid  to their neighboring agents, 

except ia . According to 4.1) in section 4.4.2, the neighboring agents of agent ia  will not forward 

iuid to agent ia  if they receive iuid  from agents other than agent ia . Since iuid  is the smallest 

UID in the MAS, according to the 4.1) in section 4.4.2, each agent in the MAS forwards the iuid  



 60

to the neighboring agents when it receives iuid  for the first time. Because each agent has at least 

one connection with other agents in the MAS, each agent will receives iuid  that is forwarded 

from its neighboring agent at least once. Q.E.D. 

 

Lemma 4.3: Each agent, except the root agent, in the MAS has one and only one parent agent. 

The agent with the smallest UID is the root agent of the MAS. 

 

Proof: Each agent in the MAS has a unique uid . Assume iuid  of ia is the smallest UID among 

the UIDs of the agents in the MAS. Since iuid  is smaller than any UIDs of neighboring agents of 

ia , according to 1) in section 4.4.2, the agent ia  is a candidate agent. Since ia  is a candidate 

agent, according to 2) in section 4.4.2, it sends its iuid  to the neighboring agents. When an 

agent ka  in the MAS receives iuid  from agent ia , it compares received iuid with its _ kroot reg . If 

_i kuid root reg< , ka  takes ia  as it parent and _ k iroot reg uid← . According to 4.1) in section 4.4.2, 

after an agent ka  update its _ kroot reg  with the smallest uid  in the MAS, it will not update the 

agent in its parent  set when it receives iuid  later. The agent in its parent  set is its final parent 

agent. If _i kuid root reg=  and i k≠ , then ka  has updated its _ kroot reg  with iuid . The parent agent 

in agent ka ’s parent  set is ka ’s final parent agent. So when an agent ka  ( k i≠ ) receives the 

smallest iuid  in the MAS, the parent agent of ka  is decided or has been decided. According to 

4.1) in section 4.4.2, ka  forwards iuid  to its neighboring agent when ka  receives iuid  for the first 

time. According to Lemma 4.2, each agent ka  ( k i≠ ) in the MAS has its parent agent. Since 

kparent  has only one element if k ≠ Φparent , each agent ka  ( k i≠ ) has one and only one parent 

agent. If i k= , according to 4.1) in section 4.4.2, agent ka  will never update its parent , so agent 

ka  will never have parent agent and ka  is a root agent. Q.E.D. 

 

Lemma 4.4: If agent ja  is agent ka ’s parent agent, then agent ka  is one of agent ja ’s 

children agents. 
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Proof: Assume that iuid  is the smallest UID is the MAS. When ka  receives iuid  from ja  for 

the first time, according to 4.1) in section 4.4.2, agent ka  puts iuid  in its parent  set and sends 

true  to agent ja . When agent ja  receives true  from agent ka , it puts agent ka  in its children  set. 

Since ka  receives iuid  from agent ja , according to 4.1) in section 4.4.2, _ j iroot reg uid=  and 

agent ja  will not clear jchildren  when it receives UIDs from its neighboring agents. So agent ja  

is agent ka ’s parent agent and agent ka  is one of agent ja ’s children agents, when ka  receives 

iuid  from ja  for the first time. According to Lemma 4.2, each agent in the MAS receives iuid  

from its neighboring agent. So for any agent ja  in the MAS, if agent ja  is agent ka ’s parent 

agent, then agent ka  is one of agent ja ’s children agents. Q.E.D. 

 

According to Lemma 4.2, Lemma 4.3, and Lemma 4.4, the decentralized spanning tree 

algorithm can be proved to generate a tree structure in the mesh structured MAS in a 

decentralized manner. By generating a tree structure, RIA problem can be solved by restricting 

the information flow in the generated tree structure in the MAS. 

 
 

4.5 Summary and Conclusions 
 

In this chapter, the concepts of agents and multiagent system are introduced first. Then a 

simplified MAS based reconfiguration architecture is proposed. The MAS in the proposed 

reconfiguration architecture works in a completely decentralized manner. Each agent in the MAS 

only communicates with its neighboring agents. The agents work autonomously and 

independently. Based on the discussion in this chapter, the following observations can be made: 

 

1) In an MAS, the agents exchange power capacity information to find out the available 

power in the power system for reconfiguration. When an agent receives power 

capacity information from its neighboring agents, it adds its own power capacity to 

the received power capacity and sends the result to the neighboring agents. When a 

message goes to the agent that it initially originates from, the some power capacities 



 62

will be accumulated to the received message. This is defined as the redundant 

information accumulation (RIA) problem. It is like the positive feedback loop in the 

control system and leads to incorrect information flow in the MAS. 

 

2) In a communication network with loop(s), a looping problem will happen when an 

information packet goes back to the node that it originates from through the loop(s) in 

the network. In an MAS, if the agents in the MAS work in a completely decentralized 

manner and there are loop(s) in the MAS, the looping problem can lead to the RIA 

problem. 

 

3) The RIA problem can be solved by breaking loop(s) in the MAS and generating a 

loop free topology in the ring or mesh structured MAS. 

 

4) Spanning tree algorithms are used to generate a loop free topology in a network with 

loop(s). The spanning tree algorithms can be modified and used in an MAS to solve 

the RIA problem in a completely decentralized manner. 

 

A completely decentralized spanning tree algorithm is proposed in this dissertation for 

breaking the loop(s) in the MAS in a completely decentralized manner. In the proposed spanning 

tree algorithm, the agents in the MAS only communicate with their neighboring agents. After the 

interaction of the agents in the MAS, a tree topology is generated in the MAS. By restricting the 

information flow in the generated tree structure, the RIA problem can be solved. In the next 

chapter, a completely decentralized reconfiguration methodology is proposed based on the 

information flow without RIA problem in the MAS. 
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CHAPTER 5 

DECENTRALIZED RECONFIGURATION FOR POWER 
SYSTEM 

 
 
 
 

In this chapter, a completely decentralized MAS based reconfiguration methodology for 

power system is proposed. The agents in the MAS communicate only with their neighboring 

agents. The reconfiguration decisions are made by each agent based on the information received 

from the neighboring agents and the associated electric components. There is no dominant agent 

or coordinating agent in the MAS. The agents in the MAS work autonomously and 

independently to achieve the reconfiguration objectives.  

First, in this chapter, the completely decentralized reconfiguration problem in the power 

system is formulated using distributed constraint optimization [208]. Second, a decentralized 

solution to the power system reconfiguration problem is proposed which considers the 

constraints posed by the power system’s physics. 

 
 

5.1 Problem Formulation 
 

The reconfiguration process of the power system is formulated as a distributed constraint 

optimization problem (DCOP). In a distributed constraint optimization, a group of distributed 

agents must choose the value of a set of variables such that the cost function of a set of 

constraints over these variables is either minimized or maximized. A distributed constraint 

optimization problem requires the optimization of a global objective function that is distributed 

as a set of valued constraints among a set of autonomous, communicating agents [208]. 
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5.1.1 Distributed Constraint Optimization Problem 
 

A distributed constraint optimization problem is defined as a four-tuple , , ,A V D f< > , where: 

 

• A set of n  agents 1 2 nA = {a ,a ,...,a } ; 

 

• A set of n  variables 1 2 nV = {x ,x ,...,x } . Each variable ix  is assigned to one agent; 

 

• A set of domains 1 2 nD = {D ,D ,...,D } , where each iD D∈ is a finite set that contains the 

values to be assigned to variable ix ; 

 

• A array of cost functions { ( , )}ij i jf f x x= , where ix V∈  and jx V∈ . For any pair of 

variables ix , jx , a cost function :ij i jf D D   R× →  is defined; 

 

The objective is to find an assignment *A  of values to variables such that the total cost, 

denoted F , is minimized and every variable has a value. 

 

,
( ) ( , ) where ,  in A

i j

ij i j i i j j
x x  V

F A f d d ,   x d x d
∈

= ← ←∑     (5.1) 

 
An example of the distributed optimization is shown in Figure 5.1 [208]. Figure 5.1 (a) 

shows an MAS with four interconnected agents. Figure 5.1 (b) shows the cost functions between 

the neighboring agents in the Figure 5.1 (a). 

The MAS in Figure 5.1 (a) is composed of the four agents, 1a , 2a , 3a , and 4a . Each agent ia  

has a variable ix . The cost function ijf  is related with the variables ix  and jx . The relationship 

of the cost function ijf  and the variables ix  and jx  is shown in Figure 5.1(b). The agents in the 

MAS have to choose the value of the variables in order to minimize the objective function: 

 

( ) ( , ), where andij i j i j
i j

F A f x x   x V   x V= ∈ ∈∑ ∑      (5.2) 
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a1

a4a3

a2

Xi Xjfij

1 1

0 1

1 0

0 0

0

2

2

1

(a) (b)  
 

Figure 5. 1 Simple Example of DCOP  [208] 

 
The variables ix  in Figure 5.1 (a) can be assigned with 0 or 1. For example, 

If  , 1,i i ix x x V∀ = ∈ , then 

 

1,1 1,1 1,1 1,1 01,2 1,3 1,4 2,3F(A)=f ( )+f ( )+f ( )+f ( )= ; 

 

If , 0,i i ix x x V∀ = ∈ , then 

 

0,0 0,0 0,0 0,0 41,2 1,3 1,4 2,3F(A)=f ( )+f ( )+f ( )+f ( )= . 

 

In this simple system, the minimal value of the objective function is 

 

0F(A)=  when 2 3 41; 1, 1, 11x x x x= = = =  

 

5.1.2 Decentralized Reconfiguration Problem Formulation 
 

In this section, the completely decentralized reconfiguration problem in the power system is 

formulated by using the concept of the distributed constraint optimization introduced in section 

5.1.1.  
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Cost Function. A set of n  agents is defined as 1 2 nA = {a ,a ,...,a } , where agent ia  can be any 

type of agent. As stated in section 3.1, the power system is composed of different kinds of 

electric components. Each agent is interfaced with one of four major types electric components: 

generators, circuit breakers, buses, and loads. The generator, in this work, refers to any electric 

component that can generate electric power. The load refers to any electric component that can 

consume electric power. The circuit breaker refers to any switching component that can be 

opened/closed in the circuit. The bus refers to any component that can interconnect multiple 

components are interconnected. If an agent is associated with a generator agent, the agent is 

defined as a generator agent. Similarly, other agents in the MAS are defined as circuit breaker 

agent, bus agent, and load agent. 

A set of n  variables is defined as 1 2 nV = {x ,x ,...,x } , where variable ix  is assigned to one agent. 

