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Abstract

Electrical motors are essential components of many types of mechanical systems and
are used in a wide range of applications, from appliances to industrial equipment.
The utilization of electric motors and the associated systems is projected to account
for approximately 43-46% of worldwide energy usage. Designing electrical machines,
such as generators and motors, is a complex task that involves balancing a number of
competing objectives, such as efficiency, cost, and reliability. Traditional optimization
methods, such as gradient-based optimization and evolutionary algorithms, have
been widely used to design electrical motors. However, these methods can be
computationally expensive and may struggle to find the global optimum solution in
complex design spaces.

Reinforcement learning (RL) is a rapidly growing field in machine learning, which
has been proven to be an effective tool for optimizing complex systems. The approach
of RL is based on an agent learning to interact with its environment to maximize
the cumulative reward signal. RL has been successfully used in various fields like
robotics, game playing, natural language processing and other fields.

This study examines the utilization of RL in the field of electrical motor design.
A new approach based on RL is introduced to optimize the design of electrical
motors, and its efficacy is demonstrated through the evaluation of various test
cases. The thesis makes a noteworthy contribution by introducing a unique reward
function tailored for the RL method. A comparison is made between the outcomes
achieved by the proposed approach and those attained using traditional optimization
methods. The potential advantages and difficulties associated with employing RL for
electrical motor design are analyzed. The findings indicate that RL offers substantial
enhancements in efficiency when searching for the optimal motor design within
specified user requirements and manufacturing limitations, while also providing
greater ease of use compared to traditional optimization techniques. Furthermore,
potential directions for future research are outlined and discussed.

Keywords electrical machine design, artificial intelligence, reinforcement learning,
policy gradient method, proximal policy optimization
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Symbols and abbreviations

This thesis follows the notation mostly as in [1] and for the reader’s convenience the
relevant parts are repeated here.

a action

A set of all actions

A, action at ¢

A(s) set of all possible actions in state s

Ai(s,a)  The advantage function that is the difference between Q;(s,a) value
for a given state - action pair and value function of the state V;(s)

Gy return (cumulative discounted reward) following ¢.
P(s'|s,a) probability of transitioning to state s’ from s, a
q-(s,a) value of taking action a in state s under policy =
q(s,a) value of taking action a in state s under the optimal policy
Q:(s,a)  estimate (a random variable) of ¢, (s,a) or g.(s,a)
R set of possible rewards

R, reward at t, dependent, like Sy, on A;_; and S;_;
S state

S set of all states

St state at t

t discrete time step

T final time step of an episode

V() value of state s under the optimal policy

V() value of state s under policy 7 (expected return)
Vi(s) estimate (a random variable) of v, (s) or v.(s)

T policy, decision-making rule

7(s) action taken in state s under deterministic policy 7
m(als) probability of taking action a in state s under stochastic policy 7
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1 Introduction

1.1 Motivation

An electrical machine is a device that converts electrical energy into mechanical
energy or vice versa. We need to design customized electrical machines to meet
specific requirements and needs, such as high efficiency, low cost, reliability, and
safety. Electrical machines are essential to modern life, from powering our homes and
offices to driving our cars and trains. Effective design of electrical machines increases
their performance, reduces energy consumption, and improves their overall longevity.
The design and manufacturing process of electrical machines requires specialized
knowledge and skills in electrical engineering, manufacturing processes, materials
science, and computer-aided design.

The process of designing an electrical machine involves several steps, beginning
with identifying the necessary requirements such as the type of machine, operating
conditions, power output, and efficiency. The next stage involves choosing the
appropriate electrical and mechanical components such as rotor, stator, bearings,
and cooling systems. Afterward, the electrical and magnetic characteristics are
calculated, including the number of turns, magnetic core size, conductors, and
winding configuration. The mechanical structure is then developed while considering
the size, shape, and used materials. The final stage involves refining the design by
optimizing it based on testing to increase efficiency and performance. The field of
electrical machines is constantly evolving with new technologies and innovations
being developed every day.

Designing electrical machines is a challenging task as it requires balancing various
factors and trade-offs. One example of this is the relationship between power output
and material usage, where higher power requirements may result in greater material
usage and therefore increased cost. On the other hand, if the machine is designed to
be smaller, it may generate more heat. Utilizing RL can help resolve these trade-offs
by automating the design process. The RL algorithm can learn from trials and errors
as well as from its mistakes to find the optimal design that balances all the relevant
objectives. This approach is more efficient than traditional design methods, where
engineers manually evaluate different design options to determine the best solution,
as it saves time and resources.

RL is a type of machine learning that focuses on making decisions in a sequential
manner in order to maximize a reward signal. In electrical machine design, RL is
used to improve performance metrics such as efficiency, power density, and torque
density. The goal of RL in this context is to find the optimal design that balances
these multiple objectives through an automated optimization. The algorithm learns
from its experiences and adjusts its decision-making strategy accordingly in order
to achieve the highest reward. The design process can be made more efficient by
minimizing the time and effort needed to manually search for the most optimal
design.

Additionally, RL can also be used to optimize the design of electrical machines for
specific applications. To illustrate, a machine intended for utilization in a wind turbine
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must prioritize achieving low weight and high torque density. On the other hand, a
machine intended to be used as a power generator on a cruise ship must prioritize
meeting size constraints and ensuring high-quality voltage output. Therefore, RL
can be used to find the best design for each specific application. Another use case
of RL in electrical machine design is for dynamic optimization, which enables the
real-time optimization of machine performance by adapting to changes in different
conditions. For instance, it can be used to adjust the performance of a wind turbine
in response to variations of wind speed.

Furthermore, the application of RL in electrical machine design can provide
numerous benefits, including: automating the design process, optimizing performance
for specific applications, and improving the control of the machines.

1.2 Related work

In recent years, RL has gained increasing attention in the field of electrical machine
design due to its ability to handle complex design challenges with large state and
action spaces. Despite this growing interest, there is limited research in the area of
RL-based electrical machine design. This chapter provides a comprehensive review
of the current state of the art in machine learning-based and traditional optimization
methods for the electrical machine design problem by examining the published works
of the past few years. The existing literature can be divided into two main categories:
genetic algorithms (GA) and RL methods.

The paper [4] presents a method for optimizing the design of three-phase induction
motor in manufacturing process using a GA. The objective functions of this work are
torque, efficiency, and cost. The method involves adjusting design parameters, such
as the number of stator and rotor slots, the diameter of the rotor, and the thickness
of the magnetic core, to achieve improved performance. The GA is used to search
the design space for the optimal combination of design parameters. The method is
demonstrated by applying it to an induction motor design problem, and the authors
show that it results in improved performance compared to an existing motor having
the same ratings.

The same as the previous work, [5] presents a design optimization of a three-phase
induction motor using a genetic algorithm (GA). However, their usage is more specific
and the induction motor employed in this work has an external rotor. The goal of
the optimization is to find the optimal dimensions for the machine components to
maximize its efficiency. The design optimization process involves adjusting design
parameters, such as the number of stator and rotor slots, the shape of the slots, and
the number of turns in the windings, to achieve improved performance. The results
show that the GA-optimized design improved the efficiency of the machine compared
to a traditional design method.

The above mentioned works [4, 5] demonstrate that genetic algorithms are a good
choice for designing electrical machines. However, they are usually time-consuming
and computational intensive as they require a large number of function evaluations
and simulations to converge to an optimal solution [6]. Moreover, genetic algorithms
have the tendency to overfit to the training data, leading to a loss of generalization
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ability and reduced performance in the real-world scenario [7]. Additionally, genetic
algorithms do not guarantee an optimal solution and may not always find the best
solution and can sometimes give unreliable results. It’s hard to predict what the
outcome will be, and the algorithm might stop at a suboptimal solution instead of
the best one.

The only study that has employed RL in the context of electric machine design is
documented in [8]. This study uses RL and evolutionary optimization to create a linear
induction motor. The process starts with a random design, which is tested to see how
well it performs. The results are then used to update the design using RL, which helps
make it better. After that, the updated design is used for evolutionary optimization
to explore the design space and find the best design. The process is repeated until a
satisfactory performance is achieved or a predetermined stopping criterion is met.
The authors demonstrate the effectiveness of the method by applying it to the design
problem of a motor and show that it outperforms traditional optimization techniques.
The proposed method is employed to create a linear induction motor, and the data
from this process is saved to be used for future designs. If the requirements of a
new design are similar to previous designs, this method can quickly suggest suitable
designs. Even for new requirements, the method can generate more data to adapt to
the new design. However, it is not a universal solution that can be applied to any
induction motor design.

Additionally, there have been numerous works that explore the application of
machine learning techniques in electrical machine condition monitoring. These
studies aim to leverage the capabilities of machine learning algorithms to enhance the
detection, diagnosis, and prediction of faults in electrical machines. AS an example,
[9] presents a comprehensive study on the application of machine learning techniques,
including SVM and decision tree algorithms, for fault detection and diagnosis of
induction motors. The authors use motor current signals as input features and
achieved accurate fault classification and diagnosis. Moreover, [10] focuses on the
fault diagnosis of induction motors using machine learning techniques. The authors
extract statistical features from motor current signature analysis (MCSA) data and
employ a random forest algorithm for fault classification. The proposed method
achieves high accuracy in diagnosing various motor faults.

In conclusion, designing electrical machines poses challenges due to nonlinear
relationships between design variables and performance metrics. Multiple optimal
solutions or trade-offs between conflicting objectives further complicate the search
for global or near-global optima. Additionally, the design process involves numerous
variables (e.g., geometries, materials, winding configurations), leading to a high-
dimensional search space that slows down efficient identification of optimal designs.
The evaluation of performance through computationally intensive methods like
electromagnetic simulations or finite element analysis adds to the time and cost
required for optimization, potentially limiting its feasibility.

RL has demonstrated its potential to tackle intricate design problems characterized
by high-dimensional state and action spaces. Additionally, RL algorithms can
effectively handle complex and non-linear relationships between design variables
and performance metrics by learning the underlying patterns and optimizing the
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design based on feedback and rewards. The literature review also shows that machine
learning and RL has been successfully applied to various aspects of electrical machine
design and control. However, the application of RL in the design of electrical machines
has received limited attention, leaving sufficient room for improvement. Therefore,
further research is necessary to fully exploit the potential of RL in this field. To the
best of the author’s knowledge, this study represents the first investigation into the
application of RL as a design automation approach for rotating electrical machines.
This model is developed for sales tool, however, engineers can also use it to obtain
an excellent initial machine design.

1.3 Scientific contributions

This master thesis explores the application of RL to electrical machine design. One of
the key challenges in applying RL to machine design is the design of an appropriate
reward function that accurately captures the desired behavior of the machine. The
main contribution is a novel approach to designing reward functions, which is based
on a combination of performance metrics and cost functions. This novel reward
function is designed to find the proper machine design in the least amount of design
evaluations.

By combining performance metrics, such as machine nominal current, torque,
stator temperature rise, and airgap flux density, with cost functions, such the mass of
the motor, the proposed approach optimizes the overall performance of the machine
while also considering the economic feasibility of the design. This not only leads to
better machine performance but also reduces manufacturing costs, making the design
more accessible and practical. Furthermore, this approach can be adapted to different
operating conditions and design constraints, such as varying load conditions, input
voltage, and material properties. This makes it a flexible and adaptable approach
that can be applied to a wide range of machine design tasks.

The literature review conducted in this thesis identifies the key challenges and
opportunities in electrical machine design. In contrast, the inherent capabilities of
RL, such as handling complexity, multi-objective optimization, adaptability, and au-
tomation, make it a promising approach for designing electrical machines, surpassing
the limitations of traditional optimization methods. Furthermore, the significance of
developing suitable reward functions within the RL framework is well understood.
The proposed approach to designing reward functions is demonstrated through a series
of experiments on a range of electrical machines, including different induction motors.
It is shown that this approach is effective in optimizing machine performance and
can be adapted to different operating conditions and design constraints. In addition,
the performance of the proposed approach is evaluated in comparison to traditional
optimization techniques. The results demonstrate that this approach outperforms
existing algorithms in terms of speed, and convergence to optimal solutions.

The potential applications of RL in electrical machine design are also discussed,
highlighting the potential for significant improvements in the computational time.
Future research directions in this area are also identified, including the integration of
RL with other machine learning techniques and the development of RL algorithms
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for more complex machine design tasks.

1.4 Thesis outline

The rest of this work is structured as follows. Section 2 presents the background
including the concepts of electrical machines and electrical machine design. Also,
Section 2 explains the basics of RL that is the method used in this thesis. Then,
Section 3 presents the problem formulation including our electrical machine design
game, the proposed reward functions. Additionally, a comprehensive description of
the RL method utilized in this thesis is presented in Section 3. In Section 4, the
proposed algorithm is tested on various induction machines with different stages in
order to address the research questions posed. The experiments conducted provide
valuable insights and findings on the effectiveness of the proposed approach. Section
5 concludes this thesis and presents potential avenues for further research in the field
of RL applications in electrical machine design.
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2 Background

This section provides a comprehensive overview of the two main components that
form the basis of the study: electrical machines and RL.

The electrical machine subsection (section 2.1) highlights the significance of
electrical machines in various industries and their crucial role in energy conversion. It
covers essential topics such as different types of motors, their elements and properties,
and performance evaluation metrics. This subsection establishes the foundational
knowledge necessary to understand the complexities involved in electrical machine
design. The RL subsection (section 2.2) introduces the field of RL. It explains the
fundamental principles and concepts of RL, including markov decision process and
the Bellman equation. The subsection also explores different types of RL algorithms,
such as on-policy and off-policy algorithms, Monte-Carlo and temporal difference
methods, that can be employed to tackle optimization problems in electrical machine
design.

By combining the knowledge from the electrical machine and RL subsections,
the thesis aims to explore the use of RL techniques in optimizing electrical machine
design. The goal is to leverage the adaptive and learning capabilities of RL algorithms
to autonomously discover optimal designs for electrical machines.

2.1 Electrical machine

An electrical machine is a device that converts electrical energy into mechanical
energy or vice versa. There are two main types of electrical machines: generators and
motors. Generators are devices that convert mechanical energy into electrical energy.
They work by using a rotating shaft to turn a coil of wire within a magnetic field.
This causes a current to flow in the wire, producing an electrical voltage. Generators
are commonly used in power plants to produce electricity for distribution to homes
and businesses.

Moreover, motors are devices that convert electrical energy into mechanical energy
[11]. They employ an electric current to produce a magnetic field that propels a
rotor consisting of a metal core. The part called the rotor spins inside a magnetic
field made by the stator. This makes the rotor turn and spin the output shaft of the
motor. Such rotation is useful in energizing mechanical tools like fans, pumps, and
conveyor belts. Motors are commonly used in appliances and industrial equipment.
Induction motors and synchronous motors are two types of electrical motors that are
commonly used in various industrial and commercial applications.

