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(57) Abstract: A power flow control system for an interconnected power system, the interconnected power system comprising a
plurality of electrical subsystems; an abstract framework configured to work as a utility maximiser under constraints (that applies to
the electrical subsystems by specifying their capabilities, expected behavior and a simplified view of their internal state);and a plural
ity of agents. Each agent is responsible of one or a plurality of the electrical subsystems, comprises means configured to express an
internal state of the electrical subsystem within a common system of coordinates, and has communication means configured to com
municate among agents according to a protocol. The abstract framework means enables a composition of a set of the interconnected
electrical subsystems into a further subsystem for which a further internal state is expressed within the same common system of co ordinates used before, the further internal state being communicated with other agents according to the protocol.

Composable Method for Explicit Power Flow Control in Elec¬
trical Grids
Technical field
The present invention is in the field of electrical power networks and the con
trol thereof.

State of the Art and Objectives
Modern and future infrastructures, such as electrical and transportation sy s
tems, have to satisfy the following main conflicting requirements: provide r eli
able and secure services to an increasing number of customers, taking into a c
count a rational use of energy and the protection of the environment. This last
requirement drives major changes in power systems, where the most evident
result is a quadratic increase of the connection of renewable energy sources. It
is generally admitted that renewable energy sources need to be massive and
distributed, in order to provide a significant part of the consumed electrical
energy [MacKay 2008].
The increased penetration of distributed renewable energy-resources in electri
cal medium and low-voltage networks is such that, in several countries, op era
tional constraints are already attained. This calls for a radical re-engineering of
this part of the electrical infrastructure. One of the main obstacles to a full d e
ployment of renewables is the lack of direct controllability by distribution n et
works operators of the distributed energy sources and the infrastructure around
them. Classic approaches are unable to scale to such an increase in complexity.
There is therefore a general consensus that the integration of renewable energy
sources into the existing power distribution grids stands on the achievement of
the successful combination of smart processes (e.g., demand side/response
management, real-time consumption management, real-time local energy b al
ance) and new technologies (e.g. smart meters, agent-based distributed con
trols). This will eventually make possible both energy efficiency improvements
and the advanced operation of the power distribution/transmission networks.
The system and method of the present invention rely on a new approach for
controlling electrical networks.

Summary of invention
In a first aspect the invention provides a powerflow control system for an inter
connected power system. The interconnected power system comprises: a p lu
rality of electrical subsystems; an abstract framework configured to work as a
utility maximiser under constraints (that applies to the electrical subsystems by
specifying their capabilities, expected behavior and a simplified view of their
internal state); and a plurality of agents. Each agent is responsible of one or a
plurality of the electrical subsystems, comprises means configured to express

an internal state of the electrical subsystem within a common system of coordi
nates, and has communication means configured to communicate among agents
according to a protocol. The abstract framework means enables a composition
of a set of the interconnected electrical subsystems into a further subsystem for
which a further internal state is expressed within the same common system of
coordinates used before, the further internal state being communicated with
other agents according to the protocol.

In a preferred embodiment each one of the electrical subsystems comprises one
or more of the following: a power system; a load; a generator or a storage d e
vice.
In a further preferred embodiment at least one agent among the plurality of
agents is a software agent configured to speak for, and control a set of selected
electrical subsystems.
In a further preferred embodiment at least one agent among the plurality of
agents is associated with a device.
In a further preferred embodiment at least one agent among the plurality of
agents is associated with an electrical subsystem that includes a number of d e
vices comprising at least a power system.
In a further preferred embodiment at least one agent among the plurality of
agents is implemented as one of the following: a stand-alone processor; a pro
cess on a control computer; an embedded system.
In a second aspect the invention provides a method for an explicit powerflow
control in an interconnected power system. The method comprises steps of
defining a plurality of agents, whereby each agent is an entity capable of au
tonomous action on an associated electrical subsystem in order to meet a d e
termined design objective; and defining an abstract framework that applies to
electrical subsystems in order to specify their internal state and their expected
behavior in a common system of coordinates. The defining of the abstract
framework comprises using for each subsystem an associated agent associated
to the subsystem, for representing the abstract framework as an envelope of a
set of trajectories of each electrical subsystem in the system of coordinates
composed by a active-reactive powers and time (PQt) profile together with a
set of virtual costs and belief functions; and using for each electrical subsystem
the associated agent for communicating an internal state and expected behavior
of the electrical subsystem by using a protocol. The PQt profile describes
bounds for active power (P), and reactive power (Q) that an electrical subsys
tem can inject or absorb over a time horizon t starting from time to. Virtual
costs contain information about how close the electrical subsystem is to its op
erational constraints, and are expressed as a function of both active and reac
tive power. Belief functions contain bounds for active power (P), and reactive
powers (Q) that an electrical subsystem can inject or absorb when instructed to
operate at a given active and reactive power setpoint. More in particular, belief
functions express the uncertainty about the electrical subsystem and are used to

guarantee that the interconnected power systems, or a subset of it (i.e., a further
subsystem) is always in a safe region of operation.
In a preferred embodiment of the inventive method each agent makes decisions
based on the information advertised to it without having to know all internal
details of the electrical subsystems it interacts with.
In a further preferred embodiment of the inventive method each agent solves
one or several steps of an optimization problem that minimizes an objective
function composed by a measure of the quality of electrical service and the
sum of the virtual costs advertised by the agents, subject to constraints ex
pressed by the belief functions, thus ensuring that the electrical system is a l
ways in a safe state

In a further preferred embodiment of the inventive method a group of electrical
subsystems is aggregated and viewed by other electrical systems as a single
entity using an abstract framework specific to the group.
In yet a further preferred embodiment of the inventive method the intercon
nected power system comprises electrical subsystems that each either are an
alternative current (AC), or a direct current (DC) electrical systems.
In yet a further preferred embodiment the objective function is given by the
following problem:
minimise

