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Abstract

The increasing complexity of power systems places special demands on management
processes that must be performed to maintain stable and efficient system operation. The
large amount of data to be processed poses great challenges for the central computing
units of the system. Distributed systems, on the other hand, offer the possibility of
distributing tasks and reducing the amount of computation required for centralized units.
One form of these decentralized systems, where actors can model their own goals and
interact to achieve common goals, are multi-agent systems that are proposed in this
dissertation to model control schemes for providing system services. The presentation of
multi-agent systems, including their functional principle, design aspects and constraints
adopted in this dissertation, is preceded by a basic account of control in power systems,
such as voltage regulation, congestion management and grid restoration.

The core of the work is the modeling of interactions between agents and their interactions
in various systems management processes. The method for voltage control is modeled
within the first system considered, in which the detection of critical system conditions is
performed based on the results of load flow calculations. The cooperation and interactions
between the agents are aimed at remedying voltage band violations and calculating new
setpoints using the Jacobi matrix method. The control process proposes the strategy in
which all agents can participate in the voltage control. Based on this, it is possible to
select one or more of all the ways of providing reactive power proposed to remedy the
voltage problem. The approach of calculating new set points based on the Power Flow
Decomposition method is followed when presenting the problem of agent-based
congestion management. In addition, it will be possible to make the redispatch efficient
both from a technical and economic point of view with the introduction of the new merit
order, which combines generation costs and sensitivity factors. The last aspect considered
in this dissertation is agent-based grid restoration. The restoration strategy proposed uses
a methodology based on the Dijkstra algorithm that determines the shortest path to
restored components. The determination of weights required within this algorithm are
adjusted based on the number of lines included in the restoration path. The smaller the
number of components in the restoration path, the higher the likelihood that the same
lines will be selected in the next path. This helps to minimize switching operations and
makes it possible to find routes to prioritized loads according to their position in the
system. In addition, the availability of components, such as lines and non-black start
generators, during the restoration is checked regarding whether the restoration intended
can be performed.

The problematic attained in the scope of this dissertation shows the complexity and
importance of a correct assignment of agent tasks. The approaches presented show an
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overall example of decentralized agent-based energy management and demonstrate
systems for decentralized information flow modeling.
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Kurzfassung

Die zunehmende Komplexitdt von Stromversorgungssystemen stellt besondere
Anforderungen an Managementprozesse, die ausgefiihrt werden missen, um einen
stabilen und effizienten Systembetrieb aufrechtzuerhalten. Die groRe Menge an zu
verarbeitenden Daten bringt grofRe Herausforderungen fir die Rechenprozesse in
zentralen Einheiten des Systems mit sich. Dezentrale Systeme hingegen bieten die
Moglichkeit der Aufgabenverteilung auf verteilte Systeme und reduzierten
Rechenaufwand fur zentrale Einheiten. Eine Form dieser dezentral organisierten
Systeme, in dem Akteure ihre eigenen Ziele selbst modellieren und zur Erreichung
gemeinsamer Ziele interagieren konnen, sind Multi-Agenten-Systeme, die in dieser
Dissertation zur Modellierung von Steuerungsprozessen zur Bereitstellung von
Systemdienstleistungen vorgeschlagen werden. Der Darstellung von Multi-Agenten-
Systemen  einschlieBlich  deren  Funktionsprinzip,  Design-Aspekten  und
Randbedingungen, die in dieser Dissertation angenommen werden, geht eine
grundlegende Darstellung Uber die Steuerung in Stromversorgungssystemen wie
Spannungsregelung, Engpassmanagement und Netzwiederherstellung voraus.

