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Abstract

The de-carbonisation of the energy system, more commonly known as the ‘Energy Transition’ has a vital role to
play in the pursuit of mitigating the climate emergency’s impact. This transition calls for embracing new renew-
able energy technologies and integrating them at large scales into current power systems. Many challenges
are becoming more and more evident with the increase in integration of renewable energy sources (RES) into
power systems. There are difficulties involved in accurately forecasting the input of power from RES, in the
increase in the use of power electronic converters and also due to a large number of prosumers. There is a
global trend of moving toward making power systems more future-proof and this largely affects the roles and
activities of a Transmission System Operator (TSO) such as TenneT.

The particular branch of power grid control and operation is one that is undergoing a massive overhaul.
Control room operators are highly-skilled and need to be aware of all the physical processes involved in the
power system in order to manually intervene when necessary. They are constantly monitoring the grid and
are tasked with making quick decisions with a high frequency which rely on many factors such as the expected
active power of conventional generator units, the expected demand and also the renewable energy forecasts for
a given time instant. One important action that is often considered by the control room operators is reconfiguring
the network topology. Making topological changes to the network offers a flexibility that is an under-exploited
and low-cost alternative to maintain network security. These operational tasks are getting more complex and
nuanced with the addition of newer technologies.

There is specifically an increasing reliance on Information, Communication and Technology (ICT) and newer
smart grid technology which can assist in many ways such as higher levels of automation, increase in compu-
tation speed and so on. One particular field of study under the umbrella of ICT is the application of Artificial
Intelligence (Al) solutions. These solutions have the potential to pave the path to better cyber-physical systems
with which large strides can be made to cope with many challenges introduced by the ‘Energy Transition’.

Various initiatives are being undertaken in this realm. One such initiative being Réseau de Transport
d’Electricité (RTE)’s initiative of “Learning To Run a Power Network (L2PRN)” competition. This competition
was conducted with the primary goal of introducing and recognising the potential of Al and machine learning-
based tools in order to support control rooms and assist in making optimal decisions. One particular branch of
Al that has shown great promise in the field of decision support is Reinforcement Learning.

This competition acts as a great starting point to bring together these two almost exclusive research commu-
nities. The research conducted in this thesis uses this competition as a stepping stone along with the toolchain
developed for it, to investigate the use of an Al-based solution and test the behaviour of the agent, not just from
a machine learning point of view, but also from a power system perspective. This thesis addresses the potential
of machine learning as a decision support tool for power system control rooms by implementing a reinforcement
learning algorithm to represent an artificial control room operator and assessing its performance on a particular
IEEE test network. This thesis also hopes to provide some groundwork for TenneT and to contribute toward a
‘Control Room of the Future’ initiative which can incorporate such an Al-based decision support tool to assist
grid operators in taking well-informed actions during the operation of the power systems.
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Introduction

The impact that climate change has had around the world is seen unmistakably, especially in recent years. The
phrase climate change becoming less common and ‘climate emergency’ gaining traction, compelled Oxford
Dictionary to name it word of the year in 2019 [[1]. One of the largest drivers has been the excessive dependence
on burning fossil fuels and its contribution to the amount of C0O, in the atmosphere. The de-carbonisation of
the energy system, more commonly known as the ‘Energy Transition’ has a vital role to play in the pursuit
of mitigating the climate emergency’s impacts [2]. This transition calls for embracing new renewable energy
technologies and integrating them at large scales into current power systems [3]. Doing so has introduced new
challenges in the management of the power system in terms of its operation and planning [4]. An example of
such a challenge in the use of wind turbines is that their operation will be stopped if the winds are too strong,
thus this sudden drop in total capacity can become a large disturbance [5]. Additionally, photovoltaics can
cause fast voltage fluctuations which affect power quality [6].

To overcome such difficulties, involving newer technologies in the sphere of ‘Smart Grids’ by incorporating
Information, Communication and Technology (ICT) is becoming more and more ubiquitous [7].
bence (Al}-based solutions have the potential to pave the path to better cyber-physical systems, which assists
in making large strides toward coping with these challenges.

This thesis addresses one such Al-based solution to alleviate the burden on power systems, particularly
in the branch of operation and control. The first chapter first briefly describes the motivation for this project,
followed by the research questions that this thesis attempts to answer. Finally, the approach used in this thesis
along with a short outline of the same is provided.

1.1. Motivation

For many decades, the function of a power grid has more or less remained unchanged; with reliable fossil-fuel
based generation, uni-directional power flow and predictable power demands. Over the past decade, the “En-
ergy Transition” has gripped the globe, particularly affecting the roles and activities of electric utility companies.
This occurred due to many factors: reduced predictability caused due to larger Renewable Energy Sources
penetration in the grid, bi-directional nature of power flow, a high increase in demand, an increase of
prosumers, and the globalisation of energy markets [8].

The role of the control room operators is one of the many varied roles that is undergoing a massive overhaul.
Figure shows an example of a transmission grid’s control room in one of the German TSOs 50Hz, in
Neuenhagen, Germany. Currently, grid control rooms consist of highly-skilled employees who have knowledge
of the entire grid and all its operations and a sound understanding of the physical processes in order to be able
to manually intervene. But over time, due to many uncertainties, grid operation is becoming more complex
and nuanced. The grid exhibits much faster and more intricate dynamics which come into play due to a large
number of Power Electronic Converters (PEC) that are added to the mix [9]. There is an increasing reliance
on and newer smart grid technology is poised to have higher levels of automation, with some equipment
having the ability to automatically open or close without operator input [10]. Making topological changes to the
network offers a flexibility that is an under-exploited and low-cost alternative to maintaining network security.
Unfortunately, existing software, computational methods and optimal power flow solvers available to the control
room operators are insufficient and inadequate for real-time network operations in a reasonable computational
time. Operators currently rely on their expertise to solve situations that arise on a daily basis. While this method
of working has been sufficient, it does not fully account for the increasing and other factors that increase
unreliability of standard grid operations [11].
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Figure 1.1: The 50Hertz Transmission Control Centre in Neuenhagen near Berlin. Photo: Jan Pauls

With these recent changes, system operation is becoming a control problem that can benefit from a prob-
abilistic system representation rather than a deterministic one. There is a need to prepare and adapt to the
ever-changing circumstances that are introduced in the control and operation of the energy management sys-
tem. The operation of control rooms needs to be made future-proof in order to continue the robust and reliable
operation of the power grids. Various initiatives are being taken in this realm.

One such initiative is Réseau de Transport d’Electricité (RTE]'s initiative of “Learning To Run a Power Net{
work (L2PRNY” competition. This competition was conducted with the primary goal of introducing and recog-
nising the potential of Al and Machine Learning (ML) (particularly, Reinforcement Learning (RL)) based tools
to support control rooms and assist in making optimal decisions. The first edition of this competition was held
in 2019. For the first edition, a python package called ‘Grid20p’ was developed to act as a framework which
serves as the interface between a power system simulation tool and the developed RL-based solutions. A
larger working group comprising researchers from a range of institutions has sought to build on the initial suc-
cesses of to create more sophisticated, difficult and practically relevant challenges. Researchers from
the machine learning and power systems communities are encouraged to develop RL agents capable of oper-
ating a simulated power network securely and at low cost. There may be under-utilised, cost-effective flexibility
in the power network that R techniques can identify and capitalise on, that human operators and traditional
solution techniques are unaware of or unaccustomed to. The goal is to try to identify potential RL agents that
can act in conjunction, or in parallel with human network operators in the form of decision support tools that
can optimise grid security and reliability, allowing more renewable resources to be connected while minimising
the cost and maintaining supply to customers, and preventing damage to electrical equipment [11]].

This competition acts as a great starting point to bring together the research communities of two otherwise
almost exclusive fields. The research conducted in this thesis uses this competition as a stepping stone and
the toolchain developed for it, to investigate the use of an RL-based solution and test the behaviour of the
agent, not only from an ML point of view but also from a domain point of view, i.e., in terms of a power system
perspective.

Thus, this thesis addresses the potential of RL as a decision support tool for power system control rooms
by implementing a simple RL algorithm and assessing its performance on a particular IEEE test case.

1.1.1. The Dutch Transmission System Operator
TenneT is the [Transmission System Operator (TSO) in the Netherlands with over 23,500 kilometres of high-
voltage connections. The primary tasks that TenneT oversees are providing power transmission services,
system services and facilitating the energy market. TenneT drives the energy transition by developing inno-
vative instruments and establishing a key role in the energy data world. The TenneT Data Lab was set up to
create new insights from data in a quick manner. Many new data-driven solutions have been tackled within the
TenneT Data Lab, predictive maintenance of assets, forecasting of production of renewable energy, amongst
others.

Control room operators of TenneT also foresee the use of such a tool, especially since in certain parts of the
Dutch grid where there is an increasing in-feed of photo-voltaic based energy. This increase in RES is already
evident in the northern part of the country. The dutch grid maintained by TenneT is seen in figure [.2.
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Figure 1.2: The Dutch network operated and maintained by TenneT [12]

This research was carried out in TenneT which contributes toward advanced analytics solutions to assist
the TSO. A use-case for which this thesis acts as a preliminary step is to contribute toward a ‘Control Room of
the Future’ which can incorporate such an Al-based decision support tool to assist in choosing actions during
the operation of the network.

1.2. Research Questions
The main research objective of this thesis is:

Create a Reinforcement Learning agent that takes topology reconfiguring actions to successfully
operate an IEEE test network for a duration of one week.

There are four key sub-research questions that this thesis addresses to achieve the above goal:

1. Can an IEEE test case be used to highlight the failures of using a default network configuration?

2. How can an action space, that consists of topology modifying actions, be defined while incorporating
real-world constraints on the grid?

3. How can an agent be constructed that uses a simple reinforcement learning algorithm?

4. How does the agent perform for different settings?
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1.3. Approach

This thesis work is carried out in the following manner:

Understanding the grid

Understanding all the elements
and compontents connected in
this particular grid is understood.

Creating action space
Using real-world constraints, a

formula to calculate the size of the
action space and a methodology to

create the action space was
developed.

Analyse sensitivities
The algorithm was tweaked and
trained using different
specifications, in order to find

better performing versions of the

agent.

Analysing available data
The data available for this project is
analysed in order to understand the
contigencies that arise in the network in the
case that there are no actions being taken.

Build an RL agent

Incorporate an RL algorithm to train on
available data and learn to outperform an
agent that retains the grid in its reference

configuration.

Evaluating and testing the agent
The best versions of the agent were
tested for certain scenarios or
available data and these results
are discussed.



5 1. Introduction

1.4. Thesis Outline

This thesis is organised as follows: This chapter provides an introduction to the project and its intended out-
comes. Chapter 2 discusses general relevant background to this thesis from both a power system point of view
and a machine learning aspect. Chapter 3 discusses the framework utilised in this thesis. Following this, chap-
ter 4 discusses the power grid and available data. It also describes the behaviour of the grid after deploying an
agent that takes actions to retain the grid in its reference configuration. Chapter 5 describes the action space
and the implementation of the agent using some prescribed specifications. Chapter 6 describes the perfor-
mance of the agent for different test cases. It also provides a comparison between the agent developed here
and another baseline agent. Finally, chapter 7 draws conclusions from this thesis and discusses the results
and possible future work. Figure [1.3 describes this outline by highlighting how the chapters build on previous
chapters’ foundation.

4 Chapter 7: Conclusions and Discussion
Developed and Chapter 6: Agent Performance Analysis
implemented in
this thesis
Chapter 4: Power Grid Chapter 5:
L Setup Agent Implementation
-
Chapter 3: Framework
Relevant
background — Chapter 2: Background
information
Chapter 1: Introduction
.

Figure 1.3: The outline of this thesis



Background

This chapter sets the stage for the thesis by describing some relevant background. Firstly, it covers the funda-
mentals of power system operation, stability and control. Following this, it briefly explains the types of switching
actions and particularly the type of action relevant to this thesis. It then offers fundamentals from a Machine
Learning (ML) perspective, briefly explaining the use of machine learning and then delves into Reinforcement
Learning (RL) fundamentals. Lastly, it explains how network operation can be viewed as an reinforcement
learning problem which lays the groundwork for the work undertaken in the remainder of this thesis.

2.1. Power System Domain

Electric power systems are considered the modern world’s most intricate human-made network. They support
a largely growing global power demand; currently it accounts for approximately 19% of all energy consumption
and is expected to grow up to 24% by the year 2040 [13].

Power systems are also one of the most important factors for the growth of economies and improve the
functioning of societies globally. During the emergence of electricity networks, though there was an initial
widespread use of DC systems, soon after, they were almost completely replaced by AC systems. Their lim-
itations became more apparent, such as how power could be delivered only over short distances, and these
transmission power losses (I2R) were quite large. To keep these losses low, voltage levels had to be made
much higher. This led to the development of the transformer and subsequently, AC transmission systems.
Nikola Tesla’s development of multi-phase systems added to the increasing interest in widespread use of AC
transmission systems. By the end of the 19th century, what is dubbed as the 'war of currents’ was won over
by AC power systems due to their technical superiority in terms of easily transforming between voltage levels
which provides flexibility for different voltage levels. This led to all power networks across the world beginning
to use AC principles.

While power systems vary largely in size and structural components, they have some consistent character-
istics such as:

« they comprise of 3-phase AC systems operating at constant voltage

« they are utilised to transmit power over significant distances to reach out to wide area, which requires
subsystems that operate at different voltage levels.

The basic structure and elements of a general conventional power system is visible in figure R.1. It depicts
the flow of power that is produced at the generators’ end, and transmitted to consumers’ end through a complex
network of individual components, mainly, transmission lines, transformers, switching and protection devices.
The general classification of the overall transmission network is as follows [14]:

« Transmission System: This interconnects all major generating stations (alternatively known as genera-
tors) and main load centres (or loads) in the system. It forms the backbone of the power system and
operates at the highest voltage level.

» Sub-transmission System: In this stage, power is transmitted in smaller quantities from the transmission-
side substations to the distribution-side substations. Larger industrial customers are directly supplied
from this stage. This category is not always clearly established and is often grouped together with the
transmission system.
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« Distribution System: This represents the last stage of the transmitted power flow to the individual cus-
tomers. The voltage level is on the lowest end of the range here.

GSQ
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GSO T\ ] aoH Q GS
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i T T Transmission
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e - secondary feeder
Residential Commercial

Figure 2.1: The basic elements of a conventional power system [14].

In the Netherlands, this classification is similar and straightforward. TenneT TSO B.V. is the sole of The
Netherlands. They are the only stakeholder responsible for managing the high-voltage grid (between a voltage
of 110 kV to 380 kV) [19]. The distribution side is governed by a set of Distribution System Operators (DSOs)
such as Liander N.V., Enexis B.V., Stedin Netbeheer B.V. and Westland Infra Netbeheer B.V. and more.

The overall system thus consists of multiple sources and several subsystems, with layers of transmission
networks. This provides a high degree of necessary structural redundancy that assists the system in withstand-
ing unusual contingencies without service disruption.

Until recent times, electrical power grids were dominated by conventional power plants that are fossil fuel
based to cater to growing demand with centralised and uni-directional power flow (figure R.2d). But, this is
linked with a high emission of carbon by-products which exacerbates global warming effects. This has led to
a world-wide trend in decommissioning of these conventional power plants. Modern power networks involve
more penetration in the transmission side as generation sources, and also in the distribution side as
typical small-scale RES power generation, called prosumers, such as seen in figure [16]. These smart
grids envision a more decentralised approach to allow for bi-directional power-flow and increasing demand,
with newer technologies for monitoring and control of grids. Involvement of these aspects only adds a layer
of unreliability and lack of robustness which makes the control and operation of such networks more difficult.
Consistently supplying power safely and reliably is the primary responsibility of a TSO. In this realm, the most
important tasks are to maintain the grid efficiently and also ensure power system stability.
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Figure 2.2: Comparison between conventional and smart grids (Photos: Gatech.edu)

2.1.1. Power System Control
In order to ensure power system security, TSOs in general are required to meet some standards, such as:

1. Constancy of frequency: System frequency of the grid is a metric used to check and maintain the
balance in between generation and load. In most parts of the world, the nominal system frequency is
maintained at 50.0 Hz. This relation depicting the relation of frequency to the net power in the system
can be approximated by equation .1, as:

Py — Py < Afs (2.1)

Where:

P; : Power Demand
P, : Power generated
fs : System frequency

This relation depicts that if there is a net power surplus, this causes an increase in frequency, and a
shortage causes a decrease in the frequency. In the synchronous grid region of Continental Europe, a
frequency deviation of upto +10 mHz is allowed before control mechanisms are activated. In Netherlands
particularly, the normal frequency variation interval is 49.9 - 50.1 Hz and in critical or emergency situations
the allowed variation is 47.5 - 51.0 Hz [[17]. In the case that this delicate balance is disrupted, the first
method of control is inertial system control followed by different levels of frequency control.

2. Constancy of voltage: Keeping voltage constant is a key factor in order to ensure the substation nodes’
voltages are maintained at (near) nominal voltages of the transmission equipment. Not ensuring this could
result in large-scale system blackouts. Voltage stability is controlled by the reactive power available in
the system. This can be an input from generating sources, or power converter based generation, and
rotating loads that assist by absorbing reactive power.

3. Physical network constraints: The existing impedance of the network is an important aspect that de-
fines the constraints of the network. In accordance with Kirchhoff’'s and Ohm’s laws, current flowing
through parallel branches of the network will be inversely proportional to the impedance of that branch.
While individual lines’ impedance are generally considered to be constant and cannot be altered during
operation; the overall path’s impedance depends on the topology of the network at that given time. Thus,
by varying the topology, the impedance of the path can be varied, thus, providing alternate paths for the
flow of current. The impedance of the branches are defined by the physical parameters of the lines, such
as the material, the area and length of the lines. Hence, together, these factors contribute toward defining
upper limits to the amount of power that can flow through the lines; if breached, protection can step in
and disconnect the equipment involved to prevent damage.
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To analyse power system security and design appropriate control systems, it is useful to classify the system
operating conditions. This can be mainly classified into 5 states: normal, alert, emergency, in extremis, and
restorative [14]. The ways that transition can take place from one state to another can be seen in figure P.3.

In the normal state, all system equipment is being operated within a normal range. The system is secure
and is able to withstand a contingency without any constraints being violated.