W y{P , Q , ... , P , Q ) + C (P1 Q ) + C2 {P2 , Q2 )
+ C {P , Q )
over
I, QI, 2 , Q2, 3, Q
wherein, P , Q are the active and reactive powers at a node b l in the intercon
nected power system,
1 i i the virtual cost advertised by agent 1, and
similarly with indices 2 and 3, y is the state of the grid, W is a penalty fun c
tion, which maps the estimated state to a measure of the quality of service of
the grid controlled by the agent, and the set R is the set of admissible setpoints
derived from the belief functions. A setpoint ( Ρ 1 Q , P2 , , Ρ - > -i is said ad
missible if any ( Ρ ,
, P ''2 , Q ''2 , Ρ '3 , Q' 3 ) is such that
P ,Q ) E
F P Q , P'2 , Q '2 ) E BF2 P2 , Q2 and P'3 , Q '3) E BF P , Q leads to
only safe electrical states of the grid. Here F1 (P1 , i i the set of possible
actual active and reactive powers that the first electrical system can inject or
absorb when it receives the setpoints (P1 Q ) , and similarly with indices 2 and
3.

Brief description of the figures
The invention will be better understood in view of the description of example
embodiments and in reference to the appended drawings, wherein

figure 1 schematically illustrates a typical frequency control scheme of an in
terconnected power system from prior art;
figure 2 contains an illustration o f modern interconnected power systems con
figuration with active distribution networks;
figure 3 illustrates a simple network and agents, showing protocol messages.

Description of example embodiments
In the following paragraphs, we describe the fundamental limitations of the
current control approaches for electrical systems.

Limitations of the Current Control Methods for Electrical Systems
The main controls of an interconnected power system are essentially concerned
with (i) maintaining the energy balance inside the interconnected network and
(ii) maintaining the voltage levels close to the rated values. These two basic
controls are the building-blocks used by other more sophisticated regulators
responsible for hierarchically superior actions (e.g. stability assessment, con
gestions in main transmission corridors, etc.).

Power Balance - The relevant scheme is represented in Figure

1. As can be
observed, it is based on the link between the power imbalance and the network
frequency (that constitutes the control variable). It is composed o f three main
time frames.
1.

Primary-frequency controllers are locally installed in generation units
and act immediately after a power imbalance resulting in a frequency
deviation (locally measured). Droop regulators usually compose these
controllers. The amount of the primary-control reserve P rp in Figure 1)
represents the maximum amount of power available in the intercon
nected network after a frequency imbalance. This concept can be ap
plied to a single generation unit or to the whole system.

2.

Secondary-frequency controllers are, in general, centralized for each
area that composes the interconnected power system and are responsi
ble for compensating the frequency deviation from the rated value after
the primary control intervention. The time-frame of the secondaryfrequency control ranges from a few tens of second to a few minutes. In
an area o f the interconnected network, the secondary-control reserve
(P rs n Figure 1) represents the power responsible for bringing the fr e
quency back to its rated value (i.e. 50 or 60 Hz).

3.

The power that can be connected, automatically or manually, in order to
provide an adequate secondary control reserve, belongs to the tertiaryfrequency control and is known as the tertiary control reserve Prt in
Figure 1). This reserve must be used in such a way that it will contrib
ute to the restoration of the secondary control reserve when required. In
general, we have that Prp ≥ Prs ≥ Prt.

There are essentially two main drawbacks to this control philosophy: first,
there is a monotonous-increasing dependency between the primary/secondary
frequency- control reserves, and the errors associated with the forecasts of load
absorption and production o f renewables. Second, the definition of the prima
ry/secondary frequency-control reserves are centralized; hence, distributed con
trol mechanisms cannot be easily implemented.
The continuous increase of the connection o f renewables, together with the
planned penetration o f demand-response mechanisms, is expected to have a
large impact on this control philosophy. This will require increasing reserve
scheduling in order to keep safe margins and maintain the grid vulnerability at
acceptable levels (e.g., [Papadogiannis and Hatziargyriou, 2004]). An exam
ple o f such a principle is described in [ENTSO-E, 2004] where the recom
mended secondary- frequency reserve is expressed by the following empiric
relation:

Prs =

+ b2 - b

(a.1.1)

where Lmax is the maximum anticipated load of a specific area of the intercon
nected power system and a, b are empirical coefficients.
Such an approach it is not scalable in the sense that it was conceived for int er
connected power systems where the generation units are limited in number,
large in size and centrally controlled. Furthermore, it does not support a dis
tributed approach to the energy-balance problem, where the energy balance is
sometimes required at local levels (for example in emergency scenarios, or as a
general objective of design for robustness).

Voltage Control - This is one o f the essential elements for the correct op era
tion o f power systems. Indeed, the secure operation o f the electrical grid asso
ciated with the operational voltage limits of the equipment requires maintaining
the voltage deviations within predetermined limits (e.g. [ENTSO-E, 2012]).
Such a control is realized at various levels and with different strategies that
essentially control reactive-power injections. However, network voltages flu c
tuate as a function of various quantities such as the local and overall network
load, generation schedule, power system topology changes and contingencies
(e.g. tripping of generation units and/or lines). The typical approach for vo lt
age-control divides the control actions as a function o f their dynamics and as a
function of their area o f influence. In particular, the traditional distinction is the
following.
1.

Primary voltage-control is implemented by regulators of generation
units. They initiate a rapid change of the generators' excitation when a
variation in voltage across the generator terminals is detected. Other
devices (e.g. static Var-compensators - SVCs) could be involved in
such a control action.

2.

Secondary voltage-control uses the voltage measured in a given node of
a specific area usually chosen by the network operator as the most rep-

resentative one. The secondary voltage control coordinates the action of
multiple generators and other devices (such as SVC).
3.