Der Kern der Arbeit besteht in der Modellierung von Beziehungen zwischen Agenten und
deren Interaktionen in verschiedenen Systemmanagementprozessen. Innerhalb des ersten
betrachteten Systems, in dem die Erkennung von kritischen Systemzustanden basierend
auf Ergebnissen von Lastflussberechnungen durchgefiihrt wird, wird das Verfahren zur
Spannungshaltung nachgebildet. Die Kooperation und Interaktionen zwischen den
Agenten zielen darauf ab, AbhilfemalRnahmen bei Verletzung von Spannungsbandern
durchzufiihren und neue Sollwerte mithilfe der Jacobi-Matrix-Methode zu berechnen. Im
Steuerungsprozess wird die Strategie vorgeschlagen, in der alle Agenten an der
Spannungssteuerung teilnehmen konnen. Darauf aufbauend es ist moglich, eine oder
mehrere von allen vorgeschlagenen Mdglichkeiten der Blindleistungsbereitstellung
auszuwahlen, um das Spannungsproblem zu beheben. Bei der Darstellung der
Problematik eines agentenbasierten Engpassmanagements wird der Ansatz verfolgt, neue
Sollwerte basierend auf der Power Flow Decomposition Methode zu berechnen. Dariiber
hinaus wird mit der Einflhrung der neuen Merit-Order, welche Erzeugungskosten und
Sensitivitatsfaktoren verbindet, die Moglichkeit geschaffen, den Redispatch, sowohl aus
technischer als auch aus wirtschaftlicher Sicht effizient zu gestalten. Der letzte innerhalb
dieser Dissertation betrachtete Aspekt ist der agentenbasierte VVersorgungswiederaufbau.
In der vorgeschlagenen Strategie wird eine Methodik eingesetzt, die auf dem Dijkstra-
Algorithmus basiert und den kiirzesten Weg des Wiederaufbaus bestimmt. Die innerhalb
dieses Algorithmus erforderlichen Gewichte zur Bestimmung des kirzesten Weges
werden basierend auf der Anzahl der Leitungen angepasst, die in dem Wiederaufbauweg
enthalten sind. Je kleiner die Anzahl der Komponenten im Wiederaufbauweg, desto hoher
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ist die Wahrscheinlichkeit, dass dieselben Leitungen im nachsten Weg ausgewahlt
werden. Dies tragt zur Minimierung von Schaltvorgangen bei und ermdglicht es, Wege
zu priorisierten und Lasten entsprechend ihrer Position im System zu finden. Zusétzlich
wird wahrend des Wiederaufbaus die Verfligbarkeit von Komponenten wie Leitungen
und Nicht-Schwarz-Start-Generatoren geprift und darauf aufbauen, ob der vorgesehene
Weg des Wiederaufbaus ausgefihrt werden kann.

Das im Rahmen dieser Dissertation dargestellte VVorgehen zeigt die Komplexitat und
Wichtigkeit einer korrekten Zuordnung von Agentenaufgaben. Die vorgestellten Ansétze
zeigen ein Gesamtbeispiel zum dezentralen agentenbasierten Energiemanagement und
demonstrieren Systeme zur dezentralen Informationsflussmodellierung.
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1 Introduction

1.1 Introduction and motivation

The increasing amount of volatile distributed generation (DG) has become a great
challenge for transmission and distribution system operators. Due to their small capacity,
most of the DG sources are connected to low and medium voltage levels which are not
fully observed. Since measurement devices are sparsely spread in distribution networks,
centralized control methods, requiring measurement data from each node, cannot control
such power systems. Introduction of decentralized control methods allows one to
overcome the limitations associated with centralized control, such as the failure of the
main controller. Keeping in mind the typically simple topology of such grids, setting up
an overdetermined measurement infrastructure, which would be comparable to the
transmission layer, is not considered cost-efficient. This raises several questions
concerning a safe, secure and reliable operation of such grids:
e How uncertainties be dealt with if they lead to situations in which an endangerment
of system security cannot be identified?
e How much uncertainty will be acceptable in future grids?
e Which information will be necessary for grid operation and who is obliged to offer
or allowed to receive information?

Concerning the questions above, it is necessary to develop methods and tools allowing
data modeling and exchange.

A possible approach which is suitable to independently model the different interests, the
behavior of the grid participants and information flows are multi-agent systems (MASS).
They offer a perfect test-bed for future challenges of the German energy transition.
Due to their inherent benefits, such as increased autonomy, reactivity, proactivity and
social abilities, they can perform management processes in an intelligent way, on the one
hand, and ensure the fulfillment of operational requirements of a system, on the other
hand. This type of system modeling has been chosen, since interacting communicating
abilities enable the decomposing and distribution of tasks among agents, thus, reconciling
conflicts and achieving the goals desired. Moreover, MASs ensure flexibility of system
structure, allowing dynamic reconfiguration by means of adding or removing network
participants if necessary. Multi-agent systems are used in solving complex tasks and
computationally intensive problems in environments with high dynamics of change and
unpredictability with a large influx of information with which people would not be able
to cope.

The MAS can carry out structural changes which are performed through a multilateral
decision-making process by using negotiations. It is possible to find optimizations for the
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overall system or a task area depending on the structures in which the agents are
integrated. Therefore, the current capabilities of the system are exploited by the search
and linking of the individual abilities of the agents under the circumstances given. The
decision strategies of the individual agents, which allow the achievement of results, are
of great importance. The resources required for decision-making, such as time and
computing power, are integrated into the strategies so that real-time capability can be
guaranteed. If the resources are limited, at least one suboptimal variant is implemented
which provides the performance required in a still permissible quality.