A synchronous motor is a type of AC motor where the rotor rotates at the
same speed as the stator’s rotating magnetic field. The rotor is connected to the
power source, typically through a brushless exciter. Synchronous motors are used
in applications that require high power, such as in cruise ship propulsion, hoist
that is used in mining. They are typically more expensive and have more complex
construction than induction motors.

On the other hand, an induction motor, also known as an asynchronous motor,
is a type of AC motor where the rotor rotates at a slightly slower speed than the
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stator’s rotating magnetic field. The rotor is not connected to the power source and
instead, it is induced to rotate by the stator’s magnetic field. Induction motors are
typically less expensive, durable and have a simpler construction than synchronous
motors. They are widely used in fans, pumps, and other industrial applications. In
this work, the focus will be placed on induction motors.

2.1.1 Elements of induction motor

An electrical machine, such as an electric motor or generator, typically has several
key elements (as shown in Figure 1).

Terminal
Box

Cooling
fan

Non-drive

: end
Drive end

Stator

Rotor
Stator winding

Figure 1: Elements of induction motor.

The stator is the stationary part of an induction motor. It typically consists of a
frame and iron core that holds a set of windings, which are used to create a magnetic
field. The stator windings are connected to a power source and, when energized,
produce a magnetic field that penetrates the rotor. The stator is also responsible for
providing support for the rotor and the bearings that hold it in place.

The rotor is the rotating part of an induction motor. It typically consists of a
core that is made up of laminated insulated steel sheets, which is used to reduce
eddy currents. The rotor core has windings or conductors, which are subject to the
magnetic field created by the stator. The interaction between the stator and rotor
magnetic fields causes the rotor to rotate, generating mechanical power. The rotor is
supported by bearings, which allow it to rotate freely inside the stator.

The bearings are mechanical connections between rotating and static parts that
help keep the rotating part stable. They’re found between the stator and the rotor,
and their job is to decrease friction, limit wear and tear, and give support to the
rotor. This helps the rotor turns stably by minimizing frictional losses. Bearings are
critical components of an induction motor, as they play a key role in maintaining
the alignment and stability of the rotor. They must be properly lubricated and
maintained to ensure that the motor runs efficiently and reliably.

The rotating element that transmits power from an induction motor to the load
is known as the shaft. This component is linked to the rotor, which is the rotating
section powered by the magnetic field created by the stator, a fixed part of the motor.
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Usually, the shaft extends from both sides of the motor and is supported by bearings
that enable smooth and low-friction rotation. Additionally, the shaft is employed for
mounting pulleys, gears, or other mechanical tools that help in transmitting power
to the load.

Cooling system in an induction motor is used to dissipate the heat generated by
the motor during operation. This is typically accomplished by circulating a coolant,
such as air or liquid, through the motor to remove heat from the windings and
other components. The type of cooling system used in an induction motor can vary
depending on the application and the size of the motor. Some common types of
cooling systems include forced air cooling, liquid cooling, and fan cooling.

Terminal bor in an induction motor is a protective enclosure that houses the
electrical connections for the motor. It typically contains terminals for the power
supply and control wires. The terminal box is typically located on the side or top of the
motor and is designed to be easily accessible for maintenance and repairs. It protects
the internal electrical connections from dust, moisture, and other environmental
factors.

2.1.2 Properties of electrical machine

The characteristics of an electric motor can be classified into various categories that
are interconnected and can substantially affect the machine’s effectiveness, efficiency,
and longevity. these characteristics can be categorised into three main groups,
requirement variables, design variables, and performance variables. Within the scope
of this thesis, specific design variables and performance values have been selected for
examination, as they are directly relevant to the research objectives. While there
exists a multitude of design variables and performance values, this study narrows its
focus to those that are specifically applicable to the context of this thesis.

Requirement variables

Power output in an induction motor is the rate at which electrical energy is converted
into mechanical energy. It is measured in watts (W) or horsepower (hp). The power
input to the motor (also known as the "input power") is the electrical power supplied
to the motor’s stator, while the power output from the motor (also known as the
"output power") is the mechanical power produced by the rotor. The difference
between the input power and the output power is the power lost as heat due to
various factors such as friction, iron losses, and winding losses.

Voltage in an induction motor refers to the electrical potential difference between
two points in the circuit, for example, two phases of stator winding. The voltage
applied to the stator winding can be either single-phase or three-phase, depending on
the design of the motor. The voltage level and frequency must be within a specific
range in order to ensure proper operation of the motor.

Relative starting current in an induction motor refers to the ratio of the current
drawn by the motor at the time of starting to its rated full-load current. It is
expressed as a percentage and is used to describe the level of current motor draws
from network during locked rotor condition. This current is typically several times
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higher than the normal running current of the motor. The value of relative starting
current depends on various factors, including the size and type of the motor, the
method of starting, and the power supply system. The relative starting current can
impact the sizing of electrical supply and protective devices and should be taken into
consideration in motor selection and application design.

Design variables

The number of turns in the stator winding is chosen to provide the required magnetic
field strength and flux linkage for the motor’s rated voltage and operating frequency.
The specific number of turns in the winding will also depend on the desired operating
characteristics of the motor, such as efficiency, torque, and speed.

The core length of an induction motor refers to the length of the iron core that
forms the stator and/or rotor of the motor. The core length is an important design
parameter that affects the motor’s performance characteristics such as efficiency,
power output, and torque. The specific core length of an induction motor can vary
widely depending on the motor’s design and application. Generally speaking, larger
motors will have longer cores than smaller motors, but there are many other factors
that can affect the core length as well. The specific core length will depend on factors
such as the motor’s power rating, speed, efficiency, and torque requirements, as well
as the size and shape of the motor’s housing or enclosure.

Rotor tooth tip is the end of the rotor teeth in a cage rotor construction. It’s
exposed to the air gap between the stator and rotor, and has a significant impact
on the motor’s starting torque, maximum torque, and efficiency. The air-gap is a
critical dimension in motor design, and should be kept as small as possible without
causing damage to the motor. The shape of the tooth tip also affects performance,
with a rounded tip resulting in higher efficiency and a sharp tip resulting in lower
efficiency. Proper design of the rotor tooth tip and air-gap is essential for optimal
motor performance.

Performance values

Power factor in an induction machine refers to the phase shift between voltage and
current. Real power is the power that is actually used to do work, while reactive
power is generating the magnetic field in the motor. The power factor is important
in induction machines because it affects the efficiency of the machine, and can also
impact the operation of the electrical grid to which the machine is connected.

Torque in an induction motor refers to the turning force that causes the rotor
to rotate. It is the rotational equivalent of force and is measured in Newton-meters
(N -m) or pound-feet (Ib - ft). It’s proportional to the current in the stator winding
and the magnetic field strength in the air gap. Motor design factors, like pole number,
cage construction, and winding configuration also influence torque. Torque varies
with speed and is described by a torque-speed curve.

Nominal current is the current at which an induction motor is designed to operate
during normal conditions. It’s also called rated or full-load current, and determined
by the motor’s design and construction, such as the winding and wire turns. Nominal
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current flows through the stator winding at rated power and speed. It’s specified on
the motor nameplate along with other information. Operating the motor beyond
its rated current, voltage, or frequency can cause damage to the windings and other
components and lead to motor failure.

Airgap flux density is the strength of the magnetic field between the stator and
rotor in an induction motor, affecting the torque produced by the motor. It’s measured
in Tesla or Gauss and determined by factors like stator current and winding design.
Higher flux density leads to higher torque but also higher losses and temperature.
Rotor speed also affects it. Proper range of flux density is important to avoid
saturation of the stator core and ensure motor operation.

Stator temperature rise in an induction motor is the increase in temperature of
the stator windings and core due to losses in the motor. It’s measured in Kelvins
and affected by factors such as current flow, motor load, cooling efficiency, and
environment. High stator temperature rise can reduce motor efficiency and power
factor, degrade insulation, and cause failure. To prevent this, the motor must be
designed to handle expected loads and operated within rated limits, and the cooling
system must be effective.

The Efficiency of an induction motor is the ratio of output power to input
power, and is affected by factors like motor design, load, power factor, current
and temperature. Efficiency is highest at full load and nominal speed, and can be
improved by using high-quality materials, optimizing motor design, and matching
load and power factor. Efficiency is important for energy consumption and cost of
operation, and a high efficiency motor can save energy and money.

Obtaining optimal performance values in electrical machine design is a challenging
task due to the intricate interdependencies among various factors. In Figure 2,
multiple examples are illustrated to showcase the fluctuations in different performance
values resulting from modifications in the design variables, coil turns, tooth tip height,
and length of the motor. In order to emphasize the patterns in performance values
related to variations in design variables, the numerical values on the y-axis have been
excluded in Figure 2.

2.1.3 Electrical machine design

For different use cases we need to design personalized induction motors to meet
the specific requirements and needs. Each application may have unique operating
conditions (e.g. speed, torque, power, environment), and different design features may
be required to optimize performance and efficiency. By designing induction motors
specifically for a particular application, we can ensure that the motor will operate
efficiently and reliably, resulting in reduced energy consumption, lower maintenance
costs, and increased productivity. Additionally, personalized induction motors can
also be designed to meet specific safety standards, provide better performance, and
improve overall system integration.

Induction motors are extensively used in various industrial and commercial
applications, and a well-designed motor is efficient, durable, and meets the necessary
demands of its designated purpose, whereas a poorly designed one is energy-intensive
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Figure 2: Variations in performance values due to changes in coil turns, tooth tip
height and length design variables, where number of coil turns is actually the effec-
tive number of turns (number of turns/parallel path), I,/1, is the relative starting
current, Ty,4. /T, is the relative breakdown torque, 6, is stator winding temperature
rise, and B,4 is the airgap flux density.
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and prone to failure [12, 11]. Designing an induction motor involves critical factors
like core construction, winding insulation, and optimizing geometries like rotor and
stator windings. Moreover, parameters such as voltage, frequency, size, weight, torque,
speed, efficiency, reliability, cost, and environmental conditions must be considered
to achieve an effective design. This chapter aims to emphasize the significance of the
design of induction motors through an introduction that will briefly discuss essential
design considerations and trade-offs, and set the stage for a deeper understanding of
the design process.

The design of the electrical motor is considered as a parameter optimization
problem, wherein the goal is to find optimal values for the motor’s parameters.

Minimize F'(x)
Subject to G(x)

=0 (1)
G(x) <0
The objective function F'(z) is defined with respect to the design variables represented
by z. Additionally, the equality and inequality constraints are denoted by G(z) and
G (x), respectively. In this study, the design parameters pertain to the length, coil
turns, and rotor tooth tip height of the electrical machine. The primary aim of
the objective function is to minimize the mass of the machine, while ensuring its
feasibility through the satisfaction of equality and inequality constraints. The design
process of the electrical motor is influenced by user-specific requirements, operational
requirements, and manufacturing constraints, which are formulated as equality and
inequality constraints within this study. Hence, to attain the design of a specific
machine with predefined power and voltage values, it is necessary to satisfy the design
feasibility while minimizing the objective function.

To evaluate the feasibility of the motor design, certain performance criteria have
been established. This study considers five specific performance values, which include
rotor tooth tip height, airgap flux density, starting current, starting torque, and
stator temperature rise. These performance values serve as indicators or measures
of the motor’s performance and operational characteristics. Each value represents
a specific aspect of the motor’s behavior and functionality. By considering these
specific performance values, engineers can thoroughly evaluate the feasibility and
effectiveness of the motor design. The study aims to optimize the motor’s parameters
and meet the desired performance values while ensuring the motor’s reliability and
efficiency.

Designing an electrical machine requires thoughtful planning and engineering
to produce a device that fits its intended purpose, while also achieving desired
performance and reliability criteria. Basically, it is a trade-off between efficiency,
cost, power density, and reliability, and requires a thorough understanding of the
operating conditions, power supply, as well as application requirements [13]. The
trade-offs in the design of an induction motor can be:

» Efficiency vs. cost: Increasing the efficiency of an induction motor often involves
adding additional materials, which increases the cost of the motor.
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o Torque vs. speed: An induction motor can be designed to produce high torque
or high speed, but not both simultaneously. A trade-off must be made between
the two depending on the requirements of the specific application.

e Size vs. power output: Increasing the power output of an induction motor
often requires a larger motor, which may not be practical in some applications
due to space constraints.

» Voltage vs. current: An induction motor can be designed for high voltage and
low current, or low voltage and high current, but not both simultaneously. A
trade-off must be made between the two depending on the requirements of the
specific application and the electrical supply available.

o Efficiency vs. power factor: Improving the efficiency of an induction motor
often involves reducing the power factor, which can result in higher current
draw.

o Starting current vs. torque: An induction motor can be designed for high
starting current and high starting torque, or low starting current and low starting
torque, but not both simultaneously. A trade-off must be made between the
two depending on the requirements of the specific application.

The process of designing an electrical machine involves repeating certain steps
until the desired outcome is reached. Initially, an engineer must gather all the
fundamental parameters such as voltage, frequency, shaft power, and rotational speed.
In addition, they must consider other constraints such as maximum allowable starting
current, under-voltage during startup, and thermal limitations. After gathering all
the necessary information, the engineer selects a starting point for the motor design
that includes a rotor of appropriate size to generate the required torque. They then
set the stator winding turns to achieve the desired air gap flux density. Once the
design is complete, the engineer evaluates the performance of the motor. If the motor
meets all the constraints, the design is accepted. However, if the design does not
meet all the requirements, the engineer adjusts the design by changing core length,
number of winding turns, or other relevant parameters. The engineer then repeats
the previous step until an acceptable design is obtained [14].

In the context of large corporations, particularly within the expansive industrial
sector where numerous motors are manufactured daily to cater to diverse customer
needs, the electric machine design process and dimension estimation necessitate
rapid execution. In such cases, the prompt availability of machine dimensions
based on application, efficiency, load curve, and operational conditions becomes
significantly crucial. To address this demand, electric motor designers typically
selects a base or seed machine, which is a machine that closely aligns with the
customer’s requirements. Subsequently, certain machine parameters are adjusted
to achieve the desired customer specifications. Traditionally, this is accomplished
through a deterministic approach, either manually or with the aid of an algorithm,
where the machine designer iteratively modifies specific design parameters to assess
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compliance with the customer’s requirements. However, this process remains time-
consuming, impeding the ability to provide customers with immediate feedback on
machine design and pricing during sales negotiations.

