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Currently, many advanced technologies in the world use multi-agent systems to control
and manage energy in smart grids, discussing the role of multi-agent system energy
management is of great significance to future power systems. This thesis focuses on the
potential role of multi-agent systems in the energy management part of smart grids. First,
the thesis comprehensively describes smart grid architecture and its key features by
analyzing the state-of-art literature, analyzes the internal structure and communication
process of the multi-agent system, and demonstrates the various applications of the current
advanced multi-agent systems in the smart grid. Next, the thesis analyse the role of multi-
agent systems through its application in energy management. Finally look forward to the
future of multi-agent systems and explore ways to solve system defects. The use of multi-
agent systems for energy management in power grids is important for achieving the goals
of renewable energy generation and has a promising market. This thesis can provide
guidance for optimizing smart grid models and improving energy control efficiency.
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1 Introduction

The world economy has been growing more quickly in recent years, which has led to a
massive worldwide use of fossil fuels and significant harm to the energy environment. As
science and technology have advanced, more non-renewable energy sources such as crude
oil have been put into the automobile industry, triggering a series of energy problems and a
large amount of greenhouse gas emissions. As the centre of gravity of the global
automotive industry gradually shifts from traditional industrial energy vehicles to electric
vehicles, and heat pumps and other loads are introduced, the global power grid is facing a

crisis [1].

Considering renewable energy generation and customer demand, and the need to rationally
allocate power generation resources to maximise profits, scientists believe that improving
ordinary power grid facilities into smart grids is a key solution to the current global power
grid crisis. The traditional grid is a rigid system, with a lack of flexibility in the access and
withdrawal of power sources and the transmission of electrical energy, resulting in a grid
that is not dynamically flexible and groupable, with a lack of information sharing. Smart
grid contains different links such as power generation, transmission, substation,
distribution, consumption and dispatch, are characterised by informatisation, automation
and interaction, which can better realize the high degree of integration of "power network,
information transmission and business conduct" [2]. Smart networks that regulate
renewable energy aid in reducing greenhouse gas emissions and particulate matter
emissions; however, the integration of various generator modules complicates technical
system management, making it more difficult to maintain a steady output. Without the help
of smart grids, such systems operate in a coordinated, cost-effective manner, which makes
management and monitoring challenging. Therefore, transforming traditional grids into

smart grids is crucial for energy management of future power systems.

However, since smart grids alone cannot guarantee the continuous and stable quality of
power supplied to users around the world [3]. Additionally, energy management in smart
grids is experiencing significant issues due to the growing percentage of renewable energy
in these systems [4]. The generation of power from traditional fossil energy sources and

the generation of power from renewable energy sources must be synchronized in order to



sustain the power delivered at the required level. When large amounts of non-renewable
energy sources are used to generate electricity, it is currently not possible to enable the
energy management components to make decisions to supply electricity in an efficient
manner, or to take autonomous actions to control the different subsystems in response to
the generation, distribution and consumption of energy to provide electricity in an efficient
manner. These factors make the energy management, control and distribution of smart grid
systems difficult to complete, and the efficiency of processing data and control diversity is
low [5]. In addition, as the global expected energy demand continues to increase, the
current centralized structure of the grid can no longer meet the demand for electricity [6],
so the share of renewable energy in the global power sector continues to grow, which
requires the urgent need to transform the centralized structure of grid energy management
into Decentralized structure. Figure 1 shows the centralized structure and decentralized
structure of smart grids [7]. It has been found that Multi-Agent Systems are particularly
suitable for the design of decentralized systems that require entity autonomy, and can offer
solutions to the present issues with smart grid energy management as well as alternatives

for putting cooperative systems like smart grids into practice [8].

The centralized structure The decentralized structure

Figure 1. The centralized and decentralized structure [7]

A group of agents working together to accomplish a common objective is called a multi-
agent system, the agents sharing a common environment, sensing through sensors, and
operating through actuators [9]. Simple intelligent units in a multi-agent system can sense,

communicate, collaborate and act with each other and implement complex functions,



making complex modelling simpler while improving the reliability and flexibility of the
system. Power systems frequently employ MAS, particularly for smart grids’ energy
management. The energy management model using MAS system is an efficient energy
utilization model that utilizes advanced control and communication technologies to

integrate multiple subsystems in the energy infrastructure [10].

The purpose of this thesis is to explore the potential role of MAS in smart grid energy
management. The thesis is organized into the following chapters. Chapter 1 provides an
overview of power grid transition towards smart grid and MAS system. Chapter 2 explains
the structure and application of the smart grid. Chapter 3 explains the communication
methods between agents in the multi-agent system and the structure of the multi-agent
system in the smart grid. Chapter 4 introduces applications of MAS in grids for energy
management and other areas. Chapter 5 explains the advantages of multi-agent system in
grid energy management which based on the application of multi-agent system grid energy
management. Chapter 6 explains the future prospects of multi-agent system in power grid

energy management. Chapter 7 is the summary of the thesis.