1.2 The aim of the dissertation

The methodology proposed and explained within this dissertation aims at the question
how agents can be organized in the system to fulfill the goals desired in the case of
possible disturbances in a system. The proper assignment of agent tasks and information
flow plays a significant role at this point. The focus of this dissertation lies on the
modeling of information flow and interactions between agents during the solving of
selected management problems in modern power systems and, therefore, aims at the
future vision and functionality of MASSs, especially in the case of systems where complex
management decisions must be made.

The MAS proposed, however, encompasses the problem of modeling of agent behaviors
and their interactions to solve the problems given. Results of load flow calculations
providing information about system stability are available in the methodology proposed
and, from this point, agents recognize problems and react in a desired manner.
The general idea regarding limitations assumed in this work is presented in Figure 1.1.

Agent modeling
« Behaviors, interactions
Control strategies

Initial load flow parameters known

(G2 .
7T

Distributed load
flow calculation

)
+

‘i )

Figure 1.1 Limitation of consideration in this dissertation

Furthermore, agents in the modeling proposed have access to optimization functions in a
Matlab environment and the possibility of using computationally effective software. This
constitutes a modeling platform where selected power systems are simulated, and load
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flow calculations performed. The decision layer, in turn, serves as a platform where
agents, through their mutual communication, decide on new operation points. Simulations
show possible situations that can occur in real systems in which remedial actions need to
be performed to restore the system to its stable state. Providing selected situations to the
model simulation can illustrate how agents can deal with different management strategies
and how this can influence the final results. Consequently, each management scheme
presented constitutes a reference model for a multi-agent structure having different types
of agents. The system’s functionality is limited by the complexity of the behaviors used
and can be further extended. The solutions proposed show a potential agent organization
for decentralized energy system management.

The aim of the agent-based voltage control, being the first MAS strategy considered,
is to present a way in which agents can organize themselves to recover stable
system operation under the consideration of assumed agent behaviors. Remedial actions
are performed by reactive power provision. A corresponding agent initiates a control
process depending on the localization of the voltage problem. A sensitivity-based
approach is used for calculating the change of reactive power required. The agent-based
decision process introduced constitutes the proposal of agent interactions in a
decentralized manner. From the agents’ point of view, after the management process
is completed, the influence of a newly calculated working point on power system
operation is proven.

In turn, the aim of the second approach, in which agent-based congestion management is
introduced, is to present the possibility of modeling agent interactions reacting to
a given system situation in a decentralized way. Here, redispatch measures are applied
using active power to alleviate the congestion. Sensitivity factors based on the Power
Flow Decomposition methodology are calculated to compute the change in active power
required using appropriate Matlab functions executed by entitled agents. Two selected
generation units realize power adjustments upwards and downwards. In the case of
insufficient active power provision by one unit, other generators cover the missing
amount of active power, after considering the correction resulting from different
sensitivity coefficients.

The aim of the third approach, in which agent-based grid restoration is considered, is to
present what interactions between agents are necessary to perform the grid restoration in
a decentralized way. In this case, an illustrative power system representing an island will
serve as a platform to test the restoration strategies selected. In the approach considered,
the restoration path is found by using Dijkstra’s algorithm, which uses weights adjusted
after each step of restoration based on the restoration readiness of components included
in the restoration path. The access to Matlab functions for computing the shortest path
using assumed weights relieves the computational intensity of an agent platform
responsible for decision-making. The selection of non-black start generation units to
initiate the restoration process is based on the minimal starting time resulting from
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thermal features of a generating unit. Additionally, priority and increased demand of load
at the beginning of the restoration determine the direction of restoration actions.

1.3 Structure and scope of the dissertation

As an introduction, Chapter 2 presents information regarding control in power systems
and provides a description of processes, such as voltage control, congestion management
and grid restoration. Basic aspects of specific management schemes have been outlined
with different methodologies, their requirements and applications in the power system in
each subchapter.

Chapter 3 contains the presentation of MASSs, their properties and structures. The
definition of an agent, including its components, social properties and architecture,
constitutes an introduction to the MAS further described. Differences between centralized
and decentralized control strategies and their relation to varied MAS architectures and
applications are presented. Additionally, this chapter contains a brief description of the
development software JADE (Java Agent Development Framework), including its
properties and platform structure used in this dissertation to model different multi-agent
management strategies.

Chapter 4 provides modeling details of the MAS proposed and constitutes an introduction
to the practical implementation of the management schemes proposed. This chapter
includes information about data exchanged between the main types of agents, different
data exchange schemes, interaction protocols and message performatives used to model
agent behaviors.

Chapters 5-7 present three approaches of agent-based provision of ancillary services:
voltage control, congestion management and grid restoration, which have been
considered in static operation. No dynamic aspects of control actions were needed for the
modeling of information flow and agent interactions and have not been further
investigated. In subsequent subchapters, descriptions of the management processes
selected are provided. Simulations of the agent interaction in the frame of each aspect are
followed by the description of the MAS design, including types of agents involved in the
control scheme, interactions and information flow between agents, and modeling of agent
behaviors.