2.2 Reinforcement learning (RL)

To address the given challenge in designing electrical machines, a RL approach is used.
The integration of RL techniques into the design of induction machines represents
a promising avenue for advancing the field of machine design. RL is an area in
machine learning that looks at the behaviour of an intelligent agent interacting with a
certain environment in order to maximize its cumulative reward [15]. RL along with
supervised learning, and unsupervised learning are three main paradigms of machine
learning. In supervised and unsupervised learning the goal is finding patterns in
the training data and learning about them. In contrast, RL focuses on creating
a policy that instructs an agent which course of action to take at each stage, and
therefore it is more beneficial in dynamic problems. Another difference between RL
and supervised learning is that RL doesn’t call for display of labelled input/output
pairs, or an explicit corrections of undesired behaviours. In fact, the agent determines
how to carry out the job at hand by learning from its experience after completing
the task for a specific number of times.

The main elements of RL are an agent and an environment. According to [1], the
agent interacts with the environment (as shown in Figure 3) that can be either fully
observed or partially observed. When the agent is able to observe the complete state
of the environment, it is referred as fully observed. Chess is a good example of this
because both players of the chess have access to all the information; whereas, when
the agent can only see a partial observation of the state, we say that the environment
is partially observed [16]. Games like poker are examples of partially observed games
because each player can see only his own hands, but not those of the opponents.

'J Agent ||
state reward action

S, R, A,
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<
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Figure 3: The reinforcement learning framework [2].

In RL, the agent (policy network) starts from an initial state Sy, then at each
time step t, the agent begins in state S;, takes an action A;, arrives at a new state
(St41), and receives a reward (R;i1) until it arrives at the final state Sy. The aim of
the agent is to maximize its cumulative reward during this procedure.

The emphasis of RL is to find a balance between the exploration and the exploita-
tion [17]. Exploration is more of a long-term concept because it allows the agent to
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better understand every action that can be advantageous in the long run. While
exploitation, on the other hand, effectively exploits the agent’s current estimated
value and chooses the greedy method to maximize its reward. So it may be possible
that the agent won’t receive the highest reward since it is being greedy with the
estimated value rather than the actual value [18]. This exploration-exploitation
trade-off is a result of an agent’s partial awareness of the state, actions, and rewards.

Due to the generality of RL, it has several applications [19]. (As presented in
Figure 4), from autonomous driving [20], medicine [21], and healthcare [22], to
control theory [23], multi-agent systems [24], and statistics. RL can also be used to
understand how equilibrium might develop under constrained rationality in economics
[25] and game theory [26]. Other applications of RL are robotics [27], choosing where
to put ads on a website [28], recommender systems [29] and so on. Although, RL has
many applications, it is more difficult to apply RL to real-world business scenarios
because it needs simulated data and an environment.

Applications
of RL

Control
Theory

Figure 4: Some applications of RL.

2.2.1 Markov decision process

Markov decision processes (MDP) can be considered as the environment in which an
agent operates and thus are used to model the basics of the RL. In mathematics,
a discrete-time stochastic control process is known as a MDP [30]. It provides a
mathematical formulation for modeling choices in circumstances where results are
influenced by chance and a decision-maker. Essentially, the phrase "Markov Property"
applies to a stochastic process that has memoryless characteristic, which means that
the probability of the next event only depends on the state obtained in the current
step, and not any other previous steps [31]



27

P(XnJrl = anrlan = xnanfl =Tp-1,""" 7X0 = :UO) = P(XnJrl = anrl‘Xn = mn)
(2)

Main elements of MDPs are:

1. States (S): The set of possible states in the environment.

A state, denoted by s, is a comprehensive description of the current situation
in the world that the agent has access to. On the other hand, an observation,
denoted by o, is a limited description of a state, which may not include all
information about the current situation. While observations and states may
be the same in some cases, this is not always the case.

In RL, we almost always represent states and observations by a real-valued
vector, matrix, or higher-order tensor.

2. Actions (A): The set of all possible actions that may be taken by the agent in
the given environment.

Different environments allow different kinds of actions. The action spaces
in some environments, such as Atari and Go, are discrete, meaning that the
agent can only make a limited number of moves. On the other hand, other
environments, such as controlling a robot in the physical world, have continuous
action spaces. This difference in action spaces has significant implications for
deep RL methods, as some algorithms can only be used in one type of action
space and would require significant modification to work in the other.

In the context of electrical machine design, the action space can include altering
the motor’s length, adjusting the number of coil turns in the winding, and
modifying the tooth tip height of the rotor slot.

3. State transition (P(s'|s,a)): Given a state (s) and an action (a), this is the
probability distribution over next states.

In RL, the state transition function most generically defines the probability of
an agent transitioning from one state to another. The state transition function
can be either deterministic or non-deterministic.

4. Reward (R;): The immediate reward (or expected immediate reward) for taking
an action (a) in a state (s) at the time step t.

MDPs with finite state and action spaces with an explicitly provided transition
probabilities and reward functions can be used to research optimization issues based
on dynamic programming [32, 33]. They work in a variety of industries, including
manufacturing, economics, automatic control, and robotics. In contrast, MDPs in
which the probabilities or rewards are uncertain, are used in RL and the problem in
such MDPs is to find a "policy" for the decision-maker. Therefore, the aim of RL
for the agent would be to learn an optimal (nearly-optimal) policy that maximizes
the cumulative reward for MDPs. Mostly, to compute the optimal policy for RL
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algorithms, two different functions indexed by state are needed: Value function
Vi(s) € R that is the expected cumulative rewards starting from state s, and the
policy 7(s) € A that models the agent’s behaviour.

For a RL agent, in order to maximizes its cumulative rewards (not only the
immediate reward from one decision), the agent must concurrently gather present
rewards and also consider the future ones. Since the future rewards do not worth the
same as the current rewards, we need to use a mechanism to discount the importance
of future rewards. This discounted Reward can be expressed by the term return G,

Gy = Z ’YkRHkH; (3)
k=0
where 7 is a parameter, 0 < v < 1, called the discount rate. if v is smaller than 1,
therefore future occurrences are given a lower weight than present rewards [34].

2.2.2 Elements of RL

RL is a strategy where an agent acts and observes the rewards to explain how to
operate in a certain setting. In RL, learning happens as a result of an agent’s
interactions with the outside world. The algorithm presents a state where a user can
commend or criticize the algorithm for taking a certain action based on the input
data. The reward/punishment cycle is repeated as the RL algorithms learn from the
experience and make adjustments (as presented in Figure 3).

A RL model consists of four fundamental parts in addition to the agent and the
environment: a policy, a reward, a value function, and the model of the environment.

Policy

An agent’s behavior at a particular time is controlled by a set of rules that is called
policy [35]. Policy connects states of the environment to the actions made in response
to the perceived states. In a more formal sense, it’s a mapping between environmental
conditions and the activities that should be conducted in those conditions. The
policy may be a lookup table, a straightforward function, or it may need complex
calculation like a search procedure. Additionally, the behavior of the agent might
be determined only by the policy. Since only a policy can specify how an agent will
behave, therefore, it is the fundamental component of RL.

Policies are used to determine the behaviour of the agent. However, the fact that
policies only take into account the current state, rather than additional information
like time or previous states, is another crucial aspect of policies. In a Markov decision
process, the current state effectively defines all the data that is utilized to choose the
current action. In deep RL, we work with parameterized policies, which are rules
whose results are calculable functions that depend on a set of parameters that we
can modify using an optimization technique to control the behavior. A policy could
be either deterministic or stochastic:

o Deterministic policy (a = m(s)): A deterministic policy refers to a mapping
from states to actions that always selects the same action for a given state. In
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other words, given a particular state, a deterministic policy will always choose
a specific action without any randomness or probability involved. Deterministic
optimal policies can be found using state-value or action-value functions.

As an example, deterministic policies are commonly employed in industrial
automation settings, where consistent and predictable actions are required.
Manufacturing processes, assembly lines, and robotic systems often rely on
deterministic policies to ensure precise and reliable operations.

 Stochastic policy ( w(als) = P[A; = a|S; = s]|): A stochastic policy is a
probabilistic mapping from states to actions. Unlike a deterministic policy that
always selects the same action for a given state, a stochastic policy incorporates
randomness or probability distributions in decision-making.

Stochastic policy has the following properties:

— The sum of total probabilities for each state must be 1: 3, m(als) = 1.
— The probability of each action should be non-negative: 7(a|s) > 0.

Stochastic policies can be useful in situations where there is uncertainty or
noise in the environment, or where it is beneficial to explore different actions in
order to gather more information. Stochastic policies can also be more flexible
than deterministic policies, as they allow the agent to adapt to changing cir-
cumstances. As an example, stochastic policies can be applied in RL algorithms
for financial trading, where the market conditions are inherently uncertain. By
incorporating randomness, the policy can adapt to changing market dynamics
and explore different trading strategies to optimize returns while managing
risk.

It’s typical to say "the policy is seeking to maximize reward" instead of "the
agent," as the policy is essentially the agent’s brain.

Reward signal

The purpose of RL is defined by the reward signal. The environment sends a signal
known as a reward signal to the learning agent at each state, immediately. Rewards
are considered as short-term signals that are given as feedback after the agent takes an
action and transits to a new state. Summing all future rewards and discounting them
would lead to the cumulative discounted reward G; (3) that counts as a long-term
signal.

The reward signal is an important aspect that can change the policy. For instance,
the policy might be changed to choose other actions in the upcoming episodes if the
agent’s behavior results in a small reward. These rewards are given based on the
agent’s successful and unsuccessful actions. The main objective of the agent is to
increase the cumulative reward by acting appropriately. In RL, when a multi-object
constraint problem is solved, it is important to consider the objects and constraints
of the problem in the reward function. In this study, the reward setting is examined
to ensure that a reliable regulation is produced for the chosen RL method.
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Value function

The value function informs an agent of the state’s and action’s qualities as well as
the potential reward. A value function defines the future reward that an agent can
expect to accumulate by taking an action in a particular state [36]. It is important
to keep in mind that a policy 7 in RL is a function that maps a state s and an action
a to the probability or likelihood of selecting that action given the state. In simpler
terms, the expected return starting in a state s and then following a policy 7 that is
indicated by v,(s), is the value of the state s under the policy w. For MDPs, we can
define v, (s) formally as:

vr(s) = Ex[Gi]S; = 5] (4)

where where E,[.] denotes the expected value of a random variable given that the
agent follows policy 7, and the return value G; (3) is the cumulative discounted
reward at timestep t. Note that the value of the terminal state, if any, is always zero.

We call the function v,(.) the state-value function for policy 7. The value function
indicates the good states and the actions for the future. Whereas, a reward indicates
the immediate signal for each good and bad action. The reward is a necessary
component of the value function because value cannot exist without it, and the main
goal for estimating values is to eventually obtain better rewards. As a result, you
can consider rewards to be the main objects and values to be the secondary objects
(they are just used as predictions of future rewards). However, values are what we
consider while making and assessing decisions. Therefore, instead of focusing on acts
that will provide the biggest rewards, we aim to achieve states of highest value since
these actions will ultimately yield the highest cumulative rewards.

Following the value function, even though an agent may constantly receive a
low immediate reward from a state, if that state has a high value, it indicates that
additional states with higher rewards will frequently follow it (therefore, it would be
better for the agent to choose that state). The environment immediately provides
rewards, but values need to be assessed and re-estimated based on the observations
and rewards an agent gathers over the course of its training phase. This is so that
the value of a state can change according to what the agent understands about the
potential outcomes from that state in the future. Additionally, the agent will find
more choices as it continues to explore.

Model of the environment

The model, which imitates the behavior of the environment, is the final component
in RL. Model is the agent’s representation of the environment, which includes the
transition function and the reward function [36]. A model, for instance, can forecast
the subsequent state and reward if a state and an action are provided. Basically, the
model is used for planning. Planning entails developing a "plan" that you will utilize
to accomplish a "goal." In RL, planning typically refers to the use of an environment
model to identify a strategy that will, ideally, assist the agent in behaving optimally.
Which means that the model offers a mechanism to choose a course of action by
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taking into account all potential outcomes before those outcomes actually occur.

The environment model is used to interact with an agent for training a policy,
as demonstrated in Figure 5. Depending on the RL application, the environment
may be a black box model (such as neural networks), a true system, a mathematical
model, etc. In other words, the environment is formulated as a partially observable
Markov decision process (POMDP) [1] and serves as a model of the problem under
study. The agent can also interact with the actual environment when researching
study targets like robots or video games and since everything is taking place entirely
on a computer, the wining or losing of the agent is generally neither dangerous nor
expensive. However, some real world environments are more likely to lack any prior
knowledge of environment dynamics and model-free RL methods come handy in such
cases.

AGENT ENVIRONMENT
-State s €S

- Take action a € A

—

wr - Getreward ™
-Newstate s’ € S

Figure 5: A simple reinforcement learning illustration.

RL algorithms can be broadly categorized as model-free and model-based. The
term "model-based approach" refers to methods for tackling RL problems with the
use of models. In contrast, a model-free strategy is one that doesn’t employ a model.
Model-free algorithms do not create an explicit model of the MDP or, to be more
precise, the environment. They are more similar to trial-and-error algorithms, which
test hypotheses about the environment using actions and immediately determine the
best course of action. The model-free algorithms can be value-based or policy-based.
In the value based algorithms such as Proximal Policy Optimization (PPO) [3], the
optimal policy follows directly from precisely calculating the value function of each
state.

In RL, the agent chooses an action from a set of actions, moving from one state
to another, and is rewarded for its decisions. This process proceeds in a sequential
manner, which results in the creation of a trajectory that depicts the chain or sequence
of states, actions, and rewards. Trajectory can also be thought of as the complete
history of the agent’s actions and the resulting rewards.

T = (So, Ao, R1,S1, A1, R, -+ ) 5)

where S; € S is the state at time step ¢, A; € A is the action taken by the agent at
time step t, and R;y; is the reward received by the agent after taking action A; in
state .S;.
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The trajectory can be used to learn from past experiences and to make better
decisions in the future. In a Markov decision process (MDP), the trajectory follows
the Markov property, which means that the future state depends only on the current
state and the action taken, and not on the history of previous states and actions.

P(St+1|St7 ) At7 St—h At—l; e 75’07 AO) - P(St+1|st7 3 At) (6)

Moreover, the Bellman equation is a tool that helps the agent interact with its
environment and keep track of the trajectories and the rewards it receives. It does
this by creating a connection between the value of a state v, (s) or state-action pair
¢ (s, a), the value of the next possible states v, (s") or state-action pairs ¢, (s, a’), and
the immediate reward received, R. Once the equation is solved, the resulting values
can be used to guide the agent towards making better decisions and getting higher
rewards. The Bellman equation plays a crucial role in numerous RL algorithms,
making it a fundamental element of the field.

