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Abstract:

The OPF problem is the most common and fundamental optimization
problem regarding power systems. Due to the increased influence of
stochastic uncertainties by renewable energy sources, electric vehicles,
and heat pumps, new engineering demands are appearing. Using Ma-
chine Learning techniques to solve OPF problems, especially with RL,
has become a large research field. However, the literature often uses RL
algorithms, which are not state—of-the-art, such as DQN or DDPG. This
thesis developed a three-phase procedure to compare different RL algo-
rithms, like the DDPG, TD3, SAC, A2C and PPO, onto two different
OPF problems with different complexity levels. In the sweep—over—phase,
the influence of each RL algorithm HPs was determined to define search
spaces. In the next phase, the tuning—phase, the HPs were tuned through
population-based training. Afterwards, the tuned HPs were compared
with the baseline HPs, which were defined during the sweep—over—phase,
ensuring that consistently more performant RL algorithms are compared.
Lastly, in the comparison—phase, the overall comparison between the dif-
ferent RL algorithms was performed. In the comparison, the PPO reached
top—performances in a smaller action space, but it became unstable after
reaching its maximum performance. The SAC reached top—performances
in a more complex action spaces and even performed decently in the
smaller ones. Therefore, using the SAC in more complex OPF problems

and the PPO in simpler ones is advised.
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1 Introduction

The Optimal Power Flow (OPF) problem is the most common and fundamental opti-
misation problem regarding power systems. Due to the increased influence of stochastic
uncertainties by renewable energy sources, electric vehicles and heat pumps, new engineer-
ing demands are appearing. Furthermore, the complexity is rising, and the time intervals
for solving the OPF problem are decreasing. [1, 2]

Conventional methods often try to reduce the problems to solve them with decent pro-
cedures iteratively. Another promising approach is Machine Learning, which has become
very popular since it achieved good results on the OPF problem. Additionally, Machine
Learning algorithms are significantly faster than conventional methods, which addresses
the demand for fast solutions. [3]

Especially Reinforcement Learning (RL) has shown impressive results on different tasks, so
it has become a large research field regarding the OPF problem [1]. Much research has been
done with many different RL algorithms under vast majorities of conditions. This identifies
a research gap because papers often use algorithms or derivatives of them without usually
making a sufficient empirical and reproducible comparison about the algorithm choice.
Furthermore, Hyperparameters (HPs) were usually chosen, with some adjustments to the
OPF problem, from base algorithms [2, 3], or they were derived through unsystematic
experiments [4]. In some cases, papers cut the algorithm and HP discussion totally and

use a predefined RL agent [5].

1.1 OBJECTIVE

As shown in the chapter 1, authors often use standard algorithms, like Deep Q—Network
(DQN), Deep Deterministic Policy Gradient (DDPG) or Proximal Policy Optimization
(PPO), because some of them achieved good results on OPF problems. Further, some
algorithms are more suited to deal with large action and state spaces, comparable to those
in OPF environments. Often, the RL algorithm and HP selection were outside the scope
of papers.

This simple decision—making process will be addressed by comparing different tuned RL
algorithms on the OPF problem. To achieve this objective, at first, standard RL algorithms,
like DDPG, PPO or Soft Actor Critic (SAC) will be tuned onto two different OPF envi-
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ronments. After determining the optimal HPs, all agents are compared with each other
according to specific predefined evaluation criteria. Arising from this approach, the follow-

ing research question is formulated:

How to develop a procedure to select, tune and compare RL algorithms to determine optimal

algorithms for OPF problems?

With the provided answer for the research question, scientists get a recommendation for

choosing and optimising RL algorithms for their future work.

1.2 STRUCTURE

The master thesis is structured as follows:

chapter 2 The background provides additional information about the Optimal Power
Flow (OPF) problem and Reinforcement Learning (RL). The different RL algorithms with
their HPs get presented as well as Hyperparameter Tuning (HPT) algorithms.

chapter 3 The related work chapter analyses literature about solving OPF problems
with RL algorithms using specific criteria. The main research questions concern the algo-
rithms and HP choice.

chapter 4 The requirements define boundary conditions, procedure settings and evalu-

ation criteria for the tuning and comparing process of this master thesis.

chapter 5 In the fifth chapter, the approach with its sweep—over—, tuning— and comparison—

phases is presented, as well as an environment explanation that informs about the state

and action spaces and used power grids.

chapter 6 In the implementation chapter, the different framework choices will be rea-
soned. Further, an impression of how many resources were required to fulfil the comparison

with its three phases will be provided.

chapter 7 The sweep—over—phase evaluation chapter will discuss the analysis results of
the sweep—over runs, in which the influence of each RL algorithm HP are determined to
define HP Search Spaces (SSs) for the following HPT.

2
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chapter 8 The tuned HPs are presented in the tuning—phase evaluation chapter. Further,
these are validated with the baseline HPs chosen in the sweep—over—phase to prove if they

are more performant than the baseline ones.

chapter 9 The comparison—phase evaluation chapter presents the last and overall com-
parison results. Afterwards, application recommendations are provided to ensure the correct

use of each RL algorithm.

chapter 10 In the procedure evaluation and discussion chapter, the requirements anal-
ysis takes place, verifying that the fundamental scientific constraints were not violated.

Further, a discussion about the potential procedure optimisations was performed.

chapter 11 In the last section, a discussion about the initial thesis’ objective will deter-
mine how appropriately the research question has been answered. Additionally, further open

questions are presented in the outlook, opening new research possibilities and questions.

3



Z Background

2.1 OptiMAL POWER FLOW PROBLEM

The Optimal Power Flow (OPF) problems are one of the most fundamental optimisation
challenges regarding electrical power systems. The OPF problem defines state parameters
and control variables to manage a power grid. State parameters deliver information about
the current state of the power grid components, like bus voltage magnitudes and phase
angles and generator reactive power outputs. Control variables manage the power grid to
achieve optimal cost—efficiency and reliability through optimising, for example, the power
or voltage output of generators, the load to shed and the phase shifting of transformers.
What makes the OPF problem so difficult to solve are constraints, which must be fulfilled
to ensure the stability of the power grid. Those constraints are split up into equality and
inequality constraints. One equality constraint, for example, is the power balance. The
total amount of injected power into the power grid has to be the total power consumed.

An inequality constraint are the generator capacity limits. For safety reasons, power gen-

erators have operational limits they cannot exceed. [6]

2.2 REINFORCEMENT LEARNING

Reinforcement Learning (RL) is one of the three parts of Machine Learning, next to
Supervised and Unsupervised Learning. Through analysing data, it finds strategies, based

on a trial and error approach, to solve problems described by the data.

’J Agent ||
state reward action

Sr Rr Ar
Rt+1 (
S.. | Environment ]4—

\

Figure 2.1: The Reinforcement Learning agent—environment interaction [7]
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The process and components of RL will be explained in more detail through Figure 2.1.
The environment is one of the two components of RL. It contains the problem that should
be solved, like a game or an optimisation task and handles interactions with the agent,
the second principal component. At first, the environment state will be sent to the agent
delivering the problem situation to determine actions. Next, the computed action, which
could be either discrete or continuous (see 2.2), gets sent back to the environment, where it
gets executed. Then, the environment returns a reward signal indicating whether the action
was good or bad. The new state will also be propagated back to keep up the RL—cycle
shown in Figure 2.1. Often, a terminal signal will also be delivered to indicate either the
environment is in a terminal state and will be reset or the state is not terminal and more

actions can be executed. The target of RL agents is to maximise their collected reward. [7]

State The state is the central information transmission construct in RL. It contains
information about the environment situation. The state, often called observation, means
the same thing: a machine-readable representation of the environment. With this, an agent

can determine an action. [8]

Action—Types There are two types of actions: discrete and continuous. Discrete actions
are mutually exclusive, like going left or right. Also, the amount of actions in a discrete
action space is finite.

Differently, the continuous action space is characterised by a non—finite amount of choosable
actions, like the power output of a generator in percent. Usually, those action spaces have

lower and upper boundaries, but each possible value can be chosen within these. [8]

2.3 CLASSIFICATION OF REINFORCEMENT LEARNING

ALGORITHMS

Many RL algorithms have been invented over the last few years, like the DQN in 2013 [9],
DDPG in 2016 [10] or PPO in 2017 [11]. All of these RL algorithms are characterised by
how they determine actions, how the data needs to be collected and which environment

information they have access to. [8]

2.3.1 Policy—Based and Value-Based Algorithms

One type of classification informs about how the action is determined. Policy—based and
value-based are two different variants of RL algorithms.
Policy—based algorithms use a learned policy for action determination, which maps states

to probability distributions over all selectable actions in the corresponding state. Therefore,

5
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they determine their actions directly from this policy, which gets trained through increasing
or decreasing the probabilities of executed actions directly.

On the contrary, value-based algorithms do not determine their actions directly through
a policy. Instead, they choose the action leading to the next state with the highest value.
Therefore, only a value network is required. Compared to the policy—based approaches,

these procedures are more indirect. [8]

2.3.2 Off-Policy and On—Policy Algorithms

The sampling behaviour is another way to classify RL algorithms. There are two possible
types of sampling, called off-policy and on—policy.

Off-Policy RL algorithms can learn from data not sampled under the agent’s current policy.
Hence, an off—policy agent can learn from data collected by humans or older policies.
On-—policy RL algorithms must learn from data sampled under the current policy of the

agent because those algorithms try to optimise the policy directly based on the data. [7]

2.3.3 Model-Free and Model-Based Algorithms

The RL algorithms design, regarding the access of environment information, is another
possibility to classify RL agents.

Model-free RL algorithms have no model of the environment to plan their next actions.
They only have access to the information that environments propagate through the states.
With no model, model-free agents are not able to plan the following steps to choose the
most promising path in the environment.

In contrast, model-based RL algorithms have an underlying model of the environment.
Hence, based on some evaluation criteria, the agent can plan the next most promising steps

through the environment. [8]

2.4 REINFORCEMENT LEARNING ALGORITHMS

In this section, all algorithms to be examined will be introduced. The algorithm structure,

functionality and HPs will be explained in more detail.

2.4.1 Deep Deterministic Policy Gradient

The DDPG is one of the numerous derivatives of the DQN algorithm [9]. The main reason
for the DDPG development was the incompatibility of the DQN algorithm with continuous
action spaces. The DQN cannot correctly determine continuous actions because it relies on
finding the action that maximises the action—value function. Workarounds like a one—step

optimisation or a simple discretisation lead to not satisfying results and suffer under large

6
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action spaces.

Differently, the DDPG can handle those large action spaces without using any workarounds.
Therefore, the algorithm uses an actor critic design. The actor maps states to actions,
whereas the critic uses states and actions to determine the Q—values, which provide infor-
mation about how good or bad actions were. Additionally, target networks, which are copies
of the actual actor and critic network, are used to stabilise the learning by determining
the critic or value loss for the actual critic network. The stabilisation effect results from
the soft update behaviour through the target networks, which gets controlled by the Soft
Target Network Update (7) (see Table 2.1). The DDPG then uses those target networks to
compute the loss for the critic network, which results in a slower and more stable gradient
update.

Regarding the classification, the DDPG is a model-free algorithm because it has no under-
lying model to plan the next steps. Furthermore, the DDPG is a policy—based algorithm
like the A2C and PPO. It derives its action from a policy network directly. Lastly, this
algorithm can learn from data not collected under the current policy, so DDPG can learn
off-policy. The Table 2.1 explains the DDPG HPs. [10]

Hyperparameters Description

Actor learning rate The actor Learning Rate (LR) controls the actor or policy

network gradient update. Usually, it is between le™* to le 3.

Critic learning rate The critic LR controls the gradient update of the critic or value

networks. Usually, it is between 5e™* to le™3.

Batch size The number of samples for a gradient step. Usually, it is between
32 — 4096.

Soft Target Network | Tau 7 determines the rate at which the target networks are

Update (7) updated towards the main networks. It is larger than zero but

usually very small, between 0.001 to 0.005.

Replay buffer size Number of collected samples from the environment, which can

be used for gradient update.

Exploration strategy DDPG utilizes exploration noise to encourage exploration and
prevent the algorithm from getting stuck in local optima. Noise
is added to the actions determined by the actor. The amount
of exploration noise applied can be controlled by adjusting
its magnitude. Methods of generating noise are the Ornstein—

Uhlenbeck noise and Gaussian exploration noise.

Discount Factor () The discount factor is used to control the time preference. It
is between 0 — 1. High values result in far—sighted behaviours,

whereas small values result in myopic behaviours.

7
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Policy delay Twin Delayed Deep Deterministic Policy Gradient (TD3) has
a policy delay HP that controls how often the policy networks

are updated. Usually it is between one to five. [12]

Table 2.1: DDPG and TD3 hyperparameter explanations

2.4.2 Twin Delayed Deep Deterministic Policy Gradient

The 2018 invented TD3 is one of the more recently developed RL algorithms. It should
address weaknesses of the DDPG 2.4.1, like overestimated Q-values and policy overfitting.
Therefore, the authors added a second critic network to reduce overestimation biases of
the Q-values. They use a clipped double Q-learning technique that chooses both crit-
ics” minimum values, reducing overestimation errors. Another new concept of the TD3
algorithm is the target policy smoothing, which reduces the target policy variance and
regularizes the learning process. Lastly, the TD3 utilizes delayed updates for the actor
networks where the actor network gets updated less frequently than the critic, reducing
the correlation between the actor’s actions and the critic’s evaluations. This results in a
more stable and converging learning process. Furthermore, the TD3 algorithm is equal to
the already introduced DDPG 2.4.1 because TD3 is a derivative.

Therefore, the TD3 HPs are also explained in Table 2.1. [12]

2.4.3 Soft Actor Critic

Soft Actor Critic (SAC) is a state—of-the—art RL algorithm specifically designed to tackle
the complexities of continuous action spaces. SAC has many similarities with the DDPG
and TD3 algorithms. In environments without discrete actions, SAC shines with its unique
attributes. At its core, SAC introduces the concept of a soft policy. This means that SAC
also incorporates an entropy term into its objective function. This entropy term encourages
exploration and introduces a stochastic level into the agent’s actions, making learning
more effective in uncertain and complex environments. Therefore, a Entropy Temperature
Parameter («) is introduced and learned through training. This dynamic parameter allows
the agent to adapt its level of exploration and exploitation, providing flexibility in different
situations.

Another key component of SAC are the critic networks to estimate the values of states.
Importantly, SAC employs two separate value functions through critic networks, from
which the minimum value is used for doing gradient steps to address overestimation bias,
resulting in more accurate value estimates and greater training stability.