The written dissertation closes with the summary and outlook.
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2 Power system operation?

2.1 Introduction

Appropriate transmission infrastructure, organization and reliable operation of the system
depend on various types of services provided by power plant and grid operators as well
as consumers. It is, therefore, very important to coordinate the roles of the individual
components in maintaining system security. From a physical point of view, a safe
electricity supply takes place if the following conditions can be met [1], [2]:

* The voltage stability limit — related to the ability of the power system to provide
reactive power and maintain node voltages at the required level in case of system
disturbances accompanied by loss of capacity. Voltage characteristics of loads and
generation units providing reactive power influence voltage stability significantly.

* The rotor angle stability limit — applied to active power transmission limits related to
the risk of loss of synchronism between generators. Angle stability is conditioned
mainly based on turbine and generator characteristics and their control systems. There
may be active power oscillations with low attenuation at some generator working
points, threatening rotor angle stability, which can be prevented by so-called power
system stabilizers, introducing additional control signals to generator controllers.

* The thermal transmission limit — resulting from the permissible temperature of
transmission lines. The corresponding power transmission capacity is not constant
and depends on factors such as ambient temperature, wind speed and direction.

* Frequency stability — related to the ability of the power system to maintain frequency
at the required level. A potential frequency instability may occur during a severe
system interruption, resulting from a significant imbalance between the power
generated and consumed.

It is often challenging to meet the conditions above since the expansion of the power
system cannot be avoided due to increased development and penetration of renewable
energy sources. In less advantageous cases, infringement of permissible operational limits
can lead to severe system outages. Therefore, an efficient control of the power system is
required to achieve high reliability and robustness. Voltage and frequency control,
congestion management and, in extreme situations, grid restoration belong to the actions
network operators take to prevent or restore power systems after an outage.

! This chapter contains materials from my publications [58], [93].
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2.2 Voltage control

Voltage and reactive power control are major issues regarding power system operation.
Different control strategies have been developed because differences between distribution
and transmission networks are significant. The basic function of voltage control in system
operation is to keep the nominal voltage defined within a permissible range all the time.
This can be achieved either by adjustment of a generated power or direct voltage control
realized by regulation of generator excitation. The control of voltage for transmission
networks corresponds to the control of reactive power. A change in reactive power at a
bus exerts voltage changes in its surrounding network [3].

Devices normally utilized for voltage and reactive power control include on-load tap-
changing transformers, bus voltage regulators, line voltage controllers and switched
capacitors [4]. The basic methodologies considered are used mostly in networks with one
direction of power flows and the voltage reduction along the feeder is significant, from
the substation to the remote end [5].

2.2.1 Voltage quality

Norm EN 50160 defines the voltage quality for end users in public electrical distribution
networks and presents a set of different voltage characteristics. It is the task of distribution
network operators to dimension and operate their networks in such a way that the
requirements of EN 50160 can be met at all times [6]. In some distribution network
regions, however, due to a high local feed-in power, the voltage quality can be reduced
through infringement of permissible limit values regarding individual voltage parameters.
The standard mentioned, among others, determines the “slow voltage changes” feature to
a range of =10 % of the respective nominal voltage. This voltage range must be
maintained in 95 % of the ten-minute mean values within a week [7]. Figure 2.1
illustrates, together with corresponding characteristic, other voltage phenomena occurring
in the power system.
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Figure 2.1 Definition of the quality characteristics of the voltage [17]

2.2.2 Voltage drop in a distribution network

A one-line diagram in Figure 2.2 shows the principle of voltage drop in a radial power
system. The voltage tendency changes will increase or decrease depending on the load
and generation level. The current | constitutes a function of the load complex apparent
power S = P + jQr and the load voltage U> can be expressed as

S* P —j
R 2.1)

- 3U; 30,

Thus, the voltage drop on the feeder will be given by
|Us = Us] = |+ (Run + X)) (2.2)

Which results in
(RinPL + Xin0Qp) + j(XinPL — RinOQy)

|Q1—Q2| _ LNIL LN L3U* LNIL LNKL 2.3)

=2

The voltage drop AU = Uy — U> for a small power flow can be approximated (resulting
from the small voltage angle between U, and U,) [5]

_ RinPL+ XL
30,

AU

(2.4)
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Figure 2.2 Voltage changes in a radial network with maximal load and maximal generation