2.2.3 The Bellman equation

In RL, the goal of the agent is to get the maximum total reward. To do this, the
agent needs to know the value of each state. This allows the agent to compare the
value of the current state with the value of future states without having to wait for
all the rewards to come in. The Bellman equation (7) formalizes this connection
between the value of a state and its potential future states.

U(8) = Ex[G|S: = 5]

= Ex[Rip1 +7 D 7V Regrsal St = 5]
k=0

= ZW ZP (s's,a) | Riy1 + VEx 27 Riiki2|Sis1 = 5]
a k=0

=> 7(als) ZP |8, a) [Ri1 + yor(s')]

(7)

where a € A, s’ € S and R, ; € R. The Bellman Equation states that the long-
term reward for a given action is equal to the sum of the rewards from the current
action Ryi1, and the anticipated rewards from the subsequent acts, v 352 o Y* Ry pso.
Essentially, we can state that the immediate reward Ry, and the discounted future
values, yu,(s"), are the two components that the Bellman equation divides the value
function into.

In RL usually when the agent is in state s, it could choose from a variety of
action options. Each of these could result in the environment responding with one of
several subsequent states (s'), as well as a reward (R;;1). The Bellman equation (7)
takes an average of every possibility, weighting each one according to its likelihood
of happening. According to Bellman equation, the start state’s value must be equal
to the (discounted) value of the anticipated next state plus any rewards that are
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anticipated along the way. Note that this state value function has a unique answer
to the Bellman equation.

However, the agent does not know what to do in each state from the state value
function alone. Moreover, Bellman offers another formula to calculate the value of
state-action pairs called the state value function ¢, (s, a) that defines the value of
taking an action a in the state s under a policy 7:

[e.e]
4r(s,a) = Ef[Gy|S; = s, A = a] = Ex[Y_ V" Ripi1| S = s, Ay = a (8)
k=0
As a result of the state value function, the agent can make a decision on which action
to take easily. It will choose the action with the highest state value function, as this
is the action that is anticipated to produce the greatest total reward over time.

In this context, the agent’s experience can be used to estimate the values of
v(s) and ¢ (s, a). For instance, if an agent follows the policy and keeps track of the
average of actual returns, the average will eventually converge to the value of the
state, v, (s), as the number of times that state is encountered approaches infinity. The
averages will similarly converge to the action values, ¢, (s, a), if separate averages are
recorded for each action conducted in a state s. Because these estimating techniques
entail averaging over numerous random samples of actual returns, we refer to them
as Monte Carlo methods (section 2.2.6).

Of course, keeping individual averages for each state may not be feasible if there
are a lot of states. As opposed to this, the agent would need to keep v.(.) and ¢,(.,.) as
parameterized functions and change the parameters to be a better fit to the observed
returns. Although, the expected return much depends on the characteristics of the
parameterized function approximator, this can also result in reliable estimations.

We can also define the optimal value function that is the maximum value function
over all policies:

vs(s) = max vx(s) 9)
for all s € S. Similarly, the optimal policy that shares the same optimal value
function can be defined as:

q(s,a) = max qr(s,a) (10)

for all s € S and a € A(s). For each state—action pair (s, a), this function gives the
expected return for taking action a in state s and thereafter following an optimal
policy. Thus, we can write ¢.(s,a) in terms of v,(s) as follows:

Q*(Sa a) = E[Rt—l-l + 7”*(5t+1)|5t =54 = a] (11)

On the other hand, we know that the value of a state under the optimal policy
must be equal to its best action that is called Bellman optimality equation for v,(s):
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v.(s) = max q.(s, )

acA(s)
= aIélj(X E[Rt+1 + ’VU*(St+1)|St =S, At = (1,] (12)
— rgjx)ZP s'ls,a) [Riz1 + yvi(s)]

And thus the Bellman optimality equation for ¢.(s,a) is (see [1]):

«(s,a) = E[Ryq + ’Ya?eljé) ¢ (Sit1, a/)‘st =5, A; = a

(13)
= ZP (s'ls;a) | Reen + v max q.(Ses1,a)
a’'€A(s)

In some cases in RL, it is not necessary to describe how good an action is in an
absolute sense, but rather how much better it is compared to other actions on average.
This is known as the relative advantage of an action.

Advantage Function

The concept of the advantage function can be utilized to measure the difference
between the value of a particular action and the average value of all feasible actions
in a given state. This difference is evaluated with respect to the expected cumulative
reward, and can be expressed using the advantage function defined by equation (14).
For instance, policy gradient methods rely heavily on the advantage function.

A (s,a) = Qr(s,a) — Vi(St) (14)

The advantage function A, (s, a) for a policy 7 describes how much better it is
to take a specific action a in state s, compared to randomly selecting an action
according to 7(.|s), assuming that the policy = is followed afterwards.

The Bellman optimality equations, which can be used to find the optimal pol-
icy (13) and value function (12), can be solved iteratively if the reward functions and
transition probabilities are known. This process is called dynamic programming. The
Bellman equations provide the theoretical foundation for model-based RL algorithms
by allowing us to compute the optimal policy using a model of the environment.
Basically, in RL there are two main types of algorithms: model-based 2.2.4 and
model-free methods 2.2.4. Model-based algorithms either assume that the transition
probabilities are known or estimate them online. In contrast, model-free methods
do not assume any prior knowledge of these probabilities and instead estimate the
policy and value function through repeated trajectories or state-action sequences.

2.2.4 Model-free vs model-based algorithms

RL algorithms can be either model-based or model-free in terms of interacting with
the environment. This refers specifically to whether the agent employs predictions
of the environment’s response while learning or behaving. Model-free RL directly
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learns a value function or a policy by interacting with the environment, whereas,
model-based RL builds a model of the world through interactions with it [37].

Both model-based and model-free methods can be useful tools in RL, depending
on the specific problem being addressed. It is generally acknowledged that model-
based RL has the potential to be much more sample efficient than model-free RL.
However, model-free RL is widely applicable to various tasks since it doesn’t need a
model of the environment. It’s preferred when environment dynamics are unknown,
as it’s flexible and adaptable to unpredictable changes. It handles large state spaces
and allows faster decision-making without extensive planning.

Model-Based

Model-based RL is a method that enables an agent to learn by predicting the outcomes
of its actions without directly interacting with the environment. This involves learning
a model of the environment and using it to make decisions, combining the model and
global solution in a single algorithm [38]. This approach offers numerous benefits,
including improved sample efficiency, which has led to its popularity in robotic
applications. Model-based RL can be implemented using two methods: constructing
an environment model from the scratch and utilizing it to train the policy or value
function, or conducting experiments on the system to develop an environment model
that expedites the learning process. Effective strategies for model-based learning aim
to enhance the accuracy of the learned policy by acquiring a model that facilitates
accelerated learning.

Model-Free

Model-free RL methods do not require a model of the environment and instead rely
on trial-and-error learning from experience to update their policy or value function.
They adjust their behavior only in response to the results of their decisions and can
learn from any RL task, making them more widely applicable to real-world problems.
They are preferred over model-based when environment dynamics are not completely
known, as they are more flexible, adaptive, and better suited for non-stationary
environments. Model-free RL methods are the primary focus of attention in this
work.

In their pioneering work on RL [1], authors Barto and Sutton used a rat in a
maze to explain model-free RL by memorizing action values for state-action pairs the
rat encounters during learning. The rat learns from experience which actions lead to
better outcomes and assigns higher values to those actions. With this information,
the rat can navigate the maze by choosing the action with the highest value for
the current state, without considering future states or the underlying dynamics of
the maze. This approach is model-free since it does not require a model of the
environment and learns directly from experience.

Model-free algorithms most frequently utilized include Monte Carlo (section 2.2.6),
temporal difference (section 2.2.6), and policy search techniques [39]. The most of the
model-free approaches either explicitly search in the space of the policy parameters
to discover an optimal policy (section 2.2.7), or try to learn a value function and infer
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an optimal policy from it (section 2.2.7). There are several popular model-free RL
algorithms such as Q-learning [40], SARSA [1], and actor-critic methods like PPO
[3]. These algorithms vary in the way they estimate the value function or policy, and
in their suitability for different types of problems.

2.2.5 Off-policy RL vs on-policy RL

Model-free strategies can be categorized as either on-policy or off-policy. In RL,
off-policy and on-policy methods refer to the way in which an agent learns and
improves its policy. In off-policy RL, two policies are used - one for exploration (the
exploratory policy) and one for optimization (the target policy). During training,
the exploratory policy is used to collect data, and the target policy is updated based
on this data to improve performance. The exploratory policy is not intended to be
the final policy and is only used for data collection. In contrast, on-policy RL only
uses one policy, which is the same policy used to select actions during training and
to update itself based on the received rewards. In other words, the policy being
improved is the one currently in use, and there is no separate exploratory policy.

Both on-policy and off-policy methods can be useful tools in RL, depending on
the specific problem being addressed. On-policy methods are generally more sample
efficient and do not require the storage of the experience, but may be sensitive to the
learning rate and can struggle to learn when the current policy is poor. Off-policy
methods can learn from experience collected by other policies, but require the storage
of experience and may be less sample efficient.

Off-policy

Off-Policy learning algorithms evaluate and improve a policy that is distinct from
the policy that is used to choose the course of action. This means that the agent
can learn from the actions of a policy that is different from the one it is currently
following. In other words, in Off-Policy methods the behavior policy is the policy
used to generate the data (or experience) that the agent learns from, while the target
policy is the policy that the agent is trying to learn and is used for function estimate
and improvement [Target Policy!= Behavior Policy].

This process works because the target policy that obtains a "balanced" under-
standing of the environment, is able to draw lessons from potential errors made
by behavioral policy, and continues to monitor successful acts while looking for
ways to improve them. An important consideration in Off-policy learning is the
difference between the distributions being sampled (behavior policy) and the ones
being estimated (target policy). This mismatch can be fixed by a method known
as importance sampling [41]. Off-policy methods are advantageous in the following
aspects:

1. An agent can be employed for ongoing exploration while learning the best
policy as it learns alternative policies (continuous exploration).

2. Agent can pick up knowledge from the example (Demonstration based Learn-
ing).
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3. An agent can also learn from observation of other agents that accelerates
convergence and allowing for quick learning (Parallel Learning).

However, they require the storage of experience from previous interactions with the
environment, which can be costly in terms of memory and computational resources.

On-policy

On-policy learning algorithms are those that analyze and improve the policy that is
being used to make decisions. This means that the algorithm focuses on improving
the current action selection policy used by the agent, rather than a different policy
[Target Policy == Behavior Policy].

On-policy approaches resolve the exploration vs. exploitation trade-off by intro-
ducing randomness in the form of a soft policy. This means that non-greedy actions
are chosen with some probability. These methods are mostly known as e-greedy
policies because during the training they choose random actions with a e probability
and the optimal actions with a 1 — € probability. Since, choosing at random from
the action space has an e probability, choosing any specific non-optimal action has
an —— probability. However, as there is also a 1 — e probability of directly selecting

the%(;}c'imal action and a probability of Wz)l of selecting it by sampling from the
action space, the chances of selecting the optimal action are always slightly higher.

On-policy methods can also be more sample efficient, since they do not need
to collect experience from multiple behavior policies. However, they can be more
sensitive to the choice of learning rate and may require careful tuning to achieve
good performance. They can also struggle to learn when the current policy is poor,
since the agent will continue to follow the current policy even if it is not achieving

good results.

2.2.6 Monte-Carlo policy evaluation vs temporal difference

Both Monte Carlo policy evaluation (MC) and temporal difference (TD) learning
are model-free methods used to evaluate and improve the performance of the policy,
which specifies the decision-making procedure for selecting an action in a given
situation. However, they differ in their methodologies and the type of problems they
are best suited for.

Typically, MC is a favorable option for problems characterized by a limited
number of states and a stable environment, such as episodic tasks with long episodes
where the value function can only be evaluated at the end of each episode. On the
other hand, TD methods are better suited for problems that involve a considerable
number of states or a dynamic environment, as well as continuing tasks with short
episodes where the value function can be estimated at every step. Both approaches
can be employed to improve the policy performance, but the decision between MC
and TD ultimately relies on the specific problem at hand and available resources.
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Monte-Carlo policy evaluation (MC)

We've learned that a Markov Decision Process (MDP) (section 2.2.1), which makes
choices using the four values, state (s), probability function (P(s'|s,a)), action (a),
reward (R), can be used to solve a RL problems. Knowing all four elements makes
it simple to determine the best course of action to take in order to maximize the
reward. In the actual world, we hardly ever have access to all of this information
at once. For instance, it is challenging to determine the state transition probability
(P(s'|s,a)), and without it, we are unable to compute v, (s) and ¢.(s,a) values using
the Bellman Equations (12), (13).

Compared to dynamic programming, MC methods do not require a detailed
understanding of the environment or an environment model. MC methods are
model-free off-policy approaches that use experience in the form of sampled states,
actions, and rewards from actual or virtual interactions with the environment to
achieve optimal behavior without prior knowledge of its dynamics. When the state
transition probability or environment model is unknown, setting up trials for the
agent to complete can help discover them. Each attempt, called an episode, involves
gathering samples, getting rewards, and evaluating the value function. Contrary
to what happens in the Bellman optimality equation (12), values for each state are
only modified based on the final reward G; (3) and it learns from the whole episodes.
Therefore, MCs are referred as episodic MDP.

In each episode, the agent follows a given policy and interacts with the envi-
ronment, collecting a sequence of state-action pairs and the resulting rewards. At
the end of each episode, the return G, (3) is computed and associated with each
state visited during that episode. After running multiple episodes, the MC approach
averages the returns obtained from each episode to estimate the state-value function,
V(s), for each state. The idea is that by averaging the returns over many episodes,
any bias or variance in the estimates will eventually cancel out, resulting in a more
accurate estimate of the true value function, v(s).

As more episodes are generated, the MC approach iteratively gets closer to the
actual value function. This is because the sample-based nature of the approach that
allows it to adapt to a wide variety of environments without requiring any knowledge
of the underlying dynamics. However, the MC approach can be computationally
expensive and may require a large number of episodes to converge to an accurate
estimate of the true value function. Additionally, it can only be used for episodic tasks
where episodes eventually terminate, making it unsuitable for continuous control
problems.

