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Abstract This chapter provides a short introduction to the part of this volume dealing
with distributed control of power grids. A brief description of some of the challenges
facing existing power grids from a control perspective is given. The research com-
munity dealing with distributed control of power grids is highly active, and there
already exists a vast literature on the topic. A coverage of this literature with any
pretense of full or partial completeness would be difficult (if not impossible) and is
not in any way attempted in this brief introduction.

1 Introduction

The electrical power grids of the world rely on infrastructure that emerged based on
pre-digital technology more than a hundred years ago. Since the origin, the power
grids have developed massively in technology in order to improve resiliency, safety,
and effectiveness. As new technologies have been introduced, the grids have grown
in complexity and during the past couple of decades, digital technology has been
massively deployed.

Due to the recent grid evolution, however, the power grids of the world have to
address challenges in terms of an urgent need for massively increased flexibility. This
increased flexibility is required in order to integrate a higher penetration of renewable
generation, of rooftop PV and other Distributed Energy Resources (DERs), see e.g.,
DNV-GL [8]. In addition to an increased level of intermittent generation, also power
usage patterns are changing dramatically. The change of usage patterns on different
time scales is driven, e.g., by the spread of power electronic devices and by a slow
but steady increase of electric vehicles.

The combination of an increased amount of renewable generation and changed
usage patterns introduce more variability and more uncertainty in the power grids,
and thus, threaten to compromise grid reliability, if appropriate action is not taken.
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Fortunately, some of the very same changes to the power grids also constitute
a potential opportunity to mitigate the challenges. By deploying advanced control
solutions at various levels of the grid, there are significant possibilities for establishing
flexibility to the extent required in the immediate future, but also on a longer term.

The position chapters in this part of the present manuscript encompass a num-
ber of research issues that together constitute part of a transformational grid control
paradigm based on distributed control algorithms. These proposed research chal-
lenges address how to manage dynamic changes within power grids at a local or
a global scale in a reliable way by leveraging additional resources in the grid. At
a system level, massive deployment of distributed control technology is expected
to facilitate a more efficient usage of natural resources and a significant reduction
of greenhouse gas emissions. One of the underlying instruments in obtaining these
goals involves matching power consumption to intermittent generation in real-time.
Also, the capacity of distribution grid networks can be expected to be exploited more
efficiently by employing local DERs optimally. This facilitates a potential of reduced
investments in distribution grid extensions in response to increased consumption.

Also, distributed control solutions deployed massively in power distribution grid
also carry the potential to substitute a proportion of the spinning reserves. This, in
turn, reduces the need to curtail renewable generation and thereby also reducing,
e.g., the need for fossil energy resources.

In similarity with other large-scale systems, by tradition the power grids of the
world have been engineered with hierarchical control topologies, guided by separa-
tion in temporal and spatial scales. This is reflected in the well-known chain from
centralized generation via transmission, sub-transmission, and finally over distribu-
tion systems to load consumption. Across the world, such chains have traditionally
been managed in a strict top-down manner. During the past couple of decades, how-
ever, an increasing number of successes have been reported across various industries,
where application of distributed control solutions have shown significant advantages
over traditional control solutions based on hierarchical control topologies. In a sim-
ilar fashion, power system operators on several continents have gained experience
from experiments with various types of distributed control solutions in power grids.
Results indicate that, indeed, such solutions can lead to increased efficiency in grid
operation and to reduced greenhouse gas emissions, in part by offering scalable
integration of DERSs, especially in the medium voltage and the low voltage grids.

The path toward a fully deployed power grid solution based on advanced control
theory, and in part relying on distributed control topologies, however, still requires
adequate responses to a number of research challenges remaining, which is the topic
of the contributions of this part of the present manuscript. The solutions proposed
and in smaller scales explored experimentally range from control topologies on one
extreme based on system operator management from top to bottom to the other
extreme where the grids are operated as a system of weakly connected microgrids.
The research challenges described in the chapters of this part of the manuscript
in part encompasses the question of which control topologies better facilitate an
interconnected power system with a high penetration of renewable power generation
and orchestrates the operation of a large number of DERs.
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2 Legacy Grids, Trends, and Enabling Technologies

From a control perspective, the legacy grids across the world have been operated
according to very similar paradigms, which can be summarized by the conventional
primary/secondary/tertiary control system:

Control level | Timescale|Goal Strategy

Primary Real-time | Stabilizing frequency and voltage |Decentralized
Secondary |Minutes |Restoring frequency Centralized
Tertiary Offline  |Optimizing operation Centralized/forecast

Several current trends and future expectations to grid developments are challeng-
ing whether, from a control perspective, this hierarchical structure based on temporal
(and spatial) separation is still the best (or even appropriate) for future power grids,
see e.g., EPRI [11].