2 Smart Grid

A smart grid is a state-of-the-art power grid that integrates advanced sensing and
measuring technologies, power grid architecture, information and communication
technology, analysis and decision-making technology, and automatic control technology
with energy and power technologies. The objectives of creating a smart grid are feasible: a
dependable, safe, affordable, efficient, ecologically friendly, and safe to use. Its primary
characteristics include the ability to heal itself, inspire and safeguard users, fend off attacks,
deliver power quality that satisfies user requirements, permit access to a range of power

generation forms, initiate the power market, and operate assets optimally and efficiently

[11].

2.1 Smart Grid structure

Power generation, transmission, and distribution make up the three components of the
smart grid's energy and application architecture. Smart meters, data centers, controllers,
and power/current sensors are some of the digital technologies that make smart grid
technologies possible. The smart grid's structure is depicted in Figure 2 [12]. Smart grid
power generation is divided into two parts, one is mainly imported from nuclear power and
chemical energy and other non-renewable energy generation, the other part is renewable
power generation using solar wind and other renewable energy, and through the power
network (data network and energy network) transmission to the transmission line. The
transmission network that connects all significant substations and load centers is the
foundation of an integrated power system. Transmission lines should be resilient enough to
withstand unanticipated circumstances and fluctuations in dynamic load without
compromising service [13]. Adopting certain criteria is advised in order to guarantee
performance, supply quality, and dependability. In order to attain the transmission-level
performance of the smart grid, cutting-edge technology and analytical tools must be

designed.

The technological component for monitoring and control is made up of small things that

can self-monitor, self-heal, be adaptive and predictable over generations, intelligent



networks, and gadgets strong enough to manage problems with dependability, congestion,
and instability. Both intelligent distributed energy resources and intelligent energy-efficient
devices include integrated monitoring and control features. Based on their situational
awareness, these technologies demonstrate self-awareness and can operate autonomously

[14].

The final phase of power transmission to clients is the distribution network. Small
commercial, industrial, and residential clients are supplied via primary and secondary
distribution feeders. Intelligent support schemes at the distribution level will be able to
monitor automation through communication links between consumers, AMI, smart meters,

and energy management components of utility control systems [15].

The end consumers of the smart Grid can be divided into commercial, industrial and
residential. Industrial is mainly used for electric vehicle charging and energy storage and
distributes electricity to different parts that need electricity through Distributed Energy
Management System. Residential is mainly used for Smart Control and Smart Appliances
in houses. Residential is mainly used for Smart Control and Smart Appliances in houses.
Table 1 shows how smart grids are controlled. For the design of smart grid, the
advantages and disadvantages of communication trend applied for the smart gird is shown

in Table 2 [16].
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Figure 2. Smart grid architecture [12]




Table 1. Smart grid’s control types [16]

Control type Characteristics Difficulty Type and cost of
communication
Centralized control Control signals Elevated for the Two/one way
controller

Control of price

Transactive control

High-level controller's
decision

Transmitted to units
after being generated by
a high-level controller

Low-level components
don't have to reply

Power scheduling is the
response of low-level
components

Minimal for an item
under control

Relatively high for
controller

Low for controller
object

minimal for the
controller

Quite high for
controlled project

High

One way

Low

Two-way

Comparatively elevated

Table 2. Advantages and disadvantages of communication trend applied for smart grids [16]

Communication

Technology

Advantages

Disdvantages

Power line communication (PLC)

Digital subscriber line (DSL)

place

There is already extensive
communication infrastructure in

Significant signal loss and
channel interference

Appliance-related disturbance

Reduced expenses for upkeep

and operation

Most extensively used broadband

Extensive connectivity
infrastructure already in place

Unsuitable for networks that span
huge distances

Utilities that use the networks are

charged extra by the operators



Fiber optic

Wireless personal area network
(WPAN)

Worldwide interoperability for
microwave access (WiMAX)

Global system for mobile
communications (GSM)

Satellite

Long-distance correspondence
Extremely large bandwidth

Resilience to radiological and
electromagnetic interference

Minimal power use
Minimal cost of deployment

Network compatibility based on
IPv6

Supports a large number of users
at once

It is feasible to communicate
over long distances.

Control based on connection-
oriented channel bandwidth

Open standards for the industry
millions of devices are supported

Terminal apparatus with minimal
power consumption Flexibility
and appropriateness for users

Incredibly dependable Capable of
long-distance communication

10

Expensive installation

Expensive terminal apparatus
Unsuitable for metering or

upgrading

Restrictions on constructing
extensive networks

Requires licensed spectrum

Exorbitant expense of terminal
equipment

Network administration is
challenging

Use of service provider networks
at a high cost

Cost increases as a result of the
network's licensing

Increased latency

Exorbitant expense of terminal
equipment
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2.2 Smart Gird realization
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Figure 3. Difference between grid and smart grid infrastructure [17]

When digital, two-way communication and automation technologies are implemented in a
smart grid, a number of infrastructure changes will maximize grid efficiency. As shown in
Figure 3, five infrastructure changes are realized by the implementation of smart grid [17].