In mathematical terms, MC methods involve the averaging of sampled returns to
address problems in RL. The MC method modifies the state value formula as shown
below:

V(S;) = V() — a(Gy — V(Sy)) (15)

in which V(S;) is the estimated value function for state S; in time step ¢, and « is a
parameter like learning rate which can affect the convergence.
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Temporal difference (TD)

The MC RL algorithm can overcome the challenge of estimating the value function
when the model is unknown. However, the value function may only be altered at
the end of the episode, which is a drawback. In other words, the MDP learning task
structure is not fully utilized by the MC approach. Fortunately, the more effective
temporal difference (TD) approach enters the picture. The TD approach merely
needs to wait until the subsequent time step, and thus are considered as on-policy
methods. The benefit of TD approaches is that they can be used for online learning
and continuous RL tasks. The TD technique constructs a TD target at time ¢ + 1 by
adding the observed reward R,;; and updating V(s) with the TD error:

V(S) = V(St) — a(Ryy1 +yV(Si1) — V(Sy)) (16)

in which Ryq + yV(St41) is the TD target.

TD estimates the value by applying the Bellman optimality Equation and updating
the estimate using a target value, whereas MC (15) uses the accurate return Gy
at a given time to update the value function. Unlike TD, MC is not biased as it
employs real samples, but due to its high variance, it requires more samples than
TD to achieve the same level of learning. While MC may be slower than TD, it
is conceptually simple, reliable, and easy to implement. As a result, TD and MC
approaches have different strengths and weaknesses, and the choice between them
depends on the specific learning task at hand.

2.2.7 Different RL algorithms

Besides MC and TD learning techniques, various forms of RL algorithms have emerged
in recent years. These include value-based, policy-based, and actor-critic methods.
In Section 2.2.7, value-based methods are used to determine the optimal policy by
estimating the ideal value function. Conversely, Section 2.2.7 focuses on policy-based
methods which manipulate the policy directly to identify the optimal policy. Actor-
critic methods (section 2.2.7) integrate both value-based and policy-based approaches
to achieve optimal results.

Value-based algorithms

Value-based methods in RL can be considered as an expansion of the TD methods.
The agent’s goal is to learn a policy that maximizes the expected cumulative reward
over time. Value-based RL algorithms use a value function to estimate the expected
cumulative reward an agent can expect to receive by following a particular policy
m. Mathematically, the value function for a policy 7 is defined as the expected
cumulative discounted reward when starting in a state s and following policy m
thereafter. Let V. (s) be the value function for policy 7 at state s. Then we have:

Va(s) = Eaf> 7 Resa|So = o an

t=0
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where E.[.] denotes the expected value under policy 7 and Sy, Sy, Ss, - -+ are the
states visited by the agent. The agent can then use this value function to select
actions that maximize the expected cumulative reward.

A tabular format is the simplest approach to save the values of the value function
for various stages. However, it becomes impossible to keep all the values in a tabular
format if the problem’s state space is very big, thus the amount of memory needed
to hold all the data becomes huge. Given the objective of this thesis, which aims to
propose a comprehensive method applicable to various types of electrical machines,
the design space being considered is quite extensive. Furthermore, conducting a
complete scan of a table to search for a specific condition can be computationally
expensive, which makes a tabular format impractical when dealing with continuous
state spaces. As a solution, function approximators are employed to store a value
function and address this challenge.

Numerous function approximators, including neural networks, radial basis func-
tions, and tile coding, have been employed in literature. Neural networks are a
popular tool for this in modern times. The benefit of employing neural networks
over tile coding or radial basis functions is that they may represent value functions
in a more complicated manner with fewer parameters than other techniques [42].

In such value-based methods, we begin with the prediction problem of estimating
the state-value function V,(s) from experience generated using policy 7. We will
write Vﬂ(s, 0) ~ V,(s) for the approximated value of state s given weight vector 6
[1]. The goal is to reduce the error between this approximated value function and
the true value function on the observed cases. Gradient-descent algorithms do this
by making a tiny adjustment to the parameter vector in the direction that would
most effectively minimize the error on each example after it has been run:

Oi1 = 0, + ;avg[vﬂ(@ — Vals,0))?
=0, + (Vi (s) — Vr(5,0)) VeV 1 (5,0)
where « is the learning rate. Keep in mind that we are just looking for an approxi-
mation that balances the errors in different states and we are not expecting to find a
value function that has zero error on all states.

Examples of a value-based RL algorithm are Q-learning [43] and SARSA (State-
Action-Reward-State-Action) [1]. In Q-learning, the value function is known as the
Q-function and is represented as a table or matrix that maps states to actions and
estimates the expected return for each combination. The Q-function is updated
using the Bellman equation, which takes into account the immediate reward received
for taking an action and the estimated future rewards that the agent can expect to
receive.

(18)

Policy-based algorithms

Policy-based RL is a type of RL that involves learning a policy directly, instead of
determining the value of each potential state and then determining the best policy.
Policy, 7(als,#), is a function that maps states of the environment to actions that
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the agent should take. In this method, the agent seeks to implement a policy in a
way that each action serves to maximize the reward in the future. As an example,
the policy can be represented as a neural network, and the agent updates the policy
by adjusting the weights of the network, 6, based on the observed rewards.

The policy function is typically represented as a probability distribution over the
set of actions. This allows the agent to not only determine the best action for a given
state but also to express a level of uncertainty or exploration in its decision-making
process. For continuous action spaces, a common way to represent the policy is with
a Gaussian distribution

ﬂ-(a|879) :N(a;ﬂ(*S?Q)?U(S?Q)Q) (19)

which is parameterized by a mean p(s,#) and standard deviation o (s, #). The mean
represents the center of the distribution, or the most likely action to be taken, while
the standard deviation represents the spread or variability of the distribution, or the
level of exploration the agent is willing to take. Whereas, for discrete action spaces,
a common way to represent the policy is with a multinomial distribution

m(als,0) = p(als, 0) (20)

which is parameterized by a set of probabilities [44]. Each probability corresponds
to a different action, and the sum of all probabilities must be equal to 1.

> _plals,0) =1 (21)

The agent selects an action by sampling from this distribution, with actions that
have higher probabilities being more likely to be selected.

Policy gradient-based methods typically evaluate the policy by generating rollouts
using the existing policy and computing the reward based on the resulting trajectories
[42]. The policy’s parameters are then adjusted using gradient descent in order to
increase predicted return. Using the expected return, the policy’s parameters can be
updated according to the following rule

8t+1 = ‘9,5 + CYV@ EW [Gt]
o0
=0, +aVy EW[Z /Vth—O—k—i-l] (22)
k=0
where « is the learning rate.

There are several benefits to using policy-based methods. One advantage is
that policy-based methods can learn continuous actions directly, without the need
for discretization. This can be useful in environments where the action space is
continuous or high-dimensional. However, policy-based methods can be more difficult
to optimize than value-based methods, and may require more data to learn a good
policy. They can also suffer from high variance in the estimates of the policy gradient,
which can make them less stable and harder to converge. One reason for the high
variance in policy-based methods is that the rewards obtained in a single episode
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can be highly variable. Another reason is that they depend on the state distribution
under the current policy, which can also be highly variable. Overall, policy-based
RL methods can be a powerful approach for learning to interact with complex
environments, and have been applied to a wide range of problems, including robotics,
control, and game playing.

The policy-based approach can be categorized into two types of policies: determin-
istic policy and stochastic policy. A deterministic policy involves the agent following
a fixed policy to select its actions based on the current state of the environment,
which means that the agent will always take the same action for a given state. In
contrast, a stochastic policy involves the agent selecting actions based on probabilities
rather than deterministically. This means that for a given state, the agent will have
a probability distribution over the set of possible actions it could take.

Policy-based algorithms are the methods that focus on maximizing parameterized
policies in relation to expected return (long-term cumulative reward) using gradient-
based or gradient-free optimisation [45]. Both gradient-free [46, 47] and gradient-based
[48, 49] techniques have been used to successfully train neural networks that encode
policies. Although gradient-free optimisation can successfully cover low-dimensional
parameter spaces [47], gradient-based training is still the preferred technique for the
majority of Deep RL algorithms because it is more sample-efficient when policies
include a lot of parameters [44].

Policy Gradient Methods have a stable convergence property because they update
the policy directly, leading to smooth improvement at each step. In contrast, value-
based methods, which update the value function at each step, can result in big
oscillations during training. Additionally, Policy Gradient Methods can handle
infinite and continuous action spaces and can learn stochastic policies, making them
suitable for uncertain environments. However, a potential drawback is that they may
converge to a local maximum rather than the global optimum [1].

Numerous different policy search methodologies have been developed as a result
of how the gradient is defined and assessed [45]. Some examples of policy-based RL
algorithms are REINFORCE [50], a policy-based method that uses MC sampling to
estimate the gradient of the expected return with respect to the policy parameters,
and Deterministic Policy Gradient (DPG) [51], a policy-based method that uses the
deterministic policy gradient theorem to learn the policy.

Actor-critic algorithms

Actor-critic approaches can be created by combining value functions with an explicit
description of the policy, as shown in Figure 6. These techniques incorporate both
policy-based and value-based approaches, where the "actor" (policy) learns from
feedback provided by the "critic" (value function). Actor-critic methods compromise
the variance reduction of policy gradients with the inclusion of bias from value
function techniques [52]. Since actor-critic methods use both value-based and policy-
based approaches, they can be considered a subset of policy gradient methods. In
other words, actor-critic methods are a specific type of policy gradient method that
incorporate value functions to improve performance. As a result, we will talk about
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actor-critic techniques as a subset of policy gradient methods in a this section.

— Policy

Actor

Temporal Difference
Error

critic

—— » Value Function action

reward

Environment

Figure 6: The actor—critic architecture. [1]. The output action is mapped from
an input state by the Actor, which represents the policy and the critic is a symbol
for the value function. Then the TD-error, which the critics output contributes to,
can be updated for both networks. As a result, the Actor utilizes the Critic while
learning.

In these methods, the actor is responsible for selecting actions based on the
current policy and therefore, the actor is actually the policy function. Recall from
the Bellman-equation (11) that:

QW(S, CL) = E[RH_l + ’}/V(St+1)’5t =S, At = a] (23)

The optimal policy can be calculated by choosing the action with the highest expected
cumulative reward:
m(s) = max q«(s,a) (24)

where ¢.(s,a) is the optimal action-value function, and 7(s) is the optimal policy.

Here V{.) is the state-value function that is called critic. It evaluates the quality
of the chosen actions based on the expected reward. After taking an action, it looks
at the new situation and decides whether things turned out better or worse than
what was expected [1]. Actor-critic methods provide a TD error signal, the same as
TD method (section 2.2.6), that refers to the difference between the expected reward
and the actual reward received at each time step during training:

(515 = Rt+1 + ’}/V(St_;,_l) - V(St) (25)

where R;,; is the immediate reward received after taking the action at time ¢, 7 is
the discount factor, V(S;) denotes the value function that the critic used at time ¢,
and V(S41) is the estimated value of the state that follows the current state.
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TD error is used in actor-critic methods to update both the actor and critic
networks. The actor network uses TD error to update the policy parameters, while
the critic network uses TD error to update the value function parameters. Specifically,
the actor network is updated to increase the probability of selecting actions that
result in higher TD error values, while the critic network is updated to minimize the
TD error between the predicted and actual values of the state or action values. A
positive TD error indicates that the action produced results better than expected, and
therefore, similar actions should be encouraged in the future. Conversely, a negative
TD error implies that the action resulted in outcomes worse than anticipated, and
thus, comparable actions should be discouraged in the future.

We know that the advantage function is nothing more than the difference between
the Q value for a state - action pair Q(s,a), and the state’s value function for
a particular state V(s). It is a measure of how good it is for an agent to take a
certain action at a certain state. Therefore, the TD error in this case actually is the
advantage function.

A(Si, A)2YQ(Sy, Ar) — V(S1) (26)

'Reyr + yW(Si1) — VIS))
The critic component updates the value function V(S;) using the Bellman equation:
V(Si) = V(Si) + a( R + yV(Si1) — V(SY)) (27)

In which critic component uses the TD error to update the estimate of the value
function. Specifically, the critic component updates the value function parameters in
the direction of the TD error. This can be achieved using gradient descent, where the
weights of the value function are updated in the direction of the negative gradient of
the TD error with respect to the weights. The update rule for the value function
parameters using gradient descent can be written as:

AG = aVg[Rii1 +V(Si1) — V(S| = aVel] (28)

where A6 is the change in the weights of the value function, 6 are the parameters of
the value function, « is the learning rate, and Vy is the gradient of the TD error
with respect to the weights of the value function By repeatedly updating the value
function using the Bellman equation and TD error, the critic component learns to
estimate the value function accurately, which is used to guide the actor component
towards better policies.

Actor critic algorithms either use function approximators or tabular storage of
the actor and critic. The policy is updated using function approximators in a manner
similar to policy search methods, with the exception that the critic determines the
gradient ascent’s direction rather than the expected return. As a result, the variance
of these kinds of algorithms is decreased.

Gradient-based actor-critic approaches have better convergence properties com-
pared to critic-only methods, which only guarantee convergence under specific con-
ditions. In contrast to actor-only approaches, they can converge more quickly by
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reducing variance. On the other hand, the case of lookup table representations of
policies has served as the exclusive focus of theoretical understanding of actor-critic
approaches [53].

Some examples of actor-critic RL methods include:

» Deep Deterministic Policy Gradients (DDPG) [54]: DDPG is an actor-critic
method that uses deep neural networks to learn the policy and value function.
It is well suited for continuous action spaces and has been used in a variety of
applications, including robot control and playing video games.

o Trust Region Policy Optimization (TRPO) [55]: TRPO is an actor-critic
method that uses a trust region optimization algorithm to improve the policy.
It is designed to be sample efficient and stable, and has been used in a variety
of applications, including robotics and natural language processing.

« Proximal Policy Optimization (PPO) [3]: PPO is an actor-critic method that
uses a proximal optimization algorithm to improve the policy. It is designed to
be easy to implement and has been used in a variety of applications, including
playing video games and optimizing supply chain management.

Actor-critic approaches are a powerful tool for learning in continuous action
spaces
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3 Problem formulation

Once the essential concepts outlined in the background section have been understood,
this section presents a thorough framework that can be used for the design of electrical
machines using RL. It includes three key sub-sections: Electrical Machine Design
Game, Reward Functions, and Method (Proximal Policy Optimization).

In the Electrical Machine Design Game sub-section (section 3.2), a novel approach
is presented where the design process is transformed into a game-like environment.
This game enables the application of RL techniques to optimize the design of induction
machines. By formulating the design problem as a game, it becomes possible to
define actions, states, and rewards, allowing for the application of RL algorithms.

The Reward Functions sub-section (section 3.3) discusses the crucial aspect of
defining appropriate reward functions within the game. These reward functions act
as guides to reinforce desirable design choices during the optimization process. By
carefully designing reward functions, the RL agent learns to navigate the design
space effectively, seeking designs that meet specific objectives and constraints.