To further increase the training stability, SAC implements target networks, which help
to reduce the variance in the value function estimation, leading to an even smoother and

more reliable training.

8
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The SAC is a policy—based algorithm because it determines the action directly through
a policy network. Further, it learns off-policy from experiences collected under different
policies. Finally, SAC uses no underlying model to determine actions. Hence, it is a model—
free algorithm. The SAC HPs get explained in Table 2.2. [13]

Hyperparameters

Description

Actor learning rate

See 2.1. Usually, the actor and critic LR are the same as well

as the entropy LR. Often, they are between le™* and le™3.

Critic learning rate

See 2.1 and actor LR.

Entropy learning rate

The entropy coefficient will be learned during training. The

entropy LR controls the a update speed.

Update (7)

Batch size See 2.1.
Replay buffer size See 2.1.
Soft Target Network | See 2.1.

Initial Entropy coefhi-

cient / Initial alpha «

The entropy coefficient « is introduced to control the trade—off

between exploration and exploitation in the learning process.

It adjusts the weight of the entropy term in the overall objec-
tive function. The in 2.4.3 mentioned temperature parameter
controls the transition from more exploration—based to a more

exploitation—based behaviour.

Exploration strategy Stochastic sampling is based on a normal distribution. Through
the network outputs, mean and standard deviation values are
generated and then used to create a normal distribution from
which the actions get sampled.

See 2.1.

Discount Factor ()

Table 2.2: SAC hyperparameter explanation

2.4.4 Advantage Actor Critic

The Advantage Actor Critic (A2C) algorithm is a powerful RL technique that has gained
popularity for efficiently training agents in various environments. Its actor critic architec-
ture is at the heart of the A2C algorithm. The actor network is responsible for making
decisions. It determines probability distribution from which the actions get sampled. The
critic network evaluates the quality of the chosen actions. It estimates the expected dis-
counted cumulative rewards for actions taken in a given state. This value function guides
the agent in understanding, which states are desirable. A2C balances exploration and
exploitation by combining elements of policy—based and value-based methods. One key

innovation that sets it apart is introducing an advantage function. This function quantifies

9
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how much better or worse an action is compared to the average action in a given state.
It plays a crucial role in reducing the variance of policy gradients, making training more
stable and efficient. A2C further benefits from its ability to leverage asynchronous updates
(Asynchronous Advantage Actor—Critic (A3C)).

Regarding the classification, the A2C is a model—free algorithm because it has no un-
derlying model to plan the next steps. Further, the A2C is a policy—based algorithm
because it directly derives its action from a policy network. Lastly, this algorithm learns
on—policy so that after a batch of data was collected and used for training, the A2C needs
to collect a new batch of data under the most recent policy. [14]

The A2C HPs get explained in Table 2.3.

Hyperparameters Description

Learning rate The LR controls the gradient update. Usually, it is between
le™® — le 3.

Batch size See 2.1.

Value function loss co- | Controls the ratio between value and policy loss in the total

efficient A2C loss. Usually, it is between 0.5 — 1.0.

Entropy coefficient Coefficient of the entropy loss term. Usually between 0.0 — 0.01.

High values will reduce the entropy of all determined probabil-
ity distributions, which leads to less exploration and a more
stable training behaviour. Low values lead to more exploration.

Furthermore, the terminal states are visited more often.

Exploration strategy See 2.2.

Discount Factor () See 2.1.

Table 2.3: A2C hyperparameter explanation

2.4.5 Proximal Policy Optimisation

The PPO is one of the more recently invented RL algorithms. It was built based on the
Trust Region Policy Optimization (TRPO) [15] that defines trust regions where the gradi-
ent steps are done. This procedure prevents the algorithm from taking large update steps,
which ensures more stable learning. However, while the TRPO uses Kullback—Leibler di-
vergence (KL divergence — metric for measuring the difference of probability distributions)
to define trust regions, the PPO generally uses a clipping approach, in which losses get
clipped. [11]

Like many other policy—driven RL algorithms, the PPO has an actor critic architecture.
The actor determines actions by a neural network called the policy or actor network. The
states will be propagated through that actor or policy network, resulting in probability

distributions from which actions get determined. The critic evaluates these chosen actions

10
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by determining the values through a value or critic network. Those values are the expected
and discounted future rewards in the remaining episode. Based on these values, the advan-
tages get calculated, providing information about how good or bad chosen actions were to
update the actor and critic network. [11]

Regarding the classifications, the PPO algorithm has no model of the environment. Hence,
it is a model—free algorithm. Further, it determines the action by a policy and not based
on values, so it uses a policy—based approach. Lastly, it depends on data collected directly
under a current policy, so the PPO learns on—policy.

The PPO HPs get explained in Table 2.4.

Hyperparameters Description

Learning rate See Table 2.3.

Batch size See Table 2.1.

Minibatch size The PPO collects a complete batch of experiences, which is then
split up into multiple minibatches to train with.

SGD iterations Number of Stochastic Gradient Descent (SGD) steps for a batch
of data.

PPO Clip Parameter | Defines the trust region range. See 2.4.5. Usually, it is between
(€) 0.1 -0.3.

Value function loss co- | See 2.3.

efficient

Entropy coefficient See 2.3.

Exploration strategy See 2.2.

Discount Factor () See 2.1.

Generalized ~ Advan- | The Generalized Advantage Estimation (GAE) is a technique
tage Estimation | used to estimate the advantage function, which indicates the
Parameter () difference between the expected cumulative reward of taking
an action and the expected cumulative reward of the current

policy. GAE smooths the advantage estimates and addresses

issues like high variance in reward estimation. [16]

Table 2.4: PPO hyperparameter explanation

2.4.6 Overview

The following Table 2.5 presents an overview of all used algorithms together with their
classifications. All algorithms form two groups, which differ only in on— or off-policy

sampling.
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Algorithms policy— or on— or model-based
value—based off—policy or model—free
DDPG policy—based off—policy model—free
TD3 policy—based off—policy model-free
SAC policy—based off—policy model—free
A2C policy—based on—policy model-free
PPO policy—based on—policy model—free

Table 2.5: Overview of the RL algorithm classifications

2.5 HYPERPARAMETER TUNING

Hyperparameter Tuning (HPT) is an important procedure for Machine Learning. Often,
algorithms depend on multiple HPs, influencing performance, training behaviour and sample
efficiency. Mathematically, HPT is an optimisation problem, in which the HPs must be set
appropriately to fulfil an optimisation objective, like high performance.

Papers and scientific documentations are one way to get already proven HPs. Another way
is to use algorithms and procedures, often without human influences, to determine optimal
settings. [17]

2.5.1 Grid Search

Grid search is, until today, a common procedure to determine optimal HPs, especially when
there are only a few selectable HPs. The user determines which HPs should be optimised
and defines discrete values to try out. Each possible HP combination will then be tested
and evaluated. [17]

Grid search is, therefore, one of the most straightforward approaches to optimise HPs. It is
easy to run in parallel because the trials do not depend on each other. However, due to the
significant number of HP combinations, which increases exponentially through adding new
HPs [17] (curse of dimensionality), this HPT technique is computationally costly. It should
only be used by experts familiar with the environment and RL algorithms to decrease the

complexity. [18]

2.5.2 Random Search

Random search, like grid search 2.5.1, is a common way to optimise HPs. At first, the HPs,
which should be optimised, will be chosen, as well as their corresponding SSs. Random
values are then sampled and used as HPs for training. [17]

Random search has advantages over grid search, like continuous SSs that enable a more
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extensive coverage of the HP value space. With more trials, it is sure that the probability
increases to approximate optimal HPs. It also tends to be faster than grid search because
there is a more extensive exploration due to the random value sampling [17]. However,
random search is also computationally expensive. Therefore, it is recommended to use it,

especially in the early stage of HPT. [18]

2.5.3 Population Based Training

The Population Based Training (PBT) is a Machine Learning and optimisation technique
that combines elements of evolutionary algorithms and HPT to improve the training of
neural networks and other Machine Learning models. It was introduced to address some
of the challenges and inefficiencies in traditional HP'T methods like grid search 2.5.1 and
random search 2.5.1.

The PBT starts by creating a population of model instances. Each model instance repre-
sents a neural network or a Machine Learning model with a specific set of HPs (e.g. LR,
batch size, architecture). These HPs are randomly or heuristically initialised through a HP
SS.

Then, the entire population of models is trained in parallel, typically for a fixed number
of iterations or epochs. After an initial training phase, the PBT algorithm evaluates the
performance of each individual in the population. Models are then ranked based on their
performance. The top—performing individuals can keep their HPs. In this phase, they con-
tinue training, possibly with a higher LR or for more epochs, to fine-tune their performance
(mutation).

The worst—performing individuals replacing their models and HPs, often by selecting and
copying the models and HPs from one of the top—performing individuals. It is also possible
to resample new HPs from the initial HP SS. This introduces diversity into the population
and potentially allows the discovery of better HP settings.

This training, evaluation, exploitation and exploration cycle will be repeated for multiple
iterations to determine the top—performing models. One or more stopping criteria are often
defined to end the tuning process.

Like grid search and random search, the PBT is very computationally expensive, but due
to its scheduling design, it could evaluate more HPs during one trial. However, the PBT

algorithms depend on meta—hyperparameters, which carefully need to be chosen. [19]
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3 Related Work

In this chapter, a deeper look into the related work will be done, preparing the formulation
of the further chapters. Therefore, the RL algorithms and HP choices, as well as the HPT
processes will be examined in more detail regarding the OPF problem. Also the environment

information, will be mentioned to obtain an impression about the OPF problem complexity.

3.1 A GeENERAL REaAL-TIME OPF ALGORITHM UsiNnG DDPG wiTH

MULTIPLE SIMULATION PLATFORMS

Nie et al. [1] try to control the active power flow and the bus voltage magnitude with a
DDPG agent on multiple platforms, like MATPOWER, a Matlab framework and CloudPSS,
a cloud—based framework. The problem consists of three generators and loads, as well as
nine buses in an Institute of Electrical and Electronics Engineers (IEEE) nine-bus system.
The state, which will be propagated to the agent, is a vector of 21 entries containing
the active and reactive power load, the active and reactive power output and the bus
voltages. The reward function contains the network power loss and a constraint violation
term. The main focus was to develop a general RL solution for solving the OPF problem

and achieving comparable results to already available solutions provided by the frameworks.

The authors chose their algorithm by comparing the corresponding predecessor DQN.
In an analysis, the authors identified some weaknesses, like the unsatisfying behaviours
in large action spaces and the inability to choose continuous actions directly. For these
reasons, the DDPG algorithm was chosen because it is capable of dealing with sizeable

continuous action spaces.

In the paper, some HPs were discussed, like Discount Factor (), which was set to 0.01
because past experiences less influence future actions and states. For exploration reasons,
an Epsilon—Greedy method was introduced with an Epsilon-Greedy Value (¢) of one at the
beginning. During training, epsilon e gets decreased to 0.5 (high values of epsilon € result
in more exploration, whereas low values do the opposite). Nie et al. propose that a RL of
1.0 worked well in their experiments because the problem does not depend on previous

learning steps. Further HPs are listed in Table 3.1. According to some mentions, Nie et al.
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did some experiments to determine single HPs, but an overall HPT was not performed.

Hyperparameters Values

Learning rate 1.0

Batch size 64

Soft Target Network Update (7) 0.0001

Exploration strategy Epsilon—greedy
Epsilon-Greedy Value (¢) 1.0 decreasing to 0.5 while training
Discount Factor () 0.01

Table 3.1: Hyperparameter selection of "A General Real-time OPF Algorithm Using DDPG
with Multiple Simulation Platforms".

3.2 DEEpP REINFORCEMENT LEARNING BASED APPROACH FOR
DyNnaMIic OpPTIMAL POWER FLow IN ACTIVE DISTRIBUTION

NETWORK

Liu et al. [4] try to solve an OPF problem that is mainly based on dynamic and decentralised
power generation methods, like photovoltaic, wind power and energy storage systems. The
authors used an improved version of the IEEE 33-bus system with two photovoltaic and
energy storage systems for benchmarking.

The environment state contains the reactive and active power flow of the loads and the
reactive power flow of the photovoltaic systems. To minimise power losses, the agent con-
trols the active and reactive power outputs of photovoltaic and energy—storing systems.
The reward function incorporates the active network loss and a penalty term for violating

constraints.

Liu et al. had chosen their algorithm based on analysing the DQN. Problems, like perfor-
mance issues in high—dimensional continuous state and action spaces, as well as overesti-

mated values, led them to use the DDPG for problem—solving.

The paper provides no discussion about the HP selection. The authors only pointed out
that the HPs were determined during various test runs. Table 3.2 shows the HP settings.
An overall HPT was not part of this paper.

Hyperparameters Values
Actor learning rate 0.001
Critic learning rate 0.002
Batch size 50
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Replay buffer size 480

Soft Target Network Update (7) 0.001
Exploration strategy Gaussian noise
Variance of Gaussian noise 0.9
Steps of each episode 96
Discount Factor () 0.8

Table 3.2: Hyperparameter selection of "Deep Reinforcement Learning Based Approach for
Dynamic Optimal Power Flow in Active Distribution Network".

3.3 DESIGN AND TESTS OF REINFORCEMENT—LEARNING—BASED

OPTIMAL POWER FLOW SOLUTION GENERATOR

Zhen et al. [20] developed an OPF solution generator based on a TD3 algorithm, which
tries to minimise the generation cost of an IEEE 39-bus system by controlling the generator
voltages and the active power generation. The corresponding power grid contains about 39
buses, 46 branches, ten generators and 21 loads. The observation contains the reactive and
active power flow of the loads only. The complex reward function returns a fixed value when
the OPF solution diverges, a variable value based on the number of constraint violations
or the active generation loss. The main target of this work was to create an alternative
solution method for solving OPF problems using RL. The authors used a supervised—based
warm—up training phase to achieve faster training with more promising results to prevent
the algorithm from wrong neural network initialization. Further, parallel computing helps

to improve the training efficiency.

The authors chose the TD3 mainly because it is an improved derivative of the DDPG

algorithm, which had already shown promising results in other papers.

They let out a detailed discussion about the HP selection. They focused more on pro-
viding information about the actor and critic network design. Both are three—layer Multi
Layer Perceptrons (MLPs), whereas the critic network has 61 neurons in the input layer
followed by two layers with both 256 neurons and finally one last layer with one neuron.
Similarly, the actor used the same network structure except for the input and output layers,
which only contained 42 in the input and 19 neurons in the output layer. Further HPs are

listed in Table 3.3. A HPT was not mentioned in the paper.