The tertiary voltage-control involves a process of optimization in order
to adjust the settings of devices that influence the power flows. This
control maintains a certain reserve in the controllers by sharing the r e
sources (essentially the reactive power) that influence the voltage.

The major advantage of such an approach is that it allows for a decoupling of
the controllers as a function of their area of influence. However, it is not scala
ble because, similarly to the frequency control, it was conceived for intercon
nected power systems, where the control resources are limited in number, large
in size and centrally controlled (at the tertiary level). As a consequence, the
adaptation of such a control approach to a context with a large penetration of
dispersed and non-dispatchable generation is non-trivial.
This motivates us to propose a radically different approach, based on the direct
control of power flows. With the inventive method described herein, scalability
and complexity issues are radically addressed. The same method is able to con
trol power systems of any size from micro-grids to bulk transmission networks.

The Grand Challenge of Direct Control of Absorbed / Injected Powers
The basic control mechanisms of an interconnected power system rely on the
principle of the substantial separation between voltage and frequency controls.
In particular, the equilibrium, stated by the well-known power-flow equations
expressed in the implicit form by (a.2.1), is determined by assuming the pres
ence of a non-null number of voltage sources in the grid. Such an assumption
has two effects: The first is to implicitly fix the voltage of the network close to
a desired value (i.e. the rated voltage); the second is to control the power b al
ance of the system by means of a different variable that is the frequency of the
various sources:

where: x is the state array

δ ,..., δ Ν ,ν ,...,V N

J

composed by the an

gles and the modules of the phase-to-ground nodal voltages of an N -bus grid; u
is the array representing the nodal power injections

= \ P ,...,P N

,...,Q N 1

.

Here P' and Q1 , i = l,...N , represent the active and reactive power injection
(produced by generation systems, absorbed by loads or exchanged by storage
systems at ί Λ network bus respectively), and G ,B' are the real and imaginary
parts of the i a element of the electrical grid admittance matrix.
If we formulate the equilibrium of the grid in terms of purely power injections,
there is always the need to assess adequate reserves that guarantee the power
balance (both active and reactive) of the system. In agreement with this meth-

odology, the European Network Transmission Systems Operator (ENTSO-E)
attempts to extend to distribution networks the so-called network codes that set
up a common framework for network connection agreements between network
operators and demand- facility owners or distribution-network operators
[ENTSO-E, 2012]. This specific network code forces the distribution networks
to provide the same frequency and voltage support by resources (i.e., power
plants) directly connected to transmission networks. Such an approach, howev
er, has many drawbacks in systems characterized by dominant nondispatchable renewable energy resources where, to balance the power, the nondesirable use of traditional power plants (usually gas-fired turbines) is neces
sary (e.g. [Troy et al, 2012], [IEA, 2004]). In contrast, if it is possible to expose
to a grid controller the state of each energy source (i.e., sources, storage sy s
tems and loads) in a scalable way, then it is possible to always find a stable
system equilibrium point with little or no additional reserve. However, directly
controlling every resource is clearly too complex when the number of systems
gets large, as is the case with distributed generation, and thus seems to be u n
feasible. This is the grand challenge we propose to tackle, with a new method
that will enable the direct control of power- flows while being scalable and ap
plicable to systems of any size.

Aims of the invention
One objective of the invention is to define a method for direct and explicit con
trol of power-flows by using a fully-composable method inspired by advances
in computer science and Internet research.
Within the framework of modern power networks composed of distributed and
centralized energy resources, an aim of the invention is to enable resources to
direct communicate with each other and with subsystem that compose a given
power system, in order to define real-time setpoints for all the distributed and
centralized resources, such that the entire system is scalable and robust. To this
end w e propose the following objectives:
•

we define an abstract framework that applies to electrical subsystems
and specifies their capabilities, expected behavior and a simplified view
of their internal state. A subsystem is modelled as a utility maximiser
under constraints; the constraints are represented as envelopes on sets
of trajectories in the (P, Q) plane, together with a set of virtual costs.
The existence of a common abstract framework is an essential step for
scalability and composability. It was applied, for example, to the con
trol of very large and heterogeneous communication networks in [Davie
et al, 2002];

•

agents are responsible for subsystems and communicate with other
agents by using a simple, yet powerful, protocol. The speed of conver
gence to a feasible solution of the control problem needs to be compati
ble with the fastest dynamic associated with power system stability or
quality of supply. The abstract framework and the protocol contain time
references and therefore it will be possible to combine a timing analysis

of the communication system with the information provided by the pro
tocol. Our method can be used in conjunction with formal validation
tools such as Uppaal [Larsen et al, 1997; Woodcock, 2009] or BIP
[Basu et al, 2006] and designs systems that can then be proved to be

correct by construction;
•

the abstract framework is recursive, i.e., it is possible to compose a set
of interconnected elements in a simple entity that responds to protocol
messages. We will compute mathematically proven rules for the com
position. For example, a local grid with several generation sources,
storage facilities and loads can be viewed by the rest of the grid as a
single entity/agent that can handle real-time control and reservation
messages. Thus, systems of any size and complexity can be aggregated
and handled in a scalable way; and

•

as illustrated in the above sections, the current control philosophies o f
power systems for frequency and voltage are characterized by a struc
ture that does not allow for their scalability. With the shift of the m ajor
ity of the electricity production from centralized to decentralized sy s
tems, such an approach will no longer be capable of guaranteeing the
secure operation o f the power grids. In this respect, the proposed vo lt
age and frequency controls will be coupled together by an inherent fu l
ly scalable composable language.