In this work, the variable ix of the agent ia  is a vector. The vector contains the states of the 

electric component, such as voltage, current, real and reactive power.  

The variable 1ix  is the power capacity of the electric component that is associated with ia . 

The power capacity of an electric component is defined as follows:  

 

1i i ix PowerGeneration PowerConsumption= −      (5.3) 

 

In (5.3), the iPowerGeneration  is the rated power generation capacity of the electric 

component that is associated with agent ia . The iPowerConsumption  is the rated power 

consumed by the electric component that is associated with agent ia . For a generator agent, the 

rated power consumption of the associated generator is 0, so the power capacity of a generator 

agent is rated power generation of the associated generator. Similarly the power capacity of a 

load agent is the opposite number of the rated power consumption of the associated load. The 

power capacity of a circuit breaker agent or a bus agent is 0. 

The variable 2ix  is the connectivity status of the component that is associated with ia . If the 

electric component is connected in the system and there is current that flows into or through the 

component, 2 1ix = , else 2 0ix =  
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The incremental cost function ijf between agent ia  and agent ja  is defined as follows: 

 

2* if    is a load agent
0 else

i1 i i
i i

x x a
f (x ) = 

⎧
⎨
⎩

     (5.4) 

 

The cost function i if (x )  in Equation (5.4) shows the load restored. If the load is energized in 

the power system, the cost function is the power capacity of the load. If the load is not energized, 

the cost function is 0. 

 

Objective Functions. The objective function of the MAS is defined in (5.2). In this 

dissertation, the objective of the reconfiguration process is to maximize the service restoration in 

the power system. The objective function in (5.2) shows the summation of the power capacities 

of the loads that is currently supplied by the power system. Since the power capacity of a load is 

negative, the smaller F(A)  is, the more loads have been restored in the power system. The 

maximal restoration of loads leads to the minimization of F(A) , Min F(A) . 

 

Constraints. In the reconfiguration of the power system, some physical constraints related to 

the power system operation are considered. The constraints are shown as follows: 

 

1) Power source constraint - the power generation cannot exceed the power limit of the 

power supplied. For example, define i3x  as the present power output the electric component 

that is associated with agent ia . Also assume that the component associated with ia  is a 

generating component. Then i3x  is its present power output and  

 

imin i3 imaxS x S≤ ≤    (5.5) 

 

where miniS and maxiS  are the minimum and maximum power that the thi  component can 

provide. 
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2) Voltage limit constraint - Each agent in the MAS monitors the voltage of the 

corresponding electric component in the power system. Let 4ix  be the voltage of the electric 

component i , then 

 

min 4 maxi i iV x V≤ ≤    (5.6) 

 

where miniV  and maxiV  are the maximum and minimum magnitude of voltage for the 

electric component i , respectively. 

 

3) Current limit constraint - Each agent in the MAS monitors the current injection of the 

corresponding electric component in the power system. Let 5ix  be the current injection of the 

electric component i , then  

 

5 maxi ix I≤      (5.7) 

 

where maxiI  is the maximum magnitude of the current injection for the electric component 

i . 

 

4) Priority constraint - In the power system, different loads provide different services. The 

loads in the power system have their priorities, based on the importance of the service that a 

load can provide. For example, generally, the loads that are used for propulsion have higher 

priority than loads that are used for laundry services. 

 

The priority of load i  is denoted by variable 6ix . Assume that in a power system, each 

load is assigned an unique priority. If 6 6i jx x> , then load i  has higher priority than load j . 

Generally, the loads with higher priorities need to be supplied electricity before the loads 

with lower priorities, given that constraints proposed in (5.5), (5.6), and (5.12) are satisfied. 

 
5.1.3 Modified Cost Function 
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Considering the constraints in section 5.1.2, the incremental cost function (5.2) can be 

modified as follows: 

 

2* ( ) if   is a load agent
( ) otherwise

i1 i i i i
i i

i i

x x p x a
f (x ) = 

p x
+⎧

⎨
⎩

    (5.8) 

 

where ( , )ij i jp x x  is a penalty factor for the cost function ( , )ij i jf x x . The penalty factor ij i jp (x ,x )  

is defined as follow: 

 

if  (5.5), (5.6), (5.7),and 
priority constraint are satisfied

otherwise
i i

0
p (x )=

P

⎧
⎪
⎨
⎪
⎩

       (5.9) 

 

where P  is a large positive number which can be defined by the user according to the power 

system application. The value of P  is chosen according to the loads in the power system. If the 

load with maximum power capacity in the power system has a rated power of m  kW, then it is 

likely sufficient to let 100P m= . If (5.4), (5.5), and (5.11) are all satisfied, the value of the 

penalty function i ip (x )  is 0. So the penalty function does not affect the value of the cost function. 

If either one equation of (5.4), (5.5), and (5.11) is not satisfied, the value of the penalty function 

i ip (x )  is a large positive number. This will make the value of the corresponding cost function 

large. 

Finally, put the incremental cost function ( )i if x  in (5.8) into the objective function F(A)  in 

(5.2). The reconfiguration problem is defined as follows: 

 

. ( ) ( )
i

i i
x V

Min F A f x
∈

= ∑         (5.10) 
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5.2 Software Implementation of the Agent 
 
 

In this section, a software that is used to develop agents in the MAS is introduced. Then the 

details of the implementation of the agents are presented. 

5.2.1 Java Agent Development Framework 
 

The agents in this work are implemented using Java Agent DEvelopment framework (JADE). 

JADE is a software framework fully implemented in Java language [216]. It simplifies the 

implementation of MASs through a middle-ware that claims to comply with the Framework of 

Intelligent Physical Agent (FIPA) [217] specifications and through a set of tools that supports the 

debugging and deployment phase. The agent platform can be distributed across machines (which 

do not need to share the same operation system) and the configuration can be controlled via a 

remote GUI. The configuration even can be changed at runtime by moving agents from one 

machine to another machine, as and when required [216]. The only system requirement for the 

latest version of JADE (version 3.4) is the Java Run Time version 1.4 or higher version.  

The communication architecture offers flexible and efficient messaging, where JADE creates 

and manages a queue of incoming Agent Communication Language (ACL) messages, private to 

each agent. Agents can access their queue via a combination of several modes: blocking, polling, 

timeout and pattern matching based. In JADE, the full FIPA communication model has been 

implemented and its components have been fully implemented, such as interaction protocols, 

envelope, ACL, content languages, encoding schemes, ontology, and transport protocols. The 

transport mechanism, in particular, is like a chameleon because it adapts to each situation, by 

transparently choosing the best available protocol. Java Remote Method Invocation (RMI), 

event-notification, and Internet Inter-ORB Protocol (IIOP) are currently used, but more protocols 

can be easily added and integration of Hyper Text Transfer Protocol (HTTP) has been already 

achieved. Most of the interaction protocols defined by FIPA are already available and can be 

instantiated after defining the application-dependent behaviour of each state of the protocol. The 

agent management ontology have been implemented already, as well as the support for user-

defined content languages and ontology that can be implemented, registered with agents, and 

automatically used by the framework. 
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5.2.2 Agent Implementation 
 

The agents in the MAS have two basic functions: communication function and reasoning 

function, as shown in Figure 5.2.  

 

Reasoning

Communication

Environment
(Neighboring
Agents, SPS)

Agent

 
 

Figure 5. 2 Agent Model 

 

The communication function is used to send/receive messages to/from its neighboring agents. 

The communication function is homogeneous for the agents in the MAS. The reasoning function 

is used to make the reconfiguration decisions for agents. The reasoning function is heterogeneous 

for agents. The reconfiguration decisions are made by using the reasoning function based on the 

message that is received from the environment through communication function. After the 

reconfiguration decisions are made, the agents send out control command to the environment 

through the communication function. Each agent makes its reconfiguration decisions based on its 

own conditions and properties. 
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In JADE, the agent functions are implemented in behaviours. The behaviour is a function 

that is running recursively in the agent to implement the function of the agent. Each agent has a 

behaviour pool to store the behaviours. Each behaviour in the behaviour pool is called in a cycle. 

Figure 5.3 shows the mechanism of the behaviour control in JADE. 

 

Agent has been killed?

Get the next behaviour from the
pool of active behaviours.

Execute the behaviour

Behaviour finished?

Remove the behaviour from the
pool of active behaviours.

N

Y

Y

N

Start

End
 

Figure 5. 3 Behaviour Control in JADE 
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Since the communication function for agents are homogeneous and the reasoning function 

for agents are heterogeneous in the agents, the agent can be implemented in the two layers. The 

bottom layer is the base layer, whose main function is to set up the communication among agents 

in the MAS, especially for the implementation of the decentralized spanning tree algorithm. The 

top layer is the reasoning layer. The reasoning layer makes reconfiguration decisions based on 

the data gathered from the based layer. 

 
 

5.3 Agent Type 
 

According to the electric component that an agent is associated, the agents in the MAS can 

be classified into four categories: generator agent, load agent, breaker agent, and bus agent. In 

this section, each kind of agents is discussed and the rules for the agents to make reconfiguration 

decisions are presented. 

 

5.3.1 Generator Agent 
 

A generator agent can receive current information of the corresponding generator in the 

power system. This information consists of generation capacity, real/reactive power output, 

generation cost, fault alarm, etc. A generator agent can also exchange information with its 

neighboring agents. A generator agent has following set of rules for making reconfiguration 

discussion. 

 

Rule 1: The generator agent receives the information from its neighboring agents, updates 

the received information by interacting with the corresponding agent, and then forwards the 

updated information to the neighboring agents. 

 

Rule 2: If a fault is detected on the corresponding generator, the generator agent sends 

information to the neighboring breaker agent to inform that the generator is faulted. 
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Rule 3: If the corresponding generator has no fault and is currently disconnected from the 

system, and current power supply is less than the power demand in the system, the generator 

agent sends a request to the neighboring breaker agent to close the circuit breaker, so that the 

generator can be reconnected to the SPS. 

 

5.3.2 Load Agent 
 

The goal of a load agent is to make sure that the corresponding load is supplied in the SPS. 

The loads are categorized as vital loads, semivital loads, and nonvital loads in the SPS based in 

the importance of the load functions. In this work, each load in the system has a unique priority 

number based on the importance of the load. The loads with higher priorities are more important 

than the load with the lower priorities, and need to be restored prior to the loads with lower 

priority. The load agent executes following rule for the reconfiguration purpose:. 

 

Rule 1: If a load agent detects that the power supply is less than the power demand in the 

system, and the corresponding load is a load with low priority (nonvital or semivital load), the 

load agent informs the neighboring breaker agent to open the corresponding circuit breaker and 

disconnect the load from the SPS. 