[8], [3]
2.2.3 Voltage and reactive power control

A prerequisite for the maintenance of voltage stability is a locally balanced reactive power
and a corresponding reactive power reserve of the power stations. It is not possible, from
a technical point of view, to transport reactive power over long distances via power lines
due to considerably large voltage drops. Therefore, it is impossible to generate reactive
power centrally and then distribute it. The provision of reactive power must be carried
out in the vicinity of the reactive power consumers and distributed regionally. In terms of
voltage stability, it is also advantageous if all generation units contribute to the provision
of reactive power. Other important sources and sinks of reactive power in power systems
include [3]:

e Overhead lines providing reactive power under low load conditions and absorbing
reactive power under high load conditions.

e Underground cables providing reactive power.

e Transformers with an adjustable ratio which can shift reactive power between their
primary and secondary sides.

e Shunt capacitors providing reactive power.

e  Shunt reactors absorbing reactive power.

e Inductive loads absorbing reactive power.

e Synchronous generators and condensers as well as static VAr compensators
providing or absorbing reactive power.

e  Series capacitors, which are connected in series with highly loaded lines, reduce their
reactive power losses.

Power plants must be able to participate in the voltage maintenance of the grid. A
distinction between static voltage maintenance and dynamic grid support can be presented
depending on system operating conditions.
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2.2.4 Static voltage control

The static voltage control is intended to ensure that slow voltage changes are maintained
within the tolerable range. For this purpose, the network operator has the possibility of
carrying out an active and reactive power adjustment at various generating plants. This is
intended to ensure fast restoration of the system security in hazardous situations.
Generation plants must, therefore, be able to operate with a reduced power output.
A possible loss of income must be reimbursed by the network operator [9].

The voltage at the grid connection point can be specifically influenced by a targeted
reactive power feed-in in areas where the limits of voltage drop have already been
reached, for example, rural regions characterizing themselves with radial network
structures.

The network operator can specify a fixed value or a characteristic curve within power
factor limits [9], [18].

2.2.5 Dynamic voltage support

The dynamic voltage support is intended to prevent the simultaneous disconnection of
generation plants in the event of faults. Instead, the systems need to support the grid
voltage by provision of reactive current [9]. A sufficient amount of short-circuit power is
required for dynamic voltage support, which should be evenly distributed in the system
to avoid excessive equipment overload in case of a fault [18].

“Power plants must participate generally in the dynamic grid support, even if it is not
required by the network operator at the time of the connection to the grid” [10]. This
means that generation units must be technically capable of [10]:

e remaining connected to a feeder in the event of faults,
e supporting the feeder voltage by reactive power provision to the network and
e suspension of intake of reactive power after the fault.

The behavior of generation units in case of a disturbance can be distinguished according
to the power plant type. Type 1 indicates synchronous generators connected directly to
the grid. They cannot be disconnected from the network if the voltage drops are above
the limit curve represented by Characteristic 1 (see Figure 2.3). In turn, Type 2 constitutes
all other plants connected to the network that cannot be disconnected from the grid faster
than 150 ms for voltage drops up to 0 % of the voltage at the coupling point Uc [10].
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Figure 2.3 Voltage curves at the grid connection point for power plants [10]

2.2.6 Control characteristics

Grid operators specify either a fixed set point value or a value for the reactive power
adjustments, which can be changed through remote control systems (or other control
techniques). The possible characteristics are either [9]

a fixed power factor cos(y),

an active power-dependent power factor cos(¢) = f(P),
a fixed reactive power provision in Mvar or

a reactive power/voltage characteristic Q = f(U).

“The reactive power range determined must be available within a few minutes and as
often as required. If a characteristic curve is specified by the network operator, each
reactive power value resulting from the characteristic curve must be automatically
provided within 10 s for the cos(p) = f(P) characteristic curve or must be adjustable
between 10 s and 1 min for the QU-characteristic (specified by the network operator)” [9].
Figure 2.4 presents examples of the control characteristics.
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Figure 2.4 Qualitative representation of active power-dependent power factor (left) and
QU-characteristic (right) [4], [9]

Decentralized generation units participate in voltage control by reactive power generation
or consumption. Network operators can specify control strategies corresponding to the
generation: Q = f(P), Q = f(U), cos(p) = f(U). A coordination concept for all methods of
voltage regulation used is indispensable, since strategies used separately can only be
changed after a certain time and with great effort [11].