These are Production, Market, Transmission, Distribution and Consumer.
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2.2.1 Decentralized energy production

Since smart grids can continuously monitor and control energy distribution, it is no longer
necessary for electricity to be generated by a single large power plant. Instead, electricity
can be produced by a number of decentralized power stations, such as wind turbines, solar

farms, residential photovoltaic solar panels, and small hydroelectric dams [18].

2.2.2 Decentralized markets

Smart grid infrastructure also supports the connection of multiple grids as a means of
intelligently sharing energy across traditional centralized systems. For example, in the past,
municipalities had independent production facilities that were not connected to
neighbouring municipalities. With the implementation of smart grid infrastructure,
municipalities can contribute to shared production schemes to eliminate production

dependencies in the event of power outages.

2.2.3 Small-scale transmission

One of the biggest energy wastes in the grid is the distribution of energy over long
distances [19]. Considering that smart grids enable the decentralization of production and
markets, net distribution distances within the smart grid are significantly shorter, thus

reducing distribution waste.

2.2.4 Two-way distribution

In the example of a local solar farm, there may be a situation where the solar farm can
produce more energy than the community consumes, creating an energy surplus. This
surplus energy can then be distributed into the smart grid, helping to reduce demand from

distant power plants.

In this case, energy flows from the solar farm to the main non-community grid during the

day, but when the solar farm is inactive, energy flows from the main grid to that
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community. This bi-directional flow of energy can be monitored and optimized by
distribution algorithms to ensure that the least amount of energy is wasted at any one time

during the period of use.

2.2.5 User participation

In a smart grid infrastructure with bi-directional distribution and decentralized grid
boundaries, users are able to act as micro-generators [20]. For example, an individual home
can be equipped with a stand-alone photovoltaic (PV) solar system that generates
electricity when in use. If the residential photovoltaic system produces excess energy, this
energy can be fed into the larger grid, further reducing the need for large centralized power

plants.

2.3 Advancement of smart grid technologies

Using smart grids to replace traditional grids has a number of advantages [21], starting
with the fact that smart grids are self-healing; they can detect and respond to day-to-day
problems on their own and recover quickly when they occur, minimizing downtime and
financial losses. Smart grids can also incentive and engage consumers: giving them access
to real-time prices and the opportunity to choose the quantity and price of consumption that
best suits their needs. Smart Grids can deliver power quality that meets the needs of the
21st century: providing power without dips, spikes, disturbances and interruptions, and
their applicability to all power generation and storage options: "plug-and-play" connections
to a wide range of distributed power sources. The use of Smart Grids in the corporate as
well as other sectors enables asset optimization and efficient operations: less new
infrastructure is built and more power is transmitted through existing systems, thus

reducing grid operation and maintenance costs.

For consumers using the Smart Grid, which firstly provides them with up-to-date
information on their energy use, and secondly, in an age when the majority of users are
choosing to replace fuel-fired locomotives with electric vehicles and most smart appliances

in their homes, the Smart Grid enables electric vehicles, intelligent appliances, and other



14

intelligent furniture to be charged and operated at the off-peak hours to reduce energy

costs, and also gives consumers a wider range of tariff choices [22].

For utilities and other stakeholders, a strong promotion of the use of smart grids can reduce
inefficiencies in a company's energy supply. It may also make it possible for power to be
restored quickly following unforeseen outages. Additionally, it can help enhance the
control over dispersed energy resources, such as microgrid operations and storage
management, and enhance the grid's integration of sustainable wind and solar resources
[23]. The deployment of smart grids also increases the resilience of the grid, lowers the

frequency of blackouts and brownouts, and increases grid reliability.
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3 Multi-agent system

Multi-Agent Systems (MAS) are made up of several independent, sentient agents that
cooperate or fight with one another in order to find collective solutions to challenging
issues [24]. In MAS, each intelligent agent has a certain degree of autonomy and is able to
perceive the environment, make decisions, and interact with other intelligent agents. The
third chapter mainly analyses the structure of the multi-agent system as well as its

workflow and communication between agents through the method of literature review.

3.1 Intelligent agents

An organism possessing the fundamental qualities of autonomy, sociality, responsiveness,
and preaction is called an intelligent agent. It can be understood as a creature (person, car,
robot, etc.) or a matching software programme that is embedded in the environment,
observes the environment through sensors, acts independently on the environment, and
satisfies design criteria through effectors [25]. Agent — environment — agent is one way
to represent how the agent and environment interact. The agent creates output activities
that have an impact on the environment based on sensory inputs from the surroundings. A
multi-agent system with localized goals can be involved to accomplish the overall purpose
of the system. The schematic representation of the agent-environment interaction is shown

in Figure 4 below.

