
Abstract—This paper aims to initiate a discussion of what an  
agent in the context of Smart Grid is. But not as usually done  
from a computational perspective but rather from an engineer's  
perspective. This discussion seems to be missing with respect to  
the following questions periodically occurring when Smart Grid  
researchers  get  in  touch  with  agent  technology.  What  is  the  
difference  between  an  optimizer  or  an  Energy  Management  
System and an agent? Why are web-services not enough for a  
future Smart Grid control system? How are multiagent systems  
structured? These are only some of the questions we will discuss 
to  arrive  at  an  application-oriented definition  of  an  “agent”,  
understandable for Smart Grid researchers of various disciplines.  
Fostering  such  an  interdisciplinary  discussion  seems  to  be  
essential  when  trying  to  point  out  the  advantages  of  control  
systems based on multiagent technologies.

I. INTRODUCTION

AKING into  account  the  recommendations  of 

Wooldridge and Jennings [1], not to oversell the agent 

paradigm as the “magical  problem solving paradigm”,  our 

aim in this paper is to discuss the applicability of the agent 

paradigm  for  the  (still  imprecise)  idea  “Smart  Grid”.  In 

short, we want to scrutinize whether prior and current Smart 

Grid research uses the term agent only to jump on the agent 

technologies  bandwagon.  Thus,  we  will  shortly  introduce 

the core idea of the Smart Grid first, followed by a defini-

tion of Energy Management. Second, we will explain what 

an agent can be understood as in the Smart Grid. This paper 

aims to encourage the discussion of what an agent, applied 

in the Smart Grid, really is. Further, we will try to find an 

easily  understandable  definition  of  an  agent  in  the  Smart 

Grid  and  will  finally examine the advantage  of  using  the 

term agent and the implementation of the associated infor-

mation technology. For a software oriented definition we re-

fer to basic agent literature, describing an agent with some 

or all of the following attributes: autonomous, socially able, 

reactive, proactive, cooperative, goal-oriented, self-adapting 

and learning, flexible [2]. Our paper ends with a conclusion, 

summarizing the supplementary advantage of the usage of 

the term “agent”, of the application of the agent paradigm 

for distributed Smart Grid control systems, and a definition 

of an agent in the Smart Grid from an engineer's perspective.

T

II. THE SMART GRID VISION

Regarding plans defined by the European Union, central 

Europe strives slowly towards an energy supply powered by 

renewable energies [3]. With a rising amount of renewable 

energy resources,  it  will  be more challenging to ensure  a 

continuously secure and reliable energy supply. The weather 

depended fluctuation of the power supply of renewable en-

ergies (e.g. wind turbines or photo-voltaic systems) makes it 

necessary to build up either storage capacity, a Smart Grid, 

or a combination of both technologies to maintain the power 

supply in  the future.  In  this  paper  we concentrate  on  the 

challenges associated to the Smart Grid vision and the appli-

cation of  the agent  paradigm. Comparing the different vi-

sions of Smart Grid [4],[5], a set of common core ideas can 

be identified: The Smart Grid embodies the communication 

infrastructure  to  connect  different  distributed  energy  re-

sources (DERs) with the aim of: 

1) Adapting the demand side to the mainly fluctuating sup-

ply side of energy. 

2)  Integrating  the distributed  energy  resources  as  systems 

providing not solely active energy but also ancillary services 

(e.g. reactive power supply) to stabilize the distributed net-

work or specific network sections.

 

3) Exploiting storage capacity in the low and distributed en-

ergy network, for example using the batteries of electric ve-

hicles or thermal storage in combination with electro-ther-

mal heating systems located  in  single-family dwellings  or 

public buildings  (such  as public baths,  nursery schools  or 

hotels).   

To reach these aims, a various number of different DERs 

need  to  be  coordinated  at  runtime.  Therefore,  appropriate 

control  systems must be developed and tested.  But which 

control system is the most promising one? Is it a distributed 

control system following the agent paradigm? Despite previ-

ous  research,  mainly  demonstrating  the  feasibility  of  the 

Smart Grid idea [6], comparatively little effort has been de-

voted consequently to carving out the technical differences 
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between  an  agent  based  control  system and other  control 

paradigms. During our literature review we could not find a 

paper which works out the meaning of the term “agent” with 

special regard to Smart Grid applications. In this paper, we 

want to fill  this gap by examining first  the difference be-

tween an Energy Management, as the overall task in a Smart 

Grid, and different control systems carrying out the task of 

Energy  Management.  Second,  we  will  discuss   what  an 

agent can be understood as in the Smart Grid.