Expected Impact
The present invention is expected to cause a radical change in the control p hi
losophies of the whole infrastructure of electrical power systems.
First, this will have an impact on this industry similar to the effect that the in
troduction of TCP/IP had on the telecom industry; it moved away from a com
plex and centralized architecture inherited from the analog world to a simpler
and distributed one built on digital concepts. Control solutions will be simpler,
based on re-usable and proven building blocks, and more robust. This will en a
ble a wide-scale adoption of intelligence in all elements of the electrical grids,
from large transmission networks to micro-grids.
Second, this will have a large number of societal benefits:
1.

decarbonate the electrical generation systems by maximising the int e
gration of renewables and minimising the non-renewable power plants
needed to guarantee adequate reserve margins;

2.

minimise the construction o f the new electrical lines required by the
continuous reinforcement of power systems;

3.

enable active customers to have unlimited access to the electrical grid;

4.

minimise the costs associated with a deep electrical infrastructure
change;

5.

minimise the costs associated with large-scale blackouts;

6.

support local energy balance and thus reduce political disputes between
regions or countries.

Third, and technically, it will make possible the following basic functionalities.
For power systems in normal operating conditions:
1.

inherent distributed control of renewables by taking advantage of the
scalability property of the proposed approach;

2.

seamless control of interconnected grids;

3.

inherent control of distributed generation by means of the encapsulation
of their state inside the state of the network to which they are connect
ed;

4.

equal control architecture for AC and DC grids;

5.

inherent power flow control mechanisms in AC grids;

6.

Creation of local energy balance that will facilitate the creation of local
energy markets with real-time exchanges.

For power systems in emergency operating conditions:
1.

creation of local islands of scalable size: the inventive approach will
extend the concept of power systems "defence plans" to a fully scalable
level where even local microgrids have the property of being islanded;

2.

Smooth degradation of the power system state in case of major disturb
ances, thus avoiding the propagation of large blackouts.

Additional State of the Art
Several factors promote the development of the so-called smart grids concept:
increased customer participation, policies aimed at encouraging lower carbon
generation, large integration of renewables into electrical grids, ageing assets
of the electrical infrastructure and progress in technology including infor
mation and communication technology. These factors suggest two possible
models for the future network development: (i) the supergrid model composed
of continental/intercontinental networks for bulk transmission, enabling n et
works to share centralized renewable power generation by interconnecting var
ious countries; and (ii) the cell model where small networks for electricity d is
tribution, including decentralized local power generation, energy storage and
active customer participation, are intelligently managed so that they are operat
ed as independent cells capable of providing different services to each other
and of being operated as islands [Hatziargyriou et al, 201 1]. It is likely that
both models will emerge. As a consequence of this evolution, electrical sy s
tems will need to become more dynamic and adaptive, thus more complex. The
current operation of electrical grids is mainly centralized and might not scale to
support such an increased complexity in a robust way [IEEE Std. 1547.2,
2008].

A way to overcome this limitation devices is related to the appearance of flexi
ble AC transmission systems (FACTS) devices that permit some level of direct
power-flow control in electrical transmission networks (e.g. [Gotham and
Heydt, 1998]) by enhancing the usable capacity of existing transmission lines
and thus increasing the whole system loadability [Griffin et al, 1996], [Galiana
et al, 1996]. However, as discussed in [Gerbex et al, 2001], the installation of
FACTS devices is also bounded in view of the physical constraints of line
loadability. A similar approach dealing with the direct power-flow control in
transmission networks refers to the deployment of the DC supergrids. They are
composed of high-voltage DC (HVDC) networks, added as a top layer to the
existing AC transmission infrastructure (e.g. [Gordon, 2006]). As discussed in
[Van Hertem and Ghandhari, 2010], this approach also exhibits several tech
nical limitations associated with the centralised control philosophies of the
electrical grids.
Another attempt to solve this problem was made during the 1990s when the
manufacturers of supervisory control and data acquisition (SCAD A) for power
systems started the progressive integration of the functionalities of the socalled energy management systems (EMSs). Typical examples refer to state
estimation and contingency analysis in the SCAD A of power plants and trans
mission networks. Such a tendency was also partially deployed in distribution
networks towards the concept of the so-called distribution management sy s
tems (DMSs) [Singh et al, 1998]. DMSs essentially rely on a centralised ap
proach, inherited from SCAD As used in large transmission networks. But the
progressive introduction of distributed energy resources (DERs), particularly
from renewables essentially connected to power distribution grids, makes this
approach inadequate and calls for a complete redefinition of the control hierar
chy of the whole infrastructure (e.g. [Jenkins et al, 2000] and [Northcote-Green
et al, 2007]). The cell model requires that islanding operations be easy; such an
operation is today delicate and risky (e.g. [Borghetti et al, 201 1]); it is desirable
to move from a centrally managed operation to a distributed one, with int elli
gent devices able to take the appropriate actions at the right instants.
In this context, the idea of distributed state estimation is introduced in [Xie et
al, 2012]; it can be applied to transmission networks, where the inertia is com
patible with the convergence time o f the algorithm, but not to the real-time
operation of distribution networks. Other distributed-control approaches use
virtual costs (by means o f "marginal prices") as a proxy for the state of internal
resources [Palomar and Mung, 2006]; it is shown that frequency-control can be
cast in this framework [Zhao et al, 201 1].
Multi-agent-based control systems are proposed in the literature (e.g. [Rehtanz,
2003]) as a step towards the distribution of control. Our approach goes several
steps beyond. First, we base our method on a unified, abstract representation of
devices and subsystems, which is a central ingredient for simple design and
correctness by construction. Second, our approach can b e composed, i.e. entire
subsystems can be abstracted in the same way as a simple device, which makes
our approach fully scalable from low-voltage microgrids to large transmission

networks including AC and DC systems. Third, w e target real-time control (e.g
primary frequency and voltage controls).
In a different setting, the concept of a generic node model was developed for
Internet reservation services. In the integrated services framework and with the
RSVP protocol [Le Boudec and Thiran, 2001, Section 2.2.3], the details of an
Internet router are hidden by using a simple representation with a rate latency
service curve. The representation can be composed, and an entire network can
be summarized by using the same concept, which makes the approach scalable.
This has served as an inspiration for the method we propose here, with large
differences, however, due to the physics of electrical interconnected systems.