The alert state is when the security level falls below a certain threshold of adequacy or if the probability
of a disturbance increases due to unfavourable conditions (e.g.: worsening weather conditions such
as approaching storms). Here, all system variables are still within operating limits; but the system’s
robustness has been reduced such that if a contingency occurs it could lead to overloading of equipment,
which can place the system in an emergency state. It is also possible for a large disturbance to result
into an extreme (in extremis) state directly from here. At this point, preventive actions such as security
dispatch or use of reserve can be taken to restore the system back into a normal state.

If a sufficiently large disturbance occurs, the system enters the emergency state. In this state, some
system variables could exceed short-term ratings. Emergency control actions can help restore the system
back to the alert state.

If the above actions are ineffective (or not taken) the system enters the in-extremis state. The result here
could be cascading outages and a possible shut-down of a major part of the system. Further control
actions can be taken with the aim of saving the system from a widespread blackout.

If effective control actions are being taken to reconnect all facilities and to restore system load, this is then
the restorative state.

Normal

Resto@ — Alert

A

In extremis Emergency

Figure 2.3: Power system operating states [[14].

In this thesis the focus point is ensure that the power system remains in the normal state. The behaviour of
the system in the other states are not examined here. If the system faces a contingency, it immediately goes
into the emergency state and fails as there are no corrective or control mechanisms that are being studied or
analysed here. Further, it helps to understand the timescale of operation and phenomena that occur. This can
be visualised in figure .4d. The general time-scale that the changes in load profiles occur are in the range of
hours. The highlighted portions of indicate the time-scale of operation that control room operators work

n.
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Figure 2.4: Time scale of occurrence of phenomena and respective control mechanisms (Adapted from [18])

2.1.2. Network Operation

Control room dispatchers(or operators) take decisions and perform actions during the time of operation of the
grid. As described above, there are three main goals for power system operation and control: maintaining
constant voltage and frequency, and ensuring that physical constraints of the network are not violated. In
this thesis, the focus is on ensuring the power system does not breach its constraints (more particularly, the
constraints imposed due to the thermal properties of the power lines) and that it can continue its steady state
operation. The control of network to maintain voltage and frequency stability are not considered.

As described above in section R.1.1, stochastic failures of lines, transformers and power plants can cause
changes from normal to the vulnerable or emergency state of the network; this can be worse especially when
the network is already weakened by scheduled outages and the overall security of the grid is compromised.
Many such events that occur simultaneously can lead to large-scale blackouts. The most important task in
correcting the state of the network is to return it from an emergency state to an alert state (figure .3). A further
task is the restoration of the network, i.e. the return to normal after supply interruption [19]. Many actions can
be undertaken to operate power system and to improve its state. Some actions are to vary the topology of
the network by network switching or another is to change the power output of conventional generators (power
re-dispatch) or also to vary the reactive power in-feed of generators. Network switching is an economical
corrective control mechanism for power flows in order to relieve overloads in the system [20]. The application
of corrective switching actions to improve the state of the network enlarges the scope of optimal load-flow by
a further dimension. Network topology changing is a rather under-exploited and low-cost task considering it's
binary nature of the control variables [19] [11].

The objective of corrective switching is usually overload reduction, but other objectives can also be achieved
such as, improving the voltages at different nodes or reducing the short circuit power.

These actions can be conducted over a range of hours to minutes, depending on the operating state of the
grid at a given point of time. Some of the switching actions that can be taken are [19]:

» Switching-on of open connections: Like lines, transformers and bus-bar couplings.

+ switching-off of branches: This can also reduce a particular overload, even though it could weaken the
overall network.

These possibilities are independent of the structure of the substations. A substation can be considered as
a single node. But when the action of bus bar switching is wanted, this is no longer the case. A substation
consists of one or more bus bars. Most common high-voltage power systems have arrangements which have
the capability to split the substation to two separated bus-bars, which is known as bus splitting [21]. Allincoming
and outgoing branches, generators and loads are connected to one of the bus bars of a substation with separate
circuit breakers in order to disconnect and reconnect the elements, as seen in figure .5. In this figure, a binary
variable © is introduced for each breaker, to represent the state of that circuit breaker: a closed breaker is
represented by a § = 1 and an open breaker by § = 0 [22]. Using this capability of bus splitting, the system
topology can be modified such that any congestion can be partially or also fully removed.
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Figure 2.5: Switch gear arrangement in a substation with N bus bars [22]

The use of split bus-bars allows considerably more possibilities to be realised. By using split bus-bars, it is
possible to achieve flow changes, first, by radial operation with the separation of injections and/or loads and,
second, by enlarging the impedance caused by the opening of loops in a meshed network [19]. In figure .6,
the split bus-bars for a single substation (here referred to as B5) in the IEEE 14 bus test case can be seen.

Bus-bar switching, as seen in this thesis, entails that an element (a generator, load or a line) is disconnected
from one bus-bar and reconnected to another bus-bar of the same substation [22]. A possible issue of such
actions is that a switching operation for reducing the overloading of a particular sub-network of the grid, could
lead to overloading in other parts of the network [22]. Thus, multiple such actions may be required to provide
relief to the overloaded areas of the network. In this thesis, switching between the bus-bars, post splitting of
bus-bars for all substations in the given power system, is the main type of network topology related action that is
considered. Figures and respectively show the particular choice of elements on each of the bus-bars,
for before and after the split takes place [23].

B12 TT B13 4- B14

B11 B10

B6 B9

o - B52 - j_rrgﬁﬂ o4
~—1 — e
B2 = B3

Figure 2.6: Split bus-bars of substation 5 [23]




12 2. Background

Pipu)
—

apu)
e

BUS 52

BUS 52

BUS 51

BUS 51

m

BUS COUPLER BUS COUPLER

- e
0.503 0677

-

0.455 0.601

B1

0.01 0.02
— -

0.008
——

(@)

(a) Before splitting action (b) After splitting action

Figure 2.7: Substation configuration before splitting and after splitting [23]

In previous literature, corrective switching as a means to help mitigate congestion date back to the 1980s
(in [20], [19] and [24]). Optimal bus-bar switching is also explored as different optimisation problems like in [22],
[21]], [23] and [25] using linear, mixed-integer linear programming, Benders decomposition for optimal power
flow etc. Further advanced control using synchronised phasor measurement technology was explored in [26].
The exploration of this type of bus switching actions (also called substation reconfiguration in related literature)
is mainly attributed to the fact that it is easier to implement when compared to other congestion mitigating tasks
such as as generation re-dispatch and load shedding.

2.2. Machine Learning Applications

Over the past decades, the concept of machine learning has expanded so much into one of the mainstays of
information technology and hence, a central (albeit usually hidden) part of daily lives. With the ever increasing
amounts of data becoming available, smart data analysis has become ubiquitous as a necessary ingredient
for technological progress [27]. A machine learning algorithm is an algorithm that is able to learn from data. In
[28], a definition for learning is: “ A computer program is said to learn from experience E with respect to some
class of tasks T and performance measure P, if its performance at tasks in T, as measured by P, improves with
experience E.” The experiences E, tasks T and performance measures P can be substituted by a wide variety
of entities. Based on the experience E they are allowed to have, machine learning algorithms can be broadly
categorised into three categories, as shown below [29].

1. Supervised learning algorithms: Here, the algorithms experience a dataset containing features and each
example of this dataset is associated with a label/target. For example, the famous Iris dataset [30] is
supplemented with the species of each iris plant which serves as the labels of this dataset. There are
a total of three species as per this dataset. A supervised learning algorithm can study this dataset and
learn to classify plants into one out of the three species. Supervised learning algorithms can be largely
categorised based on their application as either classification or regression problems as seen in figure

)

Regression Classification

Figure 2.8: Supervised learning problems
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2. Unsupervised learning algorithms: The algorithms experience a dataset containing a large number of
features, from which useful properties about the structure of the dataset are learnt. A use of such an
algorithm can be seen for the application of clustering, which is to divide a dataset into clusters of similar
examples. This can be visualised as in figure 2.9.
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Figure 2.9: Unsupervised learning problem

3. Reinforcement Learning: These algorithms are utilised when the learning system can create datasets by

actively interacting with an environment, so there is a feedback loop between the learning system and its
experiences. This is further elaborated in .2.3.

With just these few machine learning categories, a large number of applications in diverse domains can
covered. This can range from weather forecasting to image classification, Big data visualisation to robot

navigation. In figure .10, a more elaborate overview of the applications of machine learning can be seen.
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Figure 2.10: Machine Learning Applications [31]

2.2.1. Practical Approach
In order for the algorithm to create an effective model that can learn from the data it experiences or is fed,
there is a series of steps involved. The first step is to appropriately define the problem, understand the main

obj

ectives expected from the model based on the inputs. After obtaining the required data for the model to
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learn from, the overall data-set needs to be divided into two, namely: a “training set” and a “testing set”. A
training data-set is what is used while the model is learning, and a testing set is used to verify the model after
it has learnt/ been trained to evaluate the quality of learning.

Following this, an appropriate measure of performance needs to be chosen. This measure helps define the
basis on which the model learns [32]. The modelis initially fed a “training dataset” from which the model tunes its
parameters in order to fit the “training dataset” appropriately. The method of tuning the model uses optimisation
techniques such as gradient descent / stochastic gradient descent. The parameters (interchangeably used with
the term weights) of the model of the model are those that when tweaked in an iterative manner, produce a
model that is most closely giving a solution to the training data-set.

In this manner, the model is trained until some satisfactory criteria is reached. In order to verify the working
of this model, the model is then fed the testing data-set using which the performance of the model can be
realised [32]. This can also be visualised with respect to a particular model, a Neural Network (NN}, in figure

R.11.

Extract input training data

l

Define model architecture

]

Define performance measure

l

Random initialisation of model
parameters (weights and biases)

l

Calculate output of model

l

Check model performance

Has stopping
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Update model parameters

Model is ready for testing

End

Figure 2.11: A generic flowchart for training a NN

2.2.2. Neural Networks and their architecture

The definition of a neural network, more properly referred to as an ‘artificial’ neural network (ANN) is: “A com-
puting system made up of a number of simple, highly interconnected processing elements, which process
information by their dynamic state response to external inputs” [33]. The inspiration for an ANN to be used as
a computational model, is the biological neural networks and the way they process information in the human
brain.
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The basic computational unit of a neural network is the neuron, also called a node, or unit, as seen in figure
R.19. A very simple example of such a node is one which takes several binary inputs x1,x2,..., and produces
a single binary output. Each input is assigned a weight to indicate the importance of this particular input. The
output of this neuron (0 or 1) depends on whether the weighted sum: Z]- w;x; is less than or greater than some
threshold value [34]. Algebraically, this is seen by:

Ifz wjx; = threshold >y =1
J

Ifz wjx; < threshold >y =0 (2.2)
J

Where y is the output of the neuron.

€Ty

To /\\,@ » output

Iy

Figure 2.12: A single node in a neural network

A stack of such nodes make up a layer. A NN can have a range of layers. Each node in a layer receives
inputs (either from other connecting nodes or an external source) and computes an output. Each input has
an associated weight which is assigned on the basis of its relative importance to other inputs. The node then
applies a function to the weighted sum of its inputs. Finally, an activation function is used to map the output of
the nodes to another final outcome of each node, to the outcome of the neural network model. The output of
the weighted sum (as in equation P.9) is mapped to the final outcome using an activation function. An example
of the activation function is a linear function, where the output of the activation is directly proportional to the
output of the neuron by a constant factor ¢ (as seen below).

fO)=cxy (2.3)

Where y is the immediate output of the neuron. f(y) is now the final output of the model.
The general architecture of a NN, as seen in figure .13, consists of:

+ Input layer: the first layer of nodes which serves as the interface between external information and further
layers in the NN by passing on information. The size (number of nodes) in this layer is usually equal to
the number or input observations (or features).

« Hidden layer: In these layers, the intermediate processing and computation is done, after which, the
weights are transferred to the following layer. The size of the hidden layers can be varied to vary the
performance of the NN.

» Output layer: This is where an activation function is used in order to map the output of the nodes into a
desired output format. The size of the output layer corresponds to the number of possible outputs.
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Figure 2.13: Architecture of a simple ANN

2.2.3. Reinforcement Learning Fundamentals

Reinforcement learning is one of three branches of machine learning paradigms besides supervised and unsu-
pervised Learning. Reinforcement learning problems are concerned with learning what actions can be taken in
situations in order to maximise a numerical reward signal. They are essentially closed-loop problems because
of how the system’s actions influence its later inputs. With increasing complexity in cases, actions may affect
not only the immediate reward but also the next situation, and in turn, all subsequent rewards. The reinforce-
ment learning system discovers what actions to take by trying them out, and hence there is no prior knowledge
of how the actions influence the reward [35]. The area of reinforcement learning deals with how agents ought
to take actions in order to maximise a reward which is done by taking the current reward and state provided by
an environment. Figure depicts this interaction.
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Figure 2.14: The interaction between an agent and its environment in RL [35]

Reinforcement learning differs from supervised learning problems since it doesn’t rely on pre-defined and
existing data with labelled input and output pairs for training. In the reinforcement learning domain, the learner
has the capability to create its own data for training. Though reinforcement learning tends to be perceived as a
type of unsupervised learning since it also doesn’t rely on examples of outputs, unsupervised learning involves
trying to find a hidden structure in the data. While, this can be useful in reinforcement learning problems as well,
the goal here is to maximise a particular reward signal. Hence, reinforcement learning is a third and different
branch alongside supervised and unsupervised learning under the umbrella of machine learning.
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2.2.4. Reinforcement Learning Problem Definition

RL problems are closed-loop problems where the learning system’s actions influence its later inputs. The agent
(learner) is not fed with the “correct” actions that it needs to take; instead, it must discover which are the best
actions it can take. This is done by learning which actions yield the highest reward, by merely trying out the
variety of actions [35]. In order to understand the various aspects involved in setting up a reinforcement learning
problem, the following definitions are presented [35]:

1. Agent: This is the decision or “action” taker that takes particular actions in order to maximise some
reward.

2. Environment: This is the platform upon which the agent can take said actions. An environment can often
be defined as an Markov Decision Process (MDP) which is defined in more detail in section R.2.5.

3. Action: This is the output of the agent which is chosen from the available variety of actions (called the
action space).

4. State (or observation): This is obtained from the environment and it describes the current situation of
the system.

5. Policy: This defines the learning agent’s behaviour for a given state. It is at the core of a reinforcement
learning agent as, by itself, it is a sufficient way of determining the agent’s output.

6. Reward Signal: It is a factor which contributes to the agent’s learning. This is a numerical value pro-
vided by the environment to the agent at every time-step. This reward is commonly also indicative of the
immediate problem and situation faced by the agent, that it will attempt to better.

2.2.5. Markov Decision Process
In addition to the above required aspects to set up a reinforcement learning problem, an important mathematical
framework is the MDF. An MDF is used for modelling tasks that have the Markov Property; which states that
a memory-less system in which the current state is sufficient to summarise all past experiences in a compact
way so that redundant information to make decisions is not retained.

An MDH tries to capture the world (environment) that it is in, in the following way [35]:

1. State/Observation: (s) or (s(t)) describing the current situation of system.

2. Model: T(s,a,s") which produces (P(s’|s,a) which is the probability that the environment can transition
to a state s’ given that the the action a was taken from the state s. This is also the aspect that most
encapsulates the Markovian Property as the probability of reaching state s’ depends only on the current
state s.

3. Action: A(s), which is a set of all the possible decisions that can be taken by the agent.

4. Reward: R(s) or R(s,a) or R(s,a,s"). This aspect generally encompasses the domain knowledge of the
particular world/environment.

These above four elements together form the MDF in most scenarios; which presents a problem. The question
then follows, what is the solution of an MDF? The solution of an MDP is defined as the Policy. A policy can
be deterministic or probabilistic. A deterministic policy takes in a state and returns an action that should (or
will) be taken given this input state. A probabilistic policy uses the state and provides a probability distribution
corresponding to all the possible actions. Thus a policy can be depicted with = and (s) returns either some
action (a) or a probability distribution of actions.

There can be a certain optimal policy (z*) that could produce the optimal long-term reward. A MDP is
realised as a chain (or trajectory) of system state transitions and every transition is related to a tuple (s(t),
A(s), R(s)). Consequently, a realisation of a MDP is related to a sequence of such tuples, which in RL, is also
called an episode. In this study we focus on finite horizon environments such that the number of possible time
steps for an episode is limited, say by t,,,..-Hence, the information related to an episode can be represented
as a list of tuples

X =[(50,a0, 7o), (51,a1,11), s (stend'atend'rtend)] , (2.4)

with tend < tmax-



18 2. Background

2.2.6. Types of Reinforcement Learning Algorithms

In figure R.15, a (non-exhaustive) taxonomy of reinforcement learning algorithms can be found. This tree
structure to describe reinforcement learning algorithms, while simplified, helps highlight large differences and
similarities between algorithms.

RL Algorithms

L |
Model-Free RL Model-Based RL
Policy Optimization Q-Learning Learn the Model Given the Model

Figure 2.15: A Taxonomy of reinforcement learning algorithms [36]

The first branching point that arises while identifying reinforcement learning algorithms is whether the agent
has access to a model of the environment that it can learn from. In many scenarios, ground-truth models
are not available to agents. Currently, model-free methods are explored and developed more and tend to be
easier to implement and tune. Next, the question arises on what the agent is required to learn. In model-free
methods, the agent might need to learn particular policies or else value/Q-functions. In model-based methods,
the learning goal would be to identify the structure of the model itself.

In this thesis, the focus will be on utilising model-free methods, a policy optimisation method called the
cross-entropy method for reinforcement learning.

2.2.7. The Cross-Entropy Method for Reinforcement Learning

The [Cross-Entropy (CE) method is a generic Monte Carlo technique. Such a Monte Carlo technique is one when
the sampling relies on repeated random sampling to obtain numerical results. The underlying concept here is to
use randomness to solve problems that might be deterministic in nature. This method was first proposed in [37]
to act as an adaptive importance sampling procedure for the estimation of rare-event probabilities, that uses the
cross-entropy or Kullback—Leibler divergence as a measure of closeness between two sampling distributions.
It was then extended to solve both combinatorial and continuous problems. In simple terms, the [CE method
uses the idea that the probability of locating an optimal or near optimal solution using naive random search is a
rare-event probability. The [CE method can be used to gradually change the sampling distribution of the random
search so that the rare-event is more likely to occur [38]. This method is also largely derived from the concept
of cross entropy in the field of information theory where it is defined as the difference between two probability
distributions or a given random variable or set of events. The output using CE method can be approximated by
repeating two steps:

1. Generate a random sample from a search space X according to a specified probability distribution.

2. Update the parameters of the distribution based on the N* best performing samples (elite samples) using
cross-entropy minimisation.