If compliance with the voltage limits can no longer be guaranteed, the relevant
distribution system operator must take additional measures to maintain voltage. These
additional measures can include network reinforcements, providing strengthening of the
network and reduction of the grid impedance [8]. This, however, increases the costs for
the network integration of decentralized generation plants. While photovoltaic systems
are always connected to the public grid via an inverter, there are various grid connection
concepts for wind power plant installations. Table 2.1 gives an overview of the most
common connection concepts and shows which variants are suitable for the provision of
reactive power and, thus, can contribute theoretically to voltage maintenance. However,
the actual dynamic controllability of the reactive power supply is also dependent on the
converter topologies used [7].
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Table 2.1 Overview of the most common connection concepts [7]

Reactive power provision Reactive power
Connection concept dynamically
Capacitive Inductive controlled
Directly connected IG - + -
IG with full converter + + +
Doubly fed IG + + +
SG with full converter + + +
Directly connected SG + + +
Photovoltaic with power converter + + +

IG — induction generator, SG — synchronous generator

2.2.7 Control structures

Several main control structures can be distinguished depending on various voltage
regulation strategies and the communication infrastructure designed [12], [13], [14], [15],
[16], [54], [55], [96], [97]:

e Centralized control: In this strategy, the central controller is responsible for the
coordination of control strategy. The central system collects the information from the
whole network and calculates control variables for each control device.

e Hierarchical control: This control strategy is based on the structure of the power
network. “The coordinator at a higher level calculates the set points, which are the
reference signals for the lower level control. The main role of the controllers of the
higher level is to ensure concordant behavior between the lower local controllers
leading to improved overall global performance” [14]. The hierarchical scheme is
commonly realized by implementation of three control levels: Primary, secondary
and tertiary voltage control.

e Decentralized control: This strategy is performed locally through decentralized
generation. Only local information is used in this strategy. The effect of the control
action on the overall system is unknown since no information exchange takes place.

e Decentralized peer-to-peer coordination: In this control strategy, all controllers have
equals rights and can coordinate with each other by exchanging the action generation
plans, i.e. to achieve a system-wide objective. In this case, local information
completed by information from neighboring nodes is used.

The detailed explanation of the methodology implemented for agent-based voltage
control, including mathematical background and the structure outlining the MAS, is
provided in Chapter 5.
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2.3 Congestion management

The energy transition of the European and especially the German power system towards
smart grids and energies based on renewable technologies leads to changes in the network
structure. Additionally, the privatization of energy markets and unbundling of the energy
sector contributed to separate generation and distribution areas. As a result, energy trade
does not consider limitations regarding the transmission and distribution capability,
which, in turn, translates into higher transmission powers causing higher loadings of
network equipment. Thus, systems are operating close to their limits, which, in less
advantageous conditions, lead to congestions. Congestion management issues have
become more and more important in the last few years since grid reinforcements cannot
be ensured due to economic reasons and long-term planning periods (see Figure 2.5) [19].
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Figure 2.5 Redispatch volume annually in Germany [20]

Congestion management is one of the technical challenges in the privatization and
deregulation of the power system. The increased load demand and high penetration of
DG units, based on renewable energy sources, contributes to stressing existing power
systems. Therefore, it is challenging to ensure the flexibility and robustness of the
transmission system which needs to consider the increasing demand, unpredictable
character of DGs and aspects of competitive electricity markets [58].

2.3.1 Congestion management problem
An example explaining a network congestion is presented in Figure 2.6. Assuming the

situation in which the load has a high demand, increased power provision by unit 1 causes
the congestion on the line. Based on the overload value, the amount of power is calculated
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by which both plants will adjust their generation. In this case, unit 1 will decrease its
generation. In turn, unit 2 will increase its generation by the same value. Congestion is
alleviated by adjusting both generation units by the value AP previously calculated.

Bus 1 Bus 2

Figure 2.6 Example of a transmission congestion [21]

”Market-made schedules of power plants (dispatch) have to be modified (redispatch) to
avoid congestions in the grid. The objectives in congestion management are technical and
economical optimization. A technically optimized solution minimizes the displaced
power as it considers the technical effectiveness of redispatch measures, determined by
calculating the sensitivities of power plants infeed on the congestion. On the contrary, a
cost-effective intervention is based on the resulting costs for the modified power. This
can, however, lead to higher amounts of shifted powers or a high number of generation
units involved, which increases the management effort” [19].

2.3.2 Congestion management problem formulation

The congestion management problem can be formulated as a multi-objective optimization
problem. Considering different applications, the formulation can include different factors,
such as fuel costs. The first objective function is to minimize the redispatch cost (Fr), and
can be expressed by [23], [22]

Fr= ) f(&Pg) 25)

where:
APgi is the active power generation of the i-th generator, which is shifted due to
redispatch,
f(Pgi) is the generation cost function of the i-th generator and
Ng is the total number of generators in the system.
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Function f(Pei) can be expressed by [23]

Ng
f(Par) = ) (@il + biPo; +c?) (26)
i=1

where:
Ng is the number of generation units considered, and
ai, bi and c; are fuel costs coefficients for the i-th generation unit.