Methodology
The inventive Global Architecture Illustrated on an Example
In this section we introduce our global architecture using the real example of
figure 2 . A formal definition is presented in ne of the following sections.
We rely on the current structure of power systems, essentially composed of a
number of subnetworks interconnected at different voltage levels. Each su b
network is constituted of elements: networks themselves, loads, generators and
storage devices. To illustrate, we use the example in Figure 2 where a 132kV
sub-transmission network, with a meshed structure (TNI), interconnects a
neighbour transmission network (TN2), a large generator (LG1), a large storage
systems (LSI) and distribution networks (DN1, DN2, DN3) that have local gen
eration and storage devices. The figure also shows a map with details of the
distribution network DN2, where we can identify two reservoirs that are used
as a pumping storage facility (SSI), a mini-hydro power plant (DG1) connected
to a small reservoir fed by a river, a photovoltaic installation (DG2), as well as
secondary substations that represent the local loads (SL1, SL2, SL3). The ov er
all power generation and storage capabilities inside DN2 could allow it to op er
ate in islanded mode.
In our architecture, we assume that an element or entire system is associated
with a real time agent- alt o g there are several definitions of agents, the
most accepted one is given in [Wooldridge and Jennings, 1995], where an
agent is defined as an entity capable of autonomous actions in its environment
in order to meet its design objectives- who is in charge of estimating this e le
ment's state, making it available to other agents using an abstract representa
tion, communicating with other agents and implementing power setpoints on
this element. In the example, TNI is capable of exchanging information with
TN2, with the generator LG1 and the storage LSI, as well as with networks
DN1, DN2, DN3 that represent loads or generation systems. Note that DN1,
DN2 and DN3 can either inject or absorb power into/from TNI, as they have
local resources similar to those of TNI, namely distributed generation (DG1,
DG2), storage (SSI) and loads (SL1, SL2, SL3). The state of an element internal
to some DNx is not directly visible to TNI, however each DNx advertises to

TNI an abstract view of its internal state that contains enough information for
TNI to compute decisions.
We consider two typical scenarios.
Scenario # 1 - A Network in Normal Operating Conditions with Driving Price
Signals
Assume that the various DNx trade with each other and with LSI, LGX and
TN2. In a 'standard' market framework, each trader can negotiate packets of
energy. Imbalances in the network are covered by a clearing market and by an
adequate reserve scheduled inside TNI. If the LGx and DGx are renewables
(solar or wind), their large volatility requires large reserves with the traditional
approach (reserves are usually provided by dispatchable sources that might be
fossil-fuel fired power plants or large storage systems). A direct consequence
of such a control philosophy is to limit the penetration of renewable energy
sources. In contrast, with our approach, we will perform a fine control of all
absorbed/injected powers at all points in the system where some flexibility
exists. For example, instead of blindly accepting all power injected by DNx
and solving the imbalances by reserves, TNI can directly control the power
injections by all DNx. However, this immediately poses scalability and com
plexity problems: it is not feasible for a transmission network operator to d i
rectly control, for example, all local storages and distributed generators.
The present invention provides a solution to this problem. Consider, for exam
ple, the distribution network DN2, which, within a given time interval, trades
with the other market participants. DN2 has the following additional obj ec
tives: (i) accept the power injections from DG1 and DG2 in order to maximize
their profit, (ii) keep the network within the limits of an acceptable quality of
service (i.e. bus voltages within a given interval, minimization of line conges
tions and network losses) and (iii) optimally set the reservoir level of SSI. The
grid agent in charge of DN2 receives advertisements from its internal elements
(i.e. DG1, DG2,SS1 or Six) using a generic representation in terms of active
power, reactive power and time, together with virtual costs and belief func
tions; detailed, specific information such as reservoir level is not needed. The
belief functions N 2's agent is then able to compute in real time a region of
optimal setpoints that strikes a balance between N 2's revenue from the m ar
ket and objectives (i) to (iii). With no delay, and using the latest known in for
mation received from TNI, N 2's agent computes setpoints for its internal
elements and sends them to the corresponding agents. In parallel, the region of
setpoints is advertised to TNl's agent. Using the same methodology, the
transmission network TNI acquires a representation of the states of DNx, LGx
and LSx, computes setpoints for the various DNx, which then apply them int er
nally. Upon receiving setpoints from TNI, N 2's agent can recompute and
send new setpoints to its internal elements.
Scenario #2 - A Network in Emergency Operating Conditions
Assume that a fault inside TNI produces a tripping of the storage system LG1,
which in turn causes a large frequency transient. Assume that TNI does not

have enough generation reserve and therefore sends requests to all the DNx to
reduce their loads in order to match the new generation capacity. With the pr e
sent invention, this can be done by having Vl ' s grid agent send to each DNx
a set of active and reactive setpoints PDNX DNX order to compute such
meaningful setpoints, the grid agent of TNI needs some information about the
internal state of the DNx and their constituents; in general, this is not scalable
and requires too much communication overhead and too much processing
complexity. In contrast, with our architecture, the grid agent of TNI periodical
ly and frequently receives from DNx status updates that contain an abstract
view of DNx (as described in Section b.2.1) and uses them to solve an optimi
zation problem and compute the setpoints such as P X > QDNX Upon receiving the setpoint requests, each DNx computes its own internal setpoints. For example, N 2's grid agent computes the setpoints of the constitu
ent systems DG1, DG2, SL1, SL2, and 551 in order to minimize N 2's disu
tility, a function o f the distances between the powers P 2 > QDNI a d the o b
jectives P 2 > QDNI s e by TNI, of the internal constraints of DN2 and of the
constraints of the constituent systems. With our architecture, the constraints of
the constituent systems are available to N 2's agent by means o f the same
method used to export a model of DNx to TNI.
It is also worth noting that TNI might also ask to DN1 to have
(f) = Q ™ (f) = 0 . In this case, DN2 has the right to execute a so-called is¬
landing maneuver this can be accomplished if DN2 has continuously driven
its internal state according to the constraints advertised by its constituent sy s
tems. In this case, DN2 will assume the same role as TNI. In particular, in o r
der to first reach a safe operating point, it will collect the states of its internal
resources and compute its own optimal operating point. Subsequently, DN2
might decide to allow the trading of its internal resources by using the same
methodology adopted by TNI. In case o f adequate internal resource availabil
ity, DN2 can decide to stay in the islanding condition until TNI requests to r e
build the network. The possibility o f enabling the automatic islanded operation
of DNx or TNx is far from the reality o f modern power-systems emergencyoperation. Our proposed approach is thus able to largely mitigate the effects of
blackouts by driving the whole system towards a graceful degradation in small
self-healing islands.