The Method sub-section (section 3.4) focuses on the specific RL algorithm em-
ployed in the thesis, namely PPO. PPO is a state-of-the-art policy optimization
method that strikes a balance between sample efficiency and stability. The sec-
tion provides a detailed explanation of how PPO is utilized to train the RL agent
within the electrical machine design game. It describes the training process and the
optimization objectives employed.

Overall, the problem formulation section of the thesis presents an innovative
framework for designing induction machines using RL. By transforming the design
process into a game-like environment, defining appropriate reward functions, and
employing PPO method, the thesis aims to optimize the design of electrical machines
more efficiently and effectively.

3.1 Introduction

RL can be used to solve our electrical machine design problem (section 3.2) by
training an agent to make decisions that optimize the mass of the machine. Here are
the general steps involved in using RL to design an electrical machine game:

1. Define the environment: The first step is to define the environment in which
the agent will operate, including the states that the agent can observe and
the actions it can take (section 3.2). Furthermore, it is necessary to specify
the reward function, which determines the rewards that the agent receives for
taking certain actions in the environment (section 3.3).

2. Select a RL algorithm: Next, you will need to select a RL algorithm that will
be used to train the agent. There are many different RL algorithms to choose
from, each with its own strengths and weaknesses. Here, the decision was
made to employ the Proximal Policy Optimization (PPO) method (section
3.4). As PPO is known for its effectiveness in optimizing RL policies, making
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it a suitable choice for addressing the challenges of the electrical machine
design problem. Additionally, PPO strikes a balance between exploration and
exploitation, which is crucial when dealing with complex and high-dimensional
design spaces.

3. Train the agent: Once the environment and RL algorithm have been defined,
you can use the algorithm to train the agent by collecting experience from the
environment and using this experience to update the policy. This process can
be iteratively repeated until the agent’s policy has converged to a satisfactory
level of performance.

4. Evaluate the agent’s performance: After the agent has been trained, you can
evaluate its performance by running it in the environment and measuring its
performance. This will help you to determine whether the agent is making
good decisions and optimizing the performance of the electrical machine.

5. Fine-tune the agent’s policy: If the agent’s performance is not satisfactory, you
can fine-tune the agent’s policy by making adjustments to the environment,
reward function, or RL algorithm. This can help to improve the agent’s
performance and optimize the performance of the electrical machine.

In this section, the focus will be placed on the chosen RL algorithm and its
potential reward functions. The PPO algorithm has been selected as an effective
and powerful on-policy model-free RL algorithm, utilizing an actor-critic approach
(section 3.4). It can be used to design electrical machines, by training an agent to
make decisions that optimize the mass of the machine. PPO needs a reward function
to solve our electrical machine design game. Several different reward functions that
can be utilized for PPO were proposed in section 3.3.

3.2 Our electrical machine design game

A RL game is a simulation where a RL agent interacts with an environment, with
the goal of maximizing the overall reward through a series of time steps. The
environment is usually modeled as a Markov Decision Process (MDP) and the agent’s
objective is to learn a strategy, which maps states to actions that maximizes the
expected cumulative reward. The agent improves its strategy by interacting with the
environment, receiving rewards and observations, and adjusting its strategy based
on this experience.

Moreover, the game offers a way for the agent to assess how well it’s doing. By
engaging with the game environment, the agent can evaluate its current policy and
use the feedback from its performance to improve and update its policy. This process
of testing and updating the policy allows the agent to learn and improve over time.
The game also provides an opportunity for the agent to generalize its knowledge
and explore the problem space. As the agent interacts with the game environment,
it can gather experiences that can be used to inform its actions in other parts of
the environment. This allows the agent to apply what it has learned in one part of
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the environment to other parts, making it more efficient and effective in solving the
problem.

A game may have a specific end point called a terminal state, and the objective
for the player, or agent, is to reach it as quickly as possible. The game could be
designed for one player or multiple players, and the agent may interact or compete
with other players. Examples of multi agent games are robotics, traffic control, and
energy management. Moreover, the game may have complex rules and obstacles that
the agents must navigate and adapt to during play. The environment in which the
game takes place may also be dynamic and change over time, requiring the agents to
continuously update their strategies and adapt to new conditions. Therefore, the
agents need to be able to perceive, adapt and react to the changes in the environment
to ensure their survival and success.

3.2.1 Introduction

An electrical machine design game for RL is a simulation game in which a RL agent
designs and optimizes electrical machines such as motors and generators. The agent
interacts with the game environment in a sequence of time steps, with the goal of
maximizing a cumulative reward. The game may have different levels, each with
increasing complexity and difficulty. The player may start with a basic machine
design and progress to more advanced designs as they gain experience and knowledge.

When designing the electrical machine, the player may need to take into account
various factors such as the type of winding, the material and size of the rotor and
stator, the number of poles, and the cooling system. They may also be required to
optimize the design to achieve specific performance criteria, such as torque, power,
and efficiency. In our simplified electrical design game, performance values such as
airgap flux density, relative starting current, starting torque, and stator temperature
rise are obtained. These performance values are directly or indirectly influenced by
customer-specific requirements and manufacturing constraints.

The game also has a testing phase, where the player can evaluate their machine’s
performance under different operating conditions. Afterwards, based on the results of
the tests, the player can make adjustments to the design and retest until they achieve
the desired performance. In our game, there is a performance flag € {—1,0,1}
for each of these performance values that checks one characteristic of the electrical
machine. For every flag, if its relevant performance value meets the requirements,
then the flag value is 0, otherwise it is either +1 or —1.

The feasibility of a machine design relies on all associated flags being zero, and
thus, the primary objective of this work is to identify a set of design parameters
where all flags are zero. Achieving this requires optimizing various performance
values while striking a satisfactory trade-off among them. For instance, consider
the trade-off between starting torque and starting current. Originally, if we want
to lower the starting current, starting torque will be decreased at the same time.
However, we want to have a low starting current with high starting torque so that
we can start the motor even in a weak supply network.

Therefore, achieving optimal performance values is proved to be a complex task due
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to the intricate interconnections among them. Consequently, the optimization process
is challenging since a single action may have a positive effect on one performance
value while simultaneously having a negative impact on another. In Fig. 2, several
examples are presented to demonstrate the variations in different performance values
resulting from alterations in the design variables of coil turns and rotor tooth tip
height. To highlight the trends in performance values associated with variations in
design variables, the y-axis values have been omitted in Fig. 2.

In this game, the agent’s actions are the design choices it makes. They are
decreasing/increasing length of the motor, number of coil turns in the winding, and
tooth tip height of the rotor slot. The states of the environment are the different
configurations of the machine that result from the agent’s actions. They mostly consist
of the performance flags’ values. The transition function defines the probability of
transitioning from one state to another after taking a certain action, and the reward
function defines the reward received by the agent for transitioning to a certain state.

The agent starts from an initial state Sy, which is a small base machine chosen
based on the user specified requirements and the manufacturing constraints, and the
final state St corresponds to the smallest feasible electrical machine that fits the
given set of requirements and constraints. At each time step ¢, the agent begins in
state Sy, takes an action A; that changes the design variables, arrives at a new state
(S¢+1), and receives a reward (R;i;1) that is calculated based on the performance
values. Through repeated episodes (sequences of states, actions, and rewards), the
policy network learns by trial and error to take the actions that maximizes the
cumulative reward.

Let’s take an in-depth look at the environment, states, and actions in our electrical
machine design game.

3.2.2 Environment

In a RL game, the environment refers to the system or situation in which the agent
(the RL algorithm) acts. It can be thought of as the "world" or "simulation" that is
typically modeled as a Markov Decision Process (MDP) in which the agent makes
decisions and receives rewards. The environment defines the states of the system,
the actions that the agent can take, and the rules for transitioning between states
and receiving rewards. The agent interacts with the environment by taking actions
and observing the resulting states and rewards.

The ultimate goal for the agent is to learn a policy that maximizes the total
reward over time. In some cases, the environment may also have a terminal state,
which marks the end of an episode and the agent’s goal is to reach that state as soon
as possible. Additionally, there might also be some other states that agent should
avoid and they can be defined by the reward function.

The environment was designed by constructing a black box model (state-space
model) using simulation models of electrical motors. Then, both the training process
and the evaluation of the RL agent are supported by this model. The environment
interacts with the agent includes the reward function and state transformations. In
our simplified problem, a state is represented by a vector primarily comprised of flag
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values and the preceding action. In some cases, the incorporation of performance
values into the state space may also be considered. The action space is discrete and
consists of decreasing or increasing each design variable (length of the machine, rotor
tooth tip height and number of coil turns), that is in total 6 different actions.

First, an initial state Sy is provided that is the initial seed motor calculated based
on the user requirements and the manufacturing constraints. Then, the agent takes
the state Sy as an input and performs the action Ay from the action space. The new
electrical motor after applying the chosen action gives the new state S;. Then, the
reward R, is calculated by considering the non zero flags as well as the direction of
the action with respect to the performance values. The agent continues this process
until it reaches to the final state S; where it either wins or loses the game.

3.3 Reward functions

In our electrical machine design game, the reward function is a function that maps
the current state of the system and the taken actions to a scalar value that represents
the reward or cost associated with those actions. The reward function is used to guide
the learning process by providing a measure of the desirability of the current state
and actions. The importance of a well-designed reward function cannot be overstated
when it comes to the effectiveness of RL algorithms. Thus, the contribution of
this thesis is design of the reward function. The reward function should correlate
strongly with the desired system performance and guide the learning algorithm
towards favorable actions.

In our simplified electrical machine design problem, the performance values
are rotor tooth tip height, airgap flux density, relative starting current, starting
torque, and stator temperature rise. These performance values are directly or
indirectly related to customer specific requirements and manufacturing constraints.
As mentioned in section 3.2.1, there is a performance flag € {—1,0,+1} for each of
these performance values. For every flag, if its relevant performance value meets the
requirements, then the flag value is 0, otherwise it is either +1 or —1. The value of
each flag indicates whether the action should decrease or increase its corresponding
performance value. As an example, if torque flag is +1, the action that increases the
starting torque performance value should give a positive reward and the action that
decreases it should give a negative penalty.

In electrical machine design context, the reward function can be tied to these
specific performance characteristics, aiming to optimize machine performance through
the RL algorithm. Consequently, the consideration of the flags’ values instead of the
performance values can be taken into account when designing the reward function.
RL policies need a large number of examples, often hundreds of thousands, to work
effectively. This means that the reward function must be evaluated quickly, ideally
within a few milliseconds.

The design of an effective reward function is a crucial and challenging aspect
of achieving successful learning outcomes. This thesis examines various reward
functions and highlights the most relevant ones. In all the proposed reward function,
the winning and the losing criterias are the same. The agent loses the game if it
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reaches a fixed maximum number of total steps, M, or takes invalid actions. To
ensure the feasibility of the agent’s actions, any actions that violate the specified
requirements and constraints are categorized as invalid. Additionally, the agent wins
the game when all the flags are zero.

3.3.1 Simple reward function

Since, our objective is to design an electrical motor based on the given requirements
and constraints, the true reward is initially calculated using the values of performance
flags. Therefore, for the simplicity, our objective at each time step ¢ is to increase
the count of flags with a value of zero relative to the previous step. Accordingly, the
reward associated with flags, denoted as R;(F), can be calculated as follows:

R(F) = #current zero flags — #previous zero flags (29)

However, depending exclusively on the objective of increasing the count of flags
with a zero value is deemed inadequate since it may not offer sufficient guidance
for the agent to efficiently address the problem at hand. This may not facilitate
meaningful learning and can potentially lead the agent to become trapped in repetitive
actions. Moreover, it increases the likelihood of the agent failing to explore alternative
approaches that could potentially yield viable solutions. Consequently, the agent
may remain unable to achieve goals of the game. To overcome these limitations, it is
necessary to incorporate additional factors or rewards that encourage the agent to
explore diverse strategies, consider the global context, and discover more optimal
pathways towards solving the problem. By doing so, the agent’s learning process can
become more comprehensive, enabling it to make informed decisions and increase
the likelihood of successful outcomes.

Therefore, it becomes imperative to include supplementary considerations in
order to effectively determine the agent’s success or failure in the game. In the new
framework, the agent’s win in the game is rewarded with a substantial reward when
all flags are set to zero. Conversely, the agent incurs a significant penalty, resulting
in game loss, if it exceeds a predetermined maximum number of total steps (M) or
performs invalid actions. By taking these additional factors into account, we can
guide the agent towards a sequence of actions that will ultimately result in successful
gameplay outcomes.

The corresponding reward, denoted as R;(G), can be defined in the following
manner:

G,  if the agent wins the game

Rt(G) = { (30)

—G,, if the agent loses the game

where, the goal reward R,(G) makes a contribution with a positive constant G, if

the agent wins the game, and the losing reward would be a negative constant —G,,.
However, even with this reward structure, there is a risk of the agent getting

stuck in repetitive loops and struggling to discover the optimal machine design. This

challenge arises from the complexity of the optimization landscape, where the agent

may encounter local optima or suboptimal solutions that hinder its progress towards
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finding the global optimum. To address this issue, additional strategies can be
employed to promote exploration and diversify the agent’s actions. Techniques such
as regularization, stochasticity in action selection, or introducing randomness in the
reward function can encourage the agent to explore different design possibilities and
avoid being trapped in suboptimal solutions.

Therefore, a negative penalty is introduced, denoted as —V/,, that helps the agent
to select better actions and explicitly aims to prevent the agent from getting trapped
in repetitive action loops. This is achieved by using a caching mechanism that verifies
whether the current state S; has been previously encountered. If it has, a constant
negative penalty —V,, is applied to discourage the agent from revisiting the same
state. Conversely, if the state is new, it is added to the cache, and the reward is
calculated based on the reward sub-functions R;(G) and R.(F'). Consequently, the
final reward function can be defined as follows:

(31)

)=V if S; has already been seen during training
- R:(G) + R:(F) otherwise

Moreover, algorithm 1 presents a comprehensive summary of the simple reward
function, outlining the steps and procedures involved in the process.

Algorithm 1 Simple reward function

Input: current timestep ¢; current state Sy; current action A;; previous state S;_;.
Initialize: visited_states := [].

Output: R;.

if S; is in visited states then
return —V,

end if

Add S; to visited states.

ot

Rp = #current zero flags - #previous zero flags

if All flags are set to zero then
Re =G,

else if Maximum number of steps is reached then
Re = -G,

10: else if A; is not valid then

11: Re = -G,

12: end if

13: R, = Rr + Rg
14: return R;

The proposed reward function acts as a metric that reflects the agent’s advance-
ment in achieving a feasible design configuration. This straightforward reward
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function provides a physical framework for assessing the agent’s design choices by
quantifying their impacts on performance metrics. By optimizing the performance
values using the flag reward function, the agent can effectively steer the design process
towards achieving superior electrical machine configurations with improved mass,
and other desired performance characteristics.