Hyperparameters Values

Actor learning rate 0.0001
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Critic learning rate 0.01

Batch size 256

Soft Target Network Update (7) 0.05

Exploration strategy Gaussian noise

Normal distribution variance 1.0 decreasing to 0.01 while training
Policy delay 2

Table 3.3: Hyperparameter selection of "Design and tests of reinforcement—learning—based
optimal power flow solution generator".

3.4 REAL-TIME OPTIMAL POWER FLOW: A LAGRANGIAN BASED

DeEep REINFORCEMENT LEARNING APPROACH

Yan et al. [3] use a DDPG algorithm with no critic network. Instead, a Lagrangian com-
putation approach was chosen because the authors argue that a critic network can induce
higher approximation errors and learning variances. They tested their approach in an IEEE
118-bus system, where the generator power output and voltage magnitude are controlled.
The corresponding state incorporates the load’s reactive and active power flow and the
last generator’s active power flow.

There is no information or discussion provided why the authors used a DDPG algorithm.
Further, because of the chosen approach with the changed gradient determination pro-
cedure, compared to the standard DDPG algorithm, only a tiny number of HPs were
mentioned, like the LR of 0.01 and the memory buffer size of 4000. The authors also did

not provide information about a HPT.

3.5 ADATA-DRIVEN METHOD FOR FAsT AC OrPTIMAL POWER

FLow SoLuTioNs VIA DEEP REINFORCEMENT LEARNING

Zhou et al. [21] used a PPO algorithm to solve two different OPF problems by minimising
the generation cost. They utilized supervised—based imitation learning to pre—train the
actor network, improving the learning. To evaluate the robustness of their approach, Zhou
et al. used the IEEE 14-bus system with five generators, 20 lines and the Illinois 200-bus
system with 38 generators and 245 lines, in which the PPO adjusts the generator’s active
power and voltage settings. The state consists of each bus’ reactive and active power flow
and each generator’s active power and voltage settings, respectively.

The used complex reward function, for both environments, returns a constant negative
value if the solution diverges. If some constraints were violated, a negative reward depend-

ing on the violations will be emitted or the active generation loss will be returned.
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After a detailed discussion about different algorithms and approaches, the authors paid
special attention to robustness, performance, and extensibility. They believe that the PPO
algorithm provides these characteristics through the trust regions update procedure (see
2.4.5). Algorithms, like the DDPG, tend to make large gradient updates, which do not
satisfy the author’s expectations.

The HPs for both OPF problems are presented in Table 3.4. Zhou et al. also provide
information about some variable HPs, which change depending on the used OPF envi-
ronment, for example, the actor and critic network structures. The actor network for the
IEEE 14-bus system is a five layer network with [38, 380, 195, 100, 10] neurons, where the
hidden layers get activated with a Rectified Linear Unit (ReL.U) function and the output
layer gets activated with a sigmoid function. The corresponding critic network uses also
five layers with [38, 380, 44, 5, 1] neurons. The output layer has no activation because of
the value output. Subsequentially, the Illinois 200-bus system network only differ in the
number of layers and neurons. The actor network is a ten layer network with [476, 2048,
1024, 1024, 1024, 512, 512, 512, 512, 76] neurons because of the much larger action space.
The corresponding critic network is a five-layer network with [476, 4760, 154, 5, 1] neurons.
Zhou et al. did not explain how those HPs were derived. Also, they did not mention a

HPT procedure, except that they rerun some experiments if the results were unsatisfying.

Hyperparameters Values
Batch size 20
PPO Clip Parameter (¢) 0.2
GAE ) 24 0.98
Discount Factor () 0.95

Table 3.4: Hyperparameter selection of the paper "A Data—driven Method for Fast AC
Optimal Power Flow Solutions via Deep Reinforcement Learning".

3.6 OPTIMAL DISPATCH OF AN INTEGRATED ENERGY SYSTEM
BASED ON DEEP REINFORCEMENT LEARNING CONSIDERING
NEW ENERGY UNCERTAINTY

In the paper from Zhou et al. [22], the problem of modern random fluctuations in energy

systems should be coped with a RL approach. Therefore, they used a PPO algorithm to

control dynamic electric and heat power dispatches by minimising the power generation cost.

The authors discussed primarily the DQN, which suffers under the curse of dimensionality
regarding the discretisation of the continuous action space. Therefore, the DDPG was

evaluated based on literature, which proposed that the DDPG algorithm relies too much
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on single HPs and tends to unstable convergence. Hence, based on the research, Zhou et
al. use the PPO algorithm that incorporates advantages like importance sampling, which

is helpful in environments with sparse data amounts.

Although the PPO algorithm was explained extensively, the authors only provided relatively
few HPs. They used an actor and a critic network with three ReLLU hidden layers with
64 neurons. The batch size is 1000 and the minibatch size is 96. They updated the model
10000 times. Those HPs were derived through some experiments and adjustments during
training. They tried out some HP configurations and discussed the results, but a further
HPT was not mentioned.

After a sensitivity analysis, Zhou et al. compared their results generated by the PPO with
those of a DDPG and traditional algorithms.

3.7 SUMMARY

In this summary, the analysis results are presented. Therefore, it is worth mentioning that
each paper has its scope and sometimes, the papers did not meet the analysis’ expectations.
Regarding the algorithm choice, the analysis showed that three papers (3.1, 3.2, and 3.4)
did not use state—of-the—art algorithms. Instead, they used DDPG. Yan et al. 3.4 even
developed an improved version of DDPG because the authors guessed that it performs
better than a standard DDPG. Only 3.3, 3.5 and 3.6 decided to use the state—of-the—art
algorithms TD3 and PPO. However, none of the papers, except for 3.5 and 3.6, provided an
algorithm—driven explanation why these specific RL: algorithms were chosen. Also worth
mentioning is that four papers chose off—policy algorithms, like DDPG or TD3. Only 3.5
and 3.6 have chosen an on—policy RL algorithm. Both papers used the PPO as one of the
most efficient on—policy algorithms. Other algorithms like the less efficient A2C were never
taken into consideration.

Another essential analysis criterion is the HP selection. Usually, the papers provide the
most crucial algorithm HPs, but often, important HPs are not mentioned, like the LR in
3.5 and 3.6, the discount factor in 3.3 or the replay buffer size in 3.1. Sometimes, papers
refer to experiments from which they obtained their HPs, like in 3.1 and 3.6. Beyond that,
some HP selections seem to be unusual, like a LR of 1.0 in 3.1, a variance of 0.9 for a
normal distribution noise or a ten layer actor network with [476, 2048, 1024, 1024, 1024,
512, 512, 512, 512, 76] neurons. Subsequentially, 3.3, 3.4 and 3.5 did not explain how they
determined their HPs. Sometimes, even details about the OPF problems are left out, like
the observation and reward functions, for example, in 3.6. Moreover, none of the papers
optimised their HPs through a HPT.
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I Requirements

In this section, the requirements formulation will be done for the environments, agents and
the benchmark procedure, which sets the boundary conditions for this comparison. The in
chapter 5 developed approach with all its components must fulfil all the requirements to

ensure a scientific procedure.

EFT-01 Literature and Comparison Efforts Restricting the literature research

and computation procedures, will retain the time-schedule of this master thesis.

ENV-01 Open-Source Environment To ensure reproducibility of the thesis’ results,

an open—source environment, which experts developed, should be used.

ENV-02 Environment Diversity The environment must be able to benchmark mul-

tiple OPF problems, increasing the reliability of the comparison.

AGT-01 RL Framework To ensure the correct implementation of all RL algorithms
and the reproducibility of the comparisons, a standard and open—source RL framework

must be used.

AGT-02 RL Algorithm Codebases As proposed in [23], the RL algorithms codebases
should be as near as possible to the original algorithm based on the released paper. This
guarantees the comparability of results, especially when different RL frameworks will be

used. Each deviation from the algorithm standard must be mentioned in chapter 5.

COMP-01 Number of Environments In this thesis, at least two environments will be
tested because Henderson et al. [23] pointed out that comparisons of multiple RL algorithms
for a single environment can produce misleading results, which are not transferable to

different environments.
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REQUIREMENTS |

COMP-02 Number of Trials According to [23], comparisons with only a few number
of trials (N < 5) can be potentially misleading. Therefore, all results used for the comparison

should be repeated at least five times.

COMP-03 Hyperparameter Tuning To elicit the best performance of each RL al-
gorithm, a HPT should be done as mentioned in [23]. Therefore, essential HPs must be
determined in a procedure to reduce the computations. Further, all details for the HP

determination and the HPT must be documented in chapter 5 to guarantee transparency.

COMP-04 Performance Measurement To measure the performance of RL algo-
rithms, the Episode Reward Mean (ERM) and Valid Solution Mean (VSM) will be used

as metrics.

COMP-05 Evaluation Criteria To determine the most appropriate RL algorithm the
performance (see 4), reproducibility, training stability, sample efficiency and training time

are considered.
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5 Concept

This chapter will explain the comparison procedure and settings of agents and environments.

5.1 APPROACH

The proposed approach of this thesis is divided into three separate phases. The sweep—
over—phase will handle the large HP SS through multiple sweep—over runs. Based on
these sweep—over results, the HP SS borders for each algorithm will be restricted. These
algorithms have been chosen according to section 5.3. Afterwards, in the tuning—phase,
the optimal HP configuration will be determined through a HPT, ensuring that only the
most performant algorithms with their corresponding HPs are compared. Finally, in the
comparison—phase, a comparison between all tuned algorithms will determine the optimal
algorithm or algorithms for the proposed OPF problems.

Several sweep—over runs should determine the HP SSs in the sweep—over—phase, which is
important to guarantee an efficient HP'T. Large SSs could slow down the HPT process
significantly and could lead to less performant results.

At first, a baseline set of HPs will be defined. Then, multiple values are tested for one HP
in the baseline set. All other HPs in the baseline set stay untouched. This procedure will
be done for each environment’s HPs.

The performance and reproducibility will be analysed after collecting five trials for each
HP configuration. A similar procedure regarding the sweep—over runs was used by Eimer
et al. [24].

In the tuning—phase, the best possible HP configurations will be determined through HPT.
Therefore, multiple algorithms, like grid or random search (2.5.1 and 2.5.2), can be used.
The more recently developed Population Based Training (PBT) (see 2.5.3) has shown
promising results, especially for RL algorithms [24]. Hence, the PBT will be used to find
the best HP configurations. Further details about the PBT configuration are documented
in section 5.6.

Next, a comparison between the baseline and tuned HPs will be done in the tuning—phase,
verifying that the HPT was necessary and has found more optimal HPs. Therefore, ten
trials on different random seeds (according to [23]) under baseline and tuned HPs are

collected and compared regarding the performance, reproducibility and stability. The top—
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performing algorithms versions, whether based on baseline or tuned HPs, are then used in
the last overall algorithm comparison.

Finally, all top—performing algorithms will be compared with each other. The evaluation
metrics are presented, and with it, the final selection of the most suited algorithm or

algorithms will be done. All details about these evaluation metrics are shown in section 5.2.

5.2 PERFORMANCE AND EVALUATION CRITERIA

An essential part of this comparison are the metrics, which are measuring the perfor-
mance and determining the top—performing algorithms. The performance will be measured
through the Episode Reward Mean (ERM) and Valid Solution Mean (VSM), whereas the
ERM represents the main metric because RL algorithms only try to maximise the col-
lected reward. There is a training and test performance, whereas the training performance
is measured on the training data. The test performance is measured on a separate test

dataset after the completed training.

The final evaluation compares the algorithms’ performance, reproducibility, stability, sam-
ple efficiency and training time.

The performance is measured as already mentioned.

The reproducibility is defined as the Standard Deviation (STD) between the collected test
trials, providing an impression about the algorithm’s fluctuations between single trials.
The stability analyses the training behaviours itself. Are there fluctuations within the
training, how smooth was the training procedure and are there significant drops in perfor-
mance? These questions are thematised in the stability analysis.

The sample efficiency analysis will show how much sampling is required to reach a specific
performance.

The training time analysis compares the time required for training.

5.3 REINFORCEMENT LEARNING ALGORITHM CHOICE

One key aspect of this thesis is the reasonable choice of RL algorithms. In this work a DDPG
2.4.1, TD3 2.4.2, SAC 2.4.3, PPO 2.4.5 and an A2C 2.4.4 algorithm are examined. The
distribution of algorithms in this work is defined through their classifications in Table 2.5.
Hence, two on—policy and three off-policy algorithms are considered.

The promising results of the DDPG, TD3 and PPO in chapter 3 are one reason to examine
these algorithms in this work. Another reason for selecting algorithms is their classification
to be state—of-the—art. The TD3, PPO and SAC are generally meant to be state—of-the—
art.

The last reason for considering an algorithm in this thesis is the published literature in the
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context of solving OPF problems. Therefore, the A2C algorithm will also be considered.
There is not much research published about solving OPF problems with the A2C because
researchers usually use more recently developed algorithms, like PPO (see [21]). Moreover,

even if A2C is not the latest state-of-the—art technology, it remains commonly used.

5.4 ENVIRONMENTS

In this comparison, two environments are used to measure the performance capabilities of
the chosen RL algorithms (see section 5.3). Therefore, both environments have different
difficulty levels. The Q—Market environment is simpler, whereas the Economic—Dispatch
environment is more challenging. The environments are in the mlopf' repository.

Also important is the comparability of the used environments with those of the literature.
The analysis in chapter 3 showed that the Q-Market and Economic-Dispatch OPF prob-
lems are comparable to those, which are referred in the analysed papers. The number of

generators and the observations and actions used are often similar.

One-Step Environments Both environments are one—step environments, which means
that an agent can only do a single step in the environment. After this, the episode ends

and the following OPF problem situation will be loaded.

Simulation Both environments use the data from SimBench? [25], a project for devel-
oping power grid benchmark datasets. Further processing, like calculating the next power

grid state after an action was processed, will be done with the pandapower® library [26].

Reward Function Both environments use the same reward function structure based
on objectives and penalties. The objective part adds up the active and reactive linear and
quadratic poly—costs for all static and normal generators, loads, storages and the external
grid. The second part of the reward function adds penalties to the objective reward if
constraint violations are committed. Therefore, the agent receives penalties for violating
the lower and upper voltage boundaries, overloading lines and transformers, and violating

the external grids’ minimum and maximum reactive and active power boundaries.

5.4.1 Q-Market Environment

The task in the Q—Market environment is to control the reactive power flow of five static

generators, which always output a positive active power flow in a low—voltage urban power

"https://gitlab.com/thomaswolgast/mlopf
2https://simbench.de/de/
Shttps://www.pandapower.org/
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grid. The Simbench power grid dataset can be found under the name: "1-LV-urban6—0-sw".
The reactive power flow output lies between -100% and +100% for all five static generators.