As one major trend, physical volatility is steadily increasing in part due to the
development mentioned above with increased renewable penetration and distributed
generation, and in part due to growing demand in systems with an aging infrastruc-
ture. As a result, a lowered inertia and reduced robustness margins are seen on grids
worldwide.

As a second major trend, a number of technological advances are seen, e.g., in
terms of novel sensors and actuators (e.g., PMUs, FACTS) and access to grid-edge
resources (e.g., flexible loads). Further, advanced control is being introduced in a
vast number of grid-connected cyber—physical systems. This collectively facilitates
a future cyber-coordination layer for smart grid solutions.

Several other emerging technologies constitute a basis for accelerating the transi-
tion toward a smarter grid. In the following, we shall emphasize a few among several
enabling technologies for the potential grid transformation.

2.1 Advanced Metering Infrastructure (AMI)

Since deregulation and market-driven pricing were introduced in a majority of power
grids across the world, utilities have been pursuing technologies that could assist
in matching power generation to power consumption. Thus, an advanced metering
infrastructure has been deployed in grids worldwide, in part consisting of smart
meters deployed at individual customer nodes. The capabilities of smart meters vary
significantly, but usually more than just automatic reading of energy deliveries are
offered. Some smart meters offer real-time or near real-time power usage. Additional
services include notifications of power outages and power quality measurements. A
majority of smart meters are equipped with technology for two-way communication
which makes them a significant potential enabler for advanced control solutions.
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As part of an Advanced Metering Infrastructure (AMI), smart meters can be seen
as communication hubs for systems that can measure, collect and analyze energy
usage, but also receive signals to activate and manage flexible power consuming
and/or generating (e.g., rooftop PV systems) at the user’s end.

Two major classes of distributed control approaches for power distribution grids
based on AMI can be discriminated based on the type of signal, they would send to the
smart meters. In direct control approaches, meters would receive a command signal,
either in terms of an ON/OFF signal for specific devices, or in terms of a reference
power signal that select devices would have to follow. In indirect control approaches,
meters would receive a price signal, leaving to the consumers’ discretion, how the
consumer would like to respond to the price signal by increasing or decreasing con-
sumption. A variation of this is the Transactive Control and Coordination approach,
see below, where a market-like structure lets consumers negotiate delivery of a certain
quantity of energy at a certain priced based on two-way communication.

2.2 Internet of Things (IoT)

Across the world, massive research investments are being made in the Internet of
Things (IoT), possibly under the conviction that “...the ‘Industrial Internet’ [will]
start the next Industrial Revolution” (Joe Salvo, GE).

IoT is expected to transform a large number of industries, including Manufactur-
ing, Agriculture, Mining, Transportation, Oil and gas, etc. However, IoT also holds
a huge potential for transforming the Energy and Power area and in particular the
electrical power grids. Leveraging the immense intelligence at the edge of the grid,
however, requires a paradigm shift with a transition from centralized to decentralized
decision-making.

In order to benefit from the expected future access to a huge number of grid-edge
resources, the legacy grid control architecture is further challenged. The system
will never obtain sufficient bandwidth for accumulating, storing, and processing the
immense amount of data. The inherent latency involved in centralized processing
will prohibit decisions to be made on timescales required by the grid.

IoT integration in the grid requires data processing to be performed as close to the
data collection nodes as possible. It is also necessary to allow these nodes to make
decisions (semi-)autonomously.