 

Rule 2: If the load has a fault on it, the corresponding load agent sends information to the 

neighboring breaker agent to inform that the load does not work properly. 

 

Rule 3: If the load has no fault and is currently disconnected from the system, and the 

corresponding load agent detects sufficient power supply to supply the load, the load agent sends 

a request to the neighboring agent in order to initiate reconnection of  the load into the system 

 

5.3.3 Bus Agent 
 

A bus agent monitors the current information of the corresponding bus in the power system, 

the information includes voltage, current injection, etc. The reconfiguration rule for bus agent is 

1) to update the information by communicating with its neighboring agents; 2) collecting 



 75

information from the corresponding bus in the power system; 3) then sends the updated 

information to the neighboring agents. 

 

5.3.4 Circuit Breaker Agent 
 

Circuit breaker agent interacts with the corresponding breaker in the power system layer. The 

breaker agent receives the status of the corresponding breaker, and it can also send control 

signals to the corresponding breaker. Based on the information received from neighboring agents, 

the breaker agent can reconfigure the power system by controlling the corresponding breaker. 

Through the control, the circuit breaker agent can lead to connecting/disconnecting of a 

generator, load shedding, and load recovery. The circuit breaker agent has to meet the following 

requirement for the reconfiguration: 

 

Rule 1: A breaker agent receives information from the neighboring agents, updates the 

received information based on the current status of the corresponding breaker, and sends the 

updated information to the neighboring agents. 

 

Rule 2: A breaker agent sends control signal to the corresponding breaker based on the 

information it received from its neighboring agents. 

 

5.4 Solution to Decentralized Reconfiguration for Power Systems 
 

In this section, a completely decentralized MAS based reconfiguration solution for power 

systems is proposed. First, the timing model for the MAS is discussed. Then variables and 

functions for reconfiguration process are introduced. Finally, the reconfiguration processes are 

discussed. 

 

5.4.1 Timing Model 
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The time model is used to control the sending and receiving sequence for the agents in the 

MAS. Two main timing models are used for the communication in a distributed system. One 

model is the synchronous model. The other model is the asynchronous model [207]. In the 

synchronous model, a synchronizer in the MAS can send signals to all agents in the MAS. Upon 

receiving the signal from the synchronizer, the agents in the MAS computes reconfiguration 

procedures and send messages to other agents in the system. The follows are some characteristics 

of the synchronous model: 

 

• A synchronous system’s distributed execution proceeds simultaneously in synchronous 

rounds. Each agent has a bounded time between its execution steps. 

 

• Each message is transmitted and received in a bounded time. The time for solution in a 

synchronous model is related to the frequency of the synchronizer. 

 

• The synchronous model fails to work if the synchronizer in the MAS fails,. Note that a 

failure of the synchronizer will lead to the single point of failure. 

 

In an asynchronous model, no synchronizer is required. Each agent in the MAS achieves 

computation and communication upon receiving message from other agents in the MAS. Some 

characteristics of the asynchronous model are listed as follows: 

 

• There is no upper and lower bound on the execution process in an asynchronous model. 

The execution latencies can happen in an asynchronous system, i.e. there may be 

arbitrarily long times between execution steps. 

 

• There can be no upper bound and lower bound of the message transmission latencies in 

the asynchronous system. That is, a message may be received an arbitrarily long time 

after it was sent. 
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• There is no bound on the local clock drift on the agents, i.e., the agents’ local clock may 

be arbitrarily unsynchronized. 

 

• There is no single point of failure for the communication in the MAS, since no 

synchronizer is required for the reconfiguration. 

 

5.4 2 Definitions 
 

In this section, the variables, sets, communication functions, and messages are defined for 

each agent to discuss the reconfiguration methodology. In the reconfiguration process, the agents 

in the MAS exchange messages with each other by using communication functions. Each agent 

updates its variables and sets based on the messages it receives. The reconfiguration decisions of 

each agent is made based on the updated variables and sets. In this section, the names of 

variables are italicized and the names of sets are bolded. 

 

The variable ipwrcap  of an agent ia  is defined as the power capacity of the corresponding 

electric component of the agent ia . This is similar to (5.2) 

 

i i ipwrcap RatedPowerGeneration RatedPowerConsumption= −    (5.11) 

 

So if the component is a generating component, the power capacity pwrcap  is the rated power 

of the generator. If the component is a load, the power capacity pwrcap  is the opposite value of 

the rated power of the load. If the component is any other component, the power capacity pwrcap  

is 0. 

The variable _ iload serv  of an agent ia  is the summation of the power capacities of the agents 

in the sub tree of ia  that are associated with energized loads in the power system. The energized 

loads in the power system are loads that are connected to and supplied by the power system.  

The variable _ iload req  of an agent ia  is the summation of the power capacities of the agents 

in the sub tree of ia  that are associated with de-energized loads in the power system. The de-



 78

energized loads in the power system are loads that are not connected to the power system and do 

not get supplied by it. 

The variable _ ipwr spl  of an agent ia  is the summation of the power capacities of the agents 

in the sub tree of ia  that are associated with working generators in the power system. The 

working generators in the power system are generators that are connected to the power system 

and can supply power to the power system.  

The variable _ ipwr resv  of an agent ia  is the summation of the power capacities of the agents 

in the sub tree of ia  that are associated with reserved generators in the power system. The 

reserved generators in the power system are generators that are not connected to the power 

system and do not supply power to the power system. 

The send i,j(*)  represents the function that agent ia  sends message to agent ja . The * in the 

parenthesis represents the content of the message that is transmitted. Similarly, the symbol 

receive j,i(*)  represents that agent ia  receives message from agent ja . The * in the parenthesis 

represents the content of the message that is received.  

There are four kinds of messages transmitted in the MAS. One is the upstream message 

transmitted from a children agent to a parent. The upstream message sent from agent ia  is 

composed of the variable _ iload serv , _load req , _ ipwr spl , _ ipwr resv . The second kind of 

message is the downstream message from a parent agent to a children agent. The agents in the 

MAS make reconfiguration decisions based on the downstream message received from the 

parent agent and data gathered from corresponding electrical component. The third kind of the 

message is the update message. The update message contains the change of the power system. 

An agent updates its variables based on the received update message. The fourth kind of message 

is the action. The action message contains the open/close command. When a circuit breaker 

agent receives the action message, it switches the corresponding circuit breaker in the power 

system according to the received message. 

The set parent  and set children  are defined for each agent in the chapter 3. The set parent  of 

an agent is defined as the set that contains the parent agent of the agent. The set children  of an 

agent is defined as the set that contains the children agents of the agent. 
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A set recvmsg is defined for each agent. If an agent ia receives an upstream message from one 

of its children agents, agent ia  puts the children agent in the set irecvmsg . 

 

5.4.3 Reconfiguration 
 

In this section, a completely decentralized reconfiguration behaviours for power system are 

presented. Figure 5.3 shows the flow chart of the reconfiguration p behaviours. The detail of the 

reconfiguration behaviours shown in Figure 5.3 is discussed in this section. 
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Figure 5. 4 Flow Chart of the Reconfiguration Processes 
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Initialization Behaviour. In this behaviour, the variables and sets of the agents are 

initialized for the reconfiguration process. 

 

Initialization of _load serv : If the agent ia  is an agent associated with a load in the power 

system: 

 

_
0

i
i

pwrcap if  the load energized
load serv

if  the load is not energized
⎧

= ⎨
⎩

 

 

If the agent ia  is not an agent that is associated with a load in the power system,  

 
_ 0iload serv =  

 

Initialization of _load req : If the agent ia  is an agent that is associated with a load in the 

power system: 

 

_
0

i
i

pwrcap if  the load is energized
load serv

if  the load is not energized
⎧

= ⎨
⎩

 

 

If the agent ia  is not an agent that is associated with a load in the power system,  

 
_ 0iload req =  

 

Initialization of _pwr spl : If the agent ia  is an agent that is associated with a generator in the 

power system: 

 

_
0

i
i

pwrcap if  the generator is a working generator
pwr spl

if  the generator is a reserved generator
⎧

= ⎨
⎩

 

 

If the agent ia  is not an agent that is associated with a generator in the power system, 
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_ 0ipwr spl = . 

 

Initialization of _pwr resv : If the agent ia  is an agent that is associated with a generator in the 

power system: 

 

_
0

i
i

pwrcap if  the generator is a working generator
pwr resv

if  the generator is a reserved generator
⎧

= ⎨
⎩

   (5.12) 

 

If the agent ia  is not an agent that is associated with a generator in the power system, 

 

_ 0ipwr resv = . 

 

Initialization of the sets iparent , ichildren , and irecvmsg  for agent ia : 

 

i = Φparent  

i = Φchildren  

i = Φrecvmsg  

 

Spanning Tree Behaviour. In the MAS a loop free topology is created in order to avoid the 

RIA problem. As explained in Chapter 4, the decentralized spanning algorithm is used to 

generate this loop free tree structure in the MAS. In this process, each agent identifies its 

children agents and parent agent.  

Assume that M  is an MAS for the reconfiguration of a power system. 

 

,M A E=< >            (5.13) 

 

where A  is a set agents in the MAS, E  is a set of the connections between agents in the 

MAS. 
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By applying the decentralized spanning tree algorithm proposed in chapter 3, the new MAS 

with the tree topology is denoted as 'M . 

 
' , 'M A E=< >       (5.14) 

 
where A  is the set of agents in the MAS, and 'E  is a set of the new connections in the 

generated tree structure in the MAS.. 

After this process, the set iparent  and set ichildren contain the parent agent and children 

agents of agent ia  respectively. An agent ia  in the MAS. 'M  is a leaf agent if i = Φchildren . The 

agent ia  in the MAS 'M  is a root agent if i = Φparent . 

 

Upstream Behaviour. In this behaviour, each agent in the MAS updates the variables 

_load serv , _load req , _pwr spl , and _pwr resv , and sends the updated variables to its parent agent. 

The variables _load serv , _load req , _pwr spl , and _pwr resv  are updated by an agent by using the 

message from the children agents of the agent. The root agent in the generated tree topology gets 

the _load serv , _load req , _pwr spl , and _pwr resv  of the entire power system. The pseudo code of 

the upstream process is shown in Appendix A. 

The leaf agents in the MAS 'M send a upstream message to their parent agents in the MAS 

'M . The upstream message that is to be sent by agent ia  contains _ iload serv , _ iload req , 

_ ipwr spl , and _ ipwr resv  of the agent ia . 