Sensor

Perceive

Intelligent

Envi t
nvironmen Agent

Effect
¢ Effector

Figure 4. The schematic representation of the agent-environment interaction [25]
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Figure 5 shows the operation of the multi-agent system. Intelligent agents have three
characteristics, which are Autonomy, Reactivity, and Social ability. Autonomy is
embodied in the fact that the agent can exercise partial control over its own internal state
and behaviour [26]. Agents can affect system output without human or any external
intervention. Reactivity is manifested in the ability of agents to react to all environmental
changes in a timely manner, and to act and achieve the target function of the roller distance.
The agent's capacity for interaction and negotiation when coordinating activities and

achieving objectives with humans, other agents, and technology is a measure of its social

ability.
Communication
Reasoning  |€————— Ontology Acquaintance
Behavior

Figure 5. The operation of the multi-agent system [26]

3.2 Communication in multi-agent system

In multi-Agent Systems, communication is a key mechanism for exchanging information
and coordinating actions between intelligent agents. Communication is usually divided into
two categories: explicit and implicit communication, and their main difference lies in the

way and intention of information transfer.

Explicit communication refers to the exchange of information between intelligent agents
through explicit messaging mechanisms. In this type of communication, messages are sent

and received explicitly and consciously, usually through predefined communication
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protocols [27]. Explicit communication allows for messaging, where intelligent agents in a
system exchange information by sending and receiving explicit messages. Pre-defined
communication protocols are usually required before conducting explicit copper zinc to
specify the format of the messages and the rules of exchange. The purpose of explicit
communication is usually explicit, such as requesting information, coordinating actions, or
resolving conflicts. Explicit communication is widely used, e.g., in multi-robot systems
where robots coordinate their movements by sending and receiving messages to avoid
collisions. In electronic marketplaces, buyers and sellers conduct transactions by sending

and receiving offer and order messages.

Implicit communication is the indirect exchange of information between intelligent agents
by observing and interpreting the behaviour of other intelligent agents or changes in the
environment. In this type of communication, there is no explicit messaging, but rather a
shared perception of the environment. Implicit communication is a communication method
in which the intelligent agents mainly acquire information by observing the behaviour of
other intelligent agents. Intelligent agents in this peer are able to infer the intentions or
states of other intelligent agents by sensing changes in the environment. Implicit
communication usually does not require a pre-defined communication protocol but may
require the intelligence to have some reasoning ability [28]. Implicit communication is
commonly used in traffic systems and multi-robot systems, e.g., in a multi-robot cleaning
system, a robot infers which areas have not yet been cleaned by observing areas that have
been cleaned by other robots. In traffic control systems, vehicles infer when they should

stop or move forward by observing traffic signals and the behaviour of other vehicles.

3.3 Multi-agent system’s architecture in smart grid

Many of intelligent agents are involved in the complex phenomena of the smart grid
through the multi-agent system in the grid. To avoid potential conflicts of interest or duties,
the agents' roles in the decentralized power system should be clarified and defined, after
the collation of several different literatures about the smart grid and the multi-intelligent
body system, finally identified two different architectures for multi-intelligent body
systems in smart grids. In the first architecture, known as centralized architecture [29],

agents are managed by a central agent. Reactive agents, which are subordinate agent units
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with limited intelligence and communication capabilities, report to the master agent,
known as cognitive agents, who have high intelligence and communication capabilities.
The cognitive agents make decisions, communicate with individual reactive entities, and
oversee the entire network, whereas reactive agents have to access data then carry out tasks
that demand quick responses. Multiple agents communicate through a common interface,
where agents have their own knowledge and are capable of performing local tasks, but do
not have all the knowledge. Agents can see each other's activity and communicate with one

another via a public interface agent catalogue.

A centralized MAS organization in a smart grid is depicted in Figure 6 below [30]. Agentl,
Agent2, Agent3, and Agent4 are reactive agents under the supervision and command of a
central agent, and the supervising agent makes all important decisions. The black solid line
in the figure represents Electrical Communication, the orange double-arrow dotted line
represents Agent Communication, and the blue double-arrow solid line represents Inter-

Agent Communication.

. . —— Electrical Communication
Main Grid 2 i o
&emmem===-=) Agent Communication

| &> Inter-Agent Communication

Cizans A\ Cognitive Agent

Agent Directory
Agent 1 Agent 2 Agent 3 Agent 4

Figure 6. The centralized MAS structure in smart grid [30]



19

The second kind of multi-intelligence system architecture found in many smart grids is the
hierarchical structure, which typically employs a three-level structure. There are three tiers
of agents in this hierarchy: upper, middle, and lower. The upper tier agents are associated
with the grid or distribution system operator and are in charge of taking part in decision-
making and problem-solving, coordinating and interacting with the middle and lower tier
agents, managing information, and processing ICT protocols. The mid-level agents
perform grid operations (e.g., grid connection operations) and communicate with the
bottom-level agents for specific tasks (e.g., FLSR services). Agents in the bottom layer
have sensors and controllers (such DERS, batteries, and loads). The three-level hierarchical
MAS architecture is depicted in Figure 7 [31]. The lower level is made up of Agents 4
through 8 for wind turbines, PV Agents 6 through 8 for fuel cells, and Agent 5 for energy
storage. These agents are distributed across two distinct grid regions: Agents 4 through 6
are located in one region, and Agents 7 and 8 are located in the other. Two region mon
surveillance agents that live in the intermediate layer are in charge of these two regions.
All central decisions are made by the grid surveillance agent, which functions as a DSO at

the top layer.