From a CE point of view, the total reward criterion can be considered as a combinatorial optimization problem
with the performance function
tend
R(X) = Z 7 (2.5)
t=0

with X given by Eq. (R.4)). In other words, R represents the cost of a trajectory/episode.

There can be many different methods of implementing the use of cross entropy for reinforcement learning.
The method utilised here is derived from [39], and the core of this cross-entropy method is to throw away bad
episodes and train on better ones. So, the steps of the method are as follows [39]:
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1. Play N number of episodes using the current policy and environment.

2. Calculate the total reward for every episode and decide on a reward boundary. Usually, we use some
percentile of all rewards, such as 50th or 70th.

3. Throw away all episodes with a reward below the boundary.

4. Train on the remaining “elite” episodes using observations as the input and issued actions on the desired
output.

5. Repeat from step 1 until we become satisfied with the result.

The NN learns how to repeat actions, which leads to a larger reward, constantly moving the boundary higher
and higher.

2.3. Use of Reinforcement Learning for Network Operation

Some of the tasks involved in power system operation and control are highly complex. Practical power system
engineering require logic reasoning, heuristic search, perception, and/or the ability to handle uncertainties [4Q]
[41]]. Al-based solutions or intelligent systems (IS) are potentially powerful tools to support new solutions where
other more traditional technologies cannot. Intelligent systems are natural decision support tools for planning,
operation and maintenance of power systems [42]. Particularly, with respect to power system monitoring and
control handled by control room operators, due to limited computing buget constraints, current optimal control
methods are inadequate for real-time network operations on short temporal horizons in a reasonable computa-
tional time [8]. Especially, considering the largely changing landscape of generation and load patterns, newer
computational methods are required [[11]. Reinforcement learning has shown great promise in the realm of
decision making tools and developing control algorithms. Deep reinforcement learning has made great strides
particularly after breakthroughs with agents such as AlphaGo at Go [43]. Other recent work with deep learning
and potential of reinforcement learning to power system related problems has been explored in [44], but this
does not address continuous power system operation. Some initiatives are underway to bridge this gap, one
such initiative is the L2PRN challenge.

2.3.1. L2PRN

In order to test the potential of reinforcement learning as a decision making tool in control rooms, representatives
from RTE established a competition to test the potential of reinforcement learning in this area of controlling
electric power transmission. To foster and promote advances within the two communities: the power system
and reinforcement learning communities, a new platform was open-sourced to build and run simulated power
system environments to create new baselines for controllers to perform continuous near real-time operations
[8]. In 2019, the first edition of this competition was held, where a first IEEE14 bus environment test case was
released, with an emphasis on using the topological flexibility of power systems. This challenge derives and
takes inspiration from the Learning To Run competition [45], where the goal was to develop a controller for a
human body to train it to walk and run. The goal of this competition was to operate the simulated power system
continuously over several days at a 5 minute time-resolution. The aim was to manage the power flow at every
time-step t, given injections, i.e. production and loads, and present grid topology denoted by t.

The second edition of this competition is being held in the summer of 2020. There are many organisations
involved in the development of this challenge in 2020 such as: RTE, INRIA, Turing Institute, EPRI, Google
Brain, GEIRINA, TenneT, Pandapower and others. In [11], an overview of the contributors along with their
representatives can be seen. This second edition also incorporates many other actions such as re-dispatch
operation, maintenance scheduling, cyber-attacks and more complex situations for the agent to learn. This
thesis, as previously discussed, focuses only on topology related actions, particularly the bus-bar switching
actions.

2.3.2. Topology Reconfiguration as a Reinforcement Learning Problem

To explain the formulation of a reinforcement learning problem in the realm of network operation, it is important
to understand which aspects represent which power system elements, in comparison to .14. This can be
visualised in figure R.16. The platform where the power system is simulated and the load flow can be computed,
which is developed by RTE, serves as the environment. The action in our reinforcement learning problem is
an action or a decision taken to change the topology of the grid. These actions are chosen by the agent, which
in this context of this thesis, is an artificial control room operator. This agent takes decisions based on the
state, or observations of the grid at every time-step that is, the active power, reactive power, voltage etc. at
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every substation. Finally, since the agent aims to optimise something, this is represented by the reward. In this
approach, the reward is represented by a function to maximise the overall residual capacity of the grid. In this
thesis, the formulation presented here is the basis of developing and implementing the agent as discussed and
elaborated on in the later chapters.
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Figure 2.16: Formulation of the reinforcement learning problem with respect to network operation
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In this chapter, the requirements and the basis of this project are discussed, such as the software involved and
the important python packages used for this thesis, followed by a description of elements in the IEEE 14 bus
test case. Finally, the rules that define the game of operating the power network are described.

3.1. Tools Description

This thesis was done entirely using the Python programming language, version 3.6. The specifications for the
computer varied between 1 to 2 virtual CPUs and 4 to 32 GigaBytes of RAM; this varied depending on the
computational requirement of the task being performed. A non-exhaustive list of packages used within Python
are as follows (and their respective versions):

* NumPy: To handle multi-dimensional arrays and matrices and perform mathematical functions (7.78.2)
» Pandas: To create data structures out of tables and numerical time-series (1.0.3)

» matplotlib: To create plots and visualisations (2.0.0)

« plotly: A second library to create more elaborate efficient visualisations (4.5.0)

» PyTorch: Used for the development of the reinforcement learning agent (7.4.0)

» Grid20p: Serves as the environment for the reinforcement learning setup. (7.0.0)
This package is described in further detail in the following subsection.

3.1.1. Grid20p

Grid To Operate (or Grid20p in short) [46] is an easy-to-use framework, that can be used for developing, training
or evaluating performances of reinforcement learning agents which are deployed on the power grid to act in
different ways. It assists in simulating a power grid (of any size or characteristics) subject to a set of temporal
injections (production and consumption time-series).

The Grid20p module allows to perform sequential actions on a power grid. It is a modular framework since it
allows the use of different power-flow solver. Load flow computations are carried out using a backend available
within this package. Grid20p uses Pandapower as a default backend, which is an open source library that can
be used to perform load flow computations. Pandapower proposes an internal representation of the available
data required to construct the power grids. In their documentation, this package also provides compatibility
with Open-Al gym, more commonly called Gym. Gym is a toolkit used for developing reinforcement learning
algorithms. It supports teaching agents everything like playing games like Pong or Pinball [47]. In this toolkit, an
interface is provided between the environment and the agent. This shifts the focus of the user onto only creating
the algorithm of the agent. The goal of creating Grid20p was to provide a Gym-like toolkit for power system
applications. Grid20p has classes that are implemented entirely using the Gym interface. An illustration of the
architecture utilised in the Grid2Op package can be seen in figure B.1. The numbers depicted in this figure show
the sequence followed within the architecture. First, the agent gets the previous time-step’s observations and
reward. Following this, the agent submits an action to be taken. At the same time, the environment accesses
the injection-related data for the current time-step. Using this, the environment calls the backend to perform
load flow computations. This is the cycle followed within this architecture. More details regarding this package
can be found in their documentation in [48].
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Figure 3.1: An illustration of Grid20p’s architecture [46]

This framework was developed with the purpose of serving as a computation engine for the L2ZRPN com-
petitions. But it is fully customisable as it allows various aspects that can be changed; such as the backend,
the power grid, the input data and so on. It has been built keeping in mind a need for flexibility so that it can
serve different purposes that are not only restricted to reinforcement learning agents, or the L2ZRPN compe-
tition. Further, the time-series described in this chapter were developed for the L2PRN competitions and are
specific to this Grid20p package. This is the package that is used in this thesis, to serve as the environment
for the reinforcement learning setup.

3.2. IEEE 14 Bus Test Case

The IEEE 14 Bus Test Case is the particular power grid used in this thesis. This test case is used since it is a
realistic and commonly used IEEE power grid. It represents a portion of the American Electric Power System
(in the Midwestern US) as of February, 1962. It serves its purpose as a minimalist grid to ensure feasibility and
help analysis, yet a grid for which topological actions could still be useful. For this, it is useful to consider a
grid which is meshed and contains several paths. This example is one such meshed grid with 2 West and East
Corridors between a meshed South Transmission Grid and a meshed North Distribution Grid [49].
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Figure 3.2: SLD of original IEEE 14 bus test case
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The Single Line Diagram (SLD) of the original IEEE 14-bus standard test system is shown in figure B.2. It
consists of five synchronous machines in the form of only thermal production, including two generators, located
at buses 1 and 2 as well as three synchronous compensators used only for reactive power support, located
at buses 3, 6 and 8. The network used in this framework is slightly modified compared to the original case to
better represent today’s energy mix and eventually serve the purpose to manage resulting issues. This network
consists of 14 substations, 5 generators, 11 loads, 20 lines. Occurrence of contingencies and maintenance
were not considered in this test example, since they can very easily be the main cause of an infeasibility in the
system. This means overloads and failures will be a result of peak production or peak load in certain areas of
the grid. The base case topology T;.., is fully meshed with all lines in service and one active electrical node/bus
bar per substation [8].

Understanding the various assets of the grid is beneficial to implement and deploy an agent, mainly as it
can help us understand the behaviour of the agent on this network. The assets involved in this 14 bus network
are described below.

3.2.1. Substations / nodes

[«]
(=]

Figure 3.3: 14 bus network

This network consists of 14 nodes, as seen using a simplified way to depict the topology, in figure B.3. Each
of these nodes has equipment (hereinafter known as elements) connected to it, such as generators, loads and
lines. Each of these nodes can be viewed as a substation which is modelled to have 2 bus-bars. Each bus-
bar can be visualised as a sub-node of the substation which is main node. The elements connected to these
substations can be connected to either one of these bus-bars; the default (or reference) setting is that they
are all connected to bus-bar 1. In the real-world, the physical substation that exists varies from this modelled
substation. A modelled substation relies on the fact that a particular substation has a corresponding nominal
voltage level. If there exists multiple voltage levels within a particular physical substation, when this is modelled
within a power flow solver, it will be modelled as multiple (2 or more) substations.

3.2.2. Transmission Lines

There are a total of 20 transmission lines in the system, including both the transmission and distribution grids
as seen in figure B.4. Each line acts as a connection between two buses, and hence these two connection
points can be visualised as the line origin and the line extremity (or end). The power flow along each of these
lines is visible as a form of net power flow, implying that the power flowing from bus 1 to 2 will have a positive
value at line origin and negative value at line extremity. Transformers and phase shifters are also modelled as
transmission lines. This is carried out such that a transformer is seen to be physically placed at the "from-bus”
or line origin, and has a particular tap ratio value. Conventionally, both transmission lines and transformers are
modelled in the same way. A value of zero for the tap ratio indicates that the modelled element is a transmission
line and not a transformer, i.e. it is equivalent to a transformer with tap ratio set to 1. Hence, in this example,
the lines marked in green are the transformers modelled as lines: line 17 and lines 15, 16, 18, 19 (which is in
reality a three-winding transformer).
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Figure 3.4: 14 bus network

3.2.3. Voltage Levels
This 14 bus network is a combination of a transmission grid and a distribution grid. This also helps justify the
transformers in the system which divide the network into its two separate voltage levels. This is spatially visible

in figure B.5.

Distribution
Grid

Transmission
Grid

Figure 3.5: Two voltage levels in the 14 bus network

3.2.4. Generation Units
The original IEEE 14 bus test case had 5 conventional power plants which is modified here and instead, a few

are introduced to the mix as can be seen in figure B.6. There is also one nuclear power plant as part of
the overall production in the grid. The specifications of the five generators are as follows:

» Generator 0: Nuclear Power Plant

» Generator 1: Thermal Power Plant

Generator 2: Wind Power Plant

Generator 3: Solar in-feed

Generator 4: Thermal Power Plant



25 3. Framework

The generators are modelled as a complex sum of active and reactive power at a specific bus as follows:

Sy =P, +(Qy) X (3.1)

Where the subscript 'g’ implies generator and:
Sy : Apparent Power

P, : Active Power

Q4: Reactive Power

The magnitude of the apparent power can be seen from: |Sg| = /(Pg)2 +(Qg)?
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Figure 3.6: Generators in the 14 bus network

The time-series depicting the solar and wind energy generation are representative distributions for a French
grid, provided as part of the Grid20p package. The time-series of injections are chosen to be representative
of winter months where peak loads are observed. The conventional power plants (the two thermal and one
nuclear power plants) are treated as a baseload which then compensate for the remaining production required
for overall balancing [8]. An example of the generation time-series can be seen in figure B.7. This figure
depicts the operation for the 14 bus power grid for 10080 minutes (1 week) or 2016 time-steps with each time
step lasting 5 minutes. Hence, this example shown below provides the time-series for the duration of one week.
Each of these generators have separate maximum power generation limits, as seen in table B.1.

Table 3.1: Maximum allowed generation for each generator

Generator Type Pmax (in MW)
Generator 0 | nuclear | 150
Generator 1 | thermal | 200
Generator 2 | wind 70

Generator 3 | solar 50

Generator 4 | thermal | 300
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Figure 3.7: Example of generation time-series

3.2.5. Load Units

There are a total of 11 loads in the grid as seen in figure B.8. the The time-series for the loads are generated to
reflect typical operation of loads in France during winter months. Each of the 11 loads are computed, for these
created time-series, using a constant key factor and the total load is divided proportionally amongst all 11 loads
in the network. Upon each generated time-series, some noise has been added; this noise is built in a manner
such that loads that are geographically closer to each other are more correlated compared to two loads that
are far apart from each other [8] [50]. Similar to the generations, the loads are modelled as a consumption at
a specific bus as a sum of complex quantities.

For the same sample generation time-series shown in figure 3.7, the load time-series can be found below in

figure B.9.
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Figure 3.8: Load locations in the 14 bus network
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Figure 3.9: Example of load time-series

3.3. Game Rules and Game Over Situation

Grid operators need to consider various things in order to take optimal actions during the time of operation.
There are various constraints that require to be taken into account. This can either be in the form of limitations
of the equipment, and hence there are thresholds on the amount of allowed current flow, or also if there are
planned outages ( or maintenance) being conducted on parts of the grid that the operators need to work around.
Further, there are also protection devices in place in the grid that get activated if current flow thresholds are
crossed. To characterise all these nuances in the environment, they are represented as rules that the operator
(in our case, the agent or artificial operator) need to follow, in a ‘game’ which is the operation of the power
system. Below, the rules of the game are described, followed by a description of how a ‘game over’ situation
can arise.

3.3.1. Game Rules

There are certain rules and constraints that are considered in the framework that can be customised. The pa-
rameters that can be customised help represent real-world problems that arise due to operational constraints.
These parameters also help represent the protection equipment that exist in a power grid that will be automat-
ically triggered based on some defined rules. They are [48]:

+ Reaction Time: This is the number of timesteps allowed for a line to be overloaded before it gets discon-
nected. Each timestep as seen in this game, is 5 minutes long. (Default: 2 timesteps, or 10 minutes)

 Line Status Remodification Time: If a line was acted on by changing its status (connected / discon-
nected), this time indicates how many timesteps the agent will have to wait before modifying this line’s
status again. (Default: 0 i.e. deactivating this feature)

» Topology Re-modification Time: Similar to Line Status Re-modification, when the topology of a single
substation is changed, this time indicates how long the agent will have to wait before modifying this
particular substation’s topology again. (Default: 0; deactivating this feature)

« Maximum Substations Modification: For two consecutive timesteps, this parameter indicates the max-
imum number of substations that can be modified by the agent. If the agent violates this rule, the chosen
action will be replaced with an empty action (do-nothing action), i.e. an action which doesn’t change the
configuration of the network. (Default: 1 Substation)

+ Maximum Lines Modification: Similar to Maximum Substations Modification, this parameter indicates
the number of lines that can be modified by the agent for two consecutive timesteps. (Default: 1 line)

The rules help depict the real-world power systems and its constraints. Reaction Time is a parameter used
to depict the behaviour of protection equipment such as circuit breakers. Line Status Re-modification Time is
used to depict how much time some lines require to cool down before being brought back into operation. The
other rules are used to restrict the complexity of the game.

3.3.2. Game Over Situation
There is a series of tasks that play a role in eventually causing failure in this simulated power grid. Based on
a generation and/or load time-series, the power flow over the lines varies, and due to a possible excessive
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amount of power in some lines, they face overloads. In reality, if there are many lines that get overloaded and
then disconnected from the system, such a situation can result in a large congestions in the grid since there
might not be a feasible way to transport power in the network. If such a situation is not handled operationally,
the grid can face large failures that result in damaged equipment and also blackouts. In our game setup, this
type of situation will result in a ‘game over’. To describe the cause of ‘game over’, there are two important
parameters:

+ Soft threshold: If a line is overloaded, that is, p is above 1 for more than a pre-defined set of consecutive
time-steps, the line is then automatically disconnected. The default value which is also used in this thesis
is 2 time-steps.

» Hard threshold: If a line is highly overloaded and reaches a value of some factor xI,,,,, then the line is
automatically disconnected, regardless of the soft threshold. The default value of 2; hence 2 xI,,4, will
make the line get disconnected.

If a line gets disconnected automatically, this then puts pressure on neighbouring lines, which might then get
disconnected, leading to a cascading failure. This is detected by the backend of the environment which performs
load flow calculations and it raises a flag.

