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Abstract-- The PowerMatcher concept [1], [2], [3] developed at
ECN has proven its value in the coordination of demand and
supply of electricity in different settings with respect to
distributed generation and accommodation of renewable energy
resources. The concept has been applied in several field tests and
simulations at various levels in the power system. The agent
based technology on which the PowerMatcher is built has a
number of advantages above other approaches such as the
flexibility of the concept to accommodate a large variety of
business scenarios, the autonomy of the agents, the
standardization of communication through bids and allocation,
the hiding of process information, etc.

Yet the field tests also have identified a number of
enhancements that may lead to improved behavior of the
PowerMatcher in real life circumstances. Also discussions within
the power system agent community as laid down in two White
Papers from the IEEE Multi-Agent Systems Working Group [4]
have convinced us to focus on an architecture that enables close
cooperation with other research groups in order to gain
momentum for real applications. This paper will introduce a
number of requirements for the next phase of development that
enable the PowerMatcher to cope with new, future scenarios.
The requirements lead to a number of architectural decisions that
will support a more open software development trajectory.

Index Terms-- Multi-agent systems, Information technology,
Distributed control, Power distribution, Power system control.
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II. THE POWERMATCHER - A SHORT INTRODUCTION

A. Market-based control using Multi-Agents

n market-based control, a large number of software agents
I are competitively negotiating and trading on an electronic

market, with the purpose to optimally achieve their local
control action goals. In [5] the first agent research
applications and simulations carried out under the heading of
market-based control were brought together. Most of the early
research was aimed at climate control in office buildings with
many office rooms, where local control agents compete in the
allocation of cool (or hot) air.
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Figure 1 Microeconomics and control theory unified in a MAS

Recently, a systems-level theory of large-scale intelligent
and distributed control was formulated [6], [7]. This theory
unifies microeconomics and control theory into a multi-agent
system (see Figure 1), and incorporates the agent research
applications and simulations as described above. A central
result is the derivation of a general market theorem that
proves two important properties about agent-based
microeconomic control: (1) computational economies with
dynamic pricing mechanisms are able to handle scarce
resources for control adaptively in ways that are optimal
locally as well as globally (‘societally’); (2) in the absence of
resource constraints the total system acts as a collection of
local independent controllers that behave in accordance with
conventional control engineering theory.

B. The PowerMatcher concept

The PowerMatcher is a control concept for coordination of
supply and demand in electricity networks with a high share
of distributed generation, that implements the above market-
based control theory. It is concerned with optimally using the



flexibility of electricity producing and consuming devices to
alter their operation in order to adapt to the current energy
value and the state of the underlying electricity network.

In the PowerMatcher concept each device is represented
by a device agent, which tries to operate the process
associated with the device in an economically optimal way.
The electricity consumed or produced by the device is bought,
respectively sold, by the device agent on an electronic
exchange market [1], [2], [3]. The electronic market is
implemented in a distributed manner via a network structure
in which so-called PowerMatchers, as depicted in Figure 2,
coordinate demand and supply of a cluster of devices directly
below it. The PowerMatcher in the root of the tree performs
the price-forming process; those at intermediate levels
aggregate the demand functions of the devices below them. A
PowerMatcher cannot tell whether the instances below it are
device agents or intermediate PowerMatchers, since the
communication interfaces of these are equal. This ensures a
standardised interface for all types of devices.
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Figure 2 The PowerMatcher architecture; coming from a central tree based
mechanism, growing towards a more organic, internet-like structure.

A PowerMatcher can be seen as a market agent that
provides a coordination service for the connected suppliers
and consumers of electricity. The root PowerMatcher has one
or more associated market protocol definitions, which define
the characteristics of the markets, such as the time slot length,
the time horizon, and a definition of the execution event (e.g.
“every 5 minutes”, “every day at twelve o’ clock™). When an
execution event occurs, the root PowerMatcher sends a
request to all directly connected agents (both intermediate
market agents and device agents) to deliver their bids. The
device bids are aggregated at the intermediate markets and
passed on up-wards. The root PowerMatcher determines the
market equilibrium price, which is communicated back to the
intermediate market agents and from there to the device
agents. From the market price and their own bid function each
device agent can determine the power allocated to the device.

III. SMART MARKETS

A. Event based markets
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Figure 3 Agent interaction protocol for power exchange markets.

The PowerMatcher concept is mimicked after a power
exchange market. This type of market has a structured market
protocol (Figure 3) in which amounts of electricity are traded
for market periods at discrete time intervals. Clearing of the
market takes place some time before the trading period
commences. The PowerMatcher market period typically is in
the order of 1 to 15 minutes. Clearing of the PowerMatcher
market is in the order of seconds. Although near-real-time
control can be exerted in this way the fixed market periods
cause some problems in real-time operation. It is paramount
that process events - such as turning on the thermostat -
trigger a direct response from a device in order to fulfill user's
demand. In the current scheme the market outcome will be
disturbed until the next market period arrives. To overcome
this effect the event based market concept has been
developed.
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Figure 4 Agent interaction protocol for event based markets.