Top Level Central Agent 1
Mid Level Zone A Zone B Zone N
Agent 1 Agent 2 Agent n
[ | | I |
Wind Battery | |PV Agent Load Fuel Cell Load Load
Low Level Turbine
Agentd | | A%etS 6 Agent 7 Agent8 | |Agentn-1 Agentn

Figure 7. Three level architecture of MAS in smart grid [31]
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4 Applications of MAS in smart grid

Smart grids, aircraft formations, sensor networks, data fusion, multi-robot collaborative
equipment, parallel computing, multi-robot collaborative control, traffic vehicle control,
network resource allocation, and other sectors are among the many fields that now make
extensive use of multi-agent systems. Multi-agent systems are particularly suitable for
complex and changing environments, such as grid energy management, because they
provide a decentralized and distributed approach to problem solving. In the fourth part of
the thesis, the application of MAS in the fields of power grid fault diagnosis, relay

protection, power distribution, and power grid energy management will be introduced.

4.1 Application of MAS in grid energy management

Energy management has been a very important part of smart grids in recent years and is
often used in demand response (DR) management, including grid reliability requirements.
It coordinates multiple interacting individuals (such as consumers, prosumers) in a certain
environment to implement the interactive control mechanism (TCM) [32]. Currently, the
flexibility and autonomy of multi-agent technology make it dominant in smart grid energy
management. Multi-agent energy management is considered a very efficient energy
utilization model. It integrates multiple subsystems in the energy infrastructure in smart
grids through currently leading control and communication technologies. The subsystems
include sensors and measurement devices, computers and various communication
technologies, MAS integrates these technologies to form a collaborative working whole.
Multi-agent energy management enables collaboration among a group of autonomously
controlled agents. Each autonomous agent can complete tasks independently, such as
energy control, sensor data collection, data transmission, and communication between
agents [33]. The main task of multi-agent energy management is to coordinate each agent

system so that all energy management tasks can be performed synchronously and orderly.

In [34], [35], Roche analyzed and proposed a new system for smart grid energy
management that achieves a higher level of flexibility by using a multi-agent system. To

achieve this goal, the built multi-agent system must be able to cope with changes in the
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smart grid architecture. Thus, [36] implements MAS in Java, combining several
optimization techniques, including imperialist Competitive Algorithm (ICA). A behavioral
level is used for job scheduling, a functional layer is used to define the activities that the
agent will perform, and a message handling layer handles message processing. This three-
tier design is known as autonomous simulator middleware in JADE. The agent is
configurable and adaptable to various problems and structures. There are various methods
for designing MAS, including Gaia, which was introduced in [37] and used in [38]. They
usually proceed as follows: specify, analyze, and design. It is necessary to precisely define
the system's components and objectives in order to ascertain the system's mission. This
allows for the definition of the agent's role and the creation of some models. The basic
MAS is then formed by listing the interactions between the agents. By establishing
messaging standards and two directory concepts —agent management services (such as
White Pages and Registered Agent Lists) and directory service programs (such as Yellow
Pages and Registered Services list) — FIPA offers a platform that enables agents to

communicate with one another in order to define these interactions [39]. They frequently
rely on languages that specify message writing, such as ACL (Agent Communication
Language) and KQML (Knowledge Query and Manipulation Language), for

communication.

Multi-agent systems are used as customer agents for the grid in energy management, where
agents can represent individual consumers or buildings and make energy consumption
decisions based on user preferences, pricing signals and real-time grid conditions. This
makes demand-side management more responsive and flexible [40]. At present, multiple
documents show that multi-agent system energy management has been widely used in

power grid energy management, and science and technology are constantly improving.

4.2 Application of MAS in fault diagnosis, relay protection and power

distribution

With the upgrading of smart grid systems, the scale of the grid is getting larger and larger,
and the grid structure is becoming more and more complex. Therefore, the importance of
fault diagnosis and relay protection technology for smart grids is gradually increasing.

When complex or multiple different faults occur in large-scale smart grid systems, it is
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difficult to solve them by relying only on a single system information and a single

diagnostic method.