The game over situation however, does not directly depend on these thresholds. The main criteria for the
game to be over, depends on this flag provided by the backend which would indicate whether the load-flow
solver is not converging at a solution. Another factor is, if any load gets disconnected from the grid, this will
instantly cause the game to be over. The possibility of cascading failures play a role in this divergence of load
flow. Hence, from this it is clear that the load-flow solver along with the occurrence of a load disconnection are
the factors which cause a “Game Over” situation. This is also illustrated below in figure B.10.
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Figure 3.10: lllustration of the game over situation

It is good to also highlight the meaning of this situation from a reinforcement learning point of view. The
reward during a game, can be accumulated by the agent at every time-step. This “Game Over” situation
essentially means that the agent will not be able to collect reward any further, since the agent cannot ‘play the
game’ any further. Thus, the total game’s reward is restricted due to the game’s failure.
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The platform and the power grid for which an agent will be developed have been described in chapter B. Some
preliminary work has to be carried out before a reinforcement learning agent can be developed. While building
an agent, different conditions and data have to be experienced by it, from which it can learn. In this chapter,
the power grid described in chapter § and its accompanying data is analysed and summarised. This helps us
understand the behaviour of the grid when it is subject to this variety of inputs. This chapter first describes a
vital parameter of in the grid (thermal limits) followed by an overview of different scenarios.

4.1. Thermal Limits

A parameter that plays an important role pertaining to the grid’s behaviour is p (rho). Itis defined as the current
flow through a line over the maximum thermal current rating of the line, as seen below in equation {.1.

|Iflow

b (4.1)

Imax

Where [ is the line under consideration

Line O 1000 Line 10 380
Line 1 1000 Line 11 380
Line 2 1000 Line 12 760
Line 3 1000 Line 13 760
Line 4 1000 Line 14 380
Line 5 1000 Line 15 760
Line 6 1000 Line 16 380
Line 7 760 Line 17 380
Line 8 450 Line 18 2000
Line 9 760 Line 19 2000

Figure 4.1: Thermal limits of the lines

For each line, there is a maximum current flow/rating of lines that can be defined to encapsulate the inherent
thermal capacities of the lines. These maximum values (called thermal limits) are constraining factors which

29
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cause overloads in lines. These, in turn, play a role in depicting the game over situation as seen in section
B.3.2. The values defined for the 14 bus network used in this thesis are as shown in f.1. The motivation behind
modifying these thermal limits is driven by the large influence they have on whether a ‘game over situation’
arises or not. They are adapted from the original Grid2op package’s (section B.1.1) limits in order to reflect the
real-world grid as close as possible such that operating the grid doesn’t become too easy or too difficult either.
In the following sections, the behaviour of the grid is discussed using this setup of thermal limits.

4.2. Scenario Analysis

Here, we first understand the status of the grid on its own. For this, we must analyse the load and generation
time-series available for different scenarios. A scenario is a set of load and generation time-series (also referred
to as profiles) which are provided as input to the environment using which the observations of the grid will be
obtained. There are a total of 1000 scenarios available, each having data for 8064 time-steps (i.e. 28 days).
In this thesis, a time-step refers to a duration of 5 minutes. Analysing these scenarios also help establish the
behaviour of the grid. The behaviour of the grid is represented by different parameters of the grid, such as
the current flow through lines, overloading of lines, and congestion/bottleneck points in the grid, for various
scenarios.

4.2.1. The ‘Reference Configuration’ Agent

To eventually create a reinforcement learning agent, it is useful to first understand the behaviour of a baseline
agent. This particular baseline agent retains the network in a reference/ base case topology (7. ) for the entire
length of the scenario data. This baseline is called the ‘Reference Configuration (RC) agent.

This agent essentially does not take any actions on the grid and only retains the grid in its default or reference
configuration. By using this agent, we can play the game and obtain corresponding observations and rewards.
In this reference configuration, all elements are connected to bus-bar number 1 on each substation. The
purpose of this agent is to showcase the operation of the power grid for a given duration of time when there
is virtually no agent (or there is an agent performing no actions) and see when the power grid fails to continue
operation and why this occurs.

This agent is mainly useful to help identify different types of scenarios. The scenarios can be classified
using the results of this agent. The 1000 available scenarios are examined by deploying the agent on
the grid and obtaining observations. By doing this for 1000 different scenarios, we obtain 1000 episodes. An
episode is a run/play of the agent where it executes its policy on some scenario(s) and takes some actions on
the network. Thus, the information contained in an episode can be represented as a list of tuples where each
tuple consists of the observation, action and reward. The number of tuples in this list would then be the length
or duration of an episode. An episode terminates when either the agent succeeds (wins the game) or fails to
operate the grid for that scenario (loses the game). In our context, the agent’'s success (winning the game)
is defined by whether it operates the grid for the entire duration as provided in the scenarios, so, the episode
ends when available data in the scenario is exhausted.

In these 1000 episodes (or more explicitly, the episodes) there are cases where the agent succeeds,
i.e., the power grid staying in the reference configuration is sufficient for the successful operation of the grid for
the entire duration of the scenario.The rest of the episodes are those where this reference configuration is an
insufficient topology to operate the grid for the provided input data, leading to infeasible grid operation, which
caused the episode to end prematurely. The former type is thus named a “Successful Episode” and latter an
“Unsuccessful Episode”. In the overview of episodes provided here, a week (2016 time-steps / 7 days) of data
available in the scenarios are explored. In the following sections, these two types are expanded upon after
which a summary of this agent is discussed.

4.2.2. Successful Episodes
Out of 1000 episodes, 38% of them are successful, implying that the grid operates optimally for the entire
duration of one week (2016 time-steps). As discussed in Chapter B, observations such as Active Power (P),
Current () and Voltage (V) can be extracted for all components in the power grid. To briefly describe these
successful episodes, some of these parameters are visualised together for all these episodes. This method
of visualisation, by using “envelopes”, helps identify a general range of variations of these observations. The
main idea behind creating these envelopes is to use them as a means of comparison for episodes that are
unsuccessful, such that the envelopes can indicate how “normal” or “abnormal” the episodes are, compared to
the successful ones. This will be explored in the following section on “Unsuccessful episodes”.

In figure B.2, the envelopes created for the Active Power of all the generators can be seen. The top-most
curve (in red) marks the maximum value reached in any of the time-steps for all these successful episodes,
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and similarly, the bottom-most curve (in blue) marks the minimum values. The load profiles and their envelopes
can also be visualised in the same manner; a subset of the 11 loads’ active power profiles are visible in figure

B3

An important parameter to visualise how “stressed” or overloaded the system is, is “rho” (p) as discussed
in section and equation f.1. p is a ratio of If1ow OVeEr ymax that is determined by the maximum permissible
current flow due to thermal limits of the line. An inherent maximum and minimum ’envelope’ already exists in
the form of the range of this ratio; i.e. between 0 and 1. Nevertheless, in figure B4, the loading of all 20 lines
for a single successful episode can be seen.
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Figure 4.2: Generators’ Active Power Profiles for Successful Episodes
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Figure 4.4: Loading of all 20 lines for a single successful episode

4.2.3. Unsuccessful episodes / Failure episodes

Out of the 1000 episodes that are available for analysis, 62% of them are unsuccessful. This means that
the episodes terminated prematurely due to an inconsistent or infeasible situation that occurred in the power
grid. This happens mostly in the form of overloads which trigger a “game over” situation (section 3.3.9).

Using the envelopes that indicate the maximum and minimum values of the successful episodes and over-
laying them onto the unsuccessful episodes, we hope to identify how different (or similar) unsuccessful episodes
are in comparison to the successful ones. By doing this, there can be some direct distinctions made between
the different episodes. In figure §.5, for each of the generation units, deviation from the envelopes for the suc-
cessful episodes can be seen. While in the solar in-feed, there is not a large deviation from the envelopes of
the successful episodes, the deviations are more noticeable in the rest, most prominently in that of the wind
generation. Similarly, this can be done for the load profiles as well. A sample of the curves is presented in
figure 4.6. In this case, the deviations are negligible.



w
w

4. Power Grid Setup

Gen 2's Active Power (P) (in MW) Gen 0's Active Power (P) (in MW)

Gen 4's Active Power (P) (in MW)

60

N
o

N
o

o

90

80

70

60

50

B
; 100 .

—— Maximum E —— Maximum

—— Minimum = 9% —— Minimum
5]
2 80
e
o 70
=
i3
2 60
K%
o
c 50

0 2000 4000 6000 8000 10000 o 0 2000 4000 6000 8000 10000
Time (in mins) Time (in mins)
(a) Nuclear Power Generation (b) Thermal power generation

gzs

—— Maximum p —— Maximum

- =20 -

—— Minimum = —— Minimum
g 15
2
&
o 10
=
=
Q
< 5
2]
™
s 0

0 2000 4000 6000 8000 10000 © 0 2000 4000 6000 8000 10000
Time (in mins) Time (in mins)
(c) Wind power generation (d) Solar power generation
—— Maximum
—— Minimum

0 2000 4000 6000 8000 10000
Time (in mins)

(e) Thermal Power Plant

Figure 4.5: Generators’ Active Power Profiles for unsuccessful episodes



w
g

4. Power Grid Setup

B B
= . = .
c 2 — Maximum ¢ 10 —— Maximum
oy —— Minimum o —— Minimum
5} % 100
Zn g
a o 90
2 2
© T 80
PRE 5
=) = 70
R 16 ®
3 0 2000 4000 6000 8000 10000 3 0 2000 4000 6000 8000 10000

Time (in mins) Time (in mins)

(a) Load 0 (b) Load 1

g :
= . .
' 60 —— Maximum ¢ ° —— Maximum
ass —— Minimum @8 —— Minimum
o 3
2 50 ES
o [e}
a a7
£ 2
k3] °
< 40 <
v K%
N o
5 35 e
@ © 5
S 0 2000 4000 6000 8000 10000 S o 2000 4000 6000 8000 10000

Time (in mins) Time (in mins)

(c) Load 2 (d) Load 3

Figure 4.6: Loads’ Active Power Profiles for unsuccessful episodes

The other discussed parameter is that of p. Again, it is more useful to see all 20 lines’ loading together,
as seen in 7. For this particular episode, the failure occurs at toward the end of the week (over 8000 time-
steps), that is around four days. This reflects the large impact of p on the game over situation. The lines getting
overloaded nearing the time of failure all cross a p value of 1. This is further explained in the next section.
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Figure 4.7: Lines’ loading for all 20 lines for a single unsuccessful episode

The envelopes described here do not indicate a hard-and-fast rule for failure, rather act as a visualisation
tool to summarise these episodes. Note that there are episodes for which the load and generation profiles
fit into the same envelope as that of the successful episodes. However, they lead to “game over” situation.
This signifies that the failures caused are a combined effect of the injection profiles as well as this reference
topology of the system. In the following section, a brief analysis on what leads to the game over situation in
specific episodes can be seen.
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4.3. Failure analysis

To understand how the game over situation arises in all the unsuccessful episodes, the overloading of lines can
be analysed. A certain trend was noticed: the lines that got overloaded frequently and led to the failure of the
episode, were all in the distribution side of the grid. The lines that get overloaded are: 8, 9, 11 and 13 (as seen
in figure §.84). With this, a bottleneck of the grid can be identified (figure 4.8H), which essentially encapsulates
the impact on lines 8, 9, 11 and 13. At this point, it is useful to analyse how a failure occurs due to the the
overloading of these lines. To do so, a single episode is analysed. By doing this, we can understand how this
overload and consequent bottleneck led to a game over situation.
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Figure 4.8: Line overloading and bottleneck in grid

The p for all 20 lines for a single episode is seen in figure B.9. As mentioned in the section on Game Over
Situation (section B.3.2), we know that for the soft threshold criterion, if a line is overloaded (p > 1) for more than
a pre-defined value of consecutive time-steps (here: 2 time-steps), the line is then automatically disconnected.
So, looking at the p of all 20 lines to see when overloads occur (figure #.94d), the lines that get overloaded can be
noticed towards the end of the episode. A magnified version of this is depicted in figure #.98. From here, we can
clearly see the step-by-step process, which leads to the end of the episode. We see that line 9 gets overloaded
for more than two consecutive time-steps (8370 till 8375 minutes). This causes it to get disconnected due to
the rules of the environment by the next time-step. As this happens, this simultaneously stresses neighbouring
lines (8,11, and 13), which get overloaded for more than two time-steps as well. Consequently, this causes
all three lines to be disconnected. This leads to grid situation where four lines are out of order. If we look at
the grid, we see that lines 8, and 13 are directly connected to a single load (load number 8). From the game
over rules, we know that disconnection of a load triggers the game over flag. This behaviour, where line 9 gets

overloaded and then disconnected, which leads to lines 8, 11, 13 getting disconnected as well, was verified for
all the failure episodes.
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Figure 4.9: Overloading of 20 lines for a failure episode (episode 15)

While, in the above manner, the behaviour of the grid for each episode can be depicted, an attempt is made
to generalise episodes. An important factor which is related to the location of a bottleneck in the grid is the
location of the wind power generator at substation 5. This generator has the largest variability compared to
all the generators. A comparison can also be drawn between the RES and conventional power generators
in the network. To see the effect of RES with respect to the power generated by conventional generators,
figure can be referred. Figure depicts the maximum of RES power generated for all episodes against
the maximum power generated by conventional generators for all episodes. Compared to the wind power, the
impact of solar power on the overall RES power is relatively lower due to a smaller magnitude. With this, a stark
differentiation between success and failure episodes can be made. For any episodes that have a generated
renewable source of power of larger than 30 MW, there have been no successful episodes. This highlights
the effect of the wind power on the overloading of lines in close proximity to it. This further clarifies the trend
depicted for the above discussed episode (figure #.9). Another interesting aspect that can be noticed in figure
is that while the impact of higher wind power generation helps categorise a scenario on whether it will
result in a failure episode, we cannot say the same for whether it will be a successful episode. Though there is
a high generation from all other generators, this does not necessarily result in a failure episode. This is justified
largely by the location of the wind generator. It is located at the distribution side, which has lower line ratings
compared to that of the lines in the transmission side. So, the impact due to the large amounts of wind power
is more evident than the impact due to the sum of all other generators since their location is at the transmission
end, which has lines with higher ratings. Even though the successful episodes all appear on the larger side of
the range of total generated power, the result that there are successful episodes, once again is combined with
the fact that wind power generation is low for these episodes. Hence, the impact of other generators is not large
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enough to decide the result of the episode. It is important to note here again that in the setup for this thesis,
the only allowed actions involve changing the topology of the grid and other solutions such as redispatch are
not considered.
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Figure 4.10: Maximum RES power vs maximum conventional power generation

4.4. Levels of difficulty

Another important factor that plays a role for developing an agent, is allowing agents to experience different
available scenarios. One way to categorise these different experiences, is by establishing levels of difficulty
for the ‘game’ of network operation. One of the best ways of determining these levels of difficulty, is related to
the p values for lines. Since, line loading plays a large role in determining how stable the grid is, the higher the
loading of lines, the more difficult that episode is. These loaded lines are an effect of the overall production in
the grid. To visualise this, all the episodes with overloading (p > 1) against the total power generation in the
network can be seen in figure B.11. Each point in this figure represents a single failure episode. This figure
once again describes the four lines that create the bottleneck (lines 8, 9, 11 and 13). In this figure, we can see
that of the four lines that face overloading, the line that has the highest variability of overloading is line 11. This
helps in determining the levels of difficulty, such that an episode with higher loading on line 11 is more difficult
that an episode with lower loading.
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Figure 4.11: Comparing total generation with lines’ loading

Thus, we establish three levels of difficulty to categorise all the 1000 available scenarios:

1. Easy: These are those scenarios for which the RC episodes faced no overloading at all, hence, the
successful RC episodes (the green region of figure §.12)

2. Medium: These are those scenarios for which the RC episodes face lower overloading on line 11, i.e. in
the range of 30 % to 50 % overloading (the yellow region of figure #.12)

3. Difficult: These are those scenarios for which the RC episodes faced overloading on line 11 in range of
50 % to 70 % (the orange region of figure ).
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Figure 4.12: The three difficulty levels depicted determined by line 11’s loading

In figure .13, the overloading of lines can be seen compared for both types of power: renewable and
generation. From this it is clear that even though the increase in loading of line 11 is inversely dependent on
RES, the impact of RES is smaller compared to conventional, as line 11’s loading increases with increasing
total (RES + Conventional) power. The impact of RES is lower, mainly due to a much lower magnitude when
compared to the magnitude of conventionally generated power.
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Figure 4.13: Comparing both types of generation with line 11’s loading

Another interesting aspect to see is how long different episodes are. The variation of episode duration with
the operation of the agent, compared with line 11’s loading is presented in §.14. There is no directly visible
trend in the lengths of different episodes. This shows that the overloading of the line does not directly play a role
in how long the episode lasts; the duration of the episode is dependent only on when the particular situation
that leads to a failure occurs (as described in section %.3). Similarly, in figure §.15, the lengths of episodes
are compared with the total mean power generation of the episodes. This once again shows that the episode
duration is not directly dependent on the power generation values, as episodes face a failure situation for a
range of power generation.
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4.5. Summary
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Figure 4.14: Comparing episode lengths with line 11’s loading
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Figure 4.15: Comparing total generation with episode lengths

In this chapter, we discussed the behaviour of the power system by using an agent to operate the grid.
Different scenarios result in different behaviour which show whether the agent for this scenario would
succeed or fail. We see that out of the 1000 available scenarios, 32 % of the corresponding episodes result
in successful episodes and the rest 68% lead to failure episodes. Figure depicts this share of success

and failure episodes.

Along with this, using the results of the agent, we also created levels of difficulty, using line 11’s variability
of loading. These levels of difficulty help categorise the scenarios, and using this categorisation we see an
almost equal number in each of the categories, as seen in figure #.16H.

m Successful Episodes

(a) Split-up of successful vs failure episodes

u Failure Episodes ® Easy Scenarios ~ ® Medium Scenarios

Figure 4.16: Summarising the episodes and scenarios

Difficult Scenarios

(b) Split-up of scenarios for the three levels of difficulty
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5.1. Action Space and State Space

This section describes the way actions are defined within this study, including the relevant constraints, as well
as the total number of configurations that are possible on the IEEE 14 bus grid. An action in this context, is
the decision that will be taken by the agent given a set of observations and reward in a particular environment.
The reinforcement learning problem formulation can be found in section 2.2.4. Though it contains only 14
substations, the number of overall configurations that exist, and hence, the total number of potential actions
that can be taken become very large.