When an agent ia  receives upstream message from its children agent ja , the agent ia  

updates its variables _ iload serv , _ iload req , _ ipwr spl , and _ ipwr resv  by using the received 

message from the agent ja  as follows: 

 

a) If the agent ia  is a circuit breaker agent and the corresponding circuit breaker is open, the 

agent ia  1) adds the received variable _ jload serv  and variable _ jload req  to its variable 

_ iload req , then 2) adds the received variable _ jpwr spl  and variable _ jpwr resv  to its variable 

_ ipwr resv . 

 



 83

b) If the agent ia  is a circuit breaker agent and the corresponding circuit breaker is closed, 

the agent ia  adds the received variables _ jload serv , _ jload req , _ jpwr spl , and _ jpwr resv  to 

its variables _ iload serv , _ iload req , _ ipwr spl , and _ ipwr resv , respectively. 

 

c) If the agent ia  is not a circuit breaker agent, the agent ia  adds the received variables 

_ jload serv , _ jload req , _ jpwr spl , and _ jpwr resv  to its variables _ iload serv , _ iload req , 

_ ipwr spl , and _ ipwr resv , respectively. 

 

If the agent ia  received upstream messages from all its children agents, it sends an upstream 

message to its parent agent. The upstream message contains the updated variables 

_ iload serv , _ iload req , _ ipwr spl , and _ ipwr resv , 

 

Downstream Behaviour. In this behaviour, the root agent generates downstream message 

and sends the downstream message to its children agents. The downstream message is generated 

based on the variables _ iload serv , _ iload req , _ ipwr spl , and _ ipwr resv  of the root agent. When an 

agent in the MAS receives the downstream message, it forwards the received downstream 

message to its children agent if it is not a leaf agent. The agents in the MAS make 

reconfiguration decision based on the received downstream message. The pseudo code of the 

downstream process is shown in Appendix A. 

When the root agent in the system receives the upstream message, it updates the variables 

_ iload serv , _ iload req , _ ipwr spl , and _ ipwr resv  as stated in section 5.4.2. Based on the updated 

variables _ iload serv , _ iload req , _ ipwr spl , and _ ipwr resv , the root agent sends downstream 

message to its children agents. The various downstream messages are generated as follows: 

 

a) If  

_ _ _ ,i i i ipwr spl load serv load req> + = Φparent . 
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In this case, all loads in the power system can be restored based on the current power 

generation. The root agent sends a downstream message that is " _ "all restored to its children 

agents.  

 

b) If: 

_ _ _ 0i i ipwr spl load serv load req+ + < , and 

_ _ _ _ 0,i i i i ipwr spl pwr resv load req load serv+ + + > = Φparent  

 

In this case, the current power generated in the power system cannot supply all loads in 

the power system; but with the reserved power in the system, all loads can be restored. The 

root agent sends downstream message " _ _ _ "all restored with pwrresv to its children agents. 

 

c) If: 

 

_ _ _ _ 0i i i ipwr spl pwr resv load req load serv   + + + < , and 

_ _ _ 0,i i i ipwr spl pwr resv load serv  + + > = Φparent  

 

In this case, the power generated in power system can supply the connected loads in the 

power system. However, the generated power plus the reserved power cannot supply all 

loads (energized loads and de-energized loads) in the power system. So some selective loads 

can be restored in the system.  

 

Let 
_ _ _ _ ,i i i ires load pwr spl pwr resv load serv= + + = Φparent  

 

The root agent sends downstream message (" "restore , _res load ) to its children agents. 

 

d) If: 
_ _ _ 0i i ipwr spl pwr resv load serv+ + <  
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In this case, the power generated in the power system cannot supply all currently 

energized loads in the power system. Some energized loads need to be shed in order to 

balance the power supply and power demand in the power system. The root agent sends the 

downstream message (" "shed ) to it children agents.  

 

Reconfiguration Decision and Action Behaviour. When an agent ia receives downstream 

message from its parent agents ja , the agent ia  makes reconfiguration decisions based on the 

received information and the information from the corresponding electric component. The 

pseudo code of the reconfiguration decision and action is shown in shown in Appendix A. 

 

a) If the agent ia receives a downstream message " _ "all restored  from agent ja , agent ia  

forwards the _all restored  message to its children agent if ia  is not a leaf agent. If a load agent 

ia  receives a " _ "all restored message from its parent and the associated load is de-energized, 

the agent ia  sends an action message " "close  to the neighboring circuit breaker agent. When 

the circuit breaker agent receives the " "close  message from the load agent, the circuit breaker 

agent close the corresponding circuit breaker to energize the load that is associated with load 

agent ia . 

 

b) If the agent ia  receives a downstream message _ _ _all restored with pwrresv  from the agent 

ja , it forwards the _ _ _all restored with pwrresv  message to its children agent if it is not a leaf 

agent. If a load agent ia  receives a " _ "all restored message from its parent agent and the 

corresponding load is de-energized or if the a generator agent ia  receives a 

_ _ _all restored with pwrresv message from its parent agent and the corresponding generator is a 

reserved generator, the agent ia  sends an action message " "close  to the neighboring circuit 

breaker agent. When the circuit breaker agent receives the " "close  message from the load 

agent, the circuit breaker agent close the corresponding circuit breaker to energize the load 

that is associated with load agent or connect the corresponding generator into the power 

system. 
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c) If the agent ia  receives a downstream message (" ", _ )restore res load  from the agent ja , it 

forwards the (" ", _ )restore res load  message to its children agent if it is not a leaf agent. 

Each load in the power system has its unique priority. The priority is setup based on the 

importance of the service that a load provides. The more important a service is, the higher 

priority that the corresponding load has. In the restoration process, a restoration time delay is 

set up for each load agent in the MAS. The higher priority a load has, the shorter the time 

delay is. So the loads with higher priorities will be restored prior to the loads with lower 

priorities. 

When a load agent ia  receives the downstream message (" ", _ )restore res load , if  

 
_ 0ires load pwrcap+ >  

then the load agent ia  sends message (" ")close  to the neighboring circuit breaker agent after 

the time delay. When the neighboring circuit breaker agent receives the (" ")close  message, it 

closes the corresponding circuit breaker to energize the load. 

 

d) If the agent ia  receives a downstream message (" ")shed  from the agent ja , it forwards the 

(" ")shed  message to its children agent if it is not a leaf agent. When an agent ia  receives the 

downstream from its parent agent, the agent ia  forwards the message to its children agents if 

ia  is not a leaf agent.  

The time delay is also setup for the load agents for the purpose of load shedding based on 

the priorities of the loads. The higher priority a load has, the longer time the corresponding 

load agent has for the load shedding. When a load agent receives the (" ")shed  from its parent 

agent and the corresponding load is energized, the load agent sends a (" ")open  message to the 

neighboring circuit breaker agent after the time delay. When the neighboring circuit breaker 

agent receives the (" ")open  message, it opens the corresponding circuit breaker to de-energize 

the load. 
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Update Behaviour. In this behaviour, the agents updates the variables if the reconfiguration 

actions have been made. The pseudo code of the update process is shown in the appendix A. 

 

a) If a load is restored after the downstream process, the load agent ia  sends a update 

message (" _ ", )iload restore pwrcap to the parent agent. When an agent ia  receives 

(" _ ", )load restore pwrcap  from one of its children agents, it forwards the message 

(" _ ", )load restore pwrcap  to the parent agent if it is not a root agent. Meanwhile, the agent ia  

adds the received pwrcap  to its variable _ iload serv  and subtracts the received pwrcap  from its 

variable _ iload req . 

b) If a load is shed after the downstream process, the load agent ia  sends an update message 

(" _ ", )iload shed pwrcap to the parent agent. When an agent ia  receives (" _ ", )load shed pwrcap  

from a children agent, it forwards the message (" _ ", )load shed pwrcap  to the parent agent if it 

is not a root agent. Meanwhile, the agent ia  adds the received pwrcap  to its variable 

_ iload req  and subtracts the received pwrcap  from its variable _ iload serv . 

c) If a reserved generator is connected into the power system to supply power after the 

downstream process, the generator agent ia  sends a update message (" _ ", )igen spl pwrcap to 

the parent agent. When an agent ia  receives (" _ ", )gen spl pwrcap  from a children agent, it 

forwards the message (" _ ", )gen spl pwrcap  to the parent agent if it is not a root agent. 

Meanwhile, the agent ia  adds the received pwrcap  to its variable _ ipwr spl  and subtracts the 

received pwrcap  from its variable _ ipwr resv . 

When the root agent updates its variables _ iload serv , _ iload req , _ ipwr spl , and _ ipwr resv , the 

downstream process is executed and as shown in Figure 5.3. 

 

5.5 Summary 

In this chapter, a completely decentralized MAS based reconfiguration methodology is 

proposed for the power system reconfiguration process. Each agent in the MAS works 
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independently and autonomously. There is no dominant agent or coordinating agent in the 

proposed MAS. The MAS is immune to single point of failure. Each agent in the MAS only 

communicates with its neighboring agents, so the reconfiguration methodology is independent of 

the topology of the MAS. The power system is reconfigured according to the priorities of the 

loads. In the next chapter, the implementation of the MAS for the reconfiguration is discussed. 
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CHAPTER 6  

REAL TIME SIMULATION PLATFORM 
 
 
 
 

An MAS architecture and its functionalities for reconfiguration were discussed in Chapter 4 

and Chapter 5. This MAS will perform reconfiguration for load restoration and load shedding in 

the power system. In this chapter, a real time simulation platform is developed to simulate and 

validate the reconfiguration methodology proposed in this work.  

 

6.1 Overview 
 

In this work, a simulation platform is developed for testing and validating the proposed 

reconfiguration methodology on an SPS. The architecture of the simulation platform is shown in 

Figure 6.1  

The simulation platform is composed of three layers, as shown in Figure 6.1. The bottom 

layer is the SPS layer. The SPS in the simulation platform is implemented on a real time digital 

simulator (RTDS®). [222] The RTDS® Simulator can provide a real time simulation with time 

step up to 1 microsecond. More details about the RTDS® Simulator will be provided in section 

6.1. The top layer is the MAS layer. In this layer, the agents in the MAS are implemented by 

using HP iPAQs. [221] The iPAQ is a Pocket PC that can support Java runtime environment. 