III. ENERGY MANAGEMENT AND CONTROL SYSTEMS

  The term Energy Management System (EMS) is closely 

linked to the term Smart Grid.  Energy Management (EM) 

describes  the  task  of  planning  and  controlling  energy  re-

sources in an optimal manner in a well-defined environment 

(physical  system).  Thus,  an  Energy  Management  System 

comprises the hardware and software that perform the task 

of Energy Management for a dedicated physical system. The 

way in which the task of  EM is carried out and how the 

EMS is implemented and designed, depends on the proper-

ties and requirements of the underlying controlled physical 

system. This definition of an Energy Management System 

suggests that a multiagent system (MAS) can be defined as 

one control paradigm to carry out the Energy Management. 

In short, a multiagent system is not a synonym for the term 

Energy Management System. It is rather one possible con-

trol paradigm which can be applied to Energy Management 

System. Regarding the vision of Smart Grid there will not be 

only one Energy Management System for the one physical 

system “Smart Grid”. Rather, the Smart Grid will consist of 

a  plenitude  of  EMS,  or  more  generally,  control  systems, 

each responsible for a dedicated physical system with differ-

ent constraints. Thereby an EM can be designed as an multi-

agent system. While the distinction between the EMS and 

the used control  paradigm seems to be trivial,  Smart Grid 

scientists usually use a weak delineation of these terms in 

their daily work. This leads to confusions and questions that 

we want to answer in chapter IV. But first, we will give a 

small overview about  the different control  systems (in the 

Smart Grid). We differentiate between control structures and 

control concepts which conjointly form the control system. 

While only control structures are important for our main dis-

cussion in section IV,  we must keep  in mind that  control 

systems can evince an economical or network oriented con-

trol  concept.  The  control  structure  describes  the  logical 

structure of interacting control entities. Depending in which 

control entity the information processing (usually a sort of 

optimization)  is  fulfilled,  it  can  be  differentiated  between 

central-hierarchical,  decentralized,  and  distributed-hierar-

chic control structures (cf. Figure 1).  

A. Central-hierarchical Control Structure

  In today's European energy supply systems, a central-hier-

archical control structure is mainly applied. Also, the major-

ity of industrial processes follow a central-hierarchical struc-

ture nowadays. 

Central-hierarchical  control  structures  consist  of  one (cen-

tral) control entity (CE-O) of the higher level that coordi-

nates an assigned group of control entities in a lower control 

level (CE). Pursuing an optimization goal or a production 

recipe,  the higher level output values  are the input values 

(set points) of the control entities that are members of the 

underlying control level. Figure 1 (a) exemplarily depicts a 

two level control system. The blue control entity (CE-O) is 

on the higher control level. The CEs are on the lower control 

level, receiving only set values from the CE-O.

Virtual Power Plants (VPP) are typical applications usually 

following a central-hierarchical structure.  Here,  the idea is 

to optimize/bundle the production and consumption of elec-

tric  energy  for  a  number  of  different  distributed  physical 

systems (e.g. households, business enterprises or single de-

vices, like Combined Heat and Power Systems) in a central 

control entity. After central calculation of the optimal opera-

tion schedule, VPP control entities (CE) receive an actuating 

variable either to run, stop or changing the power.

B. Distributed-hierarchical Control Structure

  In a distributed-hierarchical structure, the different control 

entities are connected via one central unit. While the local 

control entities (CE) in a central-hierarchical structure only 

receive an actuating variable which they have to follow,  in 

the distributed-hierarchical structure all control  entities are 

Fig 1. Control Structures: Central-hierarchical (a), Distributed-hierarchical (b), Decentralized (c)
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responsible for their single local optimization. In the latter 

structure, every control entity sends an abstracted value (e.g. 

a financial bid for negative or positive power for a time slot) 

to a central control entity to ensure the global optimum, e.g. 

for a low voltage electric network (cf. Figure 1 (b)).

Most former projects working on the subject of agent sys-

tems are structured in distributed-hierarchical way. For ex-

ample,  [7] applied distributed agents,  each responsible for 

one consumer or producer, sending financial bids to a Bal-

ancing Group Manager (BGM). The BGM tries to match the 

received bids in an iterative processes based on the econom-

ical basis stated by Chavez et al. [8]. As examples for imple-

mentation of a distributed-hierarchical structure as real field-

test, the projects eTelligence [9] funded by the German gov-

ernment  and  the  ongoing  project  of  the  Energy  Research 

Centre of  the Netherlands  (ECN) called INTEGRAL [10] 

can be named. Also these systems pursue an interaction be-

tween the control entities only using systems to trade active 

energy.