The type of action applied in this study is the so-called bus-bar switching action. It essentially means that
after a single electrical node can be split into 2 separate nodes, which in the power system context corresponds
to using two separate bus-bars, the action is choosing to place a combination of elements on the two bus-bars.
This is further described in section .1.2. In reality, a series of actions is necessary in order to carry out bus
splitting and to obtain a required substation configuration. However, in this RL setup, we focus only on the final
required substation configuration. Consequently, the actions of the agent are simply represented by choosing
specific substation configurations directly. The overall number of configurations of a specific substation is
dependent on the number of elements connected to the substation. Mathematically, this is the combinatorial
problem of determining the number of ways elements can be placed on one bus-bar (and all other elements
on the other bus-bar) and taking into account that the order of these elements does not matter. Not taking any
constraints into account, the solution is directly related to the binomial coefficient

n!

bnI) =

(5.1)
which gives the number of possibilities to connect k out of n elements to a single bus-bar. That is, n is the total
number of elements connected to a sub-station and consequently n — k is the number of elements connected
to the other bus-bar.

However not all actions are valid (i.e. consistent with a power grid), but the following constraints need to be
satisfied:

1. Minimum Element Constraint: At a single bus-bar, there needs to be a minimum of two elements
connected to it (or 0 elements).

2. One-Line Constraint: Out of the elements connected to a bus-bar, at least one of them has to be a line.
Hence, this means that there can never be only non-line elements (generators and loads) connected to
a bus-bar.

3. Connex Constraint: A subset of the power grid should not get isolated from the rest of the power grid
due to any action. The grid should remain "connex” at all times.

Note that constraints 1-2 are local in the sense that they only focus on the configuration of each substation
on its own whereas constraint 3 is non-local since it is related to the overall grid topology induced by the
configuration of 2 or more sub-stations.

In figure B.1, we can briefly see how configurations will be eliminated based on constraints, with respect to
a single substation (substation 0). For substation zero which has a 3 elements connected, using equation .1,

40
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we know that the total number of combinations possible are 8. We consider that bus-bars are indistinguishable
(or symmetrical), thus, placing 3 elements on bus-bar 1 is symmetrical to placing the 3 elements on bus-bar
2. Thus, we reduce the number of configurations due to the symmetrical nature of the bus-bars, by halving
the number of possible combinations. So, the number of configurations will be reduced to 4. Figure shows
these 4 configurations. First, in figure B.1d, the reference configuration of the substation can be seen with
all elements connected to bus-bar 1. Figures 5.1, 5.1d and 5.1d depict the three other configurations for this
substation (beside the reference configuration). Now, immediately, we see that in any of the other combinations,
there ends up being only a single element connected to the other bus-bar. This directly violates the Minimum
Element Constraint. In addition, figure would also be eliminated due to the One-Line Constraint. This
reduces the number of possible configurations from a total of 8 -> 4 (removing actions due to symmetrical
bus-bars) -> 1 (removing actions for violating constraint no. 1). Thus, the single configuration that is allowed
for substation 0 is the reference configuration (figure 5.1d). It is good to note at this point, that these figures
are only representative and are largely simplified to show the difference in configurations. In this manner,
the configurations are eliminated for each of the substations. In the following section, how the number of
configurations for each substation can be calculated after incorporating the constraints is discussed.
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Figure 5.1: All configuration for substation 0 without incorporating the constraints

5.1.1. Mathematical approach
For constructing the action space for the agent we focus only on constraints 1-2 in this study, as described
above. The total number of configurations t of a substation satisfying the first two constraints is given by

t=a(m)—pm) —yn'). (5.2)
with N
a(n) = Li=o b0 1) 12) (k) (5.3)
b(n, k
B(n) = Zke“’"‘;} (k) (5.4)
Yy =1 m=01 (5.5)

a(n’)—B®m) n' =2
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Where:

n is the total number of elements connected to a substation

k is the number of elements connected to a single bus-bar

n' is the number of non-line elements connected to a substation.

The number of ways of choosing k out of n elements for each substation can be determined by summing
the binomial coefficients. Since the bus-bars are indistinguishable, the configurations of one of the bus-bars
are symmetrical to the other, so to remove duplication of configurations, the sum should be halved. This is
because, for example, if there are a total of 5 elements at a sub-station, and 2 specific elements are chosen
out of the 5 to be placed on one bus-bar, automatically the other 3 elements are to be placed on the other
bus-bar. There is also the symmetrical configuration possible, namely, when choosing the other 3 elements,
but this is already covered by the previous configuration when choosing 2 elements since the bus-bars are
indistinguishable. The term that represents this is a(n).

Now, the constraints need to be taken into consideration. First, to incorporate the “Minimum Element”
constraint which says there can never be only a single element at a bus-bar. Due to this constraint, in all the
choices, anytime that 1 element or n — 1 elements are chosen, these choices should be discarded. g(n) is the
term used to depict this constraint.

Next, the “One-Line” constraint states that a substation configuration has to have at least one line connected
to it, thus, no configuration can have only non-line elements at a bus-bar. If a substation has only 1 non-line
element connected to it, any resulting configuration will have this element in at a bus-bar along with the other
line elements. If the substation has 0 non-line elements, the “One-Line” constraint will not pose any issues. So,
for all substations being connected to 2 or more non-line elements, there exists one configuration each where
a choice of only non-line elements is made. Thus, this configuration needs to be dropped. This is then once
again represented as the number of ways the non-line elements can be chosen, i.e. a(n'). But, to ensure that
the “Minimum Element” constraint isn’t violated again, the choices of 1 or n-1 non-line elements needs to be
discarded from a(n'). This is done by excluding g(n") from it, resulting in the term y(n"). Putting the constraints
together, results in equation 5.2.

Using equation B.9, the number of configurations for each substation can be calculated as seen in table
B.1. At each instant of time each substation always exhibits a specific configuration. Consequently, in terms of
actions each number in Table 6.1 also includes one reference configuration action (namely the case when the
default configuration of that substation is chosen). Hence, the total number of actions including only a single
reference configuration action, which encapsulates one single reference configuration per substation results
in a total number of configurations as: 112 — 14 + 1 = 99. In this setup, at any given point of time, only one
substation can be acted on. Thus, at a particular time instant, only one of these 112 substation configurations
can be chosen. Thus by using each of these 112 configurations, we can traverse the entire action space.

Table 5.1: Possible configurations for each substation

Substation Number | Number of elements connected | Number of lines connected Number of substation configurations
1 3 2 1

2 6 4 25
3 4 2 3

4 6 5 26
5 5 4 11
6 6 4 25
7 3 3 1

8 2 1 1

9 5 4 11
10 3 2 1

1 3 2 1
12 3 2 1
13 4 3 4
14 3 2 1

Total number of Substation Configurations: | 112
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The formulae developed in equations 5.2 to 6.5 depend on these particular constraints, but can be gener-
alised for other networks of different sizes as well.

From table 5.1, it is also possible to compute the total number of topological states of the IEEE 14 power grid
subject to only bus-bar switching actions. For each single substation configuration, there are a large number of
configurations possible at all the other substations. Thus, the total number of topological states is the product
of all the individual substation configurations, which amounts to 23595000. This is an upper-bound on the total
number of states possible on this power grid, for bus-bar switching actions, keeping in mind the fact that the
connex constraint is not considered here.

5.1.2. Implementation

In order to implement the above method and create a set of substation configurations which realise the physical
constraints involved while choosing a configuration, the outline of the methodology used is visualised in figure
6.3

Firstly, a list of all possible combinations of elements connected to a substation can be made with regard
to a single bus-bar (out of two bus-bars) at a substation. This can be done by using equation B.1. Using this
equation, depending on the number of elements connected to the substation and the number of ways a subset
of the elements can be chosen, a total number of possible configurations can be found. This results in what is
more commonly known as the Pascal’s triangle (figure B.4 ). With reference to our grid model, using equation
B.1, a total number of all possible combinations of elements for a single substation can be found out by mapping
n.k in figure B.5. Further, the total sum of all combinations is calculated as seen here, to be 340. It is important
to note, that this is the total number of combinations of elements that can be chosen across all substation to
create substation configurations without incorporating the physical grid constraints.

After finding the upper limit in terms of the total number of possible element combinations without incorpo-
rating constraints, duplicate configurations (due to symmetrical bus-bars) need to be removed, following which
the combinations that violate the constraints needs to be removed (as per the flowchart in figure B.3).

This will then result in the table as seen in table 5.1.
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Figure 5.3: Steps involved in creating a valid set of substation configurations

1

1

8

1 5§ 10 10 5 1
6 15 20 15 6

7 21 35 35 21 7
28 56 70 56 28

9 36 84 126 126 84 36
10 45 120 210 252 210 120 45 10 1

Figure 5.4: Pascal’s triangle

8

9

1



45

5. Agent Implementation

Number of ways to choose elements to
be placed on a bus-bar (k)

MNo. of
[Total for a |substations
. T Total number of]
0 1 2 3 4 3] l?t?sl.fation g?lglg:izg lcombinatons
lconnected
St 1 1 0 0
c
22| h 1 1 2 0 0
o =
[=R7]
38 |p 1 2 1 4 1 4
L »n
o g 3 1 3 3 1 3 6 48
23
EL | 4 1 4 6 4 1 16 2 32
35 Q
zZ O
§ 5 1 5 10 10 5 1 32 2 64
o
Y6 1 6 15 20 15 6 64 3 192
Total: 340

Figure 5.5: Total number of element combinations without checking constraints

5.2. Training/Development Specifications

In order to develop the agent, a list of specifications (also referred to as parameters) can be utilised, and
changed to observe differences in the working of the agent with respect to varying specifications. Below listed
is an explanation of the different specifications used in this thesis. A brief list can also be seen in figure 5. that
will then be used as the framework alongside the results of the agents. The specifications listed in violet are
related to the power system aspect, whereas the the elements listed in green, are related to the the training
and reinforcement learning aspect. In the following subsections, detailed descriptions of these specifications
can be found, along with the different values that can be assigned to each specification.

Table 5.2: All specifications used for agent development

Parameters

Environment

Scenario(s)

Observation input

Action Space

Reward function

NN architecture

Learning Rate

Batch Size

Loss Function

Percentile for CEM

NN weights initialisation

5.2.1. Power System Specifications
Described here are the power system related specifications that can be assigned while training the agent.

1. Environment: As previously described in section R.2.4, an environment is the platform using which an
agent can take actions and train on. It is higher level representation of the world with which an agent
will interact. In our setup, this environment is defined in the package Grid20p (section B.1.1) where
the environment receive a chosen action from the agent and will then return a set of observations that
the agent can use to perform the next action, at the next time-step. Grid20p allows for many different
environments that can be utilised which are created mainly for different LZPRN editions. The environment
used here the simulated IEEE 14 bus network, (termed ‘rte_case14_realistic’ within Grid20p). The only
change made to this network are that the thermal limits are adapted as seen in section §.1.
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2. Scenario(s): For training the agent, it should experience a large variety of scenarios with varying difficulty

levels. In this thesis however, we focus on creating multiple variants of an agent that have each been
exposed to a scenario with a different difficult level. Hence, for training the agents, a single scenario out
of the 1000 available scenarios is used.

. Observation: In chapter B, a brief overview of how the observations can be visualised can be seen.

These observations are available at every step of the ‘game’, hence, they are available for every time-
step (5 minutes duration). The complete list of observations available in the framework are as described
below, and the length of the observation is provided in (corresponding brackets):

» Generators’ active power: The active power produced by each of the generators at this particular
timestamp. This is expressed in MW. (number of generators, i.e. 5)

» Generators’ reactive power: The reactive power produced by each of the generators at this particular
timestamp. This is expressed in MVar. (number of generators, i.e. 5)

» Generators’ voltage: The voltage magnitude of the bus to which each of generator is connected to.
This is expressed in kV. (number of generators, i.e. 5)

* Loads’ active power: The active power drawn by each load. This is expressed in MW. (number of
loads, i.e. 11)

» Loads’ reactive power: The reactive power value of each of the loads. This is expressed in MVar.
(number of loads, i.e. 11)

» Loads’ voltage: The voltage magnitude of the bus to which each load is connected. This is expressed
in kV. (number of loads, i.e. 11)

* Lines’ active power: The active power flow at the origin and extremity of each of the lines. This is
expressed in MW. (number of lines, i.e. 20 x2 (origin, extremity) = 40)

* Lines’ reactive power: The reactive power flow at the origin and extremity of each of the lines. This
is expressed in MVar. (number of lines, i.e. 20 %2 (origin, extremity) = 40)

+ Lines’ voltage: The voltage magnitude of the bus to which the origin as well as the extremity of each
line is connected. This is expressed in kV. (number of lines, i.e. 20 x2 (origin, extremity) = 40)

* Lines’ current: The current flow at the origin and extremity of each line. This is expressed in A.
(number of lines, i.e. 20 x2 (origin, extremity) = 40)

* Lines’ loading: This represents the present loading of each of the lines. This is also called Rho(p)
and it is defined as the observed current flow divided by the thermal limit of the line. It has no units.
(number of lines, i.e. 20)

» Topology: For each element (line origin, line extremity, load or generator), there is a corresponding
number to represent which bus-bar this element is connected to at its substation at the present
time-step. This will essentially be an array of 1s or 2s, depending on which bus-bar the element is
connected to out of the two bus-bars at each substation. (Total number of elements: 5+11+40 = 56)

 Status of the line: Represents whether each line is connected (True) or disconnected (False). This
is will be an array of Boolean values. (number of lines: 20)

» Overload timesteps: Gives the number of time-steps since each line has been overloaded (if at all).
(number of lines: 20)

This overall list of observations results in a total size of 324 available observations. From this, either a
subset of observations or all available observations can be used while training the agent.

. Action Space: In section b.1, the action space has been described in detail. In table b.1, a consolidated

list of number of possible actions substation-wise can be seen. There are a total of 112 actions possible.
Either all 112 can serve as the action space for training, or else some subset of this list can be used.

. Reward Function: Within the Grid20p platform, multiple reward functions are available. A few are as

follows:

* Flat Reward: This reward function acts adds a flat value every time-step. There is no negative
reward, only a positive reward every time-step that the agent survives.

* Increasing Flat Reward: Here, the reward function returns a value depending on the count of time-
steps that the agent has successfully managed to operate the grid. It adds a constant value for each
time-step.
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Close to overflow Reward: This reward checks for all the lines close to overflowing. It then returns
the maximum allowed reward if there is no overloading in the lines, and a minimum allowed reward
if more than one line is close to overloading. If one line is close to overloading, the mean reward is
returned for that time-step.

L2PRN Reward / Residual Capacity Reward: This is the reward used for the first L2ZPRN competition.
The goal with this reward is to return the overloading of the grid. This is the standard reward used
in the implementation of an agent in this thesis. While returning a reward, the function used here,
compares the p(rho) value or relative flow through each of the lines with 1 (indicating that the line is
at 100 % capacity [8]). The minimum of these 2 values are returned, as seen in equation 5.6. Using
this, margins or the ‘residual capacity’ of each of the lines are calculated. The Margin, is essentially
1—output,. Margins for each line are calculated as seen in equation b.7. Finally, a summation of all
this value for all lines in the network are returned as the reward for this particular time-step (equation

6.9).

. i(t)
output;(t) = min(1, W), VieL (5.6)
Margin;(t) = max(0,1 — %), VIEL (5.7)
1
N;—1
Reward(t) = Z F(Margin,(t)) (5.8)
=0

Where:

Margin, is the residual capacity for each line, [

i; is current flowing through the line, [

Imax; is the maximum allowed current through line [ or the thermal limit of the line,

L is the total set of all lines in the network,

N, is the total number of lines in the set L, the lines are indexed from 0 to N, - 1.

In equation .8, the function f(x) is chosen to be 1 — (1 — x)2. This is done, in order to encapsulate
the concept that: higher reward will be given for reducing the loading of lines that are closer to their
limit, than the reward given for reducing the loading of lines that already have low loading. This can
also be seen in figure 5.6 which compares the reward and margin (figure 5.6d) and also the reward
and relative flow (figure 6.6H) for the lines with two different functions used. The slope of the line for
f(x) = x is constant for any value of rho. But, for f(x) = 1—(1—x)?, the slope is larger for a change
of loading from a large value of rho (say, 0.9 or 1) to a value lower than that, implying that the reward
assigned is larger. Hence, for a line with already low rho (say, 0.3), the reward for reducing this to
an even lower value of rho will be lesser than the previous case.
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Figure 5.6: Reward assigning for 2 different functions

5.2.2. Algorithm Specifications

Described here are the reinforcement learning related specifications that can be assigned while training the

agent.

1. NN Architecture: As discussed in section R.2.2, the machine learning model used for training the agent
is a neural network. The architecture of this neural network can be changed in order to test the impact
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of varying architectures on the accuracy of the model. As discussed in section 2.2.2, the input layer of
the NN will have the size of the corresponding observation space as described above in section b.2.1.
Hence, the default size is 324. There are 2 hidden layers in this NN, each with a size of 300 neurons.
Finally, the output layer will correspond to the size of the action space, and the overall size of the action
space is 112. A reference architecture is provided in figure b.7.
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Figure 5.7: The architecture of the Neural Network

2. Learning Rate:The learning rate is a hyper-parameter of the NN that controls how much to change the

model in response to the estimated error each time the model weights are updated. The learning rate is
generally a value in the range of 0 - 1. Choosing a value on the lower end of this range can result in a
long training process that may get stuck. On the other hand, a value too large may result in learning a
sub-optimal set of weights too fast [51].

. NN weight initialisation: At the start of training of the NN, the weights need to be initialised. During

the course of training the NN, the weights get updated in order to achieve the optimal set of weights.
Typically, the weights are initialised to small random numbers. However, some Python packages have
the capability of initialising weights differently, such as [62]:

» Zeros: Generates arrays of weights initialised to 0.

* Ones: Generates arrays of weights initialised to 1.

+ RandomNormal: Generates arrays of weights initialised with a normal distribution.

* RandomUniform: Generates arrays of weights initialised with a uniform distribution.

» Orthogonal: Generates a random orthogonal matrix of weights.

Identity: Generates the identity matrix for the weights.

In this thesis, the standard method of initialisation of weights is the random normal.

. Batch Size: The batch size is a hyper-parameter that defines the number of samples that the model goes

through before the internal model parameters are updated[53].