Hence, each action the agent determines contains five values between [—1.0,1.0].
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(a) Static generator locations in the power grid. (b) Load locations in the power grid.

Figure 5.1: Q—Market power grid — A visualization of the power grid, where the yellow
rectangle is the connection to the external power grid and the blue circles are
the buses connected through the grey lines. The black circles in 5.1a are the
generators and the black triangles in 5.1b are the loads.

The observations contain the active feed—in of the generators as well as the reactive and
active power flow of the 111 loads, which are connected through 59 buses and 57 lines.
The last part of the observation are the prices of the reactive power in euros for all static
generators and the one external power grid. Therefore, the observation has 233 inputs, five
from static generators, 222 (111 x 2) from the loads’ reactive and active power flow and
six from the prices of the reactive power in euro for five static generators and one external

grid.

5.4.2 Economic-Dispatch Environment

The task in the Economic—Dispatch environment is to control the active power flow of 42
static generators in a high-voltage urban power grid. The Simbench? power grid dataset can
be found under the name: "1-HV-urban—0-sw". The active power flow output lies between
0% and +100% for all 42 static generators. Hence, each action the agent determines contains
42 values between [0.0, 1.0].

The observation contains the reactive and active power flow of the 79 loads connected
through 372 buses and 113 lines. The last part of the observation are the prices for the
active power in euro for static generators and the one external power grid. Therefore, the
observation has 201 inputs, 158 (79 x 2) from the loads’ reactive and active power flow

and 43 from the prices of the active power in euro for the 42 static generators and the one
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external grid.
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(a) Static generator locations in the power grid. (b) Load locations in the power grid.

Figure 5.2: Economic—Dispatch power grid — A visualization of the power grid, where the
yellow rectangle is the connection to the external power grid and the blue
rectangles are the buses connected through the grey lines. The black circles in
5.2a are the generators and the black triangles in 5.2b are the loads.

5.5 Sweep—-OvVER-PHASE

The different HP settings and corresponding SSs are an essential part of the sweep—over—
phase. This section documents all important information about the environments and RL
algorithms. The main task of the sweep—over—phase is to obtain the performance influence
of each single HP to determine the corresponding SS.

An inspiration for the algorithm’s baseline HP section was taken from Ray RLIlib* [27] and
Stable-Baselines-3° [28]. Additionally, a series of undocumented experiments were done to
get an impression of the algorithm’s training behaviours. Another way to find appropriate
baseline HPs is the literature in chapter 3, but this is difficult because each paper used a
different OPF environment and some HP decisions are questionable as shown in section 3.7.
Therefore, the papers have not been taken carefully into consideration.

FEach algorithm’s baseline and sweep—over values are shown in section 7.3.

Keep in mind that the SAC, A2C and PPO algorithms have twice as many output neurons
in the last layer as actions in the environment because one—half determines mean values,
and the second half determines STD values. Both are then used to create a normal distri-
bution from which the actions are sampled.

Also important to note is that in this thesis, there are limitations regarding the neuronal

‘https://docs.ray.io/en/latest/r1lib/index.html
Shttps://stable-baselines3.readthedocs.io/en/master/
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network designs because of the available computational resources. Therefore, only two or
three hidden layers are tested. Furthermore, some undocumented experiments showed only
small changes with four and five hidden layers, so these are not considered.

Similarly, the activation function will also not be tuned because the observation contains
relatively large values, which may lead to extensive gradient updates. Due to an applied
normalization filter, based on the mean and STD of each single observation unit (tensor
unit), the observation is centred at a mean of zero with a STD of one. Therefore, the tanh

(hyperbolic tangent) function is especially suited for this new observation space.

5.6 TUNING—PHASE

After determining the HP SSs during the sweep—over—phase, the HPT begins. The corre-
sponding HP SSs are documented in section 7.3. For the HPT, the PBT algorithm 2.5.3
will be used because of its great successes, especially in RL.

In this thesis, Ray’s PBT standard meta—hyperparameters (the hyperparameter of the
PBT algorithm) are used to optimise the ERM. They are similar to those in [19], which
were used to tune RL algorithms. Therefore, no significant changes were made to the PBT
meta—hyperparameters.

Because the optimisation SS is typically quite large due to the number of HPs, a population
size of 50 was chosen. To further ensure a fair procedure, each algorithm performs ten
perturbation cycles with a burn—in—time (initial training time before PBT procedure starts)
of one perturbation cycle. In each cycle, the parameters of the twelve most performant in-
dividuals are transferred to the twelve worst performed individuals during the exploitation.
Afterwards, all individuals HPs are mutated or resample during the exploration. There is
a 25% chance for resampling and a 75% chance for mutation. Mutations are controlled by
the perturbation factors, which control the mutation strength by multiplying the HPs with
one random perturbation factor. These are set to (1.2, 0.8). Hence, if a mutation occurs
to a HP, it gets multiplied by 1.2 or 0.8.

Note that the performance evaluation in the PBT to exploit and explore is usually per-
formed on a separate validation set. However, because only a test dataset is available, these
evaluations are done on the training data.

Also worth mentioning is that there are two variants to use the PBT results. The first
variant is to rerun the PBT schedule of the best individual in the population. The second
variant uses the best individual’s last HP configuration. This thesis will use the second
variant, the final HP configuration because the handling is more straightforward than with
a PBT schedule.

After performing the HPT for each RL algorithm in each environment separately, the
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optimal HP configurations are presented in chapter 8. Afterwards, a verification will be done
to evaluate whether the baseline or tuned HPs are more performant regarding performance,
stability and reproducibility. This will be done for each algorithm in each environment
separately by collecting ten trials under different random seeds. Hence, at the end, ten
baseline and tuned trials were collected. The superior algorithm version (baseline or tuned)

are called top—performing algorithm versions.

5.7 COMPARISON—PHASE

Finally, the top—performing HPs are then used to perform the last overall comparison based
on the ten collected trials to determine the RL algorithm with the highest performance
(test and training performance will be evaluated), reproducibility, stability, sample efficiency
and training time (see COMP-05). The used metrics are further explained in section 5.2.
Additionally, RL algorithm recommendations regarding both environments will enable a
differentiated selection for further OPF problems under certain situations, like production,

testing or proof-of-concept. The comparison—phase results are documented in chapter 9.
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Implementation

This chapter documents the main technical details about the used frameworks and software.

Further, the background information about the data acquisition hardware will be presented.

6.1 SOFTWARE AND FRAMEWORKS

For the reason of reproducibility, in this master thesis, mainly open—source software and
frameworks are used to compare the different RL algorithms with each other. Ray’s RLIib'
[27] and Tune® [29] are the RL and Tuning frameworks used in this thesis. These are
still actively supported and receive updates. Especially, the ability of distributed learning
in clusters guarantees a fast parallel completion of multiple trials. Also, [2] refer to Ray

because of the already mentioned abilities and attributes.

Python 3.10 was used as a foundation. This Python version was chosen because it is the

latest stable version on which Ray works and receives long-time—update support.

Also important for the functionality of Ray’s RLIlib is the Machine Learning framework
choice. In this case, Facebook’s PyTorch?® was used because it is a commonly used Machine
Learning framework in research. However, because Ray is the top layer software, the choice
of the Machine Learning framework has less influence on handling and configuration efforts.

For the experiments, the version 2.1.1 was used.

The environment depends on the open—source frameworks SimBench” [25] and pandapower®

[26], which were both developed by the Fraunhofer Institute for Energy Economics and
Energy System Technology. With SimBench and pandapower, the OPF problem situations
are simulated and solutions are verified. Around these, a RL framework was build, enabling

the possibility to solve OPF problems through connecting power grid simulations with the

"https://docs.ray.io/en/latest/rllib/index.html
2https://docs.ray.io/en/latest/tune/index.html
3https://pytorch.org/

“https://simbench.de/de/
Shttps://www.pandapower.org/
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RL procedure. The repository with the frameworks can be found under mlopf®.

Next to the explicitly mentioned software, further libraries are documented in the repository

OPFBenchmarkFramework”. It also contains a setup script with the needed library versions.

Sometimes, libraries need unique versions of sub—libraries, which are usually not the latest.

All Python files for the sweep—over—, tuning— and comparison—phase are documented in

the OPFBenchmarkFramework repository.

6.2 HARDWARE AND TIME CONSUMPTION

To contextualize the computations with their needed resources, this section will give an
impression of the used hardware and computation time. The computations have been done
on two different slurm high computation clusters. Scripts for using Ray on a slurm® cluster
can be found in the OPFBenchmarkFramework repository. The sweep—over computations
for each algorithm and environment took about two to three days on 100 nodes, with every
node containing 24 CPUs (Intel Xeon CPU E5-2650 v4 12C 2.2GHz) and at least 128 GB
RAM.

The tuning computations took about six to seven days on four nodes, with every node
containing 128 CPUs (2x AMD Genoa EPYC 9554 64 Cores, 3.1 GHz) and 768 GB RAM.
The ten comparison trials per each algorithm were computed on the same cluster as the
tuning computations but on a single node in mixed—mode (not all node resources are
allocated) with 90 CPUs. For all algorithms together, the comparison computations took
about 2.5 days.

6.3 LIBRARY ADJUSTMENTS

During the setup of Ray’s RLIlib one error appeared, which was fixed. It is located at
the ray/rllib/algorithms/a3c/a3c.py file in the overwritten training method. There the
developers accidentally set the Ir__schedule list value as the use_ critic boolean value, which

leads to an immediate crash of the program when trying to start the A2C training.

Shttps://gitlab.com/thomaswolgast/mlopt
"https://github.com/GerTheMessiah/0PFBenchmarkFramework
8https://slurm.schedmd.com/documentation.html
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; Sweep-Over—-Phase Evaluation

In this chapter, the sweep—over results will be presented containing the selected baseline

HPs and their corresponding training result analysis.

7.1 SWEEP—OVER PARAMETER SELECTION

In this section, the initial baseline HPs and corresponding sweep—over values for each

algorithm are presented. These are used to perform the sweep—over runs described in

section 5.5. Corresponding results are then discussed in section 7.3.

7.1.1 DDPG Hyperparameter Settings

The tables 7.1 and 7.2 contain the baseline HPs and sweep—over values.

Hyperparameters Q—Market ‘ Economic—Dispatch
Actor learning rate 0.0001
Critic learning rate 0.001

Actor network

[233, 256, 256, 256, 5]

201, 256, 256, 256, 42]

Critic network

233, 256, 256, 256, 1]

[201, 256, 256, 256, 1]

Network activation tanh
Batch size 1024
Soft Target Network Update (1) 0.0025
Replay buffer size 131072

Exploration technique

Gaussian noise

Gaussian noise STD 0.01
Iterations until training ends 10000
Episodes per training iteration 8
Episodes before training 1500
L2 regularization [30] le®

Discount Factor (7)

Not relevant, because one—step environment.

Reward scaling factor

0.02

0.000025

Table 7.1: Baseline hyperparameters of the DDPG algorithm and the environments.
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Hyperparameters Sweep—over values

Actor learning rate 0.00005, 0.0001, 0.0002, 0.0003, 0.0004
Critic learning rate 0.0001, 0.0005, 0.001, 0.002

Actor and critic network [256, 256], [512, 512], [256, 256, 256], [256, 512, 256],
hidden layers 512, 256, 512], [512, 512, 512]

Batch size 128, 256, 512, 1024

Soft Target Network Up- 0.001, 0.002, 0.003, 0.004, 0.005

date (7)

Gaussian noise STD 0.001, 0.005, 0.01, 0.05, 0.1

Table 7.2: Sweep—over values for the DDPG algorithms.

7.1.2 TD3 Hyperparameter Settings

Because the TD3 algorithm is the successor of the DDPG, which makes them act similarly,
the baseline HPs and sweep—over values are the same (see Tables 7.1 and 7.2). Additionally,
the TD3 uses a policy delay procedure, which is explained in 2.4.2 that can be controlled
by a policy delay HP. Both environments use a baseline policy delay value of three. The

sweep—over runs will test the policy delay values from one to five.

7.1.3 SAC Hyperparameter Settings

The SAC baseline HPs and corresponding sweep—over values are documented in Table 7.3
and Table 7.4. For the SAC there are no papers analysed in chapter 3. Therefore, more
undocumented experiments were done to find a well-behaving starting area in the SS.

Note that the first experiments have shown that the SAC algorithm needs action normalisa-
tion and action clipping (unallowed actions will be clipped according to the environment’s
action space) to function correctly. The SAC is the only algorithm, which requires those
extra features. According to undocumented tests, the other algorithms might even perform

worse when these features were applied.

Hyperparameters Q—Market Economic—Dispatch
Actor learning rate 0.0003
Critic learning rate 0.0003
Entropy learning rate 0.0003
Actor network [233, 256, 256, 256, 10] | [201, 256, 256, 256, 84]
Critic network [233, 256, 256, 256, 1] [201, 256, 256, 256, 1]
Network activation tanh
Batch size 1024

32



7.1 SWEEP—OVER PARAMETER SELECTION | 33

Soft Target Network Update (1) 0.005

Replay buffer size 262144

N-step 1

Initial alpha « 1.0

Iterations until training ends 15000

Episodes per training iteration 8

Episodes before training 1500

Exploration technique Stochastic sampling

Discount Factor () Not relevant, because one—step environment.
Reward scaling factor 0.02 0.000025

Table 7.3: Baseline hyperparameters of the SAC algorithms and environments.

Hyperparameters Sweep—over values

Actor learning rate 0.0001, 0.0003, 0.0007, 0.001

Critic learning rate 0.0001, 0.0003, 0.0007, 0.001

Entropy learning rate 0.00005 0.0001, 0.0003, 0.0007, 0.001

Actor network hidden [256, 256], [512, 512], [256, 256, 256], [256, 512, 256],
layers [512, 256, 512], [512, 512, 512]

Critic network hidden [256, 256], [512, 512], [256, 256, 256], [256, 512, 256],
layers [512, 256, 512], [512, 512, 512]

Soft Target Network Up- 0.0001, 0.005, 0.01, 1.0

date (1)

Batch size 128, 256, 512, 1024

Table 7.4: Sweep—over values of the SAC algorithms.

7.1.4 A2C Hyperparameter Settings

The baseline HPs and corresponding sweep—over values for the A2C can be found in
Table 7.5 and Table 7.6. For the A2C, no papers were analysed in chapter 3. Hence, the
HPs were mainly obtained from undocumented experiments, RLIib [27] and Stable Baseline
3 [28].