Elements of the Invention
An Abstract Method for Power and Voltage Control
Agents

We use software agents, i.e., pieces of software that are able to speak for, and
control, a set of electrical systems. An agent can be associated with a device
(such as a generator, a storage system, or a large load, for example a building
automation system), or an entire system including a grid and a number of d e
vices. An agent can be implemented as a stand-alone processor, as a process on
a control computer, or as an embedded system. Small systems such as appli-

ances, boilers or small photovoltaic roofs do not need to have a specific agent.
Instead, they can be controlled and represented by one single aggregatinggroup agent that uses a broadcast protocol such as GECN.
The Power and Voltage Control Protocol (PVCP)
In the present invention, agents communicate with each other by using a simple
ADVERTIZE/REQUEST protocol, and using some simplified quantitative
information about their capabilities and internal states.
Consider the figure 3, a simplified view of the examples given in the previous
section. A O is the grid agent in charge of controlling an AC grid S O that con
sists of an electrical network, a generator SI connected at bl, a storage system
S2 connected at b2 and a set of loads S3 connected at b3. Agent A i is the agent
in charge of the subsystem S , i = 1,2,3. Note that the agents in this description
are logical entities, which may be implemented on devices collocated with the
systems they represent, or somewhere else. For example, we imagine that the
load agent A3 can be located on the same processor as the grid agent AO,
whereas the generator and storage agents can be implemented on the control
systems of these devices.
The agents communicate using a set of messages; a first set of messages, not
described in detail here, is used to assign roles, namely leader or follower. The
roles follow the hierarchy of distribution and transmission networks. In our
example, agent A O assumes the role of leader. A l , A2 and A3 periodically ad
vertise an abstract view of their internal state (in the form of a "PQt profile"
and virtual costs). Agent A O monitors and estimates the state of the internal
grid and uses the information it has about A l to A3 to compute operating
points; if needed, this requires sending setpoint requests to Al, A2 and/or A3.
The setpoints are computed taking into account the communication and pro
cessing delays.
On receiving the requests, A l and A2 set, if possible, their operation according
to the required setpoints and respond with a new advertisement, which also
serves as a confirmation to A O that the setpoints were accepted. The request
message to Agent A3 can cause demand response to be exercised on the loads
in S3. The process is repeated at short intervals and on demand, as A O or any
other agent sees the need for it. Note that messages are sent asynchronously
and frequently enough for real-time constraints to be met; in particular, every
agent is assumed to recompute its operating points when it receives new infor
mation. This event-level asynchronism, also called "soft state approach" [R a
man and McCanne, 1999] is essential for system robustness.
The ADVERTIZE messages contain the following components:
1.

a time reference, including a time stamp that indicates the time t 0 at
which this message was generated. The time reference indicates the n a
ture of the time base. For most systems, this is the universal time, but
we envision that isolated grids use their own local time;

2.

A PQt profile describes bounds for active and reactive power that this
system can inject or absorb (negative power means absorption), over a
time horizon At starting from time t 0 . Formally, a PQt profile has one
or several components, each one being a subset of the P x Q x t space,
where P stands for active power, Q for reactive power and t for tim e
(for AC systems; for DC systems, the Q component is 0 and the P com
ponent represents DC power). A PQt profile component can be deter
ministic, in which case the bounds are hard, or probabilistic, in which
case the PQt profile component can also contains confidence levels;

3.

virtual costs contain information about how close the subsystem is to
its operational constraints. The virtual costs are a function of both a c
tive power and reactive power. In the example above, the virtual costs
contained in ADVERTIZE messages are used by the grid agent A O to
compute active and reactive power setpoints requested from the genera
tor or from the storage system. In this example, the virtual costs are lin
ear such as.
( ,
= λ 1Ρ 1 + µ
. When the state of charge of the
storage system is close to 100%, the derivative o f the virtual cost with
respect to active power (i.e. here 1), advertised by the storage agent A2
is negative; thus A2 signals to the grid agent A O that the storage system
would prefer to be discharged (and vice-versa Λ , it is positive when the
state of charge is below its lower operating threshold). The virtual costs
can depend on time.

4.

belief functions specify the region o f active (P) and reactive powers

(0

that this system can inject or absorb as a result o f receiving a sp e
cific setpoint. Belief functions express the uncertainty about the op era
tion of this system; they are used to guarantee that the global intercon
nected systems, or a subsystem o f it, are always in a safe region o f op
eration.