In an event based market agents can bid, or adjust their
bid, at every moment their situation changes and directly
receive a new contract after revaluation of the market. Also
those agents that are influenced by the market revaluation are
informed of their contract changes, as depicted in Figure 4.
The event based design increases responsiveness of devices to
events from their environment. Also the communication
overhead may be reduced, especially for devices at rest (space
heating during the night). And not all communication will be



focused on fixed moments in time, but will spread out.

Event based markets may also give a means to handle
ramping up and ramping down effects of devices. During
ramping up a device may place new a bid on the market every
few minutes, each time with a higher power bid, until
maximum power is reached. Although this may lead to
communication overhead (several bids are needed for one
on/off action of a device), an enhanced bid protocol may be
used that takes into account the ramping up/down cycle of a
device.

Note that event based markets and periodic markets can be
used in a hybrid way. The periodicity of the latter can be
reduced if event based bids are allowed in the market. Also no
special mechanism for detection of lost agents is needed since
the periodic market will find out. The event based market
concept also closely resembles the Napster or Kazaa
networks, since only agents will be approached that are
involved in a transaction. Thus market agents more and more
take the role of broker agents.

B. Market Discovery and Agent Subscription

Each matcher in the PowerMatcher concept can be seen as
an agent platform. In order to be FIPA-compliant an Agent
Management System (AMS) is needed at each platform. The
PowerMatcher offers such a system, which we have called the
subscriber. The two platform services, subscribing and
matching, are currently performed by the same entity or agent,
which may have been a logical choice for periodic markets
that are initiated by the matcher. The event based market, at
which agents can initiate event based bids, may require a
decoupling between the two mentioned services. The market
agent just has to check that only agents, registered by the
AMS, can place bids on its market.
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Figure 5 Market discovery and agent subscription protocol

For device agents to discover at which markets they can
subscribe yellow page functionality has to be provided. For
this functionality we plan to create a directory facilitator
service at which all market agents can register their services.
For network-coupled services part of the service description
will be the location in the network in order for device agents
to discover the right market to subscribe to. Device agents
should subscribe to their own building network or substation
network and not with neighboring networks. For commercial
services device agents may be free to subscribe at a

commercial market of their choice.

C. Multi-commodity Matching

The principle of demand and supply coordination can also
be applied to other commodities than electricity, such as gas
or heat and cold. This particularly holds for the building
environment in which thermal buffers are available to a large
extent [8]. Device agents that are operating on multiple
commodity markets have to take into account the price of all
commodities involved (e.g. a heat pump having to relate the
value of electricity against the value of the generated heat
and/or cold). Several issues have to be addressed:

e Real-time pricing: In PowerMatcher demonstrations the
price range has always been artificial. A next step that has to
be taken is to work with real prices in order to enable real-
time pricing. This also makes it possible to weigh the different
prices for different commodities. Processes that convert one
commodity into another can relate the value of different
commodities based on marginal cost.

e Price range propagation: The PowerMatcher concept
uses fixed price ranges. The price range is communicated to
the agents in a price protocol. Price range propagation is
needed to 'translate' e.g. electricity price ranges into heat price
ranges.

e Multiple markets versus one integrated market: In one
integrated market an integrated valuation of all commodities
can be made and an optimal market solution can be
determined for trading of different commodities. However
different commodities are mapped to different infrastructures
and if network issues have to be taken into account in the
market, such as capacity constraints, integrated markets lead
to whole system optimisation, and one looses the flexibility of
the distributed agent concept. So separate markets need to be
addressed on which the different commodities are traded. The
problem of interdependency between commodities can either
be solved by introducing negotiations or by using prediction
models for the separate markets.

Another way of dealing with separate markets is the
introduction of decommitment of contracts. Decommitment is
‘the action of foregoing a previous contract for another
(superior) offer’ [9]. This allows agents to increase their
utility levels if one of the markets gives an unexpected result,
e.g. if a heat pump promises to deliver heat while electricity
prices suddenly rise.

D. Constraint Handling

A number of different architectures may be derived from
the general PowerMatcher concept in Figure 2, in which
different matchers can have different responsibilities such as
preserving local network constraints, leading to different
price-forming scenarios (cf. locational marginal pricing
(LMP).