Hyperparameters Q—Market ‘ Economic—Dispatch
Learning rate 0.0001
Network [233, 256, 256, 256, 10] ‘ [201, 256, 256, 256, 84]
Activation tanh
Batch size 1024
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Value function loss coefficient 0.5

Entropy coefficient 0.0

Exploration technique Stochastic sampling

Iterations until training ends 600

Discount Factor () Not relevant, because one-step environment.
Reward scaling factor 0.02 0.000025

Table 7.5: Baseline hyperparameters of the A2C algorithms and environments.

Hyperparameters

Sweep—over values

Learning rate

0.00005, 0.0001, 0.0002, 0.0003, 0.0004

Network hidden layers

256, 256], [512, 512], [256, 256, 256], [256, 512, 256],

[512, 256, 512], [512, 512, 512]

Batch size

128, 256, 512, 1024

Value function loss coef-

ficient

0.5, 0.7, 0.9, 1.0

Entropy coefficient

0.0001, 0.0005, 0.001, 0.005, 0.01

Table 7.6: Sweep—over values of the A2C algorithms.

7.1.5 PPO Hyperparameter Settings

The baseline HPs for the PPO can be found in Table 7.7 and the corresponding sweep—over

values are shown in Table 7.8.

Hyperparameters Q—Market ‘ Economic—Dispatch
Learning rate 0.0001

Network [233, 256, 256, 256, 10] ‘ [201, 256, 256, 256, 84]
Network activation tanh

Batch size 4096

Minibatch size 1024

SGD iterations 5

PPO Clip Parameter (¢) 0.2

Value function loss coefficient 0.5

Entropy coefficient 0.0

Iterations until training ends 150

Discount Factor ()

Not relevant, because one—step environment.

Exploration technique

Stochastic sampling
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Reward scaling factor

0.02 0.000025

Table 7.7: Baseline hyperparameters for the PPO algorithms and environments.

Hyperparameters

Sweep—over values

Learning rate

0.00007, 0.0001, 0.0002 0.0003, 0.0005, 0.00075

Network hidden layers

256, 256], [512, 512], [256, 256, 256], [256, 512, 256],
[512, 256, 512], [512, 512, 512]

Batch size

1024, 2048, 4096, 8192

Minibatch size

128, 256, 512, 1024

SGD iterations 3,5,7,10
PPO Clip Parameter (¢) 0.10, 0.15, 0.20, 0.25, 0.30
Value function loss coef- 0.5, 0.7, 0.9, 1.0

ficient

Entropy coefficient 0.0001, 0.0005, 0.001, 0.005, 0.01

Table 7.8: Sweep—over values of the PPO algorithms.

7.2 REwWARD FUNCTION EFFECTS

0.95

Episode reward mean
Valid solution mean

—— policy_delay=1 094 —— policy_delay=1

. —— policy_delay=2 — policy_delay=2
policy_delay=3 0.93 policy_delay=3

—— policy_delay=4 —— policy_delay=4

—— policy_delay=5 0.92 —— policy_delay=5

3000 4000 5000 6000 7000

Training iterations

8000 9000 10000 3000 4000 5000 6000 7000

Training iterations

8000 9000 10000

(a) Episode reward mean (b) Valid solution mean

Figure 7.1: TD3 — Q—Market — Training — Sweep—over policy delay results.

During the analysis of the sweep—over results, different behaviours between ERM and VSM
manifested. One example can be seen in Figure 7.1. The policy delay value 1 reaches a large
ERM but only a relatively small VSM. This anomaly is caused by the reward function (see
5.4) of the environments. The ERM and VSM should typically correlate strongly, which is
not always valid for the used reward function. It seems that the algorithms are motivated

to commit more minor constraint violations because they receive less negative reward for
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violations as for better optimisations. Hence, committing minor violations could be more
beneficial than avoiding them. Therefore, the ERM is chosen to be the primary metric in
this thesis because each RL algorithm’s target is to maximise its received reward. HPT
algorithms are also often only designed to tune for the reward. A well-formulated reward

function is assumed for the final algorithm recommendation in this thesis.

7.3 SWEEP—OVER—-PHASE ANALYSIS

In this section, the visualisation of the results will take place. These results have been
obtained according to the specifications in section 5.5. Therefore, trends, abnormalities
and particularities are mentioned and explained. Each environment and RL algorithm was
treated separately. The ERM are presented graphically with an impression of the STDs,
visualised through error bars in the corresponding graphics. According to section 7.2 the
VSM will not be considered.

For clarity reasons, not all graphics are shown in the following result presentation. Moreover,
a selection based on interesting behaviours was done. The other not shown graphics can
be found in Appendix A.

Also note, that each following SS interval, like [5e =, 4e~%] in Table 7.9, means a uniform

distribution, from which the HPs are sampled.

7.3.1 DDPG Q-Market Sweep—Over Results

The presented DDPG sweep—over

Q-Market results have been sam-
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critic network hidden layers A.6 and

Soft Target Network Update (7) A.4

showed no significant influence on .| T z:::iz::gggg;

the ERM. Hence, the standard HPs critic_Ir=0.001
— critic_Ir=0.002

are used (see Table 7.9). The batch

size results shown in Figure A.3 in-

Episode reward mean
S5
w
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Training iterations

Figure 7.2: DDPG — Q—Market — Training — Sweep-
over critic learning rate results.

dicate that larger batch sizes result
in larger ERMs due to more experi-
ences seen by the networks. Accordingly, the batch size 128 was removed from SS. The
critic LR results shown in Figure 7.2 reach higher ERMs with larger LRs of 0.002 and 0.001.
Therefore, the SS is set up to [5e~%,2.5¢73]. The Gaussian noise STD results in Figure A.7
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benefit more from smaller values, which increase performance and reproducibility slightly,
whereas larger values inhibit the learning process because of too much exploration. The SS
for the Gaussian noise STD is set to [0.001,0.05]. The resample and mutation SSs, which
will be used in the PBT, are documented in Table 7.9.

Hyperparameters Search Space

Actor learning rate [5e~?, e~ 4]

Critic learning rate [5e74,2.5e73]

Actor and critic hidden layers (256, 256), (256, 512), (512, 256), (512, 512),

(256, 256, 256), (256, 256, 512), (256, 512, 256),
(256, 512, 512), (512, 256, 256), (512, 256, 512),
(512, 512, 256), (512, 512, 512)

Batch size 256, 512, 1024
Soft Target Network Update (7) [0.001,0.01]
Gaussian noise STD [0.05,0.001]

Table 7.9: DDPG Q-Market resample and mutation values.

7.3.2 TD3 Q-Market Sweep-Over Results
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(a) Critic network hidden layer results. (b) Policy delay results.

Figure 7.3: TD3 — Q-Market — Training — Sweep—over critic network hidden layer and
policy delay results.

The presented TD3 sweep—over Q—Market results have been sampled according to the
approach documented in section 7.1.2.

The results of the actor LR A.8, critic LR A.9, batch size A.10, Soft Target Network
Update (7) A.11, actor network hidden layers A.12 and Gaussian noise STD A.14 are
equivalent to those of the DDPG presented in section 7.3.1.

Moreover, the critic network hidden layer results in Figure 7.3a shows that two hidden

layer networks perform slightly better than three hidden layer networks. However, this
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behaviour was probably caused by stochastic uncertainties. Therefore, this SS will be equal
to the DDPG critic network hidden layer SS. Also interesting are the policy delay results
shown in Figure 7.3b, where value 1 performs better than the remaining. This has been
caused by the more frequently updated actor or policy network. However, because the
values from two to five are nearly identical and the SS is quite small, all sweep—over policy
delay values are kept in the SS. The mentioned similarities between TD3 and DDPG are

the reason for using the DDPG resample and mutation values, shown in Table 7.9.

7.3.3 SAC Q-Market Sweep-Over Results

The presented SAC sweep—over Q—Market results have been sampled according to the
approach documented in section 7.1.3.

After a series of undocumented experiments it turned out that the Ray RLlib SAC only
functions with an action normalization and clipping in the Q-Market environment.

The results of the actor LR A.16, critic LR A.17, batch size A.19, Soft Target Network
Update (7) A.20, actor network hidden layers A.22 and critic network hidden layers A.23
showed no influence on the performance and reproducibility. Therefore, only the actor and
critic LR SSs were expanded to find their SS borders. The other HP SSs have most likely

already reached their boundaries.
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(a) Entropy learning rate results. (b) Initial alpha results.

Figure 7.4: SAC — Q—Market — Training — Sweep—over entropy learning rate and initial
alpha results.

The influential HPs include, on the one hand, the entropy LR (see Figure 7.4a). Its results
indicate that larger entropy LRs lead to faster and more performant convergence. The
trials of 0.001 and 0.0007 are more reproducible than those of 5e= and 0.0001, which could
be explained through the exploration and exploitation balance. Smaller entropy LRs allow
a longer exploration, which reduces the convergence speed. The results further indicate
that more deterministic sampling leads to better and faster performances.

In this context, also interesting are the initial alpha « value results in Figure 7.4b, which
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show better performance with smaller values. According to these results, the initial alpha
a SS will be shifted down from [0.5, 1.5] to [0.3,1.0] and the entropy LR SS will be shifted
up to [5e~%, 1.5e73]. The resample and mutation values, which will be used in the PBT,

are documented in Table 7.10.

Hyperparameters Search Space

Learning rate actor [5e75,2.0e73]

Learning rate critic [5e75,2.0e73]

Entropy learning rate [e~*, 1.5e73]

Initial alpha o [0.3,1.0]

Actor and critic hidden layers (256, 256), (256, 512), (512, 256), (512, 512),

(256, 256, 256), (256, 256, 512), (256, 512, 256),
(256, 512, 512), (512, 256, 256), (512, 256, 512),
(512, 512, 256), (512, 512, 512)

Batch size 128, 256, 512, 1024

Soft Target Network Update [0.001, 1.0]
(1)

Table 7.10: SAC Q-Market resample and mutation values.

7.3.4 A2C Q-Market Sweep—Over Results
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faster than small values. For both
HPs the standard SSs shown in Figure 7.5: A2C — Q-Market — Training — Sweep—over

Table 7.11 are used. network hidden layer results.

The LR A.24 analysis showed more performant results with smaller LR values of 5¢~° and
le~*, which stabilize the training at the cost of longer convergence time. Therefore, the
LR SS will be reduced to [5e=?,3e~4].

The entropy coefficient has only a tiny influence on the ERM as visualized in A.28. Larger
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values of 0.01 and 0.005 decreased the performance slightly because of less exploration.
Hence, the entropy coefficient SS will be set to [0,0.001].

Also interesting are the network hidden layer results, shown in Figure 7.5, indicating that

three hidden layer networks are slightly more performant than two hidden layer networks.

The actor or critic may require more layers to appropriately approximate the policy and
value function. Additionally, the network with (512_256_512) showed fluctuations in sta-
bility, possibly caused by the hidden layer layout. This indicates that maybe three-layer

networks with 512 neurons in the first hidden layer perform worse than networks with

256 neurons. Hence, all hidden layer combinations with 512 neurons in the first layer are

removed from the SS. The resample and mutation values, which will be used in the PBT,

are documented in Table 7.11.

Hyperparameters

Search Space

Learning rate

[5e75, 3¢

Batch size

128, 256, 512, 1024

Network hidden layers (256, 256), (256, 512), (256, 256, 256),
(256, 256, 512), (256, 512, 256), (256, 512, 512)

Value function loss coefficient

0.5,1.0]

Entropy coefficient

[0,0.001]

Table 7.11: A2C Q-Market resample and mutation values.

7.3.5 PPO Q-Market Sweep—Over Results
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more stability.

The results of the value function

Figure 7.6: PPO — Q-Market — Training — Sweep—over loss coefficient A.35, PPO Clip Pa-

batch size results

rameter (¢) A.33 and entropy coef-

ficient A.36 have a negligible influence on the performance.

The SGD iteration A.32 results showed that smaller values lead to a more stable learning.

40



7.3 SWEEP—OVER—PHASE ANALYSIS |

However, all these mentioned HP results, except the LR, show volatilities, which stochastic
uncertainties may have caused. Hence, choosing distinct SSs is difficult, which leads to the
decision to use the standard SS shown in Table 7.12. The batch size results in Figure 7.6
further indicate that smaller values lead to performant results. Larger batch sizes are
struggling more with stability and reproducibility issues. Typically, the opposite behaviour
is expected, which leads to the assumption that stochastic uncertainties may cause these
results. Therefore, all sweep—over values are used as SS.

The minibatch size results show the opposite behaviour in Figure 7.7. They imply that val-
ues like 128 and 256 are less performant and reproducible than larger values of 1024 and 512.

One reason could be the number
of SGD updates, which, together N ! \+\J\/|\ |
with the minibatch size, may de- %] M/i/ f\\
stroy the policy due to overfitting. . .. N
- g
However, because the minibatch v L \’_/__ /
size 128 has a significantly bad per- &
formance, it will be removed from § ]
the SS. The network hidden layer s
results in Figure A.34 showed the 7 Sof_minibatch size=128
—0.61 —— sgd_minibatch_size=256
same behaviour as those of the sgd_minibatch_size=512
074 — sgd_minibatch_size=1024
A2C in 7.3.4. Therefore, all hidden

y T T T T T
40 60 80 100 120 140
Training iterations

layer combinations with 512 neu-

rons in the first layer are removed Figure 7.7: PPO — Q-Market — Training — Sweep—over
from the SS. minibatch size results.

The PPO HP resample and mutation values are documented in Table 7.12.

Hyperparameters Search Space
Learning rate [5e75, 5e 1]
Batch size 1024, 2048, 4096, 8192
Minibatch size 256, 512, 1024
SGD iterations 3,4,5,6,7,8,9, 10
PPO Clip Parameter (¢) [0.1,0.3]
Network hidden layers (256, 256), (256, 512), (256, 256, 256),
(256, 256, 512), (256, 512, 256), (256, 512, 512)
Value function loss coefficient [0.5,1.0]
Entropy coefficient [0,0.01]

Table 7.12: PPO Q-Market resample and mutation values.
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7.3.6 DDPG Economic—Dispatch Sweep-Over Results

The presented DDPG sweep—over Economic—Dispatch results have been sampled according
to the approach documented in section 7.1.1.

The actor LR A.37, Soft Target Network Update (7) A.40 and actor network hidden layer
A 41 results showed no significant influence on performance and reproducibility. Therefore,
these HP SSs are equivalent to the sweep—over value range. The critic LR A.38 benefits
from higher values, like 0.002 and 0.001, similarly like in the Q—-Market environment before
(see 7.3.1).
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(a) Critic network hidden layer results. (b) Gaussian noise STD results.

Figure 7.8: DDPG — Economic-Dispatch — Training — Sweep—over critic network hidden
layer and Gaussian noise STD results.