The REQUEST message contains a time stamp and the desired settings (active
and reactive powers). How each agent implements the required setpoints is
dependent on the nature of the system.
Decoupling of Control
Each agent makes decision based only on the information advertised to it,
without having to know all internal details of the subsystems it interacts with.
In the example above, the grid agent A O solves the problem:
Minimise

W y P,

, ... ,P , Q ) +

Q + C2 P2,Q2 + C P , Q

(Eq. 1)
over
and subject to the constraints expressed in the PQt profiles for
Pi, Qi advertized by Ai, for i = 1,2,3

In the above, P Q are the active and reactive powers at a node b l in the inter
connected power system,
( 1 i i the virtual cost advertised by agent 1,
and similarly with indices 2 and 3, y is the state of the grid and W is a penalty
function, which maps the estimated state to a measure of the quality of service
of the grid controlled by the agent.
The set R is the set of admissible setpoints derived from the belief functions. A
setpoint
P , Q , P2 , Q 2 >P3 > -i
is
said
admissible
if
any
P ' , Q ' , P'2 , Q'2 , P'3 , Q'3) such that
P , Q E BF^
Q , P'2 , Q'2 ) E
F2 P2 , Q2 ) and P'3 , Q' 3 E BF3 P3, Q3 ) leads to only safe electrical states
of the grid.
Here F1 (P1 , i
the set of possible actual active and reactive powers that
the first electrical system can inject or absorb when it receives the setpoints
(P-i, Qi), and similarly with indices 2 and 3 .
The use of region R and the belief functions ensures that the grid operates in a
safe electrical state at all times.
The value of W is high when the quality of service is bad. For example, in the
very simplified case where the sole purpose of A O would be to control voltage
at a reference point, we could take W =
\E

I

for \V — 1 | < a where

V = —- — is the relative voltage amplitude at the reference point and

is the

tolerance margin.

Composition of Subsystems
A key aspect of our proposal is composibility: subsystems can be aggregated
and viewed by others as a single entity. In the example above, assume that the
grid controlled by A O is connected to the outside grid at a slack bus bO. The
grid agent A O can now represent its grid SO, including the local resources S I to
S3, to the outside. When doing so, A O advertises an aggregated PQt profile,
aggregated virtual costs and belief functions.
The aggregated PQt profile advertised by A O represents bands of feasible v al
ues for active power P and reactive power Q at the interconnection point bO.
They are computed by using power- flow equations given the PQt profiles of
internal systems A l to A 3 and given the characteristics of the grid SO. It is po s
sible to simplify the computation by making an approximation; in such a case,
the approximation of the PQt profile must be a subset of the true set.
The aggregated virtual costs C P , Q can be estimated as follows. For every
feasible P , Q
O solves the optimization problem similar to (Eq. 1), with
the additional constraint that the observed power at b O is P , Q and finds
some optimal setpoints (P1 Q , P2 , Q2 , P , Q . The value of C P , Q is then
set to W P , Q , ... , P , Q3 ) + C P , Q ) + C2 P2 , Q2 ) + C P , Q3 ) .
The aggregated belief function BF P , Q is computed similarly. First A O
solves the optimization problem similar to (Eq. 1), with the additional con
straint that the observed power at b O is P , Q and finds some optimal set-

points (P1 Qi_, P2 , Q2 , 3, Q 3 ,' this is the same first step as for the computation
of aggregated virtual cost. Second, the belief functions o f Al, A2 and A3 are
applied; the set of possible P,Q values observed at b O is derived, using power
flow equations. This set is the value of the belief function BF P , Q . It is
possible to simplify the computation by making an approximation; in such a
case, the approximation of the belief function must be a superset of the true set.

Thus, to the outside world, S O appears as a single system with one PQt profile,
one virtual cost and one belief function. This is the essential element of the
invention: the same approach is used as different levels of aggregation, which
makes the method scalable.
Note that there is no cascading o f delay; the soft state approach allows one
agent to apply new setpoints as soon as new information is received
In heterogeneous systems the virtual costs and the underlying penalty functions
might not all be defined using the same metric. In order to allow for a smooth
interoperation of heterogeneous systems, we will explore the use o f import
policies, by means of which a system such as A O would rescale the advertised
virtual costs such as C before solving the optimization problem (Eq. 1). Also
note that virtual costs are only proxies for expressing constraints and are not
real money (though they can be used for computing prices, but this is outside
the discussion here).
Agents and Their Interaction Towards Specific Signals

The role of agents, with respect to the power and voltage control protocol, is to
(1) advertise the status of the element (device or entire subsystem) that it repre
sents in PQt coordinates and with virtual costs and (2) implement PQ setpoints
(as a result o f receiving REQUEST messages, or under the agent's own in it ia
tive). We define two types of agents, namely: resources and grid agents.

Resource agents are associated with generation systems (both dispatchable
and non-dispatchable), storage systems or loads. These agents have the role o f
converting into PQt profiles and virtual costs the internal status of each e le
ment. For example, for a storage system, the PQt profile indicates the power
and energy constraints; the virtual costs reflect the state of charge. For a dis
patchable generation system, the PQt profile is simply the generator's capabil
ity curves. Finally, for non-dispatchable energy sources and loads, agents are
required to abstract the forecast states of these element in the PQt space and in
virtual costs. Resource agents also control their devices as a response to
REQUEST messages by using a local control law. For simple systems, a direct
application o f the setpoint is performed, as long as it is feasible. Other systems
can control their powers only indirectly and require the definition o f a control
law.
The state of large groups of loads (e.g. multiple customers connected to the
same medium-to-load voltage secondary substation) or distributed generation
units (e.g. small-scale photovoltaic sources associated with active customers

connected to the same medium-to-load voltage secondary substation) can be
abstracted by using a single agent (load or generation type) that plays the role
of aggregator. In order to infer its internal state, or impose a specific PQt setpoint, the aggregator uses a specific protocol to control its elements. For exam
ple, we can suppose that the aggregator uses a specific congestion signal
(henceforth called grid explicit congestion notification - GECN). It is com
posed by a 16-bit signal sent over the power lines at a rate of one value per
second. The signal is GECN = (A, R) where A and R are 8-bit signed integers in
the range {—127, ... , +128}. A positive A is used to signal active power con
gestion to all devices on the bus, and R is to signal reactive power congestion.
A negative A or R is a signal to increase power consumption or reduce power
generation. This signal is sensed by electrical systems (loads, generators, stor
age units) that react by using their local control laws. The GECN signal can be
computed by the aggregator as a result of a local optimization problem, as in
[Christakou et al, 2012].
Another type of aggregator concerns groups of electric vehicles. Here, the
amount of power drawn (or injected) by every device is not small, and the ag
gregator might afford to communicate with each device individually, using the
PVCP protocol. In this case, the aggregator uses the standard PVCP composi
tion method defined in Work Package b.2.1 for computing the aggregated PQt
profile and virtual costs. For controlling the electric vehicles, it may use a
scheduling method as in [Neely et al, 2010].