C. Decentralized Control Structure

  In  a  fully  decentralized  structure,  the  single  distributed 

physical systems are fully controlled and optimized by their 

associated local control entity (CE). In this control structure 

no dedicated central or master control entity exists (cf. Fig-

ure 1 (c)). Thus, distributed control entities can communi-

cate in a peer-to-peer manner. Conceivable but not manda-

tory, is a dynamic election of one distributed control entity 

as a master, i.e. responsible for coordination. It might strike 

you that this is much what we described as a distributed-hi-

erarchical structure. But with the possibility of migrating the 

role of a “master” to another active control entity we elude 

the problem of a single point of failure. 

Previously, only scarce research has been conducted focus-

ing on fully decentralized control systems in a simulation or 

a field test. Although associated with the research fields of 

organic computing Kamper has developed a model that al-

lows every physical system, independent how huge it is (e.g. 

washing machine or the entire Smart Home), to directly get 

in  contact  with  other  physical  system via their  associated 

control entities. [11]  

IV. THE TERM AGENT IN THE SMART GRID CONTEXT

In this section we will discuss and define an agent and a 

multiagent  system  more  from  an  engineer's  perspective 

rather  than  a computational  perspective.  We consider  this 

application oriented definition and discussion of MAS, and 

what an agent really is, as essential. We do so, to facilitate 

engineers of Smart Grid applications to understand the dif-

ference  between  current  well-working  control  techniques 

but also to convince them of the advantage which can arise 

with the application of agent technology in the Smart Grid. 

Engineers  working in the field of  Smart  Grid might have 

heard somehow of the term agent or multiagent systems, but 

usually a practical implementation is intangible for most of 

them. Questions like the following periodically occur: What 

is the difference between an agent and an embedded systems 

with an optimization running on it? What is the difference 

between a closed loop control and an agent? From a compu-

tational  point  of  view these  questions  certainly  seem like 

comparing apples and oranges. But at least, these questions 

indicate that engineers still have problems appreciating mul-

tiagent  technology.  After  giving  the  reader  the  relevant 

background and motivation, we want to pose and discuss the 

most common questions and remarks directed to researchers 

of information and agent technology by researchers of other 

Smart Grid disciplines. 

A. Why is an “Internet of Energy” based on web-services 
not enough?

   As [12] describes, the use of web-services or even web-
service  choreography  is  inadequate,  when  distributed 
systems'  interactions  (between  control  entities)  can  only 
partially be defined at design time. In a future Smart Grid 
different  still  undefined  interactions  between  several 
imprecisely defined stakeholders need to be handled. From 
this point of view it seems that future energy systems need 
more  than  only  an  “Internet  of  Energy”  based  on  web-
services. An iteratively growing Smart Grid requires highly 
dynamic,  flexible  and  extensible  control  systems  able  to 
(re-)organize  themselves  without  need  of  specifying  all 
dependencies at design time. However, this assumption does 
not  mean that  web-services  are  an  antiquated  and  useless 
technology. Quite the contrary. As proposed in [12] and [13] 
a  combination  of  both  technologies  can  be  suitable.  The 
agent  might  composite  web-services  to  reach  goals, 
intentions or strategies of the users or organizations that the 
agent  is  working  for.  But  real  autonomy,  as  required  and 
defined by most basic agent literature, can only be reached 
by  agents.  Because  agents  are  aware  of  themselves  and 
aware  of  the existence  of  other  control  entities (and  their 
services)  and  can  interdependently  decide  to  invoke  a 
service  or  to  carry  out  an  invoked  service  or  not.  Thus, 
agents are not bound to dedicated control entities or services 
but rather  are able to send  requests  to any other  agent  in 
order  to  find  appropriate  services  helping  to  fulfill  their 
internal  intentions.  In  the  Smart  Grid  this  might  be 
interesting when different stakeholders propose services for 
different  physical  systems,  for  example  maintenance 
services.  In  this scenario  the agent need to search for the 
best fitting service (for its beneath physical system). 