The reconfiguration algorithm in this work is implemented in Java. After compilation, the Java 

code for reconfiguration algorithm can be executed through agent on the iPAQs. The IPAQs are 

interconnected with each other through a wireless connection. The IPAQ has an embedded 

network card that supports IEEE 802.1b wireless communication protocol. A wireless router is 

used to set up the wireless connection among the IPAQs. The middle layer is the middleware that 
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is used for the communication between the top layer and the bottom layer. An FPGA interface is 

developed to facilitate the data interaction between the power system implemented in RTDS® 

Simulator and the MAS implemented in iPAQs.  In the following sections, detail for each layer 

in the simulation platform is presented. 
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Figure 6. 1 MAS based Reconfiguration Simulation Platform 
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6.2 Real Time Digital Simulator 
 

The Real-Time Digital Simulator (RTDS®) is a fully digital electromagnetic transient power 

system simulator used to conduct: closed loop testing of physical devices such as protection 

equipment and control equipment; to perform analytical system studies; and to educate operators, 

engineers, or students. It is a cost-effective replacement for transient network analyzers and 

analogue/hybrid simulators. The RTDS® Simulator allows the user to investigate the effects of 

disturbances on power system equipment and networks to prevent outages or complete failure. 

The RTDS® Simulator is a combination of advanced computer hardware and comprehensive 

software. Power system networks are created on the computer screen by arranging electrical 

components from any number of customized component model libraries. The Software is the 

main interface with the RTDS® Simulator hardware and is designed to allow the user to perform 

all the steps necessary to prepare and run the simulation, and to analyze its output. The hardware 

is fully modular, allowing a user to expand to accommodate even the most complex and detailed 

system models. 

The RTDS® Simulator is currently applied to many areas of development, testing, and 

studying, such as: 

 

• Protective relaying schemes 

 

• Integrated protection and control systems 

 

• Control system for HVDC, SVC, synchronous machines, and FACTS device 

 

• Interaction of AC and DC systems 

 

• Interaction of various electrical installations 

 

• Demonstration and training 
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The RTDS® Simulator takes advantage of a custom parallel processing hardware 

architecture assembled in modular units called racks. Each rack contains slots and rail-mounted 

cards. The racks are installed in one of four sizes of cubicles. The specific composition of an 

RTDS® Simulator depends on the processing and I/O requirements of the intended application. 

A common communications backplane links all racks mounted cards facilitating information 

exchange. Each rack's backplane functions independently so that communication of data can be 

done in parallel thereby reducing communication bottlenecks. Figure 6.2 shows the overview of 

RTDS® Simulator hardware.  

The RTDS® Simulator employs an advanced and easy to use graphical user interface - the 

RSCAD Software Suite. The RSCAD provides the ability to set up simulations, control, and 

modification of system parameters during simulation, data acquisition, and result analysis. 

 

 

Figure 6. 2 RTDS Hardware Overview 
 

The power and control system software is an integral part of RSCAD for the RTDS® 

Simulator. RSCAD allows the user to select a pictorial representation of the power system or 

control system components from the library in order to build the desired circuit. Once the system 

has been drawn and the parameters entered, the appropriate compiler automatically generates the 

low-level code necessary to perform the simulation using the RTDS® Simulator. Therefore, this 



 93

software determines the function of each processor card for each simulation. For an example of 

an RSCAD scheme is shown in Figure 6.3. 

 
 

6.3 Implementation of SPS in Power System Layer 
 

In the power system layer, the SPS is implemented in the RTDS® Simulator. The RTDS® 

Simulator employs an advanced and easy to use graphical interface – the RSCAD Software Suite. 

This software is the user’s main interface with the RTDS® Simulator hardware. The software is 

comprised of several modules designed to allow the user to perform all of the necessary steps to 

prepare and run a simulation and to analyze the simulation output.  

The RTDS® Simulator has two main software elements: 

 

1) RSCAD Software Suite. The RSCAD provides the ability to set up simulations, controls, 

and modify system parameters during a simulation, data acquisition, and result analysis. The 

modules of RSCAD Software Suite include: FileManager, Draft, Tline, Cable, RunTime and 

MultiPlot. 

 

2) Library of Power and Control System Component Models and Compilers. The RSCAD 

software also includes a multitude of power and control system component models, which can be 

used to create simulation cases. 

 

The Power and Control System Components Models and Compilers are integral parts of the 

RSCAD. RSCAD allows the user to select a pictorial representation of the power system or 

control system components from the library in order to build the desired circuit. Once the system 

has been drawn and parameter entered, the appropriate compiler automatically generates the low-

level code necessary to perform the simulation using the RTDS® Simulator. The RSCAD 

software determines the functions to be executed for each processor in the RTDS® Simulator. 

In this dissertation, the library of power system models is used to implement an SPS in the 

RTDS® Simulator. The power system component library contains simulation models of the 
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electric power devices that are used in power systems. The components provided in the power 

system component library include:  

 

 Real Time Network Solutions - Solutions of the nodal equations including passive 

components, breakers, and faults; 

 

 Sources - Voltages and current with series network equivalent impedance; 

 

 Transmission Lines - Bergeron and frequency dependent traveling wave mutually 

coupled transmission lines; 

 

 Machines - Synchronous and induction machines (generators and motors); 

 

 Transformers  2 and 3 winding transformers with on-load tap changers. 

 

 Instrument Transformers: current transducer (CT), capacitive voltage transducer (CVT), 

potential transformers (PT). 

 

The user can also introduce new power system components for use with the RTDS simulator 

via a special C language interface called the User Defined Component (UDC). With UDC, the 

user can easily develop components that are not provided in the library. 

In this simulation platform, the electric components in the power system layer have to 

communicate with the corresponding agents in the agent layer. The RTDS® Simulator provides 

analog and digital I/Os. In this simulation platform, 20 digital I/O channels are used for the 

electric components in the RTDS® Simulator to communicate with corresponding agents in the 

agent layer. An UDC module is developed in the RTDS® Simulator, as shown in Figure 6.3. In 

Figure 6.3, the sending module is used for the electric components to send their data to the 

corresponding agents. The receiving module is used for the electric components to receive 

reconfiguration commands from the corresponding agents. 
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Sending module

Receiving module

 

Figure 6. 3 User Defined Component for Communication in RTDS® Simulator 

 

6.4 Hardware Implementation of the Agent in Agent Layer 
 

In this work, the agents in the agent layer are implemented in the iPAQs [221]. The iPAQ is 

the pocket PC developed by HP Corporation as shown in Figure 6.4. The iPAQ has integrated 

wireless adapter, which provides wireless connection for iPAQ. The communication protocol for 

wireless communication is IEEE 802.11b. The internal memory of the iPAQ is 128M. By using 

the secure card slot in the iPAQ, the memory of the iPAQ can be extended. The operation system 

of iPAQ is Window CE, which supports Jeode runtime environment [219]. Jeode runtime 

environment is developed by Insignia [219] to run java on Windows CE. Jeode is the fully 

certified implementation of Sun's PersonalJava 1.2 [220] specification. Since JADE is 

completely implemented in Java, JADE can run under Jeode runtime environment on iPAQs. 

Each iPAQ has a serial port that can support RS-232 serial communication. The agents on the 

iPAQs exchange data with the corresponding electric components in the power system through 

the serial port. A Dynamic-Link Library (DLL) file is developed to support the serial port 
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communication. The DLL file provides communication functions for the agents. Since the RTDS 

provides 20 I/O channels fro the electric components in the RTDS, up to 20 iPAQs can interact 

with the power system implemented in the RTDS® Simulator. In the simulation platform, the 

iPAQs are connected to a serial port hub, as shown in Figure 6.5. The serial port hub can connect 

up to 20 iPAQs. 

 

iPAQs

 
 

Figure 6. 4 iPAQs for Agent Implementation 

 

 
Figure 6. 5 Serial Port Hub 
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6.5 FPGA Interface 
 

The agents on the iPAQs must send and receive information with the simulated power system 

and control components in the RTDS. Each iPAQ has a serial port for communication. Also, the 

RTDS has 16-bit digital I/O ports that can be used for real-time input and output data. Hence, the 

RTDS and iPAQs cannot be directly connected. An FPGA (Field Programmable Gate Array) 

interface between the RTDS and the iPAQs was developed using an Altera ACEX-based 

development board from Rapid Technology. A custom Verilog program was developed to inter-

connect three 16-bit I/O channels from the RTDS with 15 TTL-level duplex serial channels, with 

intermediate multiplexing and data buffering in both directions, and parallel/serial conversion. 

Maxim MAX3233 transceivers were used to achieve RS 232 line voltage levels. The MAX3233 

transceivers are connected to the serial port hub shown in Figure 6.6 to provide serial 

communication to the iPAQs. 

 

 
 

Figure 6. 6 FPGA Interface 

 

The FPGA module receives values from components of the simulated power system via 

time-division multiplexed data transfers, using clocking from the RTDS® Simulator. These 

received values are stored in the FPGA memory, since a particular iPAQ serial channel might be 

unavailable due to data transmission already in progress. When the serial channel to an iPAQ 
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becomes available, the values to that agent are transmitted. Transmission to multiple iPAQs can 

occur in parallel. The agents on the iPAQs thus receive values from the simulation at a fast rate 

that is actually limited by the iPAQs processing capability. Concurrently, the agents on the 

iPAQs can send control commands as needed to the RTDS simulated components, via the FPGA 

module. Using the same multiplexing clock rate used for receiving values from the RTDS® 

Simulator, the FPGA module can transmit control variables to simulated components in the 

RTDS® Simulator. 

 
 

6.6 Summary 
 

In this chapter, a hardware simulation platform for validating the proposed MAS based 

reconfiguration methodology for power system is presented. In the simulation platform, the HP 

iPAQ is used as the hardware platform for the implementation of the agents. IPAQ is a Pocket 

PC from HP company. A Java virtual machine is installed on the IPAQ to support JADE. The 

power system is implemented on the real time digital simulator (RTDS®). The RTDS® 

Simulator is a high speed simulator that can provide a real time simulation with time step up to 1 

microsecond. An FPGA interface is developed as a middle ware to facilitate the communication 

between the agents on IPAQs and the power system on the RTDS® Simulator. Through the 

FPGA interface, the simulated agents and the corresponding electric components in the power 

system can change information for reconfiguration. In the next chapter, the reconfiguration 

process is illustrated on an SPS and the some simulation results are shown. 
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CHAPTER 7 

ILLUSTRATION AND SIMULATION RESULTS 
 
 
 
 
In this chapter, the proposed reconfiguration methodology is illustrated and simulated for 

validation in a mesh structure SPS. In section 7.1, the details of a mesh structured SPS is 

presented and the corresponding MAS for the reconfiguration is discussed. In section 7.2, the 

reconfiguration process is illustrated in the proposed mesh structured SPS. In the reconfiguration 

process, a tree structure is generated in the MAS and reconfiguration decisions are made by each 

agent in the MAS. The reconfiguration scenarios discussed in section 7.3 is simulated on the 

simulation platform proposed in chapter 6. In section 7.4, the analysis of the simulation results is 

presented and conclusions are drawn. 