2.3 Advanced Inverter Technology

During the past couple of decades, converters based on power electronics have been
vastly deployed in the large continental power grids, see, e.g., Blaabjerg et al. [3] and
references therein. The literature has had a strong emphasis on potential challenges
for this major change to the grid. From a controls perspective, it is possible, however,
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also to take the opposite point of view and pursue opportunities embarking from the
significantly extended control capabilities offered by such devices.

From a controls perspective, these opportunities would involve a power grid with
an extensive deployment of controllable power electronic devices and sufficient
resources for real or virtual storage. Such a power grid needs to have a potential for at
least the same resilience and reliability as the legacy grid, even if the penetration of
intermittent renewable generation is significantly increased. In order to realize most
of the potential of widely deployed controllable power electronic devices, advanced
control techniques are required, and the legacy grid structure is not able to facili-
tate this. In order to achieve this, there is a need for developing control algorithms
that aggregate and disaggregate control capabilities from power electronic devices
across levels in the power system. The solutions obtained will be used to investigate
to which extent the new capabilities will facilitate increased penetration of intermit-
tent renewable generation in terms of assessing the added control authority in various
frequency ranges relevant for addressing this type of intermittency.

The applications of scalable control systems involve two fundamental issues: (i)
the realization of the scalable control systems with power electronics apparatus, and
(ii) the assessment of control performance at different system levels.

Power electronics systems are basically a hybrid system of the discrete switching
events of power semiconductor devices and the continuous dynamics of passive
components. Power electronics converters with different power scales operate with
different switching speeds for reduced power losses, which consequently sets the
upper limit for the response time of the control system, and further challenges the
realization of the scalable control systems for power converters with different power
ratings.

The small time constants of power converters and wider bandwidth of their control
systems complicate the dynamic coupling and interactions between the converters
and power grids at different system levels, implying more electromagnetic transient
oscillations. Hence, the dynamic characterization of power electronic components or
subsystems equipped with scalable control systems is essential for the performance
assessment, Rocabert et al. [54].

2.3.1 Virtual Inertia

By deploying a scalable control system for grid-wide coordination of converters, it
will be possible to transform any converter-controlled energy storage to a unit that
contributes to the overall stabilization of the power grid. In particular, such a unit
can be controlled to emulate rotating mechanical energy of conventional generators,
so-called virtual inertia. Actual units could be either at the generating side, e.g., an
electrical storage at a wind farm, or on the load side (smart grid), e.g., a Heating,
Ventilation, and Air-Conditioning system in a large commercial building.
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2.3.2 Harmonic Stability

The increasing penetration of power electronics systems aggravate harmonic dis-
tortions in the power grid, due to the nonlinear switching operations of electronic
devices. The harmonics tend to trigger the electrical resonance frequencies of power
systems, and are further coupled with the fast control dynamics of power convert-
ers causing harmonic oscillations. This instability phenomenon has recently been
reported in large-scale renewable power plants and cable-based transmission grids.
To prevent harmonic instability, advanced control theory could be used first to reshape
the dynamic behavior of power converters with positive damping characteristics, and
then to synthesize the damping over a wide frequency range by system-wide coor-
dination of converters.

3 Distributed Control Paradigms

Distributed control has been proposed as part of a novel control paradigm for power
grids for various parts of the grids. In particular, however, distributed control has been
proposed as an approach to enable load-side participation. Load-side participation
as a supplement to control on the generation side is interesting for a large number of
reasons, including:

e Load-side control might be faster as there is little or low inertia

e The huge number of devices on the load side has the potential of making the system
more reliable by a spreading approach

A large number of sensing and actuating nodes offers the potential of a better
ability to localize disturbances

As the need for control capacity reduces on the generator side, generation can be
made more efficient

e No additional emissions or use of fossil resources are required for load-side control.

According to Lu and Hammerstrom [38], residential power loads account for
approximately one-third of peak demand, but 61% of these devices are ‘Grid
Friendly’, i.e., they have a potential for participating in load-side control. In the
US, the operating reserve is 13% of the peak, whereas the total ‘Grid Friendly’
capacity is 18%.