B. Why is an agent more than a software implemented 
optimizer?

The classic  mathematical  definition  describes  optimiza-

tion as the task of finding the best element (minimal or max-

imal value) from a set of available alternatives. From a tech-

nical or computational view, an optimizer is a software or 

technical  system which performs this task. Since the opti-

mization  equations,  the  objective  function,  and  the  set  of 

constraints are system dependent, the physical systems' dy-

namic  needs  to  be  known  at  the  optimizer's  design  time. 

Having in mind that the Smart Grid is a continuously chang-
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ing system with various technical systems, an optimizer, in 

the  classic  understanding,  seems  not  to  be  appropriate 

enough. Although optimizers work goal oriented, much like 

the agent, the missing automated self-adaption of its equa-

tions distinguishes the optimizer from an agent. Especially 

in Smart Grid applications, such a goal oriented adaption of 

the equations is necessary. This can be illustrated by means 

of a simple example: A technical system performing the En-

ergy Management, designed as a mass product, needs to be 

end user-friendly and installer-friendly.  Thus, complex and 

time-consuming configuration and parameterization need to 

be  reduced  to a minimum. Taking into consideration  that 

physical systems are not identical (e.g. Smart Homes have 

different heating systems), it is hardly possible to design one 

optimization algorithm that fits each system as well as the 

individual  behaviors  of  the  dwellers.  For  this  reason,  we 

propose learning and self-adapting systems which can auto-

matically adapt the optimizer's parameters and equations to 

the underlying physical system, the users' or dwellers' indi-

vidual behavior and to interactions with other control enti-

ties.

C. Why is an agent more than a digital closed-loop 
control?

Regarding the core definition, with its closed loop base, it 

seems  like  the  closed-loop  control  is  fairly  similar  to  an 

agent. Because somehow one might say that the closed-loop 

control is also autonomous. Not in the sense of interaction 

but more in the sense that a closed-loop control is coming to 

a  “decision”,  having  local  knowledge  about  the  system's 

condition from the feedback variable. However, this single 

feedback variable does not provide knowledge of the sys-

tem's dynamic or cannot be seen as a form of awareness of 

itself and the system environment.  We approximate to the 

definition  of  an  agent  when  thinking  of  model  predictive 

control,  that  is  equipped  with  a model  of  the  system dy-

namic. Furthermore, the (model) predictive control,  as the 

name suggests, can predict the state of the controlled physi-

cal  system and  therewith  might  be  declared  as  proactive 

other than the classic closed-loop control which is only reac-

tive. According to researchers working in the field of agent 

technologies, a control system is proactive when it is able to 

find alternative solutions in case  a problem occurs.  Addi-

tionally,  proactive  systems should  allow for  searching  for 

other  control  entities  to  enable  cooperative  interaction. 

Agents are able to communicate and interact with other con-

trol  entities  in  a  cooperative  manner   distinguishing  the 

(closed-) loop control from an agent. More specifically, an 

agent can communicate with other control entities to find a 

stable optimal solution for the whole interconnected system 

and for  its  own physical  system. Closed-loop controls are 

not even aware of themselves or the other control entities. 

This might be critical in case of several closed-loop controls 

influencing one control path. Regarding the Smart Grid idea, 

controlling e.g.  the electric  network  frequency or  the net-

work  voltage,  a  reliable  coordination  of  the  dynamic  of 

these grid coupled (small) energy resources via their associ-

ated controllers or control entities, will become essential.

D. Is a multiagent system necessarily fully distributed 
structured?

Former research focused on agent-based Smart Grid sys-

tems  mainly  followed  a  distributed-hierarchical  structure 

[7], [9], [10], [14]. We argue that a truly multiagent system 

should provide the possibility to communicate and interact 

with any control entity in the system. This is not the case in 

distributed-hierarchical systems. We propose that the inter-

action with all participating entities of the system is neces-

sary,  not only from an agent's  theoretical  but also from a 

Smart Grid application's view. Structuring a control system 

in a distributed-hierarchical manner constitutes a curtailment 

of agent's autonomy since freedom of action is restricted to 

one single entity. Thus, we want to suggest to entitle control 

systems as multiagent systems, which follow a fully distrib-

uted structure,  only.  Also, this seems to be an appropriate 

structure for a multiagent system applied in the Smart Grid. 

Since,  due  to  the  judicial  requirement  of  a  discrimination 

free energy supply,  and additionally,  because fully distrib-

uted systems permit  the cooperation  of  agents  in the way 

that distributed entities can organize themselves e.g. in en-

ergy communities. Regarding the core definition of an agent 

and a multiagent system this cooperative behavior is one im-

portant pillar of the agent definition.