In order to prevent violation of network constraints several
approaches may be taken. One method introduces so called
guardian agents that become active in a local market in order
to suppress peak load behaviour. This can be achieved by



raising the commodity price to a high level. This may lead to
scenarios for critical circumstances that evoke demand
response behaviour from the device agents. Another approach
has been described in [10], in which a theoretical framework
and an algorithmic method are described for finding transport
network feasible solutions in market-based flow resource
allocation. A simpler algorithm can take care of single node
constraints, such as maximum connection capacity in a
building, by cutting off a bid function before passing it to a
higher network level. It can be proven that this approach
yields the same results as an LMP based market
implementation.

IV. SMART AGENT DESIGN

A. Plug-and-play functionality

Plug and play can be defined as a system feature that
allows the addition of new elements in the system without
requiring reconfiguration. This means that from its creation an
agent shall be able to enter or leave a market without
disturbing its operation. The DF and AMS (Figure 5) can
provide the necessary services for the self-configuration of
agents and the agent - market interaction.

Plug and play however in the context of local control
should also safeguard local operation of a device, whether the
agent is alive and/or is operating in a market or not. Some
experience has been obtained with implementation of a robust
back-up control for residential combined heat and power (-
CHP) in one of the PowerMatcher field tests [11].

B. Business agents

Device agents have their own goals, based on their internal
processes and optimization of the cost-benefit. Apart from the
device agents also an other type of agent may participate in
the market, having a business goal: the business agent.

At each level in the PowerMatcher network a business
agent can input their goals at PowerMatcher nodes in the form
of a standardized bid function. Thus a Distribution Network
Operator (DNO) may trigger demand (and supply) response
actions in a PowerMatcher market to avoid peak loads. This
has been successfully demonstrated in a field test described in
[11]. A virtual power plant operator may trigger load and
supply based on the VPP operational state. Thus distributed
devices can participate either in central power markets or
become part of a balancing service. The latter has been
subject of study in a field test described in [1]. Although the
cluster can be controlled to reach a common goal, each single
device agent remains autonomous, controlling its own
environment.

C. Hybrid real-life and simulation environment

The PowerMatcher has been tested in several real-life field
tests. Since the PowerMatcher is also used in a research
environment, the design should support large simulations as
well as a combination of both. Therefore an agent shall
provide a simulation mode, offering functionality to start and

control simulation of a device.

D. Agent Learning Models Library

Agents can apply intelligence based on a combination of
environmental knowledge and historical patterns. Predictions
can be used to create an agent planning strategy.

learning
models

Realization

Figure 6 Building intelligence into agents.

The agents have been designed in such a way that a learning
algorithm library can provide means for pro-active behaviour.
Up to now the library contains persistency models and pattern
recognition of recurrent fluctuations of environmental and
market information.

V. STANDARDIZATION ISSUES

The device agents have been developed within the context
of a market-based control application. Within this area agents
are free to operate on any type of PowerMatcher organized
market. Decoupling the agents from this area leads to a focus
of agents that control their environment using sensors and
actuators. The PowerMatcher service is just a service for
which the control agent has implemented an interface. But the
agents may be capable of much more: taking part in other
control actions, e.g. demand response, or delivering services
to other applications, e.g. information exchange on behalf of
remote maintenance. The design of the device agents should
provide the flexibility to add these options in a later stage.
Also this may require a focus on interoperability with other
power system applications. The FIPA standards [12] may be a
suitable vehicle for such interoperability support. In this paper
we already have complied to some FIPA terminology. Other
FIPA issues that may be addressed are communication
languages, compliance to content languages and ontologies.

VI. TOWARDS A POWERMATCHER COMMUNITY

The PowerMatcher concept can be characterized as a
flexible and scalable concept that can be applied in a large
variety of business cases: imbalance reduction, peak load
reduction, virtual power plants, participation in a power
exchange market or in ancillary services, micro-grid
operation. This broad scope leads to a first conclusion that
participation of other research groups and market parties is
desirable in the next phase of development. The business
potential for the different application fields has to be
quantified. Development of a message exchange standard is
needed in order to allow different market parties to develop



their own intelligent agents.

At the time of writing of this paper we are still in
discussion on how to create this critical mass for application
of the PowerMatcher concept in real life. One option is to
create a PowerMatcher Platform to address the above issues.
Research parties may become involved in further conceptual
development using a restricted open source model for the
software. Market parties can reflect on standardization issues.

VII. CONCLUSION

This paper introduces a robust framework for a multi-agent
system aimed at market based coordination of supply and
demand in future electricity grids with a large share of
distributed generation. It does not give complete solutions for
each issue addressed but serves as a blueprint in order to
develop a 'next version' of the PowerMatcher concept which is
robust with respect to future developments. It also serves as a
guide book for future research, which is aimed at reaching an
integrated bottom-up and market-based control of energy
flows in the built environment. The need for interoperability
with related power services has been identified, as well as the
cooperation with the research community and market parties
in order to develop a widely accepted standard for message
exchange.
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