The same applies to the batch size A.39, which obtains larger ERMs with values of 1024
and 512. Hence, the critic LR SS will be shifted up to [5e~%,2.5¢73] and the batch size value

of 128 will be removed. Also interesting are the critic network hidden layer results, which

indicate that more neurons and layers are beneficial to achieve higher ERMs. Additionally,

two hidden layer networks perform worse than three hidden layer networks, which led to
the decision to remove all two hidden layer networks from the SS.
The Gaussian noise STD behaves similarly to the Q—Market results in section 7.3.1. The

value 0.1, however, performed worse than all other values. Therefore, 0.05 will be the upper

border of the SS. The DDPG HP resample and mutation SSs are presented in Table 7.13.

Hyperparameters Search Space

Learning rate actor [5e75, 4]

Learning rate critic [5e=4,2.5¢73]

Actor hidden layers (256, 256), (256, 512), (512, 256), (512, 512),

(256, 256, 256), (256, 256, 512), (256, 512, 256),
(256, 512, 512), (512, 256, 256), (512, 256, 512),
(512, 512, 256), (512, 512, 512)
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Critic hidden layers (256, 256, 256), (256, 256, 512), (256, 512, 256),
(256, 512, 512), (512, 256, 256), (512, 256, 512),
(512, 512, 256), (512, 512, 512)

Batch size 256, 512, 1024
Soft Target Network Update (7) [0.001,0.01]
Gaussian noise STD [0.001, 0.05]

Table 7.13: DDPG Economic—Dispatch resample and mutation values.

7.3.7 TD3 Economic-Dispatch Sweep—Over Results
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(a) Critic network hidden layer results. (b) Policy delay results.

Figure 7.9: TD3 — Economic—Dispatch — Training — Sweep—over critic network hidden layer
and policy delay results.

The presented TD3 sweep—over Economic—Dispatch results have been sampled according
to the approach documented in section 7.1.2.

The actor LR A.44, Soft Target Network Update (7) A.47, actor network hidden layer A.48
and Gaussian noise STD A.50 results showed no significant influences. Only the largest
value of the Gaussian noise STD was less performant than the others. Hence, it will be
removed from the SS. The critic LR A.45, batch size A.46 and critic network hidden layer
results are showing similar behaviours as the DDPG Economic-Dispatch results in sec-
tion 7.3.6. However, the TD3 results are more distinct than those of the DDPG. Hence, the
SSs are the same as from the DDPG Economic—Dispatch. Moreover, the TD3 Economic—
Dispatch and Q-Market results for the policy delay HP showed significant similarities. The
policy delay value 1 has reached higher ERMs than the other values. However, all values
from 1 to 5 will be part of the SS because of the small SS size. The TD3 HP resample and

mutation value spaces are presented in Table 7.14.
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Hyperparameters Search Space
Actor learning rate [5e75, 4]
Critic learning rate [5e74,2.5¢73]

Actor hidden layers

(256, 256), (256, 512), (512, 256), (512, 512),
(256, 256, 256), (256, 256, 512), (256, 512, 256),
(256, 512, 512), (512, 256, 256), (512, 256, 512),

(512, 512, 256), (512, 512, 512)

Critic hidden layers

(256, 256, 256), (256, 256, 512), (256, 512, 256),
(256, 512, 512), (512, 256, 256), (512, 256, 512),

(512, 512, 256), (512, 512, 512)

Batch size 256, 512, 1024
Soft Target Network Update (7) [0.001, 0.01]
Gaussian noise STD [0.001, 0.05]
Policy delay 1,2,3,4,5

Table 7.14: TD3 Economic—Dispatch resample and mutation values.

7.3.8 SAC Economic-Dispatch Sweep-Over Results

The presented SAC sweep—over Economic—Dispatch results have been sampled according

to the approach documented in section 7.1.3. The Ray RLlib SAC only functions with a

action normalisation and clipping.
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(a) Entropy learning rate results.
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Figure 7.10: SAC — Economic—Dispatch — Training — Sweep—over entropy LR and initial

The results of the actor LR A.52, critic LR A.53, batch size A.55, Soft Target Network

alpha results.

Update (7) A.56, actor network hidden layers A.58 and critic network hidden layers A.59 did
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not influence the performance and reproducibility. Therefore, for these HPs the standard SSs
will be used, which are identical to those of the Q-Market environment (see section 7.3.3).
Like the SAC Q—Market results, only the entropy LR and the initial alpha « value influence
the performance and reproducibility. Larger entropy LRs lead to higher ERMs, which can
be seen in Figure 7.10a. This behaviour is identical with the SAC Q-Market results shown
in section 7.3.3. Similarly, the initial alpha « results in Figure 7.10b show the same
characteristics as the corresponding Q-Market results in section 7.3.3. Therefore, these
HP SSs will be the same as from the SAC Q—Market environment.

The resample and mutation values, which will be used in the PBT, are documented in
Table 7.15.

Hyperparameters Search Space

Actor learning rate [5¢75,2.0e 3]

Critic learning rate [5¢75,2.0e 3]

Entropy learning rate [3e7%,1.5e73]

Initial alpha « [0.3,1.0]

Actor and critic hidden layers (256, 256), (256, 512), (512, 256), (512, 512),

(256, 256, 256), (256, 256, 512), (256, 512, 256),
(256, 512, 512), (512, 256, 256), (512, 256, 512),
(512, 512, 256), (512, 512, 512)

Batch size 128, 256, 512, 1024

Soft Target Network Update (7) [0.001,1.0]

Table 7.15: SAC Economic—Dispatch resample and mutation values.

7.3.9 A2C Economic—Dispatch Sweep—Over Results

The presented A2C sweep—over Economic—Dispatch results have been sampled according
to the approach documented in section 7.1.4.

The results of the batch size A.61, value function loss coefficient A.63 and entropy
coefficient A.64 showed that these HPs did not influence the performance and repro-
ducibility significantly. Therefore, these SSs will be identical to the sweep—over value
range.

Differently, the LR A.60 results influenced the convergence speed. Lower LRs, like 5e~°
or 0.0001, are at the beginning of the training less performant and reproducible. How-
ever, because the results indicate that the lower LRs eventually converge, the corre-

sponding SS will also be identical to the sweep—over value range. Smaller LRs are
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usually better suited for long train-

ing to prevent large gradient up-
dates.

Lastly, the network hidden layer re-
sults in Figure 7.11 showed that

two hidden layer networks are sig-

|
~
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Figure 7.11: A2C — Economic-Dispatch — Training — documented in Table 7.16.
Sweep—over network hidden layer results.

Hyperparameters Search Space

Learning rate [5e~?,3e™4]

Batch size 128, 256, 512, 1024

Network hidden layers (256, 256, 256), (256, 256, 512), (256, 512, 256),

(256, 512, 512), (512, 256, 256), (512, 256, 512),
(512, 512, 256), (512, 512, 512)

Value function loss coefficient [0.5,1.0]

Entropy coefficient [0,0.01]

Table 7.16: A2C Economic—Dispatch resample and mutation values.

7.3.10 PPO Economic—Dispatch Sweep—Over Results

The presented PPO sweep—over Economic—Dispatch results have been sampled according
to the approach documented in section 7.1.5. The results of the batch size A.66, minibatch
size A.67, SGD iterations A.68, PPO clip parameter ¢ A.69, network hidden layer A.70
and entropy coefficient A.71 showed that these HPs influenced the performance and repro-
ducibility not significantly.

However, it is worth mentioning that the first four mentioned HP results are quite volatile.
One explanation could be the fact that all directly influence the gradient update. This
leads to the presumption that the baseline HP configuration is suboptimal, which could
cause these volatile behaviours. Considering this, the sweep—over value ranges are used.
The LR results shown in Figure 7.12a indicate that large values from 0.0005 to 0.00075
are too large and therefore lead to lower and unstable performances. Only values below
0.0003 reached convergence. Therefore, the LR SS is set to [5e¢~°,0.0003].
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Figure 7.12: PPO — Economic—Dispatch — Training — Sweep—over learning rate and entropy
coefficient results.

The entropy coefficient results, shown in Figure 7.12b, showed that nearly all values con-
verged. Only the coefficient 0.01 has not reached convergence. Hence, the SS will be set to
[0,0.005].

The resample and mutation values, which will be used in the PBT, are documented in

section 7.1.5.

Hyperparameters Search Space

Learning rate [5e75, 3]

Batch size 1024, 2048, 4096, 8192
Minibatch size 128, 256, 512, 1024

SGD iterations 3,4,5,6,7,8,9, 10

PPO Clip Parameter (¢) [0.1,0.3]

Network hidden layers (256, 256), (256, 512), (512, 256), (512, 512),

(256, 256, 256), (256, 256, 512), (256, 512, 256),
(256, 512, 512), (512, 256, 256), (512, 256, 512),
(512, 512, 256), (512, 512, 512)

Value function loss coefficient [0.5,1.0]

Entropy coefficient [0,0.005]

Table 7.17: PPO Economic—Dispatch resample and mutation values.

7.4 SUMMERY

The task of the sweep—over—phase was to estimate the influence of HPs to estimate the
SSs boarders for the following tuning—phase. Some algorithms are surprised with their

results, such as the SAC. According to the analysis, its performance mainly depends on
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the entropy LR and initial alpha « value. The other SAC HPs did not show significant
influences. All other RL algorithms depend on more HPs, what is a significant advantage
of SAC.

Further, the results of the DDPG and TD3 are similar, especially for the Q-Market envi-
ronment, but, usually, the TD3 results were, however, more distinct.

Also worth mentioning is the PPO, which shows in both environments strong fluctuations
regarding the batch size, minibatch size, SGD iterations and PPO clip parameter € results.
All these HPs more or less directly control the gradient updates, which could be a reason
for these observed uncertainties.

Another interesting point is the distribution of hidden layers over the two environments.
Two hidden layer networks achieve good performances less often than three hidden layer
networks. Especially for the Economic—Dispatch environment, three hidden layer networks
were usually more performant. This behaviour is probably caused by the more extensive
and complex action space of the Economic-Dispatch environment, which requires more

layers.
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8 Tuning—-Phase Evaluation

After the HP SSs were determined in the sweep—over—phase, the next step, according to the
approach in section 5.5, are the HPT's done with the PBT and the following comparison
with the baseline HPs.

8.1 HYPERPARAMETER TUNING REsSULT

Every algorithm was tuned in each environment. Further analysis of the RL algorithm be-
haviours, like a performance, reproducibility and stability discussion, were left out because
usually each PBT individual had multiple different HP configurations during training, and

so no meaningful interpretation is analysable.

Moreover, as already mentioned in section 2.5.3, one downside of the PBT are the meta—
hyperparameter selection. The shown HPs in this chapter are the results of the second
PBT. In the first attempt, the meta—hyperparameters have not led to better HPs regarding
the baseline HPs. After adjusting the meta—hyperparameters, more performing results have
been obtained but not for each algorithm in each environment.

The following tables show the HPs of the second PBT experiment.

DDPG hyperparameters Q—Market Economic—Dispatch
Actor learning rate 0.000162947 0.000116484
Critic learning rate 0.00121511 0.00086942
Actor network [233, 512, 512, 5] [201, 256, 256, 256, 42]
Critic network [233, 256, 256, 1] 201, 512, 512, 512, 1]
Batch size 1024 1024

Soft Target Network Update (7) 0.00576962 0.0013558
Gaussian noise STD 0.0319537 0.0416539

Table 8.1: Tuned DDPG hyperparameters.

TD3 hyperparameters Q—Market Economic—Dispatch
Actor learning rate 0.000188169 6.740772¢ 7
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Critic learning rate

0.000540143

0.000834612

Actor network

[233, 512, 512, 5]

[201, 512, 512, 512, 42]

Critic network

[233, 512, 256, 512, 1]

[201, 512, 512, 512, 1]

Batch size 1024 1024
Soft Target Network Update (7) 0.0013521 0.00385487
Gaussian noise STD 0.0241369 0.0021306
Policy delay 3 1

Table 8.2: Tuned TD3 hyperparameters.

SAC hyperparameters Q—Market Economic—Dispatch
Actor learning rate 0.0005687 0.0006326
Critic learning rate 0.00043889 0.0003623
Entropy learning rate 0.00113877 0.0003922

Actor network

[233, 256, 512, 256, 10]

[201, 256, 512, 512, 84]

Critic network

[233, 512, 256, 512, 1]

[201, 512, 512, 512, 1]

Batch size 1024 1024
Soft Target Network Update (7) 0.0094264 0.730949
Initial alpha « 0.8130879 0.893302

Table 8.3: Tuned SAC hyperparameter.

A2C hyperparameters Q—Market Economic—Dispatch
Learning rate 0.000155195 1.52517¢~4
Network [233, 256, 512, 256, 10] [201, 256, 256, 256, 84]
Batch size 1024 512

Value function loss coefficient 0.418365 0.512158
Entropy coefficient 0.000639831 0.00029668

Table 8.4: Tuned A2C hyperparameters.

PPO hyperparameters Q—Market Economic—Dispatch
Learning rate 8.9266¢° 0.000153459
Network [233, 256, 256, 256, 10] [201, 256, 256, 256, 84]
Batch size 8192 8192
Minibatch size 512 1024

SGD iterations 3 4

PPO Clip Parameter (¢) 0.148149 0.217686
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0.805692
0.00698166

0.89751
0.000412899

Value function loss coefficient

Entropy coefficient

Table 8.5: Tuned PPO hyperparameters.

8.2 CoMPARISON BETWEEN BASELINE AND TUNED

HYPERPARAMETERS

After the tuned HPs for each algorithm in

baseline and tuned comparison trials are collected, the penultimate comparison follows.

each environment were determined and the

According to the approach in section 5.1 and section 5.6, the baseline and tuned results

will be compared regarding performance, re

the most important ones.

producibility and stability. These metrics are
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Figure 8.1: Training comparison results between baseline and tuned hyperparameters.
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This procedure ensured that only the best HPs were used for the last comparison, in which
only RL algorithms, with optimal HPs, should be compared. Further, this comparison
allows seeing the efficiency of the HPT. For each algorithm, the HPT determined better
HPs compared to the baseline ones even when the difference between baseline and tuned
HPs for the DDPG and TD3 was not large. Next, the identification of the top-performing

algorithm versions will be discussed.