E.  Is it sufficient that a system is labeled as MAS system 
when it only trades power?

   In  an  evolving  interdisciplinary  system like  the  Smart 

Grid, the interaction between control entities should go be-

yond solely trading active or reactive energy.  Communica-

tion should be extended, allowing systems to exchange in-

formation about their devices’ performances,  to cooperate, 

e.g. to improve the local weather forecast, or to offer main-

tenance services or to customize services  to different cus-

tomers. To reach such communicational flexibility,  control 

entities need to be aware of themselves as well as of other 

control entities. This raises the need for a meta language for 

multiagent systems, like proposed by the Foundation for In-

telligent  Physical  Agents  (FIPA)  [15].  FIPA  permits  re-

quests of the agents' used ontology and language. Only such 

an abstract language, characterized by a minimum of neces-

sary communication methods, ensures an interaction (inde-

pendent of a certain topic) and therewith the autonomy of an 

agent.

F. Why is an agent more than a computational energy 
assistant interacting with its users?

Important aspects in context of agent-based technologies 

in the Smart Grid constitute the interaction between the user 

and the control entity. Agent-based systems can adapt to the 

individual  characteristics  of  inhabitants  and  thus have the 

potential  to  increase  subjective  comfort.  In  consequence, 

this may result in a more positive evaluation of the technol-

ogy.  That  is,  the systems'  adaptability to individual  needs 

and changes in preferences or behavior  over time may be 

crucial for the success of the systems and related technolo-

gies.  Such user  adapted solutions distinguish  agent-based 
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solutions from common smart home applications  (i.e.  en-

ergy  assistance  systems).  Perfectly  adapted  to  individual 

user characteristics, the agent systems may reduce necessary 

control input from the dweller's side leading to lower work-

load. Further, agent-based systems are able to independently 

carrying out actions e.g. to enhance energy efficiency rather 

than solely providing information (as in case of energy as-

sistance  systems).  Increasing  automation  further  reduces 

dwellers' workload.

Although agent-based automation may enhance user comfort 

by  concomitantly  increasing  energy  efficiency,  it  is 

necessary  to  maintain  the  opportunity  that  inhabitants 

engage in the control process when desired. This constitutes 

a fairly difficult  challenge for  future agent-based concepts 

since  long  periods  of  automated  processes  without  user 

interaction  may lead to inadequate  user  behavior in times 

user-based  action  is  desired/demanded  [16].  Future  agent 

-based  systems  need  to  account  for  this  issue  finding  a 

perfect  balance  between  adequate  automation  and  desired 

user input. 

V. CONCLUSION

Beginning  with  a  short  introduction  of  the  Smart  Grid 

idea and the relation between Energy Management Systems 

and control systems we analyzed what an agent can be un-

derstood as in a future Smart Grid. We discussed some typi-

cal questions that mainly come up when engineers of Smart 

Grid applications get in touch with multiagent systems. The 

aim was to show the urgent need of finding an application-

oriented, engineer friendly definition of multiagent systems 

and the agent paradigm in the Smart Grid. Furthermore, we 

wanted  to  initiate  an  interdisciplinary  (computer  scientist, 

economists,  control  engineers,  mechanical  engineers)  dis-

cussion of that topic. Based on presented questions, we de-

cline to classify agents as such, when the technical (control) 

system only exhibits  one  of  the  core  agent  attributes  (cf. 

Section I.). We claim that only a combination of almost all 

agent attributes at least makes the term necessary and useful. 

For example, in the classic definition, an optimizer is goal 

oriented but not able to automatically reconfigure his objec-

tive function or his constrains. Following our definition, a 

control entity in the Smart Grid shall be labeled as an agent  

when: 

- it  is  able to communicate in a  cooperative  manner 

with other control entities or rather agents. 

- it  is responsible for the automatic Energy Manage-

ment of an underlying physical system. 

- it consists in a minimum of the following different 

parts of software implemented systems: The  Learn-

ing System which is adapting the computational opti-

  mizer's goals to the needs of the user, the changing 

physical  system  or  to  interactions  to  other  agents. 

The Optimizer that calculates under given constraints 

the optimum and sends the set  values to a reactive 

(Closed-) Loop Control. 

Thus, in our understanding, the term agent is suitable when 

describing a combination of the named techniques running 

on a control entity. Therewith an agent is more than “only” a 

web-service, a (closed) loop control, an optimizer or a learn-

ing system. 
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