The quadratic generation function, normally used for thermal power plants, results from
their “input-output” characteristics. In the case of other types of power plants, quadratic
or even cubic cost functions provide more accurate models of the actual behavior of
generation units where the fuel is oil, coal or gas [24].

The second objective function is to minimize the amount of the redispatch power
(eqg. 3.7) under consideration: The sum of positive and negative redispatch power should
be equal 0 (eq. 3.8)

min Z |AP; | 2.7)

Z AP; = (2.8)
where:

APi is the redispatch power of the i-th generation unit.

2.3.3 Types of congestion

The congestions can be categorized based on their location and occurrence frequency.
The location-based congestions can be divided into zonal and cross-border congestions.
Zonal congestions occur inside one of the dispatching areas whose alleviation needs to be
performed under the responsibility of one transmission or independent system operators
(TSO/ISO). This issue can be managed by local facilities, which fulfill necessary
requirements regarding the regulation of cross-border trading contracts. By contrast, the
cross-border congestions arise as a result of exceeding the transmission capacity of
interconnectors and all operators in the areas involved jointly solve these congestions.
The division based on persistence includes regular and irregular congestions. Regular
congestions have more severe consequences resulting from the infringement of certain
operational limits in terms of occurrence frequency or duration. This type of congestion
can only be resolved through grid reinforcements. Irregular congestions, in turn, are
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mostly changeable and can be alleviated or avoided through the appropriate allocation of
costs [58].

2.3.4 Congestion management actions

Counter trade

In the case of countertrading (buyback system), participating producers and consumers
are sorted according to their marginal production costs offered. The TSO in the importing
region “buys” the additional quantity to be produced from them. In turn, the TSO in the
exporting region “sells” a corresponding quantity of electricity. The power stations within
the export region have already sold their electricity on the OTC or the stock exchange and
now have to reduce their production. Consequently, they “buy” the excess electricity sold
by the TSO (buyback). The price is below the market price as the producers participating
are paid for the provision of productive flexibility. On the other hand, production is
increased. However, the TSO pays the producers participating a price above the market
price to cover the marginal costs, since, in the case of a short-term adjustment, flexible
power stations must be used whose marginal costs can exceed those of the limit power
station [29].

Redispatch

This method of congestion management is based on the impact of adjustments of power
generated on flows, which can be determined using either sensitivity theory or electricity
tracking [19], [27]. The redispatch procedure selects pairs of generation units that change
their generation schedule over a defined time. The power of the plant on the surplus side
is reduced and the power on the deficit side needs to be increased [56], [57], [58]. If the
power to be transferred is too high, the power flow can be decreased by shifting the power
generation. The adjustments are carried out until the (n-1) criterion is fulfilled again.

Chapter 6 provides a detailed description regarding the redispatch principle. It
encompasses a mathematical description of the redispatch process together with an
introduction to the MAS proposed used to test assumed management strategies.

Emergency remedial actions

Emergency actions need to be executed in the case when network- and market-based
actions are insufficient to alleviate the congestion. For this purpose, feed-in management
and load shedding constitute remedial actions provided to bring stability to the system
operation.
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According to 811 to §14 of the German Energy Act (Energiewirtschaftsgesetz — EnWG
[81]), the transmission system operators and, accordingly, the distribution system
operators bear the responsibility for system security. They are entitled to do everything
necessary to prevent large-scale outages and the breakdown of the power supply.
Situations of extreme wind infeed and low load, whose control is not possible without the
reduction of feeders in the distribution grids, are increasingly critical for system security.
That is why the network operator also uses the network security management as a
technical basis for these purposes. Feed-in management is a specially regulated network
security measure to relieve network congestions. However, according to the legal issues,
feed-in management is only used if the network congestion cannot be sufficiently relieved
by other suitable measures, particularly by a generation reduction of conventional power
plants. If renewable energy sources or combined heat and power units are regulated by
feed-in management, the plant operator is entitled to compensation from its grid operator
[25], [26].

Load shedding is usually the last option if it is no longer possible to adapt the generation
of the power plants in the respective congestion region. The redispatch will require power
plant operators to resubmit their generation schedule with the amount of electricity they
will be required to produce the next day to the transmission system operators responsible
for grid stability [28].