Metric DDPG TD3 SAC A2C PPO
Baseline —0.0381+ —0.0435+ —0.0319+ —0.0472+ —0.0358+
Q-Market | 0.0022 0.0012 0.0007 0.016 0.0047
ERM

Tuned —0.0343+ —0.0364+ —0.0319+ —0.0321+ —0.0318+
Q—Market | 0.0024 0.0025 0.0003 0.001 0.0031
ERM

Baseline —0.7974+ —0.7793+ —0.4549+ —47.1783+ —0.653+
Economic— | 0.0423 0.0318 0.0055 9.1974 0.0732
Dispatch

ERM

Tuned —0.7893+ —0.781+ —0.4524+ —0.7226+ —0.5342+
Economic— | 0.0278 0.0365 0.0061 0.0294 0.0467
Dispatch

ERM

Table 8.6: Test comparison results between baseline and tuned hyperparameters.

8.2.1 Q-Market Environment

The tuned DDPG and TD3 are more performant regarding training and testing than their

corresponding baseline counterpart, which can be observed in Figure 8.1a and Table 8.6.

Both tuned versions of DDPG and TD3 are similarly stable and reproducible to the baseline
versions. The tuned DDPG even achieved the best training performance of all algorithms
in Figure 8.1a. Therefore, the tuned DDPG and TD3 have the better HPs and will be
further used in the comparison—phase.

After a longer convergence time, the SAC showed that the baseline and tuned versions were
similarly reproducible and stable. Only negligible differences between both SAC versions
could be observed in Figure 8.1a and Table 8.6. The learning velocity is the only difference
between both versions, so the tuned SAC will be used in further comparisons.

The A2C and PPO results in Figure 8.1b and Table 8.6 showed that for both algorithms,
the tuned HPs have led to more performant, stable and reproducible results. Hence, the
tuned versions of the A2C and PPO will participate in the overall last comparison in

chapter 9.
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8.2.2 Economic—Dispatch Environment

The tuned DDPG and TD3 in the Economic—Dispatch environment are nearly identical
to the baseline versions (see Figure 8.1c). However, the tuned DDPG seems more stable
during training and has a slightly better test performance and reproducibility. Hence, the
tuned DDPG is used in the comparison—phase.

Differently, determining the top—performing TD3 version is more complex than for the
DDPG. The difference between the tuned and baseline TD3 regarding the training and
test performance is relatively small. The baseline version reached a slightly better perfor-
mance and a negligible better reproducibility, as seen in Figure 8.1c and Table 8.6, but it
is less stable than the tuned counterpart. During training, the training performance of the
baseline version drops for about 10.000 training cycles. The tuned version also had one
performance drop, but which was extremely short. Overall, even when the baseline TD3
is slightly more performant and reproducible, the tuned TD3 will participate in the last
comparison because of its better stability.

Similarly to the above—mentioned Q-Market results, both SAC versions are highly similar
regarding performance, reproducibility and stability. Only the convergence velocity of the
tuned SAC was faster, so the tuned SAC version will be used in the comparison—phase.
The tuned A2C is superior to the baseline A2C version in all aspects. The baseline A2C
has severe stability problems, which may cause the rapid drop in performance seen in
Figure 8.1d. The tuned version did not suffer from these problems and performed a stable
training. Therefore, the tuned A2C is the top—performing algorithm version.

Finally, the PPO Economic—Dispatch results show the same picture as those of the SAC.
The tuned PPO performs significantly better than the baseline version. It also achieved
better test performance and reproducibility. However, both PPOs are having issues with
their stability, especially the tuned PPO version drops after reaching the point of maxi-
mum performance repeatedly in performance multiple times. Moreover, both PPO versions
(baseline and tuned) crashed on some trials due to extensive gradient updates after they
had reached their maximum performance. These crashed, which caused uncompleted trials,
are not considered because the test results were not obtained. However, this behaviour will

influence the decisions in the comparison—phase.

With these top—performing algorithms the last comparison will be performed in the follow-

ing chapter 9.
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Comparison-Phase Evaluation

Finally, the results of the comparison—phase are analysed in this chapter. Therefore, the

single algorithms are compared regarding performance, reproducibility, stability, sample

efficiency and training time. The foundation of this comparison are the visualised training

results in Figure 9.1 and test results in Table 9.1. Both are explained in section 5.2.

—0.03

—0.04

—-0.05

—0.06

—-0.07

Episode reward mean

—0.08

—0.09

-0.10

-0.11

Episode reward mean

—0.03

—0.04

—0.05

—0.06

—0.07

—0.08

—0.09

Episode reward mean

— DDPG
— sAC ~0.10 — mcC
— T3 PPO
10000 20000 30000 40000 50000 60000 -0 1000 2000 3000 4000 5000
Training iterations Training iterations
(a) Offpolicy Q-Market results. (b) On—policy Q—Market results.
—0.4
—=0.5
—0.6
5 0.7
£ o e e
T -o0s8
5 0.9
B
& -10
-1.1
— DDPG -12
— sAC C1s — A
— T3 PPO

20000 40000 60000 100000

Training iterations

80000

(¢) Off—policy Economic—Dispatch results.

1000 2000 3000 4000 5000 6000

Training iterations

(d) On—policy Economic—Dispatch results.

Figure 9.1: Training episode reward mean comparison results.

Comparing off—policy and on—policy algorithms with each other is often difficult because

of the different number of training iterations and sampled episodes from the environment.

Therefore, these are separated in Figure 9.1.
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Further, because this thesis should provide an overall algorithm recommendation (see sec-

tion 1.1), the results of both environments are considered together.

At first, some general observations will be discussed. As for the training, some breakthrough
points have appeared, which act as barriers. In the Economic-Dispatch environment at an
ERM of -0.8, a breakthrough point appeared and the DDPG and TD3 converged at this
one. Algorithms with different exploration strategies like the SAC, A2C and PPO were
able to pass these boundaries. Therefore, it is possible that the Gaussian noise is maybe
not suited to reach optimal performance in larger action spaces.

Moreover, the PPO showed similar training behaviour in both environments. At first,
it improves with decreasing speed until the point of maximum performance is reached.
Afterwards, the PPO becomes unstable and in further training, it loses performance. Some
trials even crashed and stopped after reaching the maximum performance point, due to
exploding gradients.

Similarly, the A2C also suffers under these substantial performance drops, which could lead
to crashed trial during training. This seems to be a fundamental problem of the on—policy
algorithms. Therefore, the training of these should be supervised. According to the results
in Figure 9.1, the DDPG, TD3 and SAC, which are off-policy RL algorithms, do not show

these uncertainties in their training behaviour.

Next, the evaluation analysis takes place. Therefore, each evaluation criterion is analysed
for each RL algorithm.

At first, the training and test performances will be presented in which the SAC and PPO
are the top—performers. The results in Table 9.1 show that the PPO was slightly more
performant in the Q—Market environment. Due to the PPO’s performance fluctuations,
less performant test results were obtained because the test data were sampled after the
training was finished. However, the PPO is expected to even further outperform the SAC
in the Q-Market environment regarding the test performance. On the other hand, the
SAC was more performant in the Economic—Dispatch environment according to Table 9.1.
Probably, even when the PPO test results were obtained under the maximum training
performance, the SAC should outperform the PPO.

The TD3 and A2C underperform in each environment regarding training performance. The
same applies to the test results in Table 9.1. The DDPG shows an interesting behaviour
because it obtained a higher training performance in the Q—Market environment than the
SAC, but not a higher test performance.

The A2C could also convinced with its performance in the Q—Market environment. With
more converging time, it may have reached the upper—performance boundary. Unfortunately,

the A2C could not perform as well as the PPO in the Economic—Dispatch environment.
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The training graph in Figure 9.1d shows the first indications of training slowdown. Maybe
with more training time, the A2C would have reached the maximum PPO performance.
Nevertheless, due to the slowing down training speed, reaching the maximum PPO perfor-

mance could probably require much time.

The reproducibility analysis shows interesting results based on the test results in Table 9.1.
The SAC had the best reproducibility of all algorithms in each environment. Subsequen-
tially, A2C, DDPG and TD3 showed similar reproducibility values, whereas the A2C is
more reproducible in the Q—Market and the DDPG is more reproducible in the Economic—
Dispatch environment. However, the DDPG is more stable at lower performance, as seen
in Figure 9.1c. The PPO had the worst reproducibility of all algorithms. Further, the PPO
crashed on two trials after reaching the maximum performance point in the Economic—
Dispatch environment. It seems that the PPO is quite sensible to the network initialization
because not all trials failed. The PPO was the only RL algorithm from which trials have
crashed in this specific comparison. However, similar behaviours were also observed from

the A2C during the first failed PBT and in some undocumented experiments.

Based on the training results in Figure 9.1, the stability analysis shows that the SAC
generally learns smoothly and constantly. The PPO acts similar to the SAC as long as the
maximum performance point was not exceeded. Afterwards, the performances suffer under
solid stability fluctuations. The A2C as well as the DDPG and TD3 are also stable during
the training. Only the A2C in the Q-Market environment shows some slight performance

fluctuations, which do not influence the overall training process.

Metric DDPG TD3 SAC A2C PPO

Q- —0.0343+ —0.0364=+ —0.0319+ —0.0321+ —0.0318+
Market 0.0024 0.0025 0.0003 0.001 0.0031
ERM

Economic—-| —0.7893+ —0.781+ —0.452+ —0.7226+ —0.5342+
Dispatch | 0.0278 0.0365 0.0061 0.0294 0.0467
ERM

Table 9.1: Test episode reward mean comparison results.

The following evaluation criterion will be the sample efficiency, which is difficult to measure.
Off—policy RL algorithms are usually more sample efficient than on—policy algorithms [§].
Further, a quantitative comparison of sample efficiencies depends on the performance be-
cause it usually will be measured in performance (ERM) per sample. Due to the different

training lengths caused by the algorithm procedures and environments, a quantitative
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winner could not be determined. However, SAC reaches the top—performance with only
480.000 samples (collected samples per training iteration 8 x training iterations 60.000) for
the Q—Market and 800.000 samples (8 x 100.000) for the Economic—Dispatch environment
and even when the DDPG and TD3 are not as performant as the SAC they also reached
considerable performances with less samples.

A2C and PPO are less sample efficient than the already mentioned off—policy algorithms.
The PPO needed about 8.028.160 (batch size 8192 x training iterations 980) samples to
reach the maximum performance point in the Q-Market environment and 20.480.000 (8192
x 2500) for the Economic—Dispatch. The A2C needed the complete training time to reach
the highest performance. Therefore, the A2C took 5.120.000 samples (5000 x 1024) for
the Q-Market and 3.072.000 samples (6000 x 512) for the Economic—Dispatch environment.

The last metric to take a look at is the required training time. Likewise the sample efficiency,
a quantitative measuring of the algorithm training times lead to meaningless results because
both algorithms classes (on— and off—policy) have different advantages and disadvantages.
The training itself was the most time—consuming part of the off—policy algorithms because,
with each update cycle, only eight new samples are collected from the environment. For the
on—policy algorithms, the most time—consuming part was the sampling of new data because,
after each update cycle, a new batch needs to be sampled from the environment. Therefore,
the required time depends on the available computational resources. The training of off-
policy algorithms could benefit from GPUs due to the numerous update cycles involved,
which are more efficiently handled by GPU-based computation.

On the other hand, on—policy algorithms do not necessarily require GPUs. More sampler
CPUs and rollout workers highly boost the training due to the reduced sampling time.
Hence, a meaningful and quantitative analysis cannot be done because only CPUs were
available (see section 6.2).

However, a tendency between the algorithms can be observed in Table 9.2. These training

times are measured under the available computational resources.

Training time Q—Market Economic—Dispatch
DDPG 3h — 4h 6h — 7h

TD3 4h — 5h 6h — 7h

SAC 6h — 7h 10h — 12h

A2C 5h — 6h 8h — 9h

PPO full 12h — 13h 1d 12h — 1d 14h
PPO max performance 11h — 12h 18h — 19h

Table 9.2: Training times of the different RL algorithms.

Overall, the DDPG and TD3 were the fastest algorithms in this comparison, maybe because
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these are less complex than, for example, SAC and PPO. A2C, which is in comparison
to PPO and SAC, also less complex, took the third place in this competition. Lastly, the
slowest algorithms are the SAC followed by the PPO. Even when only taking the time
until reaching the point of maximum performance into consideration, the PPO would be

the slowest algorithm.

In total, the SAC algorithm is the overall winner of this comparison. It seems to be perfectly
suited for achieving top performances, especially for larger environments. Further, the SAC
is one of the most sample—efficient algorithms and extremely stable during training. Even
under not optimal chosen HPs, the SAC seems to converge with enough training time
(see Figure 8.1), which suits it for the use in different OPF problems. The results can
be reproduced reliably. The long training time is only a minor downside, which could be
handled with more GPUs to increase training time. Based on these characteristics, the

SAC can be used in production.

The PPO is not far away in this ranking. It also convinces with good performances during
training, especially in the Q—Market environment. However, the training process is only
stable until the maximum performance point is reached. Afterwards, the training becomes
unstable and unreproducible. Trials may crash in this training section, which is a severe
downside. For the PPO, a more complex early—stopping mechanism needs to be used
than the usual hardcoded constant training length stopping criterion. A plateau—stopping,
which measures the ERM and stops training when the performance decreases, is advised.
Further, the training should be actively supervised. Moreover, the PPO results indicate
that larger action spaces are probably more challenging for this RL algorithm. The perfor-
mance reached not the same level as the SAC. Further, the significant sample inefficiency,
together with a large amount of needed HPs and the long training time on restricted com-
putational resources, are considerable downsides of the PPO in the context of solving OPF
problems. Therefore, the PPO may be a suited choice when many training samples and

computational resources are available for environments with a relatively small action space.

The DDPG and TD3 are the least performant algorithms in this comparison, even when
the DDPG was able to achieve the best training performance in the Q—-Market environ-
ment. Especially for larger action spaces, both algorithms could not reach performances
over the breakthrough point at an ERM of -0.8, maybe because of the Gaussian noise
exploration mechanism. On the other hand, DDPG and TD3 convinced with a good sam-
ple efficiency in comparison to the on—policy RL algorithms. Especially, these mentioned
aspects together with their fast learning makes them ideal to test new environments or

obtain proof-of-concept results. Using these in production is not recommended due to the
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worse performance regarding the SAC or PPO.

Finally, the A2C takes the last place in this ranking. Even when it performed better than
DDPG and TD3, the downsides predominate the advantages. The A2C sample efficiency
was not comparable to any other algorithm. Even when the PPO needs more training
samples, it reaches at least a good performance. The A2C seem to slowly converge in the
Economic—Dispatch environment at a worse performance, which is under the maximum
PPO performance.

Further are the training times for the A2C quite large in comparison to the achieved
performance.