The reward function proposed in this section demonstrates simplicity, ease of
implementation, and computational efficiency, all while remaining agnostic to specific
engineering knowledge. However, its simplicity may limit its applicability to a diverse
range of cases, potentially rendering it less widely suitable. Consequently, there is a
need to develop an enhanced reward function that incorporates pertinent engineering
knowledge, addressing the limitations of the current approach and expanding its
scope to offer solutions for a wider array of scenarios.

3.3.2 Human expert knowledge based reward function

The human expert knowledge based reward function adopts a more intricate approach
that evaluates each flag value in relation to its corresponding performance metric on
an individual basis. This requires defining a reward function that takes into account
the value of each flag, rather than solely focusing on the total number of zero flags.
By considering each flag value separately, we gain a deeper understanding of its
impact on the overall performance of the electrical machine. This allows us to design
a reward function that reflects the relative importance of each performance metric
and guides the agent towards configurations that optimize specific aspects of the
machine’s performance.

In our game, the performance values, along with their corresponding flags, are pos-
sessed. Each flag’s value (+1 or —1) indicates whether the corresponding performance
value should decrease or increase when an action is taken. This reward function
takes into account each flag individually to provide specific guidance for the agent’s
design decisions. To this end, we assign rewards based on the direction in which the
corresponding performance value should be modified. For a flag associated with a
performance metric, such as per formance, we assign a positive reward (r, > 0) if
the corresponding performance value is modified in the correct direction. Conversely,
if the performance value is modified in the opposite direction, a negative reward
(—r, < 0) is given. For example, if the flag for torque has a value of +1, performing
an action that increases the torque performance value will result in a positive reward
(Ttorque = Tp), while performing an action that decreases it will yield a negative reward
(Ttorque = —77). This procedure is applied to the performance metrics of rotor tooth
tip height, airgap flux density, relative starting current, starting torque, and stator
temperature rise.

To construct a unified performance reward function, denoted as Rp, that considers
multiple objectives, we sum up the rewards for all flags. This consolidation allows the
agent to navigate the design space while simultaneously considering the impact of its
actions on various performance metrics, ultimately guiding it towards configurations
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that optimize multiple objectives simultaneously.

Rp - Z T'per formance
per formance (32)

— Ttooth_ ti uzr__densit current torque temprature
Ttooth_tip —+ 1 d Yy +r +r q +7r D

Moreover, a supplementary requirement that impacts the above mentioned perfor-
mance reward function R, is associated with the flag corresponding to the starting
current performance value. If the current flag is not zero and the action taken is in the
appropriate direction, but the torque flag has been raised (changes from 0 to either
+1 or —1), no reward or penalty will be allocated to the current flag. Specifically,
Teuwrrent = 0 in (32). By incorporating this detailed approach, the reward function
aligns more closely with engineering knowledge and expertise. It enables the agent
to make informed choices by comprehensively evaluating the impact of its actions on
individual performance metrics. Consequently, the agent can navigate the design
space more effectively, identifying configurations that excel in specific performance
aspects while balancing trade-offs between different metrics.

However, it is important to note that certain priorities are defined among the
performance values, and these priorities should be taken into consideration during the
design process. Each performance metric may have a varying degree of importance or
significance based on the specific requirements and objectives of the electrical machine
design. Therefore, by explicitly incorporating the prioritization of performance values
into the reward function, the agent can intelligently allocate its resources and decision-
making capabilities towards achieving the desired objectives. This allows for a more
efficient and effective design process, where the agent can navigate the design space
with a clear understanding of the relative importance of each performance metric
and the corresponding flags. By acknowledging and integrating these priorities, the
agent can make informed design decisions and optimize the machine’s performance
in a targeted and purposeful manner.

As a result, the function R,y is linked to a specific priority, giving the highest
priority to the flag associated with the rotor tooth tip height performance value over
any other flags. As a consequence, if this flag is raised (switches from 0 to —1 or 1),
the corresponding reward value, Rpyiority, Would become negative, resulting in the
reward being skipped for all other flags. Additionally, if the flag for rotor tooth tip
height is not equal to zero, specific considerations denoted by Ripon tip Deed to be
taken into account. As represented in (33), when the flag is set to 1, and the action
is taken to decrease the tooth tip, the corresponding reward would become positive
(rp). Conversely, if the action does not involve decreasing the tooth tip, the reward
value would become negative (—r,,). Similarly, when the flag is set to —1, and the
action is taken to increase the tooth tip, the corresponding reward would become
positive (1,). In contrast, if the action does not involve increasing the tooth tip, the
reward value would become negative (—r,).
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Tp if fiootn 1ip = 1 and action decreases the tooth tip height

—7rpn  if fiooth tip = 1 and action increases the tooth tip height

R 00 ip —
tooth.tip r if fiootn tip = —1 and action increases the tooth tip height
P _tip
—7ry if fiootn tip = —1 and action decreases the tooth tip height
(33)

where fioon 1ip Stands for rotor tooth tip height flag. If any of these situations related
to the rotor tooth tip flag happens, the rewards for all other flags are also skipped.
In conclusion, the corresponding performance reward function can be defined as
follows:
Rpriority  if rotor tooth tip height flag is raised

Ri(P) = § Riooth,_ip if rotor tooth tip height flag is not 0 (34)

R, otherwise

Moreover, in order to satisfy the target relative starting current (I5/I,, where
I is the starting current and I,, is the nominal current) requirement, an additional
component called the I,/1, reward function, represented as R;(Z), is integrated. The
target I5/1, sets an upper limit that each state’s corresponding I/I, should not
exceed. Therefore, when both the current and previous I,/1,, values are lower than
the target I;/I,, no reward or penalty is assigned. If the previous I/I, was higher
than the target I,/I,, it indicates that actions should not increase the I,/I,,. Thus,
if the current I/, is lower than the previous one, a positive reward is granted.
Conversely, if the current /I, is higher than the previous one, a negative penalty is
applied.
0 ifZ, 1 <7y and Z; < Iy,
R(Z)=1<r, ULy >Ty and T, < Ty 4 (35)

r, otherwise
where Z; represent the current I/ 1I,,, Z, 1 denote the previous I, /I, and Z;, represent
the target I,/1,.

In summary, the resulting human expert knowledge based reward function can
be expressed as follows:

-V, if S; has already been seen during training
Ryviority + Ri(G) + R(F) + R,(Z)  if rotor tooth tip height flag is raised
Rivoth_tip + Ri(G) + Ri(F) + Ry(Z) if rotor tooth tip height flag is not 0

R, + Ri(G) + Ri(F) + R(Z) otherwise

Rt:

(36)

where, the selected constant values for the reward functions are presented in Table 1.

The steps and procedures involved in the process of the human expert knowledge

reward function are outlined in Algorithm 2, offering a comprehensive summary of
the approach.

By expanding the reward function to consider each flag value individually, we

enhance its ability to capture the intricacies of electrical machine design. This refined
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Algorithm 2 Human expert knowledge based reward function

Input: current timestep ¢; current state .S;; current action A;; previous state S;_1;
current I/ 1, Iy; target I /I, Zy.; previous I;/1, T, 1.

Initialize: visited states := [].

Output: R;.

if S; is in visited_states then
return —V,,

end if

Add S; to visited states.

ot

Rpr = #current zero flags - #previous zero flags

if All flags are set to zero then
Re =G,

else if Maximum number of steps is reached then
Re = -G,

10: else if A, is not valid then

11: Rg =-G,

12: end if

13: if Rotor tooth tip height flag is raised then

14: Rp = Rpriority

15: else if Rotor tooth tip height flag is not 0 then
16: RP - Rtoothitip (33)

17: else

18: Rp=0

19: for performance do

20: Rp = Rp + T'per formance
21: end for

22: end if

23: if 7,_; < 1;, and Z; < Z;, then

24: Rr=0

25: else if 7, 1 > 1, and 7, < Z,_; then
26: Rr = Tp

27: else

28: Rr=-—r,

29: end if

30: Ry = Rp+ Rg+ Rp+ Rzt
31: return R,
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Table 1: Constants for reward functions.

Metric Value
-V, -0.55
Tp +0.3
-, -0.3
Rpm'or'ity -0.4

reward function empowers the agent to explore a broader range of design possibilities,
ultimately leading to more sophisticated and optimized machine configurations.

3.3.3 Distance reward function

In this section, a completely different reward function is employed which does not
devoid of any engineering knowledge or domain-specific information. Within this
reward function, we are equipped with a training set comprising various electrical
machine design games, each encompassing distinct customer requirements, power
and voltage specifications, alongside their corresponding final designs, referred as
the goal state. Therefore, the goal state in this context represents a feasible or
optimal machine configuration that meets the customer specific requirements and the
manufacturing constraints. It should be noted that these goal states are exclusively
accessible within the training set.

This reward function is based on the distance between the current state and the
goal state. The availability of the goal state for all training machines enables the
design of the distance reward function. By utilizing this new reward function, the
RL agent’s learning process is guided towards achieving states that are closer to
the desired goal state. This approach allows the RL algorithm to effectively explore
and optimize the machine design space by motivating progress towards the desired
outcome.

Machine design variables, represented by M, are the length, the number of coil
turns, and the rotor tooth tip height of the machine. Therefore, at each time step
t > 0, we possess the current state S; along with the corresponding machine values
M, the preceding state S;_; with the corresponding machine values M;_;, and the
goal state Sg alongside the corresponding machine values M. With access to this
information, the machine values can be effectively tracked and compared at different
time steps, allowing the progress and changes in the system’s configuration to be
monitored.

In this particular reward function formulation, the initial step involves calculating
the distances between the current machine values M, and the desired goal machine
values Mg, as well as the distance between the previous machine values M;_; and
the goal machine values Mg. These distances serve as fundamental metrics for
evaluating the alignment between the current or previous machine configurations
and the desired goal configuration. By comparing these distances, we can derive the
distance reward function, represented as R;(D).

To compute this distance reward function, the steps outlined in Algorithm 3
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can be followed. By utilizing this algorithm, the distance reward function provides
a quantitative assessment that significantly impacts the behavior of the RL agent.
It encourages the agent to take actions that bring the machine values closer to
the desired goal values, while discouraging actions that lead to greater deviations.
Consequently, the reward function plays a vital role in shaping the learning process
of the agent, directing its focus towards achieving machine configurations that are
more compatible with the desired objectives. By providing a clear feedback signal,
the distance reward function assists the agent in effectively navigating the search
space and acquiring optimal strategies to attain the desired machine configurations.
Finally, the resulting expression of the reward function is as follows

37
Ri(G) + Ry(D) otherwise (37)

B {—Vn if S; has already been seen during training
=
where V,, = —1.1.

It’s worth mentioning that designing and calculating this function does not
require any prior engineering expertise. The process is straightforward and can be
accomplished without much difficulty. It provides a measure of how close the machine
values are to the goal machine values. By using this function, the assessment of
the machine’s performance in terms of meeting the desired goals can be determined
without relying on any engineering knowledge.

3.4 Proximal Policy Optimization (PPO)

To train an agent to make optimal decisions in an electrical machine design game,
PPO is a suitable RL algorithm. PPO has gained recognition as a state-of-the-art
algorithm that offers several advantages for optimizing complex problems. Its ability
to strike a balance between exploration and exploitation, along with its robustness
in handling high-dimensional and continuous action spaces, make it particularly
suitable for the challenges posed by electrical machine design. By selecting PPO,
the study aims to leverage its capabilities to effectively guide the agent’s learning
process and achieve optimal designs for electrical machines.

In this context, the objective is to optimize the mass of the electrical machine. To
design such a game using PPO, the first step, as described in Section 3.2.2, involves
defining the environment in which the agent will operate. Subsequently, the reward
function, as discussed in Section 3.3, needs to be established. Once these prerequisites
are in place, PPO can be utilized to train the agent by gathering experience from
the environment and updating the policy accordingly. This iterative process can be
continued until the agent’s policy has converged to a satisfactory level of performance.

PPO [3] is a RL method that falls under the model-free and actor-critic category.
Its primary objective is to train agents to make optimal decisions in complex en-
vironments, regardless of whether the action space is continuous or discrete. This
is an algorithm that helps an agent make the best decision based on its previous
experiences and the rewards it has received so far. It is an on-policy method, meaning
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Algorithm 3 Distance reward function
Input: current timestep ¢; current state S;; current action A;; current machine
values M,;; previous machine values M,;_1; goal machine values M.

Initialize visited states := [|; Rp := 0; k := 2.
Output: R;.

1. if S, is in visited states then

2: return —V,,

3: end if

4: Add S; to visited states.

5. for m € M do

6:  prev_dist = |mg — my_q|

7 current__dist = |mg — my|

8: change = |current__dist — prev__dist|

9: if prev_dist =0 and current dist = 0 then
10: r=20

11: else if prev_dist = 0 and current_dist # 0 then
12: r=-1

13: else if current_dist > prev_dist then
14: r = —(min(pfjjﬁﬁfgt, 1))k

15: else if current_dist < prev_dist then
16: r= (p:Z?:Lg;t)k

17: else

18: r=20

19: end if

20: Rp=Rp+r

21: end for

22: if Rp < 0 then

23: Rp = —|RD|%
24: else .

25: Rp = R}

26: end if

27. if All flags are set to zero then

28: Re =G,

29: else if Maximum number of steps is reached then
30: Re = -G,

31: else if A; is not valid then

32: R = -G,

33: end if

34: Ry = Rg+ Rp
35: return R,
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that it updates the agent’s decision-making policy based on the actions it has taken
in the past, rather than using a separate set of experiences to update the policy.
Additionally, PPO uses a policy gradient method, which means that it directly
optimizes the policy, instead of estimating the value function or state-action pairs.
In simple terms, PPO helps the agent learn by adjusting its behavior in real-time,
using the rewards it receives and the actions it takes.

3.4.1 PPO applications

PPO is a popular and effective RL algorithm that has been applied to a wide variety
of tasks and environments. Some of the applications of PPO include but not limited
to:

o Robotics: PPO has been used to train robots to perform a variety of tasks, such
as grasping objects, navigating through environments, and following moving
targets [56].

o Control systems: PPO has been used to optimize control systems in a variety
of applications, including power systems, and process control [57].

o Game playing: PPO has been used to train agents to play games, such as chess
and Go, at a high levels of skills [58].

o Autonomous vehicles: PPO has been used to train self-driving cars and other
autonomous vehicles to make decisions in complex environments [59].