 
 

7.1 Mesh Structured Shipboard Power System for Reconfiguration 
 

Figure 7.1 shows a zonal SPS for ships. The electric components can be classified into four 

categories: generator, load, circuit breaker, and bus. In this work, the generator and the 

transformer that is connected to the generator is combined as a generation component. As shown 

in Figure 7.1, the GT is the generator-transmission set. There are two types of circuit breakers 

(CB and BSCB) in the SPS. The CB in Figure 7.1 represents the circuit breaker that is connected 

to a generator-transformer set or a load. The BSCB in Figure 7.1 represents the bus segmentation 

circuit breaker. The BSCB is used to divide the starboard bus and the port bus into several zones. 

There are three types of bus (SB, PB, GB, LB) in the SPS. SB and PB in Figure 7.1 represent 

starboard bus and port bus, respectively. The SBs and PBs are separated by the bus segmentation 
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circuit breakers. In Figure 7.1, the GB presents the generator bus. The generator-transmission 

sets are connected to the generator bus through circuit breakers. The LB in Figure 7.1 presents 

the load bus. The loads in the SPS are connected to the load bus through circuit breakers. 
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Figure 7. 1 Shipboard Power System for Reconfiguration Illustration 

 

The loads in the SPS have their priorities according to the importance of the service that the 

loads can provide. In Figure 7.1, the load bus LB2 and LB5 are connected to both port bus and 

starboard bus and the load bus LB3 and LB4 are connected to either port bus or starboard bus. So 

the loads that are connected to load bus LB2 and LB5 have higher priorities than the loads that 

are connected to load bus LB3 and LB4. In this work, the loads are sorted according to the 

priorities of the loads as shown in Figure 7.2. 

L1 L2 L7 L8 L3 L4 L5 L6

High
priority

Low
priority 

Figure 7. 2 The Priority of the Loads in SPS 
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Figure 7.3 shows the MAS that is associated with the SPS in Figure 7.1. In Figure 7.3, the 

GA presents the generator agent. A generator agent is associated with a generator-transmission 

set in Figure 7.1. The CBA in Figure 7.3 represents the circuit breaker agent. The circuit breaker 

agent is associated a circuit breaker or a bus segmentation circuit breaker in Figure 7.1. The LA 

in Figure 7.3 represents the load agent, which is associated with the load in Figure 7.1. In Figure 

7.3, the BA represents the bus agent. The bus agent is associated with the port bus, the starboard 

bus, generator bus, or load bus. 
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Figure 7. 3 The Multiagent System Associated with the Shipboard Power System 

 

7.2 Illustration of the reconfiguration 
 

7.2.1 Decentralized Spanning Tree Algorithm 
 

In the MAS shown in Figure 7.3, each agent has a unique id number. An agent can use the 

Media Access Control (MAC) address of the network adapter as its id number. The MAC 

address is a unique identifier attached to a network adapter. The MAC address can be used for 
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the id of the agents. In this work, in order to simplify the illustration, an unique integer is 

assigned to each agent. The agent ids are shown in Figure 7.4. In Figure 7.4, the number next to 

an agent indicates the id of the agent. 
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Figure 7. 4 The ID Numbers of the Agents in the MAS 

 

By following the decentralized spanning tree algorithm proposed in chapter 4, an agent in the 

MAS determines its parent agent and children agents. Table 7.1 shows the parent agents and 

children agent of each agent in the MAS. 

 

Table 7. 1 The Generated Tree Architecture in the MAS 

 

Agent Name Parent Agent 

Name 

Children agent 

Name 

GA1 N/A CBA1 

CBA1 GA1 BA1 

BA1 CBA1 CBA2, CBA3 

CBA2 BA1 BA2 

CBA3 BA1 BA3 

BA2 CBA2 CBA4 
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BA3 CBA3 CBA5 

CBA4 BA2 BA4 

CBA5 BA3 BA5 

BA4 CBA4 CBA10, CBA6 

BA5 CBA5 CBA7, CBA24 

CBA6 BA4 N/A 

CBA7 BA5 BA6 

BA6 CBA7 CBA8, CBA9 

CBA9 BA6 LA1 

CBA8 BA6 LA2 

LA1 CBA9 N/A 

LA2 CBA8 N/A 

CBA10 BA4 BA8 

CB24 BA5 BA7 

BA7 CBA24 CBA25, CBA21 

CBA21 BA7 BA12 

BA12 CBA21 CBA17, CBA18 

CBA17 BA12 LA3 

CBA18 BA12 LA4 

LA3 CBA17 N/A 

LA4 CBA18 N/A 

BA8 CBA10 CBA11 

CBA25 BA7 BA16 

CBA11 BA8 BA9 

BA16 CBA25 CBA26 

BA9 CBA11 CBA14, CBA12 

CBA14 BA9 BA13 

BA13 CBA14 CBA18, CBA19 

CBA18 BA13 LA5 

Table 7. 1 - Continued 
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CBA19 BA13 LA6 

LA5 CBA18 N/A 

LA6 CBA19 N/A 

CBA12 BA9 BA10 

CBA26 BA16 BA17 

BA10 CBA12 CBA15, CBA13 

BA17 CBA26 CBA22, CBA27 

CBA15 BA10 N/A 

CBA22 BA17 BA14 

BA14 CBA22 CBA19, CBA20 

CBA19 BA14 LA7 

CBA20 BA14 LA8 

LA7 CBA19 N/A 

LA8 CBA20 N/A 

CBA13 BA10 BA11 

CBA27 BA17 BA18 

BA11 CBA13 CBA16 

BA18 CBA27 CBA23 

CBA16 BA11 N/A 

CBA23 BA18 BA15 

BA15 CBA23 CBA28 

CBA28 BA15 GA2 

GA2 CBA28 N/A 

 

 

As shown in Table 7.1, the agent GA1 is an agent without parent agent, so GA1 is a root 

agent in the generated tree structure in the MAS. The agents LA1, LA2, LA3, LA4, LA5, LA6, 

LA7, LA8, CBA6, CBA15, CBA16, and GA2 are agents that have no children agents, so these 

agents are leaf agents. 

 

Table 7. 1 - Continued 
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7.2.2 Reconfiguration of the SPS 
 

In this section, by applying the reconfiguration method proposed in chapter 5, two 

reconfiguration cases are illustrated for the SPS shown in Figure 7.1. The first case is the load 

restoration in the SPS. The second case is the load shedding in the SPS. 

 

Case 1: Load Restoration. Assume that the rating power of the GT1 and GT2 are 100 kw 

and 150 kw respectively. The rating power of the L1, L2, L3, and L4 are 40 kw, 50 kw, 20 kw, 

and 30 kw respectively. The rating power of the L5, L6, L7, and L8 are 50 kw, 30 kw, 60 kw, 

and 40 kw, respective. Assume that the original status of the circuit breakers in the SPS is shown 

in Table 7.2. 

Table 7. 2 The Status of the Circuit Beakers 

 

Circuit Breaker Name Status 

BSCB1 ON 

BSCB2 ON 

BSCB3 ON 

BSCB4 ON 

BSCB5 ON 

BSCB6 ON 

BSCB7 ON 

BSCB8 ON 

BSCB9 ON 

BSCB10 ON 

CB1 ON 

CB2 ON 

CB3 ON 

CB4 ON 

CB5 ON 

CB6 ON 



 106

CB7 ON 

CB8 OFF 

CB9 ON 

CB10 OFF 

CB11 ON 

CB12 OFF 

CB13 OFF 

CB14 ON 

CB15 ON 

CB16 ON 

CB17 ON 

CB18 ON 

 

In this case, the loads L1, L2, L7, and L8 are supplied by the power system. Loads L3, L4, 

L5, and L6 are not supplied by the power system. When the tree structure is generated in the 

MAS, the leaf agents update the variables _load serv , _load req , _pwr spl , and _pwr resv . Then 

the leaf agents send upstream message to the parent agents. The upstream message includes the 

variables _load serv , _load req , _pwr spl , and _pwr resv . When an agent receives upstream 

message from its load agents, it updates its _load serv , _load req , _pwr spl , and _pwr resv . When 

an agent receives upstream messages from all its children agents, it sends an upstream message 

to its parent agent. Table 7.3 shows the _load serv , _load req , _pwr spl , and _pwr resv  in the 

upstream message that an agent sends to the parent agents. 

 

Table 7. 3 The Upstream Message of Agent in the MAS 

 

Agent 

Name 

_load serv  

(kW) 

_load req  

(kW) 

_pwr spl  

(kW) 

_pwr resv  

(kW) 

GA2 0 0 150 0 

CBA28 0 0 150 0 

Table 7. 2 - Continued 
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BA15 0 0 150 0 

CBA16 0 0 0 0 

CBA23 0 0 150 0 

BA11 0 0 0 0 

BA18 0 0 150 0 

CBA13 0 0 0 0 

CBA27 0 0 150 0 

LA7 -60 0 0 0 

CBA19 -60 0 0 0 

LA8 -40 0 0 0 

CBA20 -40 0 0 0 

BA14 -100 0 0 0 

CBA15 0 0 0 0 

BA10 0 0 0 0 

CBA22 -100 0 0 0 

BA17 -100 0 150 0 

CBA12 0 0 0 0 

CBA26 -100 0 150 0 

LA5 0 -50 0 0 

CBA18 0 -50 0 0 

LA6 0 -30 0 0 

CBA19 0 -30 0 0 

BA13 0 -80 0 0 

CBA14 0 -80 0 0 

BA9 0 -80 0 0 

BA16 -100 -80 150 0 

CBA11 0 -80 0 0 

CBA25 -100 0 150 0 

BA8 0 -80 0 0 

Table 7. 3 - Continued 
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LA3 0 -20 0 0 

CBA17 0 -20 0 0 

LA4 0 -30 0 0 

CBA18 0 -30 0 0 

BA12 0 -50 0 0 

CBA21 0 -50 0 0 

BA7 -100 -50 150 0 

CBA10 0 -80 0 0 

CBA24 -100 -50 150 0 

LA1 -40 0 0 0 

CBA9 -40 0 0 0 

LA2 -50 0 0 0 

CBA8 -50 0 0 0 

BA6 -90 0 0 0 

CBA6 0 0 0 0 

BA7 -90 0 0 0 

BA4 0 -80 0 0 

BA5 -190 -50 150 0 

CBA4 0 -80 0 0 

CBA5 -190 -50 150 0 

BA2 0 -80 0 0 

BA3 -190 -50 150 0 

CBA3 -190 -50 150 0 

CBA2 0 -80 0 0 

BA1 -190 -130 150 0 

CBA1 -190 -130 150 0 

 

 

Table 7. 3 - Continued 
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When the root agent GA1 receives the upstream message from CBA1, it updates its variables 

_load serv , _load req , _pwr spl , and _pwr resv . In this case, the updated variables _load serv , 

_load req , _pwr spl , and _pwr resv of GA1 is shown as follows: 

 

_ 190load serv = − kW 

_ 130load req = − kW 

_ 250pwr spl = kW 

_ 0pwr resv = kW 

 

In this case,  
_ _ 0,
_ _ _ 0

load serv pwr spl and
load serv load req pwr spl

+ >
+ + <

 

 

Base on the rules proposed in chapter 4, some loads can be restored in the SPS based on the 

priorities of the loads. The priority of the loads in the SPS is shown in Figure 7.2. Since 

_ _ 60load serv pwr spl+ = kW, the root agent GA1 generates a downstream message (" "restore , 60 

kW ) and sends the message to the children agents. 