. Loss Function: The problem of learning of a NN can be treated as an optimisation problem or a func-

tion approximation where an algorithm is used to navigate the space of possible sets of weights that can
be used in the model in order to make good predictions. Training of a NN is usually done by using the
stochastic gradient descent optimisation algorithm and weights are updated using the back-propagation
of error algorithm. The “gradient” used here, refers to an error gradient. The NN with its set of assigned
weights is used to make predictions and the error is calculated for these predictions. The gradient descent
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algorithm changes the weights so that the next evaluation reduces the error. This implies that the optimi-
sation algorithm is navigating down the gradient (or slope) of error. The function used to find an optimal
or candidate solution (i.e. a set of weights) is referred to as the objective function. The goal is generally
to maximise or minimise the objective function. In NNs, the goal is to minimise the error. The objective
function described here is also called the loss function and the value calculated by this loss function is
known as the “loss.”The choice of the loss function is dependent on the configuration of the output layer
of the NN. Another factor is the type of problem we have, such as: classification or regression. Two most
common loss functions are [54]:

* Mean Squared Error (MSE): This is calculated as the average of the squared differences between
the predicted and actual values. The result will always be positive and a perfect value is 0.0.

» Cross Entropy Loss: Also known as Logarithmic Loss, here each predicted probability is compared
to the optimal output and a score is calculated that penalises the probability based on the difference
from the expected value. The penalty is logarithmic, assigning smaller scores for smaller differences
and vice versa. Cross-entropy loss is also minimised, meaning that smaller values of this loss depict
a better performing model. A model that predicts perfect probabilities has a cross entropy or log loss
of 0.0.

In this study, the loss function used is Cross Entropy loss. This cross entropy loss is calculated as
follows:

H(P,Q) == ) P(x)* log(Q(x) (5.9)

Where H(P,Q) is the cross entropy loss function
P(x) is the probability distribution of the output of the model
Q(x) is the distribution of the distribution of the output for the played episodes.

. Percentile for CEM: The [CE method is the algorithm used to create this RL-based agent, as discussed in
P.2.7. As discussed here, a percentile is calculated for the reward for each batch of episodes. Further, only
episodes above this reward value are used for training. This percentile value is another specification that
can be varied in order to implement the RL agent. This becomes clearer from the following explanation
of the CH method algorithm.

5.3. CEM Implementation

The algorithm used to develop an RL-based agent in this thesis is called the ‘Cross Entropy Method’. The basis
of this algorithm is explained in section R.2.7. The algorithm is implemented in the following manner, as seen
in figure 5.§. To start with, in the environment a starting policy is provided. The internal model parameters of
the neural network describe the policy; at the beginning of the training process, these parameters are randomly
defined. Using this kind of stochastic policy, ‘N’ episodes are played to create a single batch. Thus, such a
stochastic policy can produce randomised episodes for a single fixed scenario. Each episode is played in the
following manner (also in figure 5.9 ):

« Calling the required scenario into the environment

+ Obtaining the first time-step of observations from the environment

» Feed the observations to the model to get a probability distribution of output actions.
+ Using this probability distribution, choose an action

* Provide this action to the environment to obtain the next observation and reward

* Repeat until the episode ends.
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Figure 5.9: Playing an episode

This batch is then sorted in a descending manner by each episode’s reward. Using a percentile (p) input,
we then calculate the top p" percentile of episodes, which are called the ‘elite’ episodes. Hence, any episodes
below this threshold will not be considered further for training. An important point to note here, is that the
reward for an episode is the sum of all rewards for every time-step in that episode. While equation b.§ is
used to calculate the reward for a single time-step, this is then summed for an entire episode, as seen below
in equation 5.10. In this CEM implementation, the reward that is monitored and using which episodes are
considered elite or not, is the total episode reward ( or simply, an episode reward).

Ne-1
Episode Reward = Z Reward(k) (5.10)
k=0

Where:
N; = Number of time-steps in the episode
Reward(k) is the reward for a single time-step

These ‘elite’ episodes are then used for training. The training takes place by calculating the loss between
the output of the model ( neural network) and the mean output of the elite episodes. To elaborate on how this
loss is calculated, a list of the observations of all elite episodes, along with a list of the actions taken for all elite
episodes are used. The observations are used as input to the neural network and actions are obtained as the
output of the neural network. The cross entropy between the actions in the neural network’s output and the
actions taken in the elite episodes is calculated.

Using this, the performance of the model is checked, by checking the mean reward of the batch or boundary
reward of a batch. The boundary reward is the pt"* percentile reward for a particular batch. Then, we check
if a certain stopping criteria has been reached, for example: ‘has reward mean become x?’ or ‘has reward
boundary reached y?’ If this stopping criteria has been reached, then the model is considered ready for use or
deployment. If not, the iterative process restarts by creating a new batch of episodes that are created with the
newly updated model parameters (hence, an updated policy). This is done over and over again, till the required
stopping criteria is reached.

5.3.1. Training the CEM-RL agent
In total, 2 models are developed. These two models are trained on two separate scenarios one from the Easy
category, and one from the Medium category respectively. When played by the agent, the easy scenario is
one that resulted in a successful episode and the medium scenario resulted in a failure episode. This is also
elaborated in section #.4. For each agent, the specifications as provided in table 5.2 will be seen along with
two metrics that are monitored during the time of training: the reward and the loss.

Each point in figures .10 and b.11| depict a single scenario. Both these figures are described in sections
.3 and §.4 using figures .10 and .12 respectively. In figure 5.10, the characteristics (the maximum RES and
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maximum conventional power generation) of the two scenarios which are used to train and develop the two
models respectively can be seen by the two yellow squares. The success and failures of episodes shown here
correspond to the success and failure episodes of the agent.

In figure B.11], the factor used to define the difficulty level of episodes, the loading of line 11, can be seen
for the two scenarios used for training. The choice of these scenarios, is to ensure that scenarios for training
are chosen from two different levels of difficulty, namely, easy and medium level. Thus, this is visible, in figure
.11, the different levels of difficulty are highlighted, to indicate that the scenarios chosen are from two different
levels of difficulty.
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Figure 5.10: Scenarios chosen for training the 2 agents (Comparing maximum generation values)
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Figure 5.11: Scenarios chosen for training the 2 agents (Comparing generation with lines 11’s loading

5.3.2. Agent 1: The Easy Agent
The specifications used for training this agent are seen in table 5.3. Agent 1 is trained on a scenario which falls
in the ‘Easy’ category and hence is hereafter also called the Easy Agent.
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Table 5.3: Training specifications for Agent 1

Category Agent 2 Specifications
Environment IEEE 14 bus network
Scenario(s) 1 scenario (Easy)
Observation input Default set (size: 324)

Action space All available actions (size: 112)
Reward function L2PRN reward

NN architecture Input layer + 2 hidden layers + 1 output layer
Learning rate 0.0001

Batch size 100

Loss function Cross-Entropy loss

Percentile for CEM 95%

NN weights initialisation | Random - Normal

For Easy Agent, we see the corresponding loss and reward values for each batch against the number of
batches in figure 5.12. We see that for the agent to reach stable reward and loss values, it takes over 80 batches
(or 80 iterations). Reward mean as seen here is the mean reward of all 5 elite episodes, and reward boundary
is the reward for the episode that had the pt"* percentile reward. During the course of training, the goal is to
the ensure that such a policy is learnt or developed by the model such that it continuously churns out episodes
with high reward, and hence, ‘successful episodes’. The stopping criteria used here is if the mean reward of
the batch has a difference of less than 5% with the reward boundary consecutively for three batches. This is
to ensure that the a large majority of episodes have a reward close to the reward boundary itself, implying that
there are more episodes with higher rewards.

We also note the reward for the agent for this same particular scenario as a dotted line in this figure.
Using this, we can highlight the fact that the reward boundary has reached the RC agent’s reward. Further, the
fact that the mean reward also falls within a 5% range of this boundary, implies that the majority (if not all) of
‘elite episodes’ have rewards in a 5% range of the RC agent’s reward for this scenario.

Thus, after these 80 batches, we can now consider the agent to be trained and that the policy learnt by this
last batch is the policy that will be used by this agent.
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Figure 5.12: Training Results for Agent 1

In order to understand the policy that has been learnt better and to highlight how exactly the network is
changing for this particular policy, this policy is used to play a 1000 episodes for this easy scenario, more
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explicitly, the easy scenario that this agent was trained on. All 1000 episodes played can be summarised as
follows in figure 5.13. 96.0 % of the episodes are successful episodes, that is, the agent operated the network
successfully for a duration of 1 week. Of this, 70.2 % of the time, the agent behaved like the RC agent thus
resulting in a reward same as that of the agent. The rest 12.5 % of the episodes, the agent took actions
that resulted in better topological configurations and had better performance than the RC agent, that is, higher
reward. 4% of the episodes resulted in failures.

M same reward as RC Agent
M Better reward than RC agent
M Failure episodes

Figure 5.13: Split-up of the 1000 episodes played by Easy Agent for the corresponding easy training scenario

In figure 5.14, a time-series depicting the changes of topology in the episode with the highest reward out of
the 1000 episodes is seen. Here, the difference (or distance) from the reference topology that the network starts
in, (in terms of number of elements changed) is shown. This helps highlight the number of times a change in
topology is seen, and also how far the new topology moves away (or not) from the reference topology. Thus, in
this episode, the network topology changed at just under the 20" time-step by changing the configuration of 2
elements in the network. After this point, there are no further actions taken that further increased or decreased
the difference from the reference topology.

In figure B.15, a similar plot for this episode is seen, but for each substation. Thus, this helps highlight
the substation at which the action that caused to deviate from the reference topology (in terms of number of
elements). For this episode, it is visible that this change occurs due to action at substation 3.

In both these figures, the dotted black line depicts the duration that the RC episode ran for the corresponding
scenario. Since this scenario is from the easy category, it implies that the corresponding episode is a
successful episode, thus the length of the episode is a week (2016 time-steps).
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Figure 5.14: Best episode’s change in topology time-series
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Figure 5.15: Best episode change in topology time-series (substation-wise)

To show all the successful episodes from the 1000 episodes played by this agent, aggregated views are
presented. Upon analysing the topology time-series for multiple episodes, the main distinguishing factors for
the episodes are found to be:

» The first action that is taken to produce a new topology different from the reference topology
» The number of actions taken in an episode
» The time-step when the first action is taken.

It is good to note that topology changes as mentioned here refer to the changes in topology by calculating the
number of elements whose connections change with respect to the way the elements are connected in the
reference topology. Different actions taken result in different distances (also referred to as differences) from
the reference topology as shown in figure B.14. There is a possibility of two actions making the same number
of element changes, hence, ‘side-stepping’ in the difference, which will then go unnoticed. For example, an
action (or rather, a chosen configuration) may result in 2 elements whose connections are changed with respect
to the reference topology. A configuration chosen at a later time-step that puts one element back to the way
it is connected in the reference topology and changes 2 other elements, the net change of elements is still 2,
though, in reality, 3 elements have been changed. This is not considered mainly because this happens rarely (if
at all) and hence, the substation-wise topological time-series (like in figure B.15) are a sufficient representation
of the changes in topology that occur.

In figure B.17], we see all the successful episodes out of the 1000 episodes, that have rewards higher than
the corresponding RC agent’s reward. While there are certain episodes that took other actions first, the most
common behaviour seen is to take a particular action (number 50) at substation 3. We see a trend for the
episodes that use this behaviour, such that the reward largely depends on the time-step of when the action is
taken. The earlier the action is taken, the larger the reward. This larger reward implies that the grid has higher
residual network capacity from an earlier point of time in the episode rather than later. Hence, we see that the
better episodes make network changes early on in the episode and retain the network in this configuration for
the rest of the duration of the episode, resulting in a ‘successful’ episode.

Besides these 1000 episodes that are essentially created in a probabilistic manner, a single episode is
played using a deterministic policy. In this manner, to create episodes using such a policy, instead of choosing
an action from a probability distribution, the action with the highest probability is chosen at every time-step
instead. The difference from the probabilistic way of creating an episode is highlighted in figure 5.16. Episodes
created using this deterministic policy are hereon also referred deterministic episodes.

By using this deterministic policy, it resulted in an episode that did not take any actions, hence, stayed in the
reference configuration and consequently having the same reward as that of the RC episode for this scenario.
This is also marked in figure by the pink square.
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Figure 5.16: Playing an episode in a deterministic manner
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Similarly, the other parameter that can be indicated in all the successful episodes is the number of topological
changes (or actions) that took place for all of them. This is highlighted in figure 5.18, where we once again see
that while there are episodes where 2 or more actions are taken, the majority of them have only a single action
taken.

In table B.4, the actions along with their descriptions are provided for Easy Agent are provided. Out of the
7 actions that are chosen by this agent (out of 112), 6 of these actions are from a single substation: substation
number 3.

Table 5.4: Preferred actions and corresponding substations for Easy Agent

Easy Agent
Substations | Action number | Action description
Bus-bar 1: Load 0, Generator 0, Line 3, Line 4

1 14 Bus-bar 2: Line 0, Line 2
31 Bus-bar 1: Load 2, Line 6, Line 3
Bus-bar 2: Line 15, Line 16, Line 5
42 Bus-bar 1: Load 2, Line 6, Line 16, Line 3

3 Bus-bar 2: Line 15, Line 5
Bus-bar 1: Load 2, Line 16, Line 3, Line 5

48 Bus-bar 2: Line 6, Line 15

49 Bus-bar 1: Line 3, Line 6, Line 15, Line 16
Bus-bar 2: Load 2, Line 5

50 Bus-bar 1: Line 6, Line 15, Line 16, Line 5
Bus-bar 2: Load 2, line 3

53 Bus-bar 1: Line 3, Line 5, Line 15, Line 16

Bus-bar 2: Line 6, Load 2

Thus, all the actions preferred by this agent that resulted in successful episodes are seen in this table. The
episodes that resulted in failures all took actions that outside of this list of actions and these actions and ended
up as failures.

5.3.3. Agent 2: The Medium Agent
The specifications for training this agent are as follows in table 5.5. Agent 2 is trained using a scenario which
falls in the ‘Medium’ category, and hence hereafter known as the Medium Agent.

Table 5.5: Training specifications for Agent 2

Category Agent 2 Specifications
Environment IEEE 14 bus network
Scenario(s) 1 scenario (Medium)
Observation input Default set (size: 324)

Action space All available actions (size: 112)
Reward function L2PRN reward

NN architecture Input layer + 2 hidden layers + 1 output layer
Learning rate 0.0001

Batch size 100

Loss function Cross-Entropy loss

Percentile for CEM 95%

NN weights initialisation | Random - Normal

Similar to Easy Agent, for Medium Agent as well, we can also see the corresponding loss and reward values
for each batch against number of batches in figure 5.19. Compared to Easy Agent, this agent takes a larger
number of batches before stabilising. It takes over 220 batches before the reward values stabilise. As described
previously, the mean reward for all 5 elite episodes, and reward boundary is the reward for the episode that had
the p‘"* percentile reward. During the course of training, the goal is to the ensure that such a policy is learnt or
developed by the model such that it continuously churns out episodes with high reward, and hence, ‘successful
episodes’. The stopping criteria used here is again to ensure the mean reward of the batch is within a 5% range
of the reward boundary for these batches consecutively for three batches. This is to ensure that the a large
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majority of episodes have a reward close to the reward boundary itself, implying that there are more episodes
with higher rewards. The black dotted line in the figure represents the agent’s reward for the corresponding
medium scenario that it was trained on. Since it is a medium scenario, it implies that the episode resulting
from this scenario was a failure. Since this means that the episode ended in lesser than 1 week, the reward

accumulated by this time is also quite low.
Thus after these 220 odd batches, the agent is now considered to be trained and the policy learnt by this

last batch is the policy that will be used by this agent when utilised.
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Figure 5.19: Training Results for Agent 2

To understand the policy better, we once again understand how the network changes for the particular policy
by playing a 1000 episodes for the same ‘medium’ scenario which is used for its training. All 1000 episodes
played in a probabilistic manner can be summarised as seen in figure 5.20. Since, here, the RC episode itself
is one that is a failure, the categories shown here are only success and failure episodes. Thus, we see that of
the 1000 episodes, 98.4 % of them resulted in successful episodes, and only 1.6 % are failure episodes.

M Successful episodes
M Failure episodes

Figure 5.20: Split-up of the 1000 episodes played by Medium Agent for its corresponding medium training scenario

In figure B.21, the episode with the highest reward out of the 1000 episodes is seen. Here, the difference
(or distance) from the reference topology that the network starts in, (in terms of number of elements changed)
is seen again. With the Medium Agent, we see that in this episode, the network topology undergoes multiple
changes very early on in the episode; within the first 6 time-steps. The changes that happen are clearer in the
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inset graph in figure 5.21. These changes result in a total of 7 elements’ positions being changed compared to
the reference topology. After this point, there is a change back and forth for a single element at past the 1500t
time-step.
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Figure 5.21: Best episode’s topological time-series

For a more detailed view, figure is provided which is a similar plot for this episode is seen, but for
each substation. Thus, this helps highlight the substation at which the action that caused to deviate from the
reference topology (in terms of number of elements). For this episode, it is visible that this changes occur at
multiple substations, namely, substation 3, 4 and 8, as can be seen from the inset graph visible.
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Figure 5.22: Best episode (substation-wise)

In both the figures and 5.22, the vertical dotted line seen is the time-step at which the RC episode
ended. This helps show that this Medium Agent takes actions that result in shifting the position of 7 elements
before the time-step where the RC episode ended, which is what ensures the agent’s survival for the same
corresponding episode.

An aggregation of all the 1000 episodes played with the Medium Agent for corresponding scenario can be
seen in the following figures. Unlike for the Easy Agent, where the factor which affected the reward the most
is the time-step of first action taken, here the combination of factors is more evident. In figure 5.23, we can
see each episode’s reward vs the number of actions taken in an episode (in a zoomed in manner). There is
a variation in the episode rewards even if the number of actions taken in each episode are the same. The
rewards also vary for different substations where actions are taken.

In figure 5.24, the same plot is provided but here, instead the time-step of first actions is highlighted. This
shows that the Medium Agent always takes actions very early on in the episode, in either the first or the second
time-step, unlike the Easy Agent which takes its first action at any point in time of an episode.
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Figure 5.23: Episode rewards compared with the number of actions taken in each episode (highlighting the first action taken)
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Figure 5.24: Episode rewards compared with number of actions taken in each episode (highlighting the time-step of the first action taken)

In these figures, the RC episode’s reward is not shown since we know that the for a scenario from the
'Medium’ category, the corresponding RC episode would be a failure episode, implying that it would end before
the 7 day mark, and hence have a much lower reward not in the range of the rewards shown in these figures.
The deterministic episode played with the Medium Agent made some changes in the topology but this resulted
in a failure episode and is not shown in this figure.