A distributed control paradigm must be able to provide voltage control. One
problem in that context is that several distributed control topologies might lead to
steady-state voltage deviations. So, on one hand, voltage regulation constraints must
be built into a feasible distributed grid control solution. On the other hand, a dis-
tributed control solution should be expected to provide a reasonable sharing of loads
between available DERs. Unfortunately, there is a fundamental conflict between
these two objectives, and a feasible power grid distributed control solution must be
able to provide an acceptable compromise between the two.
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An important enabler for applying distributed control as part of frequency control
is the notion of Grid Friendly Appliances (GFA). GFA 1is a specific standard for
interfacing between grid frequency and individual devices. Some recent work on
GFA can be found in Lian et al. [36], Williams et al. [62] , Elizondo et al. [10], Lian
et al. [35], Moya et al. [46] and references therein.

A large number of distributed control approaches have been proposed in the con-
trol literature. Several of these have been suggested as candidates for being part
of an advanced power systems control solution. In the following, however, among
this large group of solutions, we shall only briefly introduce three categories that
have been emphasized in the challenge chapters of this volume. It should be empha-
sized, however, that several other approaches are relevant for distributed control of
power grids. Examples of such approaches are passivity-based and port-Hamiltonian
methods, see e.g., Schiffer et al. [55] and references therein.

3.1 Transactive Control and Coordination

An approach to massive activation of DERs that has gained significant attention is the
so-called Transactive Control and Coordination (TC2) approach, see, e.g., Subbarao
et al. [58] and references therein (please, refer also to the part of this volume that
deals with markets). Some further recent references are Subbarao et al. [59], Li et al.
[31-33].

TC2 offers to manage generation, power flows and consumption with reliability
constraints by market-like constructs. This is achieved by using global information
and local control decisions at nodes where the power flow can be affected. Each node
communicates with the network via transactive incentives and feedback signals. TC2
is a flexible design in the sense that it allows deployment at all levels of the energy
hierarchy.

TC2 offers a distributed approach based on self-organized market-like constructs.
Thereby TC2 has the potential to overcome the challenge formed by a huge num-
ber of controllable assets, which make centralized optimization unworkable. TC2
has a simple information protocol, which is common between all nodes at all lev-
els of a system, comprised by quantity, price/value, and time. This makes TC2 a
candidate solution for challenges related to interoperability. In terms of security
and privacy, TC2 attempts to minimize sensitivities by limiting the required amount
of data exchange to the triple mentioned above. Finally, TC2 potentially achieves
scalability by being self-similar at all grid scales. The TC2 paradigm for control
and communication is common across all nodes of the system. A proposed ratio of
supply nodes to served nodes is 103.
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3.2 Consensus-Based Distributed Control and Coordination

Consensus-based control algorithms are a subclass of cooperative control algorithms.
The main idea is that each local agent generates decisions for a local subset of the total
system states based on a global objective. Each agent has the ability to communicate
subject to a given communication topology with a small number of neighboring
agents with a certain bandwidth, limiting the amount of information exchanged.

The consensus algorithm now proceeds by all agents communicating an estimate
of one or several global variables with their nearest neighbors based on their own
state information and past values of their neighbors’ estimates of said variable(s). It
can be shown that under mild observability assumptions and a simple connectivity
assumption on the communication topology that all local estimates will converge to
the global value(s).

Consensus-based control algorithms have several potential applications for elec-
trical power grids. Maybe the obvious candidate is consensus-based control applied
to a grid configuration consisting of weakly connected microgrids that collectively
have to provide a certain grid objective, e.g., voltage stabilization. There are, how-
ever, many other examples, e.g., coordination of units below a substation and between
substations, on and between individual radials, etc.

It has been widely claimed, but not proven, that consensus algorithms are scalable.
Actually, some experimental evidence suggests that scalability is not straightfor-
ward, so future work might be needed. Other issues have been related to integration
of distributed generation and especially storage in the algorithms (a recent break-
through to that end has been published in Wu et al. [63]). To speed up consensus-
based control/coordination algorithms, an important contribution can be found in
Olshevsky [47].

3.3 Distributed Control Based on Distributed Optimization
Algorithms

A huge research effort in the optimization community has been dedicated to dis-
tributed optimization. A significant proportion of available distributed optimization
algorithms, including but not limited to subgradient algorithms, can be applied as
the basis for distributed control.