In recent years, people have studied smart grid fault diagnosis technology based on a
certain multi-agent system model. This technology uses the construction of a series of sub-
module fault characteristic information capture programs, modular regional agent parallel
diagnosis programs, and global agent coordination diagnosis programs etc., to realize smart
grid fault diagnosis based on global information [41]. Through simulation calculations and
actual experiments, it has been verified that the multi-agent system fault diagnosis
technology is highly reliable and can be used for real-time monitoring of power grids.
Another real-time power grid fault diagnosis method and system structure that uses multi-
agent technology, applies multi-threading technology to the design of agents, and uses
PROLOG and JAVA languages for hybrid programming, which can also realize real-time
power grid fault diagnosis [42]. When multi-agent systems are applied to smart grid fault
diagnosis, Agents can be deployed across the grid to monitor and sense various parameters
such as voltage, current, and frequency, and decentralized agents can collect data from
different points in the grid, providing a comprehensive view of the system. In addition the
agents operate in real time, continuously monitoring the grid and responding to faults as
they occur, reducing the grid's response time to faults. Fast response times are critical to

minimise outages and prevent cascading faults.

By employing a multi-agent system in grid fault diagnosis, more robust, adaptive and
efficient solutions can be created to maintain the reliability of the distribution system.
Multi-agent system fault diagnosis has proven to be a very effective power system
diagnosis method, which can significantly improve the response ability when dealing with
fault events. Figure8 shows the structure of the MAS system for fault diagnosis of smart

grids [43].
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Figure 8. The structure of MAS in grid fault diagnosis [43]

Relay protection is the key to ensuring the safety and reliable operation of the power grid.
Throughout the development of relay protection, the basic principle is to calculate and
compare one or several characteristic quantities when a power system fault occurs.
However, as the power grid operating environment becomes more and more complex, the
power grid capacity becomes larger and larger, and power system fault occurs, it is
difficult to determine the fault state of the system if the characteristics continue. Therefore,
at the international conference on "Application of Intelligent Systems in Power Systems",
some scholars advocated applying multi-agent systems to the design of power system
protection. Wong then proposed the design of a multi-agent system technical protection
scheme to achieve relay protection for the power grid. Based on in-depth exploration of the
multi-agent system collaboration model, communication methods and solution
mechanisms, they designed a multi-agent system based on The relay protection system
based on integrated technology was used, and the communication quality was measured
through KQML knowledge query language and existing power grid communication
methods [44]. Finally, the multi-agent technology relay protection system is applied to
adaptive current protection. Compared with traditional current protection, multi-agent
adaptive protection has significant advantages in response speed and elimination of

malfunctions.
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Distribution network reconstruction is an important part of distribution network
optimization. Distribution network reconstruction is to achieve the purpose of minimizing
network loss and load balancing on the premise of satisfying system radiation operation,
equipment capacity and node voltage constraints. Its essence is a multi-objective
optimization problem. With the acceleration of intelligent distribution network
construction in various countries around the world, the probability of adopting automated
distribution network systems at different levels has also increased [45]. The distribution
network reconstruction function is an urgent problem that needs to be solved to realize the

automation of distribution network systems.

Engineers proposed a distribution network voltage coordination control strategy based on
multi-agent including distributed power supplies. A three-layer control structure including
DG master control agent, distribution network agent and static synchronous compensator
voltage regulating agent is constructed. The DSTATCOM and DG coordinated control
strategy and multi-agent coordinated control algorithm based on slope adjustment are used
to control the system. Reactive power compensation is performed in the weakest area of
the medium voltage to ensure voltage stability. The grid voltage coordinated control
strategy can be used to reduce the impact of distributed power grid connection on the
distribution network, solve the voltage crossline problem, and improve the voltage static

stability of the distribution network.



25

5 Advantages of MAS in grid energy management

Multi-agent systems play a very important role in SG energy management. According to
the content of Section 4 and the applications of MAS in power systems mentioned by
McArthur in [39] and Funabashi in [46], most applications of MAS are in energy
management, fault diagnosis, power distribution and power systems. Grid relay protection
issues. This section mainly discusses and analyzes the potential role and advantages of
MAS in power grid energy management based on the application of MAS energy

management in 4.1.

5.1 Improvement of grid efficiency

By using MAS for energy management, grid efficiency can be increased while data
dissemination and associated costs are decreased. Energy management systems are closely
linked to the sharing of information between entities (agents) and stakeholders, and smart
grid components are frequently dispersed. They are distributed and concurrent entities that
participate in the system independently. They have their own agendas, goals, and
perspectives on the environment. They also act strategically while attempting to maximize
their own interests. Thus, in this instance, employing MAS in lieu of alternative deep
communication techniques will result in a large reduction in the quantity of data to be
communicated (and its associated cost). A good framework for creating distributed
management features is MAS. When using the MAS system for energy management, the
system can adapt to changes in smart grid energy management and solve sudden failures to
the greatest extent. When its energy management system fails, such as a transmission line
failure, substation or transformer outage, and fault adjustment is required, it can be seen
that MAS has very powerful flexibility [47]. Each agent in the system can Able to work
independently and to sense the environment, convey corresponding information, and adjust
their actions accordingly according to the environment. It can reduce the impact of faults

on the power grid and power transmission.
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In addition, MAS can assist smart grids in working more efficiently by demonstrating
plug-and-play integration of building-level energy, loads, and storage with external utility
grids. Plug-and-play flexibility has been widely proved in MAS since MAS itself may be
scaled by adding more agents or by decentralizing it to new contexts with new resources

and capabilities.