An important point here is, the distinguishing factors listed above (the first action, the number of actions,
the time-step) are not always a sufficient set of factors to explain all the episodes. As seen in these figures,
there are episodes where the agent takes a large number of actions, 5 or more. The difference in reward can
depend on other factors as well, such as the time-step of when each of these other actions are taken, which
actions they are and so on. This is because, each action and time-step of when the action is taken, can result
in a new set of observations, and thus tweaking the reward. Nevertheless, the factors used here to provide an
overview and highlight the variety in successful episodes.

In table 5.6, a table is provided describing the preferred actions for the Medium Agent. For this agent, 4
actions are listed, of which two are from the same substation, substation 3.

Hence, the successful episodes all prefer actions from this table. The 1.6% of episodes that ended up as
failure episodes either didn’t make topology changes at all and hence, ended up failing.
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Table 5.6: Preferred actions and corresponding substations for Medium Agent
Medium Agent
Substations | Action number | Action description
Bus-bar 1: Load 2, Line 3, Line 16
3 36 Bus-bar 2: Line 5, Line 6, Line 15
43 Bus-bar 1: Load 2, Line 5, Line 6, Line 16
Bus-bar 2: Line 3, Line 15
4 62 Bus-bar 1: Line 1, Lir_1e 6, Line 17
Bus-bar 2: Load 3, Line 4
8 100 Bus-bar 1: Line 10, L_ine 11, Line 16
Bus-bar 2: Load 5, Line 19




Agent Performance Analysis

Now that two agents have been trained, they need to be tested and evaluated. To do this, scenarios are chosen
to test from. Each agent is tested on each test scenario. In this chapter, the evaluation of the two agents : Easy
Agent and Medium Agent will be presented. Each agent is evaluated on each of the chosen test scenarios,
and is evaluated in two ways. First, using a probabilistic policy, of playing the game a 1000 times using the
method shown in figure B.1d. Secondly, the game is played using a deterministic policy, using the method in
figure B.18. Following this, an overview of the two agents’ performance for varying scenarios is illustrated.
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(a) Playing an episode in a probabilistic manner
(b) Playing an episode in a deterministic manner

Figure 6.1: Two ways of evaluating an agent

6.1. Test Scenarios

Similar to how scenarios are chosen for training, based on their difficulty levels, scenarios are also identified for
testing. 3 scenarios are chosen from each of the difficulty scenarios: Easy, Medium and Difficult. Each point in
figures B.2 and 6.3 depict a single scenario. Both these figures derive from sections §.3 and }.4 using figures
and respectively. The points used for training and testing are emphasised and shown with different
shapes. The points representing the scenarios used for training are shown by the yellow squares, and the ones
used for testing are shown by purple triangles.

Once again, the choice of these scenarios, is to ensure that scenarios for testing are chosen from each level
of difficulty. Thus, this is visible, in figure B.3, the different levels of difficulty are highlighted, to indicate that the
scenarios chosen are from different levels of difficulty.

62



63 6. Agent Performance Analysis

80

Failure

70 Success

60 O Train
E A Test
4@‘ 50
2 a0 A
(]
2 30 ’
) 5
I} ®
& 20 e

47 LENgE v
10 iy £ o2 7
Ry
0
180 200 220 240 260 280 300

Conventional generation
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Figure 6.3: Scenarios chosen for evaluating the 2 agents (Comparing generation with line 11’s loading)

6.2. Easy Agent evaluation

The easy agent is tested on three separate scenarios, one from each level of difficulty, namely, easy, medium
and difficult. For each evaluation, 1000 episodes are played by Easy Agent on this scenario in a probabilistic
manner. A combined view of all 1000 episodes are presented to highlight three factors:

+ The first action that is taken to produce a new topology different from the reference topology
* The number of actions taken in an episode
* The time-step when the first action is taken.

Another way of evaluating the agent, is by playing an episode by this agent in a deterministic manner.

6.2.1. Evaluating an easy test scenario

The evaluation of the Easy Agent for an easy test scenario is presented here. All the 1000 probabilistic episodes
have a split-up as seen in figure 6.4. 88% of them are successful, meaning that the Easy Agent traversed the
episode for a duration of a week. Out of this 88%, 74% of the time, the agent used the reference configuration
which in itself is a sufficient topology to use for this scenario. The other 14% of the episodes have a reward
larger than the RC episode’s reward.
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M Better reward than RC agent
B Failure episodes

Figure 6.4: Split-up of the 1000 probabilistic episodes played by Easy Agent for this easy test scenario

In figure 6.5, we see all the successful episodes out of the 1000 episodes, that have rewards higher than the
corresponding RC episode reward (highlighted by the pink dotted line), that is, the 14% of episodes from the
above chart. While there are certain episodes that took other actions first, the most common behaviour seen
in these 1000 episodes is to take a particular action (hnumber 50) at substation 3. Similar to the episodes used
to describe the policy of the Easy Agent (section 5.3.7), we see a trend for the episodes where the episode
reward largely depends on the time-step of when the action is taken. The earlier the action is taken, the larger
the reward. This larger reward implies that the grid has higher residual network capacity from an earlier point of
time in the episode rather than later. Hence, we see that the better episodes make network changes early on
in the episode and retain the network in this configuration for the rest of the duration of the episode, resulting
in a ‘successful’ episode.

The other parameter that can be indicated in all the successful episodes is the number of actions that took
place for all of them. This is highlighted in figure 6.6, where we see that for a majority of episodes, only a single
action is taken.

The other way to evaluate the episode, is to play it in a deterministic manner. This is shown by a square,
which has the same reward as that of the RC episode for this corresponding scenario. Hence, the deterministic
policy replicated the policy of the RC agent.
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Figure 6.5: Episode rewards compared with the time-step of first action (highlighting the first action taken)
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Figure 6.6: Episode rewards compared with the time-step of first action (highlighting the number of actions taken)

6.2.2. Evaluating a medium test scenario

The evaluation of the Easy Agent for a medium test scenario is presented here. All 1000 probabilistic episodes
is summarised in figure B.7. Here, only 8.2% of them are successful, meaning that the Easy Agent traversed the
episode for a duration of a week. The rest 91.8% of the episodes, the agent used a sub-optimal configuration
which is not a sufficient topology to use for this scenario.

Figure 6.7: Split-up of the 1000 probabilistic episodes played by Easy Agent for this medium test scenario

In figure 6.8, we see all the successful episodes out of the 1000 episodes (the 8.2% of episodes). The time-
step of when the first actions are taken are shown, and further, the actions that are taken at these time-steps are
highlighted. The policy of this Easy Agent is to generally favour a particular action (number 50) at substation
3. While, in these episodes we see other substations which begin to crop up, the frequency of choosing this
particular action is still much higher.

The trend where the episode reward largely depends on the time-step of when action number 50 is used
and only a single action is taken in the episode is still seen here, however not as evidently and also the number
of episodes that are successful are fewer. The time-step until which actions are taken, is also lesser compared
to the previous test scenario, where actions are taken all the way until the end of the episode. This is justifiable
by the fact that this is a medium scenario which implies it is the agent used on this scenario resulted in a
failure scenario, meaning that the episode ended prematurely and did not last a duration of one week. Thus, if
this agent takes its first action very late in the episode, the length of the episode could reach the length of the
RC episode, and hence, will meet the same fate, and end up as a failure.

The other parameter that can be indicated in all the successful episodes is the number of actions that took
place for all of them. This is highlighted in figure 5.9. Here, the number of episodes that take either 1 or 2
actions in the episode are comparable. This indicates, that since this episode is of a higher difficulty level,
a single change may not be sufficient to operate the grid successfully for an entire week. The other way to
evaluate the episode, is to play it in a deterministic manner. This is not depicted here, since the deterministic
episode resulted in a reward which is the same as the RC episode’s reward, which is of a much lower range
and hence is not shown in this figure.
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Figure 6.8: Episode rewards vs the first time-step an action is taken (highlighting the first action taken)

. Number of actions
353k Tt e e o . 2
° - o enamem o 1
. .. e o
35.2k o . 3
35.1k . s .
35k S . .

34.9k ® . .

Episode reward

34.8k .’
34.7k

34.6k = e

0 100 200 300 400 500 600 700 800
Time-steps of first actions taken

Figure 6.9: Episode rewards vs the first time-step an action is taken (highlighting the number of actions taken in the episode)

An interesting aspect to see now, is the topological time-series of the episodes. In figure B.10, the best
episode’s (out of the 1000 probabilistic episodes) topological time-series is seen. Here, we see the number of
elements that are varied to result in a new topology that is now sufficient to traverse the situation that arises
in the reference topology that results in a failure. The time-step of when the RC episode fails, indicated by the
dotted line, is around 800 time-steps. Which also justifies in the previous figures, why there are no successful
episodes where the first action is taken after 800 time-steps, because the episode would have already ended,
since it is using the reference topology. Similar to this plot, in figure B.11], the same time-series can be seen, but
to indicate the changes of elements substation-wise. This shows that two actions are taken to move 2 elements
each, consecutively in substation 3 and 1 respectively, resulting in a change of position for a total of 4 elements
for the overall network.
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Figure 6.10: The best episode’s topological time-series
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Figure 6.13: Loading of all 20 lines during the best episode

Another way to see how the best episode compares to the RC episode, is by looking at the loading of lines
over the duration of both the episodes. Since this test scenario is a medium scenario, it implies that the RC
agent for this scenario resulted in a failure episode. Thus in figure B.12, we see the loading of lines up until the
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episode’s failure at over the 750th time-step. Whereas, for the episode where the Easy Agent was used on this
scenario, the loading of any lines do not exceed a p value of 1 at any point, and the episode lasts the entire
duration of 1 week / 2016 time-steps. This is seen in figure 6.13.

6.2.3. Evaluating a difficult test scenario

The evaluation of the Easy Agent for a difficult test scenario is presented here. To summarise all the 1000
probabilistic episodes figure is provided. Here, only 4.7% of them are successful, meaning that the Easy
Agent traversed the episode for a duration of a week. The rest 95.3% of the episodes, the agent used a
sub-optimal configuration which is not a sufficient topology to use for this scenario.

Figure 6.14: Split up of all 1000 probabilistic episodes played by Easy Agent for this difficult test scenario

In figure .15, we see all the successful episodes out of the 1000 probabilistic episodes (the 4.7% pf
episodes). The time-step of when the first actions are taken are shown, and further, the actions that are taken
at these time-steps are highlighted. The policy of this Easy Agent is to generally favour a particular action
(number 50) at substation 3. Which also results in this trend where the episode reward largely depends on the
time-step of when action number 50 is used and only a single action is taken in the episode is still seen here.
Here, the number of episodes that are successful are quite few. The time-step until which actions are taken,
is also shorter than the total length of a successful episode. Once again, this is due to the fact that this is a
difficult scenario which implies it is a failure scenario, meaning that the episode ended prematurely and did not
last a duration of one week. Thus, if this agent takes its first action very late in the episode, the length of the
episode could reach the length of the RC episode, and hence, will also end up as a failure. As seen earlier, the
other parameter that can be indicated in all the successful episodes is the number of actions that took place for
all of them. This is highlighted in figure 6.16. Here, the number of episodes that take only 1 action are more
than the episodes that take 2 actions. The other way to evaluate the episode, is to play it in a deterministic
manner. This is not depicted here, since the deterministic episode resulted in a reward which is the same as
the RC episode’s reward, which is of a much lower range and hence is not shown in this figure.
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Figure 6.15: Episode rewards vs the first time-step an action is taken (highlighting the first action taken)
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Figure 6.16: Episode rewards vs the first time-step an action is taken (highlighting the number of actions taken in the episode)

The topological time-series of the episodes can be seen for this scenario as well. In figure .17, the best
episode’s (out of the 1000 probabilistic episodes) topological time-series is seen. Here, we see the number of
elements that are varied to result in a new topology that is now sufficient to traverse the situation that arises
in the reference topology that results in a failure. The time-step of when the RC episode fails, indicated by the
dotted line, is around 1100 time-steps. Which also explains why there are no successful episodes where the
first action is taken after 1100 time-steps, because the episode would have already ended, since it is using the
reference topology. Similar to this plot, in figure B.11, the same time-series can be seen, but to indicate the
changes of elements substation-wise. This shows that a single action at substation 3 is taken which resulted
in a change of location for two elements and hence resulted in a new network topology.
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Figure 6.17: The best episode’s topological time-series
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We can also see how the best episode compares to the RC episode, by looking at the loading of lines over
the duration of both, the RC episode and the best episode played by this agent. Since this test scenario is
a difficult scenario, it implies that the RC agent for this scenario resulted in a failure episode. Thus in figure
.19, we see the loading of lines up until the episode’s failure at over the 1000th time-step. On the other hand,
in figure .20, the episode where the Easy agent was used on this scenario, the loading of any lines do not
exceed a p value of 1 at any point, and the episode lasts the entire duration of 1 week / 2016 time-steps.
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Figure 6.19: Loading of all 20 lines during the RC episode
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Figure 6.20: Loading of all 20 lines during the best episode

6.3. Medium Agent evaluation

Similar to the Easy Agent, the Medium Agent is tested on the same three scenarios, one from each level of
difficulty, namely, easy, medium and difficult. For each evaluation, 1000 episodes are played by Easy Agent on
this scenario in a probabilistic manner. A combined view of all 1000 episodes are presented to highlight three
factors:

» The first action that is taken to produce a new topology different from the reference topology
* The number of actions taken in an episode
» The time-step when the first action is taken.

An episode played using a deterministic policy for each of the three scenarios is also discussed.
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6.3.1. Evaluating an easy test scenario

The evaluation of the Medium Agent for an easy test scenario is presented here. All the 1000 probabilistic
episodes can be summarised in 6.21. 98.4% of them are successful, meaning that the Medium Agent traversed
the episode for a duration of a week. Though successful, these episodes resulted in slightly lower rewards
compared to the RC episode’s reward. Out of the 1000 episodes, only 1.4 % of them resulted in failure episodes.

M Same (or lower) reward as RC Agent
M Failure episodes
B Better reward than RC agent

Figure 6.21: Split-up of all 1000 probabilistic episodes played by the Medium Agent on this easy scenario

In figure 6.22, we see 98 % of the episodes (the successful episodes) out of the 1000 episodes played by
the Medium Agent.

As seen while understanding the behaviour of the Medium Agent (by evaluating the agent on the same
scenario it was trained on, as described in section 5.3.3), looking at how the episode rewards vary with the
time-step of first action is not the most appropriate measure. In all these episodes, we see that the agent takes
its first action within the first two time-steps (as evident from figure .23). Thus, to see the spread, we look at
the number of actions taken in an episode on the x axis instead. In figure .22, we see the policy explained
for Medium Agent evidently, by the actions and substations that are preferred. This implies that Medium Agent
is operating the grid with the lines a little closer to full capacity compared to the RC agent. Thus, the Medium
Agent does not find a policy which results in topologies that are better (in terms of reward) than the reference
topology for this easy scenario. In figure B.23, it is evident that majority of episodes take an action immediately
in the first time-step, and some take actions in their second time-step. In both these figures, the number of
episodes are quite concentrated at these points, meaning the agent behaved identically for a large number of
episodes resulting in identical rewards for these episodes. Thus, many of the points are overlapping in these
figures.

The other way to evaluate the episode, is to play it in a deterministic manner. For this scenario, the deter-
ministic episode resulted in a much lower reward, and resulted in a failure and hence, is not presented here.
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Figure 6.22: Episode rewards vs the number of actions taken (highlighting the actions taken at the first time-step)
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Figure 6.23: Episode rewards vs the number of actions taken (highlighting the time-step where the first action is taken)

The topological time-series of the episodes can be seen for this scenario as well. In figure .24, the best
episode’s (out of the 1000 probabilistic episodes) topological time-series is seen. Here, we see the a total
of seven elements’ positions are varied to result in a new topology. Since, this is an easy scenario, the RC
episode’s length is a week long, (2016 time-steps). In figure .25, the same time-series can be seen, but to
indicate the changes of elements substation-wise. This shows that actions at 3 substations are taken in in quick
succession at substation 4, substation 8 and substation 3 respectively.
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Figure 6.24: The best episode’s topological time-series

—— substation 0

substation 1
—— substation 2
—— substation 3
—— substation 4
—— substation 5

substation 6
—— substation 7
3 substation 8

f : —— substation 9

2 —— substation 10
4 substation 11
—— substation 12

5 4 d 0 —— substation 13

0 250 500 750 1000 1250 1500 1750 2000
Time (in time-steps)

Figure 6.25: The best episode’s topological time-series (substation-wise)



73 6. Agent Performance Analysis

6.3.2. Evaluating a medium test scenario

The evaluation of the Medium Agent for a medium test scenario is presented here. All the 1000 probabilistic
episodes are summarised in figure 6.21. 98% of them are successful, meaning that the Medium Agent operated
the network successfully for a duration of a week, with only 2% of the episodes resulting in failures.

M Successful episodes
M Failure episodes

Figure 6.26: Split-up of all 1000 probabilistic episodes played by the Medium Agent on this medium scenario

In figure 6.27, we see all the successful episodes out of the 1000 episodes, (98% of episodes) for the Medium
Agent. The episode rewards against the number of actions taken are presented here. Once again,the sub-
stations where actions are taken are seen here to be substations 3,4 and 8. The corresponding RC episode’s
reward is not seen here because this is a medium scenario and hence, is a failure episode. Thus, the range
of this episode’s reward is in a much lower range. In figure .28, the policy of Medium Agent to take its first
actions very early on in the episode is seen once again. In both these figures, the number of episodes are
closely concentrated at , meaning the agent behaved identically for a large number of episodes resulting in
identical rewards for these episodes.
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Figure 6.27: Episode rewards vs the number of actions taken (highlighting the actions taken at the first time-step)
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Figure 6.28: Episode rewards vs the number of actions taken (highlighting the time-step where the first action is taken)

The other way to evaluate the episode, is to play it in a using a deterministic policy. For this scenario, the
deterministic episode resulted in a higher reward than those of the probabilistic episodes, as seen by the square
points in both these figures. Thus, it is also interesting to see the topological time-series for this deterministic
episode, as presented in figure 5.29. Here, we see that 2 elements are changed early on in the episode, which
in itself resulted in a topology which is sufficient to cross the RC episode’s length (around 800 time-steps). But
an additional change is also made later on in the episode, at around the 1250t" time-step. In figure .30, we
see that the first action is taken at substation 4, and the additional change happens at substation 3.