2.4 Grid restoration

The increasing complexity of the power system creates many challenges in power system
operation. The high penetration of DG based on renewable energy sources and the
fluctuating character of generated power can cause changes in power flow directions and
contribute to instabilities or stressed conditions. Congestions occurring may lead to partial
system outages and interruptions. Furthermore, temporary faults, such as those caused by
lightning, even if cleared immediately, can initiate a domino effect that might lead to a
partial or complete outage, involving network separation into several subsystems.
Therefore, improper operations during certain failures can worsen the system state and
lead to severe chain reactions, which, in turn, may finally cause a large-scale and
extensive blackout [30]. Table 2.2 presents a list of major blackouts.
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Table 2.2 Lists of major blackouts in the world
[82], [83], [84], [85], [86], [87], [88], [89]

No. of affected

Restoration

Blackout people Interrupted time
o load, in MW . '
Date Affected areas in million in hours

09.11.1965 USA, Canada 30 20,000 13.5
13.07.1977 New York 9 6,000 26
19.12.1978 France 3.6 30,000 4
02.07.1996 West USA, Canada 2 11,850 7
10.08.1996 West USA, Canada 7.5 30,000 9
21.01.2002 Regions of Brazil 45 23,766 4
14.08.2003 East USA, Canada 50 61,800 112
28.09.2003 Italy 55 25,000 15
18.08.2005 Indonesia 100 5,000 11
01.08.2006 Canada 4.5 - 24
04.11.2006 Germany, France, Italy 10-15 - -

24.01.2008 China 4.6 - 336
11.03.2011 Japan 4 - -
30.06.2012 India 670 - 12
22.05.2013 Vietnam, Cambodia 8 9,4 8
01.11.2014 Bangladesh 100 - 10
31.03.2015 Turkey 76 21,870 9
28.09.2016 South Australia 1.7 - 75
15.08.2017 Taiwan 23 - 4

The lack of energy in the area separated and the enormous costs connected with that
imposes the need for fast and efficient actions to bring power systems back to normal
operation. Power system restoration is well recognized as one of the most important tasks
for electric power grids. Following a power outage, system operators in the control center
prepare a restoration plan and work with the field crews to reestablish the generation and
transmission systems and then to restore loads and power supply. System reliability
depends heavily on the efficiency of the system restoration. A proper restoration plan
determines the efficiency of the grid restoration [31].

2.4.1 Aspects of system restoration

Despite the fact that each power blackout and restoration process is a unique event, certain
objectives and steps are common to all restoration procedures. The aspects of restoration
are shown in Figure 2.7. They encompass most of the issues regarding the power system
operation and planning [32].
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Figure 2.7 Power system restoration aspects [30]

Nowadays, the restoration of the network after complete or large-scale outages is carried
out according to a central concept through the start-up of large black start power plants in
the transmission network and forming individual islands at the beginning of the system
restoration process. After the main power stations are restored, transmission lines are
connected to the system step by step. The entire process, accompanied by an increase in
subordinate voltage levels, reconnection of loads and other power stations, is based on
the continuous availability of black start power plants connected to the transmission
network [32].

Power system operators normally rely on off-line restoration plans to prepare the
sequence to energize the system, which include the assessment of system conditions,
restart of the generating units and establishment of transmission structure to activate other
non-black start generating units [33]. The black start capabilities must be provided by the
operator of the generation plant if the network operator requires this for technical reasons
for network operation purposes. The site-specific conditions will be agreed between the
operator of the power plant and the TSO [35].

2.4.2 Formulation of restoration problem

From a mathematical point of view, the restoration process can be formulated as a
constrained multi-objective optimization problem. Each restoration process aims at
minimizing the total restoration time and maximizing the amount of load to be restored
[93]:

min Tres (29)
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max z Si (2.10)

[ENres
where:
Tres — total restoration time,
Nres — number of restored buses and
Si — total power of restored loads at node i.

The objective functions presented relate, however, to the power system where generation
units are stable by means of the continuity of the power generated. Regarding the fact that
renewable energy generations are presently widely integrated into the network, it is
important to consider their fluctuating character. Generated power may not correspond to
the actual load demand due to changing weather conditions. Thus, it is crucial to perform
a restoration process which minimizes this kind of risk. Additionally, during the
restoration process, power system operation needs to be kept within permissible
constraints, which includes current, voltage, and active and reactive power generation
limits [93]. More detailed considerations regarding stability issues are provided in
subchapter 2.4.6.

2.4.3 Restoration steps

Each restoration procedure that follows a complete or partial blackout of a power system
can be divided into the following steps [30]:

Identification of the system status.

After a system outage resulting in a significant loss of customer load, determination of
transmission and generation loss, as well as equipment damage, plays a significant role.
Overloading and disconnecting of specific transmission lines may result in separation of
the system into subsystems. In the case where the island area has no connections with
neighboring systems, it is necessary to determine the black start capabilities and critical
loads in each subsystem. Appropriate system assessment leads to a better estimation of
the restoration times of the power system transmission and preparation for customer load
restoration can be made more accurately [43], [44].

Black start of large power plants.

Assessment of the black start capability is an important point during the preparation of
the power system restoration plan [36]. Large power plants have to be restarted within
a certain period of time. Hot r