When an agent receives the downstream message from its parent agent, it forwards the 

message to its children agents. If the agent is a circuit breaker agent, it change the status of the 

corresponding circuit breaker based on the rules proposed in chapter. Table 7.4 shows the status 

of the circuit breakers in the MAS after the reconfiguration. 

 

Table 7. 4 Circuit Breaker Status in the MAS After Reconfiguration 

 

Circuit Breaker Name Status 

BSCB1 ON 

BSCB2 ON 

BSCB3 ON 

BSCB4 ON 
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BSCB5 ON 

BSCB6 ON 

BSCB7 ON 

BSCB8 ON 

BSCB9 ON 

BSCB10 ON 

CB1 ON 

CB2 ON 

CB3 ON 

CB4 ON 

CB5 ON 

CB6 ON 

CB7 ON 

CB8 ON 

CB9 ON 

CB10 ON 

CB11 ON 

CB12 OFF 

CB13 OFF 

CB14 ON 

CB15 ON 

CB16 ON 

CB17 ON 

CB18 ON 

 

 

Case 2: Load Restoration. In this case, assume that the original status of the circuit breakers 

in the SPS is shown in Table 7.5. The load L1, L2, L3, L4, L5, and L6 are supplied in the system. 

The load, L7 and L8 are not supplied in the SPS. 

 

Table 7. 4 - Continued 
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Table 7. 5 The Original Status of the Circuit Breakers in the SPS 

 

Circuit Breaker Name Status 

BSCB1 ON 

BSCB2 ON 

BSCB3 ON 

BSCB4 ON 

BSCB5 ON 

BSCB6 ON 

BSCB7 ON 

BSCB8 ON 

BSCB9 ON 

BSCB10 ON 

CB1 ON 

CB2 ON 

CB3 ON 

CB4 ON 

CB5 ON 

CB6 ON 

CB7 ON 

CB8 ON 

CB9 ON 

CB10 ON 

CB11 ON 

CB12 ON 

CB13 ON 

CB14 ON 

CB15 ON 

CB16 OFF 
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CB17 OFF 

CB18 ON 

 

During the operation, the load L8 needs to be connected into the SPS. So the agent CBA16 

close the circuit breaker CB18 and connect the load L8 into the SPS. Then the upstream message 

in the power system is updated as shown in Table 7.6. 

 

Table 7. 6 The upstream message of the agents in the MAS 

 

Agent 

Name 

_load serv  

(kW) 

_load req  

(kW) 

_pwr spl  

(kW) 

_pwr resv  

(kW) 

GA2 0 0 150 0 

CBA28 0 0 150 0 

BA15 0 0 150 0 

CBA16 0 0 0 0 

CBA23 0 0 150 0 

BA11 0 0 0 0 

BA18 0 0 150 0 

CBA13 0 0 0 0 

CBA27 0 0 150 0 

LA7 0 -60 0 0 

CBA19 0 -60 0 0 

LA8 -40 0 0 0 

CBA20 -40 0 0 0 

BA14 -40 -60 0 0 

CBA15 0 0 0 0 

BA10 0 0 0 0 

CBA22 -40 -60 0 0 

BA17 -40 -60 150 0 

Table 7. 5 - Continued 
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CBA12 0 0 0 0 

CBA26 -40 -60 150 0 

LA5 -50 0 0 0 

CBA18 -50 0 0 0 

LA6 -50 0 0 0 

CBA19 -50 0 0 0 

BA13 -50 0 0 0 

CBA14 -80 0 0 0 

BA9 -80 0 0 0 

BA16 -40 -60 150 0 

CBA11 -80 0 0 0 

CBA25 -40 -60 150 0 

BA8 -80 0 0 0 

LA3 -20 0 0 0 

CBA17 -20 0 0 0 

LA4 -30 0 0 0 

CBA18 -30 0 0 0 

BA12 -50 0 0 0 

CBA21 -50 0 0 0 

BA7 -90 -60 150 0 

CBA10 -80 0 0 0 

CBA24 -90 -60 150 0 

LA1 -40 0 0 0 

CBA9 -40 0 0 0 

LA2 -50 0 0 0 

CBA8 -50 0 0 0 

BA6 -90 0 0 0 

CBA6 0 0 0 0 

BA7 -90 0 0 0 

Table 7. 6 - Continued 
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BA4 -80 0 0 0 

BA5 -180 -60 150 0 

CBA4 0 -80 0 0 

CBA5 -180 -60 150 0 

BA2 -80 0 0 0 

BA3 -180 -60 150 0 

CBA3 -180 -60 150 0 

CBA2 -80 0 0 0 

BA1 -260 -60 150 0 

CBA1 -260 -60 150 0 

 

In this case, when the root agent GA1 receives the upstream message from CBA1, it updates 

its variables _load serv , _load req , _pwr spl , and _pwr resv . In this case, the updated variables 

_load serv , _load req , _pwr spl , and _pwr resv of GA1 is shown as follows: 

 

_ 260load serv = − kW; 

_ 60load req = − kW 

_ 250pwr spl = kW 

_ 0pwr resv = kW 

 

In this case: 

 
_ _ _ 0load serv pwr spl pwr resv+ + <  

 

Base on the rules proposed in chapter 5, some loads have to be restored in the SPS based on 

the priorities of the loads. The priority of the loads in the SPS is shown in Figure 7.2. The root 

agent generates a downstream message (" "shed , -10 kW) and sends the message to the children 

agents. 

 

Table 7. 6 - Continued 
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When an agent receives the downstream message from its parent agent, it forwards the 

message to its children agents. If the agent is a circuit breaker agent, it change the status of the 

corresponding circuit breaker based on the rules proposed in chapter. Table 7.7 shows the status 

of the circuit breakers in the MAS after the reconfiguration. 

 

Table 7. 7 The Circuit Breaker Status After Reconfiguration 

 

Circuit Breaker Name Status 

BSCB1 ON 

BSCB2 ON 

BSCB3 ON 

BSCB4 ON 

BSCB5 ON 

BSCB6 ON 

BSCB7 ON 

BSCB8 ON 

BSCB9 ON 

BSCB10 ON 

CB1 ON 

CB2 ON 

CB3 ON 

CB4 ON 

CB5 ON 

CB6 ON 

CB7 ON 

CB8 ON 

CB9 ON 

CB10 ON 

CB11 ON 
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CB12 ON 

CB13 ON 

CB14 ON 

CB15 OFF 

CB16 ON 

CB17 OFF 

CB18 ON 

 

As shown in Table 7.7, after load L8 is connected into the power system, load L6 is shed in 

order to keep balance of the power supply and power demand. 

 
 

7.3 Simulation Results 
 

In this section, the simulation results for the reconfiguration in SPS are shown. The 

simulation experiments setup is introduced and two simulation scenarios tested on the platform 

are demonstrated. 

 

7.3.1 Experiments Setup 

 

The experimental setup is shown as Figure 7.5. In Figure 7.5, the iPAQs are used to simulate 

the MAS. The SPS is simulated on RTDS. The FPGA interface is used for the data exchange 

between the RTDS and the iPAQs. 

Table 7. 7 - Continued 
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Figure 7. 5 Experimental Setup 

 
7.3.2 SPS for Reconfiguration Simulation 

 

The hardware simulation platform of the proposed reconfiguration methodology is 

implemented in the simulation platform introduced in chapter 6. Because the FPGA interface can 

only provide 20 channels for the communication between the RTDS and the MAS, the SPS in 

Figure 7.1 is simplified into the SPS as shown Figure 7.6. 

Gen1
[1]

Bkr1
[2]

Load1
[9]

Bkr5
[8]

Bus3
[4]

Bkr4
[5]

Bkr3
[3]

Bus1
[6]

Bus2
[7]

Bkr6
[12]

Bus4
[14]

Bkr8
[11]

Load2
[10]

Bkr7
[13]

Bkr2
[15]

Gen2
[16]

20kW

15kW

6.5kW 10kW

 

Figure 7. 6 Simplified SPS for Simulation 
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Figure 7.6 is a zonal SPS with two generators and two loads. Gen1 and Gen2 are two 

generator-transformer sets with rated power of 20 kw and 10 kw respectively. Load1 and Load2 

are two loads with rating power of 15 kw and 6.5 kw respectively. Assume that Load1 has higher 

priority than Load2 in the simplified SPS in Figure 7.7. In Figure 7.7, the numbers in the bracket 

are the id number of the agents. For example, the agent associated with generator Gen1 is Agent1. 

Figure 7.8 shows the corresponding implemented SPS in the RTDS. 

 

7.3.3 Simulation Scenarios 

 

In this section, two reconfiguration scenarios are simulated in the proposed SPS. In the first 

scenario, a fault happens on the generator Gen2 and Gen2 is disconnected from the system. The 

MAS reconfigure the SPS according to the decrease of the electric power in the SPS. In the 

second scenario, the fault on the generator Gen2 is cleared and Gen2 is reconnected into the SPS. 

The MAS restore the loads in the SPS according to the increase electric power supply. 

 

 

Figure 7. 7 Implemented SPS in RTDS 

 

Scenario 1: Load Shedding. Assume that fault happens at the generator Gen2. The protection 

equipment in the SPS disconnect Gen2 from the system by opening Bkr2. Since the circuit 

breaker Bkr2 is open, the available electric power in the SPS is 20 kw, which is lower than the 

power demand 21.5 kw in the system, one of the loads in the SPS has to be shed to balance the 
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power supply and power demand. Load1 has a higher priority than Load2, so Agent11 opens 

circuit breaker Bkr8 and disconnect the Load2. Fig. 5 shows the simulation result in RTDS. 