In the context of demand response, multi-agent systems can be used as customer agents for
the grid, where the agents can represent individual consumers or buildings and make
energy consumption decisions based on user preferences, pricing signals and real-time grid

conditions. This makes demand-side management more responsive and flexible.

5.2 Flexible integration of renewable energy generation

Using MAS as the energy management system of the power grid can allocate resources
more rationally and improve the reliability of the power grid. Energy losses in the grid are
currently very high. Consumer units such as power plants, transmission lines, homes, and
businesses all suffer significant losses, and human habits also have a significant impact on
losses. Studies have found that leaving air conditioners or lights on when consumers are
not home results in a 20% loss of electricity. Energy management systems, a crucial part of
smart grids that lower energy waste by gathering meter data to modify heating and cooling
consumption and report the optimal times to optimize energy, are needed for the new grid.
By lowering energy use and the pressure on the global grid, energy efficiency can help
customers save money on grid electricity rates. Thus, energy efficiency increases grid
reliability while facilitating consumers' and the system's access to worldwide energy [48].
One of the numerous EMS architectures suggested to handle SG heterogeneity is the multi-
agent EMS. Investigation and research have shown that multi-agent EMS can save a lot of

energy and effectively improve energy utilization [49].

In recent years, as countries around the world have gradually shifted from using fossil fuels
to using renewable energy for electricity generation, MAS systems have played an
important role in this transition. Multi-agent systems can act as renewable energy smart
agents for the grid. The system can control and optimize the operation of distributed
energy resources such as solar panels and wind turbines. They can adjust energy

production based on weather forecasts, grid conditions and market prices to maximize the
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use of renewable energy. This is very helpful for protecting the climate environment and

reducing greenhouse gas pollution.

Multi-agent systems can also manage energy storage systems and decide when to store or
release energy based on grid conditions, demand patterns and pricing signals. Additionally,
agents can participate in energy markets, negotiating and making decisions on behalf of
various stakeholders, including producers, consumers, and aggregators. This facilitates

efficient market trading and price discovery.

5.3 Stability, scalability, flexibility of MAS

MAS is used to stabilize smart grids, balance supply and demand and enhance grid
stability. As the demand for power supply from smart grids will increase in the future,
without using MAS for energy management, emergency overloading of the grid will often
occur, which will cause serious losses and affect the production speed of electric energy. In
case of grid emergency or overload, MAS can coordinate agent load shedding activities.
They can prioritize critical loads and make decisions in real time to maintain grid stability.
In terms of communication and information sharing, multi-agent systems as
communication agents can facilitate communication and information exchange between
different entities in the grid, ensuring that relevant data is shared between components for

coordinated decision-making [50].

Finally, due to its important scalability and flexibility, MAS now plays an increasingly
important role in grid energy management. MAS can autonomously add new agents to
accommodate grid expansion or new technology integration. This flexibility enables the
system to adapt and respond to the changing energy landscape. A research survey data
shows that using MAS in smart grid energy management can significantly improve
performance and efficiency [51]. Table 3 shows the maximum power consumption and
maximum power generation data under smart grids using MAS and smart grids without
MAS. From the data, it can be found that when smart grids use MAS for energy
management, the power generation and maximum power levels of the grid Much smaller,
in this mode the grid can keep the electricity generated within the system and release it
when needed. The system can keep the load connected and generate power continuously,

whereas in traditional operating modes, the load can only be loaded when power
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generation is available. The various advantages of MAS described in this section all prove
that the system currently occupies a dominant position in the energy management of smart

grids and plays a very important role.

Table 3. The maximum power consumption and maximum power generation data under

smart grids using MAS and smart grids without MAS [51]

SG energy management model The maximum power The maximum power generation
consumption (W) W)
With MAS 850 800

Without MAS 5500 7000
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6 Future perspectives on MAS in grid energy management

With the promotion of more and more policies, renewable energy power generation is
being vigorously developed around the world. Eventually, distributed renewable energy
will surpass all other sources as the world's primary source of electrical-energy. Therefore,
the use of MAS energy management is crucial to the future power system. In current smart
grids, multi-agent energy management systems have been widely used. In the development
of smart grids, multi-agent energy management systems can not only optimize the
operation of the grid, but also achieve real-time control and monitoring. At the same time,
multi-agent energy management systems are also an important carrier to promote energy

intelligence and sustainable development [52].

Although multi-agent energy management plays an important role in smart grids, the
system still has some flaws that need to be improved and repaired, which will cause a
series of problems in the future. The most critical issue is the complexity of system
integration. Each subsystem in a multi-agent system needs to communicate and develop
protocols with other subsystems, which causes various complex communication problems.
As the number of agents increases, the complexity of coordination and communication
within the MAS increases exponentially. Scalability issues can lead to computational
inefficiencies and communication overhead, hampering real-time decision-making.
Subsystems responsible for different tasks may cause central failures due to incorrect
communication information. Implementing wrong decisions can lead to problems and

reduced efficiency in power transmission and generation.