—— Deterministic episode
-------- RC episode length

Difference from ref topology (number of elements changed)

0 250 500 750 1000 1250 1500 1750 2000
Time (in time-steps)

Figure 6.29: The deterministic episode’s topological time-series
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Figure 6.30: The deterministic episode’s topological time-series (substation-wise)

The topological time-series of the probabilistic episode with the highest reward is seen in figure §.31. Here,
we see the a total of seven elements’ positions are varied to result in a new topology. In figure .37, the
substation-wise changes in the number of elements is indicated. This shows that actions at 3 substations are
taken in in quick succession at substation 4, substation 8 and substation 3 respectively.
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Figure 6.31: The best episode’s topological time-series
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Figure 6.32: The best episode’s topological time-series (substation-wise)
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Figure 6.33: Loading of all 20 lines during the best episode

To also see how the best episode compares to the RC episode by looking at the loading of lines for the best
episode, figure is provided. Since this test scenario is a medium scenario, it implies that the RC agent for
this scenario resulted in a failure episode. From the dotted line in figure .33, we see that the episode ends at
around the 750th time-step. On the other hand, in figure B.33, the episode where the Medium agent was used
on this scenario, the loading of any lines do not exceed a p value of 1 at any point, and the episode lasts the
entire duration of 1 week / 2016 time-steps.

6.3.3. Evaluating a difficult test scenario

The evaluation of the Medium Agent for a difficult test scenario is presented here. To summarise all the 1000
probabilistic episodes, is provided. 97.9% of them are successful, meaning that the Medium Agent oper-
ated the network successfully for a duration of a week, with only 2.1% of the episodes resulting in failures.

M Successful episodes
M Failure episodes

Figure 6.34: Split-up of all 1000 probabilistic episodes played by the Medium Agent on this difficult scenario

In figure 6.35, we see all the successful episodes (97.9% of episodes) out of the 1000 probabilistic episodes
for the Medium Agent. The episode rewards against the number of actions taken are presented here. Once
again,the substations where actions are taken are seen here to be substations 3,4 and 8. Though, compared to
the medium scenario, there is one less action that is taken by the agent at the first time-step. The corresponding
RC episode’s reward is not seen here because this is a medium scenario and hence, is a failure episode. Thus,
the range of this episode’s reward is in a much lower range. Similarly, the deterministic episode’s reward is also
not shown here for the same reason. In figure 6.36, the policy of Medium Agent to take its first actions very early
on in the episode is seen once again. In both these figures, the number of episodes are closely concentrated,
meaning the agent behaved identically for a large number of episodes resulting in identical rewards for these
episodes.
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Figure 6.35: Episode rewards vs the number of actions taken (highlighting the actions taken at the first time-step)

34.275k Timestep of first action
° 1
34.27k -2
i [
T 34.265k l | !
— .
s ' :
o 34.26k f
- .
s .
B 34.255k
o
Q
W 34.25k
34.245k
34.24k
3 4 5 6 7

Number of actions taken in an episode

Figure 6.36: Episode rewards vs the number of actions taken (highlighting the time-step where the first action is taken)

The topological time-series of the probabilistic episode with the highest reward is seen in figure 6.37. Here,
we see the a total of seven elements’ positions are varied to result in a new topology. In figure B.38, the
substation-wise changes in the number of elements is indicated. This shows that actions at 3 substations are
taken in in quick succession at substation 3, substation 8 and substation 4 respectively.
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Figure 6.37: The best episode’s topological time-series
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Figure 6.38: The best episode’s topological time-series (substation-wise)

We can see the loading of lines over the duration of this best episode in f.39. Since this test scenario is a
difficult scenario, it implies that the RC agent for this scenario resulted in a failure episode. We know that the
episode fails at over the 1000th time-step. In figure .39, we see in the episode where the Medium agent was
used on this scenario, the loading of any lines do not exceed a p value of 1 at any point, and the episode lasts
the entire duration of 1 week / 2016 time-steps.
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Figure 6.39: Loading of all 20 lines during the best episode
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6.4. Overview of agent performance

Easy test scenario Medium test scenario | Difficult test scenario

Agent 1
(Easy
Agent)

Agent 2
(Medium
Agent)

M Same (or lower) reward as RC Agent

M Failure episodes } ) ) )
B Better reward than RC agent M Failure episodes M Failure episodes

B Successful episodes B Successful episodes

Figure 6.40: Overview of the two developed agents by playing the game in a probabilistic manner

In figure 6.40, an overview of the performance of both agents for the three test scenarios, one from each level
of difficulty, is presented. It is immediately evident, that Easy Agent’s policy is not one that is sufficient to
tackle scenarios of other difficulty levels, as its performance on the medium and difficult scenarios is quite poor.
The Easy Agent’s performance is low for the medium test scenario, and dropped further for the more difficult
scenario. However, the Medium Agent’s policy is one that performs quite well for all three scenarios from
varying difficulty levels. It produced successful episodes around 98% of the time for all three test scenarios.
The only drawback, with its performance for the easy test scenario is that its reward is lower than that of the
corresponding RC episode, nevertheless, successful episodes are produced.

A comparison can also be drawn for the performance of the agents for these test scenarios presented here
and also for the scenarios that it was trained on. In figure and the performance of Easy and Medium
agent for the corresponding scenarios it was trained for are presented. When comparing them with the overview
presented in B.40, we see that the percentage of success is slightly higher for both agents for the scenarios
they were trained on.

Additionally, figures and show the varying episode rewards for each of the agents to highlight the
difference between three types of policies:

« The policy used by the RQ agent: Where the RQ agent is used and hence, no topological changes take
place.

+ The deterministic policy: Where the policy of the agent is used to play the game in a deterministic manner

(refer to figure 5.16).
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» The probabilistic policy: The policy of the agent is used, to play the game in a probabilistic manner (refer to
figure 5.9). Here, since there are a total of 1000 episodes, the mean of these episodes and the maximum
of these episodes are shown.

For Easy Agent, in the figure .41, we see that though the maximum probabilistic reward for the easy scenario is
higher, the mean is lower than the deterministic and RC episode rewards. Similarly, for the other two scenarios,
the maximum reward for the probabilistic episodes is high, because the agent does produce some successful
episodes. But, as we know from figure .40, the percentage of successful episodes for both the medium and
difficult scenarios is very low. Hence, this results in a low mean probabilistic reward as well.

For Medium Agent, we see comparable mean and max rewards since the percentage of successful episodes
is comparatively very high. Only in the case of the medium test scenario, the deterministic episode reward is
higher than the probabilistic (mean and maximum) rewards, in all other cases, the probabilistic mean and
maximum rewards are higher.

Agent 1: The Easy Agent
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Figure 6.41: Overview of Agent 1’s performance for different test scenarios
Agent 2: The Medium Agent
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Figure 6.42: Overview of Agent 2’s performance for different test scenarios

When drawing a comparison for the two agents, we see that the policy used by Medium agent performs
better for scenarios from all three difficulty levels. Thus, this policy is more generalised compared to the policy
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of Easy agent which does not perform well for scenarios outside of the same difficulty level used for its own
training. Particularly when looking at the different kinds of policies, probabilistic and deterministic, Easy Agent’s
two policies are comparable in that they both produce good results only for a scenario from the easy category.
But, on the other hand, for Medium agent, the probabilistic policy performs better for a test scenario from all
three categories. The deterministic policy for the Medium Agent produces a good result only for the medium
scenario.

The important difference between the probabilistic and deterministic policies lies in how the action is chosen.
In the probabilistic policy, the action is chosen from the probability distribution. This means that even if the
probabilities for certain actions are low, during the course of an episode, these actions can get chosen. But,
on the other hand, in the deterministic policy, for every time-step, only the action with the highest probability
will get chosen. Thus, if even only of them always has the largest probability then the other actions never get
chosen. By seeing that the probabilistic policy tends to perform better, it can imply that multiple actions matter
to successfully traverse the episode.

An interesting result from all the best episodes for the Medium agent evaluation can be noticed. The best
episode played by Medium agent for all three test scenarios, used a similar topology. This topology was a
result of a combination of three actions: action number 36 at substation 3, action number 62 at substation 4
and action number 8 at substation 8. The descriptions of these actions can be seen below in table B.1. This
topology proves to be a sufficient one to operate the grid successfully for all three test scenarios. This indicates
that this topology is optimal, for these three test scenarios, even when each scenario is from a different difficulty
level.

Table 6.1: Actions taken to result in a generalised topology

Medium Agent
Substations | Action number | Action description
Bus-bar 1: Load 2, Line 3, Line 16

3 36 Bus-bar 2: Line 5, Line 6, Line 15

4 62 Bus-bar 1: Line 1, Lipe 6, Line 17
Bus-bar 2: Load 3, Line 4

8 100 Bus-bar 1: Line 10, Line 11, Line 16

Bus-bar 2: Load 5, Line 19




Conclusions

This final chapter discusses the results obtained in the thesis and highlights the main conclusions. It describes
the approach followed in answering the research questions addressed at the start of the thesis. It also draws
some comparison with the agents developed by the previous year’'s L2PRN winners. Then, some brief chal-
lenges are described and it finally concludes this thesis with some recommendations for future work.

7.1. Discussion

The main research objective of this thesis is to create a reinforcement learning agent that takes topology recon-
figuring actions to successfully operate an IEEE test network for a duration of one week. In order to accomplish
this larger goal, this objective is broken down into a number of sub-research questions as seen in section
fi.2. In chapter B, some requisite background is provided. In this chapter, firstly, necessary information of the
power system context is provided, following which, a brief introduction to machine learning and particularly
reinforcement learning is provided. Chapter § describes the grid and the general framework used in this thesis.

In chapter #, the 1000 available scenarios are analysed by deploying an RC agent on this particular IEEE 14
bus test case. This agent maintains the grid in a single default configuration or as more commonly referred to
in this thesis, as the reference configuration. By doing so, 1000 corresponding episodes were obtained, known
as the RC episodes. The episodes can result in either successes or failures. By understanding the different
ways these episodes could be categorised, based on how the scenario failed or succeeded, three difficulty
levels were identified. This highlights how the reference configuration is an insufficient configuration to use for
a majority of the available scenarios. This helps address research question fi.

Following this, the first half of chapter f addresses the method used in this thesis to create an action space
with bus-bar switching actions by also incorporating the real-world constraints described. With this, research
question P is addressed. The second half of this chapter discusses the implementation of the Cross-Entropy
Method based reinforcement learning algorithm used to develop our agents. Two agents are trained for different
input settings. This implementation helps answer research question 3.

Chapter B discusses the results of these trained agents by evaluating them against different scenarios.
Finally, the results are presented and discussed. This describes the answer to research question } and is also
summarised in the following subsection.

7.1.1. Summary of results

In this thesis, two agents were developed, namely, Easy Agent and Medium Agent and are called so, based on
the difficulty levels of the scenarios they were respectively trained on. Each of the agents are then evaluated on
three other scenarios: one from each level of difficulty. The overview of results provided for both these agents
can be seen in section B.4. First, the probabilistic method of evaluation is discussed here.

Easy Agent is trained on a scenario from the easy category. From the results presented for this agent, we
see that while this agent has a high success rate (88 %) for a scenario from the easy category, it performs
very poorly scenarios from the other categories. This can be attributed to two things. Firstly, the topology that
the agent steers toward is not a sufficient topology for scenarios that are more difficult. Secondly, this agent,
while being trained could have been overfit for the scenario it was trained on, and thus only performs well for a
scenario of the same level of difficulty, and does not achieve a good success rate for the other scenarios. This
topology and the series of actions preferred by this agent, is thus, not one that can be generalised for different
scenarios.
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Medium Agent is trained on a scenario from the medium category. The results presented for this agent,
on the other hand, prove more satisfactory. This agent has a high success rate for all three test scenarios, of
97.9% and over. For the easy test scenario however, the topology that the agent chose is slightly sub-optimal
compared to that of the reference topology itself since the resulting episodes’ rewards is marginally lower. But,
for both the medium and difficult scenarios, the agent produced high rewards.

For the second type of evaluation, deterministic policies are used. For Easy Agent, the deterministic policy
produced good results only for the easy test scenario, which is the same level of difficulty of the scenario used
to train this agent. Similarly, for Medium Agent as well, the deterministic episode performs well only for the
medium test scenario. Thus for both agents, the deterministic episodes produced high reward only when the
test scenarios are from the same difficulty level as the scenario that is used to train the respective agent. This
indicates that the agents can perform well in a deterministic manner for other scenarios only from the same
level of difficulty, but they are not generalised enough to produce good results for scenarios from other levels
of difficulty.

An important thing to note here, is that both the agents are trained on only a single scenario. This is
a sufficient method for testing and evaluating results and this approach. We see that for these agents, the
performance varies (or reduces) for other scenarios. This is because, there could be situations in the grid that
haven’t been experienced by the agent, since it was exposed to only one scenario. Thus, for deployment and
use of such an agent, it is important that a single agent has experienced a variety of situations and events. For
this, the agent will have to be trained using a large number of scenarios. An agent that has ‘seen’ a variety
of situations, has the potential of reacting more accurately and precisely to a given set of observations as
compared to the agents trained on a single scenario. The main reason for not following such an approach in
this thesis is due to the increased computational complexity involved in exposing the agent to a large number
of scenarios.

7.1.2. Comparison with previous L2PRN results

As mentioned in section R.3.1], the first edition of ‘Learning to Run a Power Network’ was held in 2019 and the
second edition is in progress now in 2020. The competition setup utilised a setup that is comparable to the one
incorporated in this thesis, to an extent. The IEEE 14 bus test case was used and similar 1000 scenarios were
used. The reward function used in this competition is also the same as the one used in this thesis. But there
are some crucial differences in the two methods. A non-exhaustive list of differences is discussed here.

» The backend used to compute powerflows was PyPownet in the competition. This year, the backend
utilises pandapower instead.

» The defined thermal limits of the lines are different. The thermal limits incorporated for LZPRN were done
so to ensure a particular amount of overloading (3%) over a single corridor in the grid, while using a
baseline agent such as the RC agent. This is discussed further in [8].

» The action space used in their setup allowed more types of actions and was not constrained to bus-bar
switching. The number of actions that are allowed were more and included line disconnections and re-
connections. This was not considered here, as this involves dealing with a dynamic action space that
changes at every time-step compared to the static one incorporated in this thesis.

» The length of the scenarios varied in both the setups as each scenario had a duration of 1 month for the
competition setup as compared to 1 week as seen in this thesis.

The top winners of this competition (Geirina and lowa State University) used other reinforcement learning
approaches such as actor-critic, and dueling DQN respectively. The actor-critic approach learns a policy func-
tion directly, through the ‘actor’ module. Then, the ‘critic’ module criticises the actor by providing a new state
after taking an action, in order to adjust and improve its behaviour. The DQN approach also utilised some other
enforced rules such “don’t do anything if all your margins are good enough, below a threshold of 80%”. In fig
7.1, a comparison of the different policies and topology changes used by these agents can be seen in the form
of a combined topological time-series. The ‘DN GameOver’ as seen in this figure is similar to the RC episode
length as discussed in this thesis. The best performing agent (called LB in the figure), produces a topological
time-series similar to the ones present in this thesis. Some actions get taken early on in the episode resulting
in the change of a few elements (and hence causes a deviation from the reference topology), and stays in such
configuration for the rest of the time. Some agents, like Easy and Medium Agent, find an optimal configuration
early on in the episode and stay in this configuration which proves sufficient to operate the network and survive
the entire target duration. Other agents continue to make a lot of changes during the course of the episode,
while still traversing the entire duration of the episode.
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Figure 7.1: Results of the top 4 participants from the L2PRN competition [8]

7.2. Recommendations for future work

+ A detailed sensitivity analysis can be conducted to see the direct influence of different parameters on the
policy and training of the agents. The specifications used to train the agents in this thesis can be tested
further to identify most influential parameters. A list of possible sensitivities is provided in table 7.1

Table 7.1: A non-exhaustive list of parameters that can be used for sensitivity analysis

Parameters
Environment
Scenario(s)
Observation input
Action Space
Reward function
NN architecture
Learning Rate
Batch Size
Loss Function
Percentile for CEM
NN weights initialisation

Some preliminary observations on which parameters can be influential show that learning rate and the
way the neural networks are initialised can play an important role. Further, short-listing features that
are most important can be crucial, and they can also could help vary the neural network architecture.
Changing the reward function will play a role in how the agent learns, and different reward functions will
produce agents that develop different policies.

« In this thesis, for input to the agent, the observations for only the current time-step were provided. Thus,
the agent took actions for the next time-step only knowing the observations of the previous time-step. The
model or agent can be provided with observations from multiple time-steps, say, the last 5 time-steps, to
explore how the agent can sense a temporal change. Further, forecasts of RES and market-based output
of conventional generation can be used for this.

+ To create more generalised agents, the agents can be trained on a large number of scenarios by using
a multi-environment approach. This was not done here, mainly since it can be computationally quite
expensive. An intermediate step to training an agent on a large number of scenarios can also be to train
an agent on 3 scenarios, one from each of the levels of difficulty.

» Another interesting area to explore is the dependence of an agent’s behaviour on the particulars of a
single power grid. A question that can arise is: Can an agent also be trained and generalised on not only
different scenarios for a single power grid, but also be trained on different and arbitrary power grids?
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+ In this thesis, the duration of scenarios was restricted to a week. This was done mainly since the time
required to train an agent can become quite large for longer durations. But other methods can be explored
to successfully operate the grid for longer durations.

+ Action space can get quite large for larger networks. Ensemble learning approaches could be used to
combine the knowledge of differently trained models/agents. These agents could not just be trained
using different settings, could also be trained for different subsets. For example, modes can be trained
for different type of actions.

« This similar approach can be carried out for larger IEEE cases, and also be tested on subsets of the
real-world Dutch grid.
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