Figure 7.8 (a) and Figure 7.8(b) show the change of current that flows into Load2 and power of 

Load2 respectively due to the reconfiguration. Figure 7.8 shows that Load2 is disconnected from 

the SPS. The current and power of Load2 drop to 0. Figure 7.9 shows the simulation result in 

MAS. Figure 7.9(a) shows Agent10, which is the agent for Load2. The output of the Agent 10 

shows that Load2 is disconnected from the SPS. Figure 7.9(b) shows Agent 11. The output of the 

Agent11 indicates that Agent 11 opens the circuit breaker Bkr8. 

 

Scenario 2: Load Restoration. Assume that the fault on Gen 2 is cleared. The generator Gen2 

can be reconnected to the system. The available electric power in the SPS becomes 30 kw that is 

higher than the power demand 21.5 kw in the SPS. So the Load2 can be restored. Fig. 7.10 

shows the simulation result in RTDS. Fig. 7.10 (a) and Fig. 7.10 (b) show the change of the 

current that flows into Load2 and the power of Load2 respectively. Figure 7.10 indicates that the 

Load2 is reconnected and power that flows into Loads becomes 6.5 kw. Figure 7.11 shows the 

simulation result on MAS. Figure 7.11 (a) shows Agent11, which indicates that Agent11 closes 

the Bkr8 and reconnects the Load2 into the SPS. Figure 7.11(b) shows Agent15, which is the 

agent for Bkr2. The output of Agent15 indicates that Agent 15 closes the Bkr2 and reconnects 

Gen2 into the SPS. 

 

(a) (b)  

Figure 7. 8 Load Shedding Simulation Result in RTDS 
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(a) (b)

Agent10 Agent11

 

 

Figure 7. 9 Load Shedding Simulation Results in MAS 

(a) (b)
 

Figure 7. 10 Load Restoration Simulation Result in RTDS 
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(a) (b)

Agent11 Agent15

 

Figure 7. 11 Load Restoration Simulation Result in MAS 

 
 

7.4 Discussions and Summary 
 

The proposed MAS based reconfiguration methodology can successfully reconfigure the SPS 

in a completely decentralized manner. There is no dominant or coordinating agent in the MAS. 

So the MAS is immune to the single point of failure. 

Since there is no central controller in the MAS, the communication bandwidth for the agents 

in the MAS can be reduced. In the MAS as shown in Figure 7.7, if there is a central controller, 

the central controller needs to communicate with the 16 agents in the MAS to gather information 

for the reconfiguration of SPS. In the decentralized MAS, each agent only need to communicate 

with its neighboring agents to gather information for reconfiguration. Agent6 and Agent7, which 

are agents with the most neighboring agents in the MAS, only need to communicate with four 

neighboring agents to get the information for reconfiguration. So the bandwidth requirement for 
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a centralized reconfiguration system is at lest four times of the bandwidth of a decentralized 

reconfiguration system in this MAS. As the size of the SPS becomes larger, the decentralized 

MAS requires much less bandwidth than the centralized MAS. For example, in the SPS shown in 

Figure 7.1, the bandwidth requirement of the centralized MAS is at lest 18 times that of the 

requirement of a decentralized MAS. 

In this chapter, a zonal SPS was proposed to illustrate the proposed MAS based completely 

decentralized reconfiguration methodology. Two reconfiguration cases are discussed to 

demonstrate the proposed the reconfiguration methodology. The reconfiguration results for each 

agent in the MAS are also presented. The simplified zonal SPS was proposed for simulation on 

the simulation platform that is proposed in chapter 6. The load shedding and load restoration 

scenarios are simulated for testing and validating the proposed reconfiguration methodology. The 

simulation results show that the completely decentralized MAS based reconfiguration 

methodology proposed in this work in effective and promising. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 
 

In this dissertation, a completely decentralized spanning tree algorithm was put forward for a 

mesh structure networks. Based on the proposed decentralized spanning tree algorithm, a 

completely decentralized MAS based reconfiguration methodology is proposed. In this chapter, 

the proposed reconfiguration methodology are summarized with main results and conclusion 

highlighted. Thereafter, possible research directions are suggested for future works. 

 

8.1 Conclusions 
 

The ability to reconfigure is critical to the survivability and liability of power systems. The 

reconfiguration in the power system is to reroute the electric power in the power system in order 

to achieve some goals, such as service restoration, minimizing power loss, optimal power 

dispatch, etc. Currently, the reconfiguration methodologies for the reconfiguration of power 

systems are centralized. In a centralized reconfiguration approach, the single point of failure may 

happen if the reconfiguration system is lack of redundancy. Modern power systems are large 

systems with complex topology. Most of the proposed reconfiguration methodologies are 

topology dependent. Due to the importance of the reconfiguration in the power system, various 

methods have been applied to the reconfiguration of the power system.  

In this dissertation, an MAS based completely decentralized reconfiguration methodology is 

developed and implemented for the reconfiguration of power systems. The objective of the 

reconfiguration in this dissertation is to maximize the service restored in a power system. The 

contribution of this work includes developing a completely decentralized spanning tree algorithm 

for an arbitrary network, developing a completely decentralized reconfiguration methodology for 



 124

a power system with any topology. A hardware simulation platform is developed to for testing 

and validating the proposed reconfiguration methodology. 

 

8.1.1 Decentralized Spanning Tree Algorithm 
 

In a decentralized system, when there is a loop in the system, the message that starts from 

one node of the system may be transmitted to the node from which it is originally initiated. This 

is the looping problem in a completely decentralized system. In an MAS based completely 

decentralized reconfiguration methodology for power system, the looping problem may lead to 

the redundant information accumulation (RIA) problem in the MAS. This dissertation proposes a 

completely decentralized spanning tree algorithm for decentralized systems to avoid the RIA 

problem. The proposed spanning tree algorithm can be applicable to any topology. There is no 

central controller or coordinator for the proposed spanning tree algorithm. Each node only 

communicates its neighboring node to generate a tree structure in the network. 

 

8.1.2 Decentralized Reconfiguration for Power Systems 
 

Due to the importance of the reconfiguration to power system, various methods have been 

applied to the reconfiguration methodologies. However, most of the developed methodologies 

are centralized. In this dissertation, an MAS was proposed for the reconfiguration of the power 

system. The objective of the reconfiguration methodology in this work in to maximize the 

service restoration in the power system. Each agent in the MAS is associated with a major 

component in the power system, such as generator, load, circuit breaker, and bus. If the two 

electric components in the power system have connection with each other, the corresponding 

agents in the MAS are defined as neighboring agents of each other. The agents in the MAS are 

limited to communicate with their agent. There is no central controller in the proposed 

reconfiguration methodology for the power system. The proposed MAS works in a completely 

decentralized manner. There is no single point of failure in the proposed complete decentralized 

MAS. Since the agents in the MAS communicate only with the neighboring agent, when a new 
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agent enters the MAS or one agent quits the MAS, the communication is only limited to the 

neighboring agents. This increases the scalability of the MAS. 

 

8.1.3 Reconfiguration Methodology Simulation 
 

In this dissertation, a hardware simulation platform is developed to simulate the proposed 

reconfiguration methodology. In that simulation platform, the software ware for implementing 

the agents in the MAS is Java Agent Development framework (JADE). JADE is a software 

framework fully implemented in Java language and can provide a development environment for 

agents. The hardware for implementing the agents is iPAQ. The iPAQ is the pocket PC that can 

support Java virtual machine so that the algorithm implemented in Java can run on the iPAQ. 

The power system is simulated in the Real Time Digital Simulator (RTDS) in the platform. The 

RTDS is a high speed simulator that is applied to the research work in power system. The RTDS 

provides an environment for the implementation of the power systems. An FPGA interface is 

developed as a middle ware to support the communication between the RTDS and the MAS. 

A shipboard power system (SPS) is presented to validate the proposed reconfiguration 

methodology. Several reconfiguration cases are illustrated by applying the proposed completely 

decentralized methodology. The reconfiguration owht Due to the limitation of the simulation 

platform, a simplified SPS is proposed for simulation on the simulation platform. The illustration 

and simulation result show that the proposed reconfiguration methodology is effective and 

promising. 

 

8.2 Future work 
 

Work presented in this dissertation discussed a completely decentralized reconfiguration 

methodology developed to restore the load in the power. The future work in this area can address 

following aspects: 

The objective of the reconfiguration process in this dissertation is to maximize the service 

restoration in the power system. In future research work, other objectives can be set up for the 
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reconfiguration process in the power system. Also a comprehensive multi-objective 

reconfiguration methodology can be investigated. 

 

In the reconfiguration process proposed in this work, only the real power is considered in the 

power system for balancing the power supply and power consumption. In future research work, 

the reactive power can be taken into account for the reasoning of the reconfiguration process. 

In this dissertation, the power loss on the transmission lines and the electric components is 

omitted. The circuit breakers and the bus are considered as ideal component with on power loss. 

In future work, the power loss in the transmission line and the electric components can be taken 

into consideration. 

In the reconfiguration process in this dissertation, the agents in the MAS are assumed to be 

working properly without failure and uncertainty. In the future work, the reconfiguration 

methodology can be improved so that the MAS can maintain its functions with the failure on 

some agents in the MAS.  
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APPENDIX A 
 
 
 
 
Upstream Behaviour 

 

,

,
send where

receive( ) , where ,

{ }

i i

i,j j i

j i j i j i

i i j

if  : a A
then : (upstream) ,  a

if : upstream  a a recvmsg

      recvmsg recvmsg uid

= Φ ∈
∈

∈ ∉

← ∪

children
parent

children
 

 
the agent is a circuit breaker agent

the circuit breaker i is open
_ _ _

_ _

i

i i j j

i i j

     if :  a  
          if : 
          then: load_req load req load serv load req

                   pwr_resv pwr resv pwr spl pwr

← + +

← + + _ jresv

 

 
_ _

_ _

_ _

_ _

i i j

i i j

i i j

i i j

          else: load_req load req load req

                  load_serv load serv load serv
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         end i

← +

← +

← +

← +
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i i j

i i j

i i j

i i j
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← +

← +

← +
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,send( ) , where
i i

i k k i

    if : recvmsg
    then: upstream   a

end if

=
∈

children
parent

 

 
 

Downstream  Behaviour 
 

where
where

i i i i

i,j j i
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then : send("all_restored") ,  uid

Φ

∈

parent
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Reconfiguration Decision and Action Behaviour 
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,

,

receive(" _ _ _ ")
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