Grid agents represent and control entire subsystems, including a grid. They
are required to determine and control the status of the network in terms of s e
cure operation margins (e.g. congestion margins) and quality of the supply
(e.g. voltage variations). To satisfy these needs, starting from the knowledge of
the real-time state of the network, grid agents are supposed to use a set of sp e
cific behaviour rules to manipulate the setpoints of the resource agents within
their advertised PQt spaces. It is worth observing that the grid agents will be
capable of dealing with both AC and DC grids. Indeed, similarly to resource
agents, they will apply the same set of behaviour rules to manipulate the setpoints of their internal resources in spite of the fact that they have an AC or a
DC power system.
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Claims
A power flow control system for an interconnected power system, the
power flow system comprising
a plurality of electrical subsystems;
an abstract framework means configured to work as a utility maximiser
under constraints, that applies to the electrical subsystems by
specifying their capabilities, expected behavior and a simplified
view of their internal state;

a plurality of agents, wherein each agent
is responsible of one or a plurality of the electrical subsystems,

comprises means configured to express an internal state of the
electrical subsystem within a common system of coor di
nates, and
has communication means configured to communicate among
agents according to a protocol;

whereby the abstract framework means enables a composition of a set
of the interconnected electrical subsystems into a further subsys
tem for which a further internal state is expressed within the
common system of coordinates, the further internal state being
communicated with other agents according to the protocol.
The system of claim 1, wherein each one of the electrical subsystems
comprises one or more of the following:
a power system;
a load;
a generator;
a storage device.
The system of claim 1, wherein at least one agent among the plurality
of agents is a software agent configured to speak for, and control a set
of selected electrical subsystems.
The system of claim 1, wherein at least one agent among the plurality
of agents is associated with a device.
The system of claim 1, wherein at least one agent among the plurality
of agents is associated with an electrical subsystem that includes a
number of devices comprising at least a power system.

The system o f any one of the preceding claims, wherein at least one
agent among the plurality o f agents is implemented as one o f the fo l
lowing:
a stand-alone processor;
a process on a control computer;
an embedded system.
A method for an explicit power flow control in an interconnected power
system comprising steps of
defining a plurality of agents, whereby each agent is an entity capable
of autonomous action on an associated electrical subsystem in
order to meet a determined design objective;
defining an abstract framework that applies to electrical subsystems in
order to specify their internal state and their expected behavior
into a common system o f coordinates, whereby the defining o f
the abstract framework comprises
using for each subsystem an associated agent associated to the
subsystem, for representing the abstract framework as an
envelope of a set of trajectories o f the electrical subsys
tem in the system of coordinates composed by a Powerreactive power-time (PQt) profile together with a set of
virtual costs and belief functions; and
using for each electrical subsystem the associated agent for
communicating an internal state and expected behavior
of the electrical subsystem by using a protocol,
whereby
the PQt profile describes bounds for active power (P), and reactive
power (Q) that an electrical subsystem can inject or absorb over
a time horizon t starting from time to,
virtual costs contain information about how close the electrical subsys
tem is to its operational constraints, as a function of both active
power reactive power, and
belief functions contain bounds for active power (P), and reactive pow
er (0 that an electrical subsystem can inject or absorb when in
structed to operate at a given active and reactive power setpoint.
The method of claim 7, wherein each agent makes decisions based on
the information advertised to it without having to know all internal d e
tails of the electrical subsystems it interacts with.

9.

The method of claim 7, wherein each agent solves one or several steps
of an optimization problem that minimizes an objective function com
posed by a measure of the quality of electrical service and the sum of
virtual costs advertised by the agents subject to constraints expressed by
belief functions, thus ensuring that the electrical system is always in a
safe state.

10.

The method of claim 7, wherein a group of electrical subsystems is ag
gregated and viewed by other electrical systems as a single entity using
an abstract framework specific to the group.

11.

The method of any one of the preceding claims, wherein the intercon
nected power system comprises electrical subsystems that each either
are an alternative current (AC), or a direct current (DC) subsystem.

12.

The method of claim 9, wherein the objective function is given by the
following problem:
minimize
W y{P , Q , ... , P , Q

) + C (P1 Q ) + C2 {P2 , Q2 )

+ C {P , Q )

over
I , QI,

2,

Q2,

3, Q

wherein, P , Q are the active and reactive powers at a node b l in the intercon
nected power system,
1 i i the virtual cost advertised by agent 1, and
similarly with indices 2 and 3, y is the state of the grid, W is a penalty fun c
tion, which maps the estimated state to a measure of the quality of service of
the grid controlled by the agent, and the set R is the set of admissible setpoints
derived from the belief functions. A setpoint ( Ρ 1 Q , P2 , , Ρ- > -i is said ad
missible if any P ,
, P '2 , Q'2 , P ' 3 , Q ' 3 ) such that P , Q
E F1 (P1 ,
,
P '2 , Q '2 E B F2 P2 , Q2 and P '3 , Q '3 E B F P , Q leads to only safe elec
trical states of the grid. Here F1 (P1 , i i the set of possible actual active and
reactive powers that the first electrical system can inject or absorb when it r e
ceives the setpoints (P1 Q^, and similarly with indices 2 and 3 .
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