Another not directly observable reason, why the A2C takes the last place in this ranking,
are the already mentioned uncertainties in the training behaviour of the A2C. Many
undocumented experiments have shown that the A2C is extremely difficult to control
because it sometimes performs disproportionate gradient updates, which destroys the
policy permanently (see in Figure 8.1 the baseline A2C). Especially for new environments,
it should be challenging to find optimal HPs that lead to a stable performance even when
gradient clipping mechanisms are applied. Therefore, the A2C is not recommended for use

even when it performs, under certain circumstances, better than DDPG and TD3.
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1 O Procedure Evaluation and Discussion

In this chapter, a closer look should be taken at the procedure used in this master thesis. At
first, the requirements analysis shows if all self-defined expectations are fulfilled to ensure
fundamental scientific correctness. Afterwards, a discussion about the used procedure will

reveal optimisation potentials.

10.1 REQUIREMENTS ANALYSIS

At the beginning of this work, multiple requirements were determined to ensure scientific
correctness. In this section, a discussion will show if these requirements have been fulfilled.
EFT-01 should ensure that the efforts of the thesis work are appropriate to the available
times. According to this, only some selected papers were analysed in chapter 3. Further,
restrictions to test only two or three hidden layer networks (see section 5.5) were applied
to save computational resources and time.

ENV-01 demands using open—source frameworks developed by experts for the environment.
Both environments in this thesis are based on standard and open—source Python libraries
and the mlopf' repository is accessible to everyone. Further, in the sense of ENV-02, the
mlopf repository uses the datasets mentioned in section 5.4, which can be changed at will.
With minor adjustments to the environments it is possible to create new OPF situations.
Furthermore, the mlopf repository is still being developed to enable new possibilities of
performing RL on OPF problems. Further, the commonly used open—source RL frame-
work RLIib (see section 6.1) is used in this thesis, which is still actively maintained and
developed, guaranteeing reproducibility as demanded in AGT-01. All further details about
the algorithm and environment configuration are presented in chapter 5 (AGT-01 and
AGT-02). Moreover, nearly all comparison requirements have been fulfilled. According to
COMP-01, two different environments were used for the comparison. Further, all results
have been sampled at least five times, which corresponds to COMP—-02 (see section 5.1).
A HPT, as described in section 5.1, was done through the PBT, for which all details are
documented in section 5.6, fulfilling COMP-03. Based on COMP-05, an evaluation was
done in the comparison—phase considering the proposed evaluation criteria (see chapter 9).

The only requirement, which was not entirely fulfilled was COMP—-04 because it demands

'https://gitlab.com/thomaswolgast/mlopf
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measuring the performance with the ERM and VSM. However, during the evaluation, it
turned out that the VSM is not suited to measure the performance because the ERM
and VSM are showing significant differences, which result from a non—optimal formulated
reward function. Therefore, the VSM was not taken into consideration. All details about

this anomaly are documented in section 7.2.

10.2 PRocepURE DiscussioN

This section’s discussion about the procedure used should reveal aspects that could perform
better in the future work.

The sweep—over—phase was the first of three phases proposed to prepare the determination
of optimal HPs. During the analysis, it became evident that it is helpful to reduce the SS
because the HPT is extremely resource—consuming. A larger SS could lead to worse HPs
or longer HPT's. However, for the future work, the sweep—over runs should be much larger
than in this thesis. Some HP influences have appeared in the later training states and so
these were not observable in the sweep—over runs, for example, the maximum performance
point of the PPO or the A2C instabilities. Also, is it questionable if the sweep—over runs
are necessary for another attempt. Experts who have much experience with the different
algorithms may already have expectations of where the best HP spaces are. The SAC
analysis showed further that this top—performing algorithm is not very sensitive to HP,
changes except for the entropy LR and initial alpha « value. Even the SAC baseline HPs
performed quite well compared to the tuned HPs. Hence, without big HP changes, it could
be used on different OPF problems. Therefore, another rerun of the sweep—over—phase
should not be required, except for OPF problems, which differ significantly from those in
this thesis.

In the tuning—phase, optimal HPs should be determined to compare top—performing RL
algorithms afterwards. Therefore, the PBT was chosen because of its performant results
on other RL problems. Retrospectively, a series of PBT tests would have made sense. The

first HPT with the PBT failed due to non-optimally chosen meta—hyperparameters (see

chapter 8). In the second, only HPs were determined with a slightly better performance.

Probably, because the baseline HPs already lead to top-performances.

Moreover, the PBT HPs seemed to be more suited for the later learning stages than for the
earlier ones. The PBT algorithm performs the HP optimisations onto already optimised
parameters from early perturbation cycles. Due to less perturbation cycles, a local optima
optimisation has occurred, which probably was the reason for the first PBT fail. Therefore,
the population size must be large enough and widely spread to be close to an optimum
in the HP space. Further, the number of perturbation cycles could be carefully increased
to process more HP configurations (see section 2.5.3). Hence, in future work, a larger

population size and more perturbation cycles should be used.
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1 1 Conclusion

This chapter’s retrospective will show that the proposed procedure has solved the research
question. Subsequently, further open questions and interesting aspects will be mentioned

in an outlook.

11.1 REseArRCH QUESTION DiscussiON

This section discusses whether the research question has been answered. At the beginning,
after a brief introduction with a fundamental motivation 1, the following research question

was formulated:

How to develop a procedure to select, tune and compare RL algorithms to determine optimal

algorithms for OPF problems?

To answer this question, first the basis of the Optimal Power Flow (OPF) problem 2.1, Re-
inforcement Learning (RL) 2.2 and Hyperparameter Tuning (HPT) 2.5 were summarised.
Afterwards, a literature analysis in chapter 3 has shown that often non state—of-the-art RL
algorithms were used to solve OPF problems. Moreover, sometimes, the documentation
of the procedure was often left out. These analysis results show the importance of the
proposed research question.

To guarantee that this procedure for determining optimal RL algorithms is built upon a
scientific foundation, requirements were defined in chapter 4, ensuring the applicability on
different OPF problems, reproducibility and measurement correctness.

A procedure inspired by literature was subsequently developed with three phases (see sec-
tion 5.1). In the first phase, the influence of each HP for each algorithm in each environment
was determined, as seen in chapter 7. Afterwards, a HPT with the state-of-the-art PBT
algorithm was performed to obtain optimal HPs (see chapter 8). Then, after validating that
the tuned HPs are leading to more performant results (see section 8.2), the last comparison
was done. All algorithms were compared with each other in chapter 9 under the defined
evaluation criteria (see section 5.2). The SAC and PPO went out of the comparison as the
most performant RL algorithms, whereas the PPO was more performant in the Q—Market

environment with a smaller action space. On the other hand, the SAC was more performant
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in the Economic—Dispatch environment with a larger action space.

Through the following procedure evaluation and discussion in chapter 10, the fundamental
scientific correctness has been verified (see section 10.1) by a requirements analysis. A fur-
ther discussion about the proposed procedure in section 10.2 revealed smaller optimisation

potentials, which can be applied in further research.

All in all, a procedure was developed, which selected, tuned and compared different RL
algorithms to determine the most performant and recommendable algorithms for further

research.

11.2 FURTHER RESEARCH

As the last part of the master thesis, an outlook will be provided with further interesting
research questions according to the collected experiences during the thesis creation.

One obvious aspect that could be done in further research is to apply the procedure on more
and different environments. Only two OPF problem environments have been examined in
this work. It would be interesting to see if the procedure with the mentioned enhancements
in section 10.2 would maybe lead to different algorithm decisions as in this work. Probably,
the PPO results become worse in even larger OPF problems compared to the Economic—
Dispatch OPF problem.

During the sweep—over evaluation, it turned out that the reward function leads to different
results regarding the ERM and VSM (see section 7.2). After the reward function is optimally
formulated, it would be interesting to see if the top—performing algorithms, SAC and PPO,
also reach good results regarding the VSM. Probably, the ERM will decrease because
committing smaller constraint violations would not result in a larger ERM any more.
Also interesting aspects for further research are the number and kind of layers used in the
RL algorithms. Even when some undocumented results implied that these do not influence
the performance significantly, it would be worth a look to perform some experiments with
more layers and neurons per layer. Additionally, dropout and norm-layer could be applied
to see it the test performances can be increased even further.

Another interesting point would be a further comparison of HPT algorithms regarding
the OPF problem one-step environments. Maybe a different HPT algorithm, like random
search section 2.5.2, would have performed better than PBT.

Also, would it be quite interesting to see if the IMPALA RL algorithm [31], which is based
on A2C, may be more performant than its predecessor. Generally, it would be interesting

to apply the proposed procedure on other RL algorithms or derivates of already used ones.
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Appendix - Sweep—-Over—-Phase
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Figure A.2: DDPG — Q—Market — Training — Sweep—over critic LR results.
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Figure A.3: DDPG — Q—-Market — Training — Sweep—over batch size results.
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Figure A.4: DDPG — Q-Market — Training — Sweep—over tau 7 results.
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Figure A.5: DDPG — Q—-Market — Training — Sweep—over actor network hidden layer results.
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Figure A.6: DDPG — Q—Market — Training — Sweep—over critic network hidden layer results.
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Figure A.8: TD3 — Q-Market — Training — Sweep—over actor LR results.
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Figure A.10: TD3 — Q—Market — Training — Sweep—over batch size results.
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Figure A.11: TD3 — Q—-Market — Training — Sweep—over tau 7 results.
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Figure A.12: TD3 — Q-Market — Training — Sweep—over actor network hidden layer results.
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Figure A.13: TD3 — Q-Market — Training — Sweep—over critic network hidden layer results.
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Figure A.14: TD3 — Q—Market — Training — Sweep—over Gaussian noise STD results.
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Figure A.15: TD3 — Q-Market — Training — Sweep—over policy delay results.
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Figure A.16: SAC — Q-Market — Training — Sweep—over actor LR results.
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Figure A.17: SAC — Q-Market — Training — Sweep—over critic LR results.
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Figure A.18: SAC — Q-Market — Training — Sweep—over entropy LR results.
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Figure A.19: SAC — Q-Market — Training — Sweep—over batch size results.
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Figure A.20: SAC — Q-Market — Training — Sweep—over tau 7 results.
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Figure A.21: SAC — Q-Market — Training — Sweep—over initial alpha value results.
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Figure A.24: A2C — Q—Market — Training — Sweep—over LR results.
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Figure A.25: A2C — Q—Market — Training — Sweep—over batch size results.
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Figure A.26: A2C — Q-Market — Training — Sweep—over network hidden layer results.
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Figure A.27: A2C — Q—Market — Training — Sweep—over value function loss coefficient
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Figure A.28: A2C — Q—Market — Training — Sweep—over entropy coefficient results.
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Figure A.29: PPO — Q—Market — Training — Sweep—over LR results.
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Figure A.31: PPO — Q-Market — Training — Sweep—over minibatch size results.
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Figure A.34: PPO — Q-Market — Training — Sweep—over network hidden layers results.
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Figure A.32: PPO — Q—Market — Training — Sweep—over SGD iteration results.
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Figure A.33: PPO — Q—Market — Training — Sweep—over PPO clip results.
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Figure A.35: PPO — Q-Market — Training — Sweep—over value function loss coefficient
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Figure A.36: PPO — Q-Market — Training — Sweep—over entropy coefficient results.
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Figure A.37: DDPG — Economic—Dispatch — Training — Sweep—over actor LR results.
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Figure A.38: DDPG — Economic—Dispatch — Training — Sweep—over critic LR results.
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Figure A.39: DDPG — Economic—Dispatch — Training — Sweep—over batch size results.
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Figure A.40: DDPG — Economic—Dispatch — Training — Sweep—over tau 7 results.
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Figure A.42: DDPG — Economic—Dispatch — Training — Sweep—over critic network hidden

layer results.
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Figure A.44: TD3 — Economic—Dispatch — Training — Sweep—over actor LR results.
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Figure A.45: TD3 — Economic—Dispatch — Training — Sweep—over critic LR results.
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Figure A.46: TD3 — Economic—Dispatch — Training — Sweep—over batch size results.
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Figure A.47: TD3 — Economic—Dispatch — Training — Sweep—over tau 7 results.
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Figure A.52: SAC — Economic—Dispatch — Training — Sweep—over actor LR results.
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Figure A.53: SAC — Economic—Dispatch — Training — Sweep—over critic LR results.
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Figure A.54: SAC — Economic—Dispatch — Training — Sweep—over entropy LR results.
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Figure A.57: SAC — Economic—Dispatch — Training — Sweep—over initial alpha value results.
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Figure A.55: SAC — Economic—Dispatch — Training — Sweep—over batch size results.
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Figure A.56: SAC — Economic—Dispatch — Training — Sweep—over tau 7 results.

—— initial_alpha=0.5
—— initial_alpha=0.8

initial_alpha=1.0
—— initial_alpha=1.2
— initial_alpha=1.5

3000 4000 5000 6000 7000 8000 9000 10000
Training iterations

(a) Episode reward mean

Valid solution mean

1.0
0.9
08
0.7
o6 initial_alpha=0.5
— initial_alpha=0.8
initial_alpha=1.0
05 — initial_alpha=1.2
—— initial_alpha=1.5
3000 4000 5000 6000 7000 8000 9000 10000

Training iterations

(b) Valid Solution mean

85



A.8 SAC ECONOMIC—DISPATCH SWEEP—OVER RESULTS | 86

: i : At
i o

Episode reward mean
|
3

Valid solution mean

—— actor_hiddens=256_256 —— actor_hiddens=256_256

-22 —— actor_hiddens=256_256_256 065 / —— actor_hiddens=256_256_256

/ actor_hiddens=256_512_256 actor_hiddens=256_512_256

-24 —— actor_hiddens=512_256_512 0.60 —— actor_hiddens=512_256_512

—— actor_hiddens=512_512 —— actor_hiddens=512_512
actor_hiddens=512_512_512 actor_hiddens=512_512_512

3000 4000 5000 6000 7000 8000 9000 10000 3000 4000 5000 6000 7000 8000 9000 10000
Training iterations Training iterations

(a) Episode reward mean (b) Valid Solution mean
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layer results.
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Figure A.59: SAC — Economic—Dispatch — Training — Sweep—over critic network hidden
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Figure A.60: A2C — Economic—Dispatch — Training — Sweep—over LR results.
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Figure A.61: A2C — Economic—Dispatch — Training — Sweep—over batch size results.
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Figure A.63: A2C — Economic—Dispatch — Training — Sweep—over value function loss coef-

ficient results.
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Figure A.64: A2C — Economic—Dispatch — Training — Sweep—over entropy coeflicient results.
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Figure A.65: PPO — Economic—Dispatch — Training — Sweep—over LR results.
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Figure A.66: PPO — Economic—Dispatch — Training — Sweep—over batch size results.
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