One large class of distributed optimization techniques are based on augmented
Lagrangian decompositions. These approaches include dual decomposition, alternat-
ing direction method of multipliers, and analytical target cascading. Another relevant
class of techniques are based on decentralized solutions of Karush—Kuhn-Tucker
(KKT) conditions. Examples of these are consensus/innovation methods (see also
above) and the optimality condition decomposition.
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A recent survey of distributed control approaches based on distributed optimiza-
tion has been published in Molzahn et al. [45]. Please, refer to this paper for further
literature on the topic.

4 Opverview of Challenge Chapters

The remainder of this part of the present volume contains three separate challenge
chapters. The topics include how to control flexible loads in order to make them
behave like virtual storages, how to model low-inertia inverter-dominated power
systems, how to systematically distribute the design of local controllers, and how to
employ stochastic control theory for smart grid solutions, in particular, for micro-
grids.

In the following, each of the three challenge chapters will be described shortly.

4.1 Virtual Energy Storage from Flexible Loads: Distributed
Control with QoS Constraints by Prabir Barooah

This chapter discusses the concept of virtual energy storages. By manipulating
demand around a nominal baseline, power consuming devices in our infrastruc-
ture can contribute to accommodating situations with excess power or with power
deficiency, thus acting in ways that resemble an electrical storage device. However,
to make loads exhibit appropriate charging and discharging patterns that are useful
to the power grid requires the solution of a number of complex control problems.
In essence, the main challenge is to achieve a good compromise between providing
adequate grid services while maintaining Quality of Service for power consumers.

One of the challenges discussed in the chapter relates to the difficulty of providing
good capacity estimates due to variations over time, especially those caused by
exogenous factors such as weather, which is not conveniently captured in simple
models. Also, the power baseline for a device acting as VES is very difficult to
estimate.

Another line of challenges relate to dispatch. An optimal dispatch of VES
resources should be based on cost, but cost of operation is very difficult to quantify or
estimate without tedious modeling of every available system. As part of estimating
cost, round-trip efficiency should be established, which is also generally difficult to
capture.

Finally, the chapter includes a short discussion of challenges associated with the
interplay between control and communication topologies.
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4.2 Distributed Design of Local Controllers for Future Smart
Grids by Tomonori Sadamoto, Takayuki Ishizaki, Takuro
Kato, and Jun-ichi Imura

In this chapter, the authors describe a new notion of distributed controller design
where local controllers are individually designed by using partial models of the
system, e.g., single-machine-infinite-bus models, and their control actions are indi-
vidually determined by local feedbacks from corresponding neighborhoods.

One of the challenges discussed in this chapter is that this approach can cause
transient instability of power systems with large-scale photovoltaic generators (PVs)
integration. Motivated by this, a distributed design problem with consideration of
node clustering is formulated, and it is discussed how to find clusters from the per-
spective of controllability with respect to the corresponding local inputs.

Another challenge discussed in this chapter relates to design of interchangeable
components. In order to facilitate the addition of new components, it would be desir-
able that newly added components have interchangeability or plug-and-play capa-
bility. A significant challenge, however, relates to identifying the class of such com-
ponents as well as which portfolio constraints to be imposed on the interconnection
of the components to preexisting grids.

4.3 Smart Grid Control: Opportunities and Research
Challenges A Decentralized Stochastic Control Approach
by Maryam Khanbaghi

In this chapter, a future grid structure with massive presence of microgrids and
nanogrids is discussed. As one of several salient features, in such a grid structure,
resilience can be pursued by appropriately alternating between islanded and grid-
integrated mode for microgrids and nanogrids. In challenging situations, where a
conventional grid architecture could risk wide-area blackouts, an architecture domi-
nated by large numbers of micro- and nanogrids could keep critical parts of the grid
operational by transitioning these to islanded operation.

One of the control challenges discussed in the paper relates to how to ensure that
the performance obtained for each nano-/microgrid in islanded mode is inherited to
a suitable extent, when most or all of these are operated in grid-integrated mode. The
chapter proposes to address this control challenge by (1) pursuing to design a robust
control strategy to maintain stability, and (2) by reevaluating system requirements in
order to maintain optimality.

NB! This list includes a number of seminal contributions on distributed control
of power grids that are not singled out above.
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