Secondly, MAS relies on accurate and timely data for decision-making, including
information on energy production, consumption, market prices and system constraints.
However, data quality issues, such as inaccuracies, incompleteness, and delays, can harm
MAS performance. With the emergence of more and more hackers, grid energy
management systems are vulnerable to cyber attacks, data leaks, and privacy violations,
posing significant risks to MAS deployment. Unstable climate and environment will also
affect the efficiency of MAS energy management [53]. The power grid energy system
operates in a dynamic and uncertain environment, which can cause huge fluctuations.

Finally, the existing technology cannot support the stable operation of the system and is
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prone to various technical contradictions. In addition, various service components in the
system also need to be deployed and monitored in real time. Regulatory barriers and policy
constraints may hinder the deployment and operation of MAS in grid energy management.
These problems require a top-notch and efficient technical team and a complete set of
processes. Deploying a MAS system in the power grid for energy management requires a

lot of money, and a complete management platform is required to run it on its behalf.

In order to solve these problems, MAS needs to establish a more complete system in the
future and use new technologies to find solutions. In order to improve scalability and
ensure normal communication between Agents, researchers can explore technologies such
as hierarchical organization, parallel processing, and distributed algorithms to reduce the
computing burden and ensure normal communication between Agents. Enhancing the
scalability of MAS while integrating heterogeneous agents into MAS requires
standardization efforts and interoperability protocols to ensure seamless communication
and coordination [54]. Developing common theories, communication standards, and
middleware frameworks can facilitate interoperability among different energy stakeholders
and technologies. To address data quality challenges, stakeholders should invest in data
validation, sensor calibration, and data sharing platforms in the future to improve the
accuracy and availability of information. Additionally, advanced data analysis techniques
such as machine learning and data fusion can enhance the reliability of data-driven

decisions within MAS.

Developers will need to implement strong authentication, encryption, and access control
mechanisms in the future to secure MAS and prevent unauthorized access and malicious
activity. Additionally, privacy-preserving techniques such as differential privacy and
homomorphic encryption can protect sensitive energy data while enabling effective
coordination and collaboration within the MAS. MAS must be able to adapt to changing
conditions and make robust decisions in the face of uncertainty. Technologies such as
stochastic optimization, robust control, and adaptive learning enable agents to dynamically
adjust strategies based on changing environmental factors and system dynamics, thereby
enhancing the elasticity and flexibility of MAS. Addressing regulatory challenges requires
collaboration between policymakers, regulators, industry stakeholders and research
institutions to develop flexible and adaptable regulatory frameworks that support

innovation while ensuring compliance with safety, reliability and market rules. In addition,
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policymakers should provide incentives, funding, and high-level technical teams, and

establish processes and platforms for developing MAS.

By addressing these challenges through technological innovation, collaboration and a
supportive regulatory framework, stakeholders can realize the full potential of MAS in grid
energy management in the future, enabling a more efficient, resilient and sustainable
energy system. This will raise the amount of renewable energy on the grid and enhance the
functionality of upcoming smart grids. In the future, with the continuous development of
new energy technologies and the rigid requirements of global energy conservation and
emission reduction, multi-agent energy management systems will have exciting prospects

in smart grids and play a more important role in smart grids.
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7 Conclusions

Multi-agent energy management is an important development method in current power
systems. This thesis uses a literature review method to introduce the composition of smart
grids and the structure and workflow of multi-agent systems widely used in current power
systems, and by introducing today's sophisticated uses of MAS in smart grids, the role of
multi-agent systems in smart grid energy management is analyzed and summarized. And
look into the future prospects of MAS energy management and find solutions to the
problems it may face. Based on the review of the literature, it can be concluded that smart
grids are the dominant power delivery mode today and in the future due to their
bidirectional power and information flow capabilities. But energy management in smart
grids remains a very challenging task. Using MAS in smart grids is currently the best
approach to smart grid energy management. MAS is based on advanced technology and
concepts and relies on the cooperation of multiple subsystems to maximize energy
utilization. The use of MAS helps reflect energy management, energy marketing, and
energy pricing and dispatch. Additionally, it can enhance smart grids' fault-handling,
efficiency, dependability, network security, and communication capabilities. MAS energy

management currently plays an irreplaceable and important role in smart grids.

However, there are still some problems in MAS energy management, such as the
complexity of communication between various agents and the difficulty in formulating
communication protocols, which will lead to low efficiency in transmitting information.
The data quality problems (such as inaccuracy, incompleteness and delay) may also harm
MAS performance. In addition, current regulatory and policy constraints on the smart grid
can affect the efficiency of MAS. Although multi-agent energy management has been
widely used in smart grids, these problems still need to be solved with more advanced
technologies and better management solutions in the future. In the future, more high-

quality MAS energy management systems will appear in the power grid.
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