« Natural language processing: PPO has been used to train natural language
processing systems to understand and generate human-like texts [60].

3.4.2 PPO basic idea

The basic idea behind PPO is to iteratively update the agent’s policy in order to
improve its performance. This is done by collecting experience from the environment,
and using this experience to update the agent’s policy.

Here is an outline of the basic steps involved in the PPO algorithm:

1. Collect experience from the environment: The agent interacts with the envi-
ronment and collects experience by taking actions and observing the resulting
states and rewards.

2. Estimate the value function: The value function is a tool that estimates the
total reward that an agent is likely to receive for being in a certain state. This
value function is used to assess the desirability of the agent’s actions and to
guide the optimization of the agent’s policy.

3. Update the policy: The policy of an agent is a set of rules that dictate its
behavior in a given environment. The PPO algorithm updates the policy based
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on the agent’s experience and the estimated value function, using an optimiza-
tion algorithm that is guided by the clipped surrogate objective function. This
ensures that the policy is improved in a controlled manner, balancing the need
for significant improvements in performance with the need for stable learning.

4. Evaluate the updated policy: The updated policy is evaluated by running the
agent in the environment and measuring its performance. This helps to ensure
that the policy is actually improving the agent’s performance and is not just
overfitting to the collected experience.

5. Repeat the process: The process is repeated until the policy has converged to
a satisfactory level of performance.

Overall, the PPO algorithm works by iteratively improving the policy through
a process of collecting experience, estimating the value function, and updating the
policy by using policy gradient method. The end result is a policy that is able to
maximize the expected cumulative reward for the agent in the environment.

3.4.3 Policy gradient methods

The policy gradient method [61] is a technique to improve a policy in RL. A policy
is like a set of rules that tell the agent what actions to take in certain situations.
In this method, the policy is represented as a probability distribution over actions
given states, 7(al|s). The policy has parameters () that can be adjusted to change
how the agent behaves. To optimize the policy, data is collected on the actions
and rewards of the agent while it employs the policy. This data is then utilized
to estimate the impact of policy parameter changes on the expected reward. By
adjusting the policy parameters in a manner that increases the expected reward, the
policy can be improved.

The approach of the policy gradient method in RL that updates the policy using
samples obtained from the current policy, makes it an on-policy algorithm. Policy
gradient algorithms come in different types, such as finite difference methods [62]
that introduce small perturbations to the policy parameters and observe the changes,
or likelihood ratio policy gradient methods [63] that employ the likelihood ratio trick
to estimate the gradient of the expected reward with respect to the policy parameters.
The focus of this section is on the likelihood ratio policy gradient methods.

In the likelihood ratio policy gradient methods, we go along a state-action
trajectory 7 = (Sy, Ao, ..., S7—1, A7_1, S7) when making sequential decisions. A
cumulative reward R(7) = Y1 7' Ryy1 (series of rewards R, discounted by v) and
a corresponding probability P(7) are associated with each trajectory. Via sampling
actions, the policy affects the likelihood that we observe each set of states and actions
over a certain period of time.

The ultimate goal of policy gradient methods, like all RL approaches, is to discover
the optimal policy that increases the expected cumulative reward in the long run. In
a completely deterministic setting, the trajectory generated by each policy my could
be calculated effortlessly, and the one that yielded the highest overall payoff could
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be identified. However, most RL problems have a stochastic component and are not
entirely deterministic. As a result, the policy has an impact on but does not entirely
affect trajectory probabilities.

Therefore, given our policies, the likelihood of a specific reward trajectory occurring
is calculated as

T-1

P(r,0) = | IT P(StslS: Ay).mo(Ai]Sy)] (38)

The transition function P(S;1|S, A¢) is a problematic element in this scenario. It is
a representation of the environment which is at best challenging to work with and at
worst completely unknowable. Another disadvantage of this model is that P(7,60) is
the result of two probabilities. If those probabilities are low, then over large time
horizons the trajectory probabilities will become extremely small.

The components discussed earlier enable us to formally state our goal, which is
to maximize the expected reward over time. Consequently, the probabilities of all
trajectories are summed up and multiplied by their corresponding rewards to define
the objective function.

J(0) = Erery [R(7)] = X P(7,0)R(7) (39)

where the distribution of trajectories under the current policy is formalized by 7 ~ 7g.
Therefore the equivalent maximizing problem is represented by:

max J(0) = maaxz P(r,0)R(T)

T—1 (40)
(%) max 3 | TT P(SialSi, A)mo( A S0) | R(7)
T t=0
It is evident from the above maximization problem that altering 6 impacts the
trajectory probability. Remember that the policy my has an impact on this objective
term as well. Therefore, the expected return can be improved by increasing the
probabilities of high reward trajectories.
Policy gradient approaches depend on gradients to determine the direction of the
update that will improve the goal function (expected return). The resulting update
function is

9t+1 - Ht ‘l‘ Ong J(g) (41)

where
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Vo J(0) = V> P(r,0)R(7)

= Z VoP(1,0)R(T)

::Ezﬁxzz;VaPﬁzﬁfNT) (42)

. ) VQP(T, 9)
= Z:P(T, Q)WR(T)

=Y P(1,0)Vglog P(t,0)R(T)

The empirical estimate for m sample trajectories under policy 7y can be utilized to
approximate Vg J(0) by

Vo J(O) %= 3 Vylog P(r, 6)R(r) (43)
i=1
This expression is entirely tractable. Even if we don’t know the environment
model, we can sample the trajectories and associated rewards. All we require is
a clearly stated policy that can be differentiated in relation to . This gradient
tries to increase the probability of paths with high (positive) rewards and decrease
the probabilities of trajectories with low (negative) rewards. As the sum of the
probabilities are 1, so pushing up some probabilities (good ones) leads to pushing
down some others (bad ones).
To change the probabilities of the trajectories (log P(7(®,6)) we only need to
change the probabilities of the actions along that trajectory. Recall that from equation
(38) we have:

T_l . . . . .
Volog P(r,0) = Vylog | [T P(SFAISY, AY).me(A”1S))]
t=0
I 0 16 40y L N~ )] 0 .
= Vo[ > log P(S{1S7, A) + 3 log ma(A”[S()]
t=0 t=0

as the first part (log P(S§21|S§i),A§i))) doesn’t have any factors of 6, it can be
eliminated:

T-1 o

Volog P(7,0) = Vi 3 log me(4;"|5,")

t=0

- ()

=" Vilogm(A]S;")

t=0

Therefore, decreasing the probabilities of a trajectory, will make the actions along
in that trajectory less likely to be taken. As the probabilities of the trajectory are
inversely proportional to the likelihood of the actions within the trajectory, decreasing
the probabilities will decrease the likelihood of those actions being taken. This will
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also affect the expected cumulative reward in the long run, as the trajectory with
decreased probability may have a lower expected reward.
In conclusion, by considering all the above equations we will have:

Vo J(0) = 43);ZV910gP( @ 9)R(r)

=1

1 m T—1 ; ; )
RESS (z Vo log me( A" >>> R(77) (46)

i=1 \t=0
1 T-1 T-1
— Z (Z Vo log 7r9(A(Z ]St )) (Z ’YthH)
- mE\G =0

Using the gradient formula to make a move results in an increase in the log-
probabilities of each action, which is proportional to the total sum of rewards obtained,
denoted by R(7). However, this approach is not rational since agents should only
reinforce actions based on their outcomes, i.e., the rewards obtained after the action is
taken. The rewards obtained before taking the action are irrelevant in determining the
effectiveness of that action. Therefore, it is necessary to consider only the post-action
rewards to evaluate the goodness of the action. It can be mathematically shown that
this intuition is reflected in the policy gradient, which can also be expressed as:

T—t—-1

1 & — i
Vo J(0 = Z Z g log my(A ()|St Z YRy skt (47)
i=1 t=0 k=0

The current formulation is unb1ased but highly noisy because of the empirical
returns. This high level of noise stems from the inherent stochastic nature of RL
algorithms, leading to fluctuations in the estimated gradients. To address this issue,
a baseline function (b) will be introduced, typically serving as a control variate.

Ve J(O) ~ §= fj Volog P(79,0)(R(7V) — b) (48)

1
m
As long as baseline does not depend on log P(7,0), the expected value of the extra
term would be 0:

E. ., [Volog P(T Z P(1,0)Vglog P(1,0)b

=Y P(r, 9);](37(,79’)9 )y

=3 VoP(r.0)b
_v, (Z P(r, 0)b>
49, (Z Pr. 0))

=bVy (1)
=bx0=0

(49)
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Whereas, when there is a finite number of samples, the estimate we are accumulating
will have a decrease in variance and with an appropriate baseline, the variance will
be further reduced. This results in a more accurate gradient estimate.

Examples of baselines include a constant baseline, a baseline that changes over
time, and a baseline that depends on the current state. When using a state-dependent
baseline (b(S;) = Vz,(St)), the log probability of an action is increased in proportion
to how much better its returns are compared to the expected return under the current
policy.

1 » -
Vo J(6) = 949 — 3" Vylog P(r9, 0)(R(7'") — b)
=1
1 < - i
= 3 Vilog P(r, 0)(R(7) = V,, (5{")
=1
Ml () g0 S b Q
U033 Volog mo(A" 1) Y. VP Repwsr — Vo (S7) (50)
M =1 =0 k=0
1 (1) | i) () 40 i)
= =3 3 Valogmo(A|S7)(@Qny (S, A) = Vi (517))
i=1 t=0
1 = OI0) @) A0
(:14)%2 Vologmg(Ar” ]St ) Ary (S, A7)

N
Il
—
-+
Il
=)

Where AM(St(i), A?)) is the advantage function 2.2.3.

In policy gradient methods, despite having a reward signal and an update direction,
we are unsure of how much the policy needs to be updated. On the other words,
finding the ideal learning rate («) is difficult. Policy gradients have also the following
flaws:

o Sample inefficiency: Samples are only utilized once. The policy is then revised,
and a fresh trajectory is sampled using the new policy. This may be unaffordable
due to how expensive sampling is frequently. The old samples, however, are in
fact no longer representative following a significant policy shift.

« Inconsistent policy updates: Policy adjustments have a tendency to overreach
and miss the reward peak or to peter out too soon. Vanishing gradients is a
serious issue, particularly in neural network topologies.

o High reward variance: The policy gradient method uses Monte Carlo learn-
ing and considers the entire reward trajectory (i.e., a full episode). These
trajectories frequently have considerable volatility, which hinders convergence.

PPO is a variant of the policy gradient method that uses a function that is close
to the current policy the agent takes actions based on, and it does not make big
changes all at once. Instead, it makes smaller changes to the function by using an
easier-to-optimize function. PPO also uses a technique called trust region policy
optimization (TRPO), which makes sure that the new policy is not too different
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from the old one. This helps to make the learning process more stable and prevents
the agent from making too many mistakes or getting stuck in a bad policy.

3.4.4 Trust region policy optimization (TRPO)

TRPO is a type of RL algorithm that belongs to the category of policy optimization
methods. It uses a technique called trust region approach, which involves selecting
the largest possible change that the algorithm will make to the policy parameters.
This is done within a specific area called the trust region. Once the largest change is
selected, the algorithm then searches for the best spot within that trust region to
make the change. This approach helps to prevent the algorithm from making overly
large changes to the policy, which can lead to instability in the learning process. You
can see an illustration of this approach in Figure 7 [source].

The trust region method defines a range of policies that have a small impact on
the objective function, which is measured using a mathematical concept called KL
divergence [64]. This range of policies is known as the trust region and it is centered
around the current policy being used. Once the trust region is defined, the algorithm
restricts the search for the optimal point, such as a local minimum or maximum,
within that specific area. After the best point is found, the algorithm establishes the
direction for further improvement. This iterative process continues until the optimal
solution is achieved.

Line search Trust region
(like gradient ascent)

Figure 7: The parameter update in the TRPO.

For doing so, from equation (39) recall that

J(0) = Erry[R(7)] = Erory 37 Riga] (51)
t=0
We can add the anticipated advantage of the new policy to the anticipated reward
of the previous policy to explain the difference between the expected rewards of
the two policies [55]. Therefore, the corresponding formula uses the new policy’s
modified action probability but the old policy’s advantage function instead of having
to resample the data:


https://jonathan-hui.medium.com/rl-trust-region-policy-optimization-trpo-explained-a6ee04eeeee9
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J(O0+ D) = J(8) + Brry ) (S 7 Ay (S0, A (52)

=0
Let p, be the (unnormalized) discounted visitation frequencies [55]

pr(s) =P(Sp=s)+~vyP(S1=s)+--- (53)

where Sy ~ pg is distribution of the initial state Sy, and the actions are chosen
according to m. Therefore, we can rewrite equation (52) with a sum over states
instead of timesteps:

J(Q + Ag + ZZP St = S|7T9+A9 ZW9+A9 a/| /ytATI'B(St’At)
t=0 s
+ZZ V' P(S; = s|morn0) > mornalals)Ax, (S, Ar) (54)
s t=0 a

9) + Z Proine (S) Z 71—9-&-A9<a|8)"47r9 (St7 At)

The use of pr,, ,,(s) is problematic because it makes it difficult to determine the state
distribution associated with the new policy without actually sampling it. To tackle
this issue, the state distribution that would be obtained if the current policy were
still being used is employed. However, this approach introduces an approximation
error

J(6 + AB) )+ Z Pro(8) Y Torno(als) Ax, (St Ar) (55)

To prepare for simulation, the expectation of p will be utilized instead, and it
can be calculated through Monte Carlo simulation.

J(0 + A0) = J(0) + Eavp., [D_ Torno(als) Ar, (Si, Ar)] (56)

To consider the probabilities of the updated policy when using the expected action of
the current policy, importance sampling will be employed [65]. This involves reusing
trajectories collected with previous policies in newer updated policies, instead of
summing over actions.

To+n0(als)
JO+A0)~ JO)+E;o4ep [———Ar (s,a 57
(0 20) % J(0) 4 B, [0 55 vy 5. 0)] (57)
Therefore, the updated policy’s relative effectiveness compared to the previous policy
can be represented by the expected advantage, also known as the surrogate advantage

To+AglA|S
Loy (70130) = B [ 4o i) w04 20) —000)  (58)
" mo(als)
Currently, there is an issue where accuracy decreases when the new policy deviates
too far from the previous one. To address this, it is necessary to maintain a close
similarity between the new and old policies
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To+a0(als)
7'/4'71— )

22000 A, (5.0 o
Subject to : By, [K L(mp||To1 00)] < 6

max Loy (Torn0) = Esnp,) [

where K L(my||mg1ng) is the KL divergence [64]. Additionally, the trust region
size, denoted as ¢, is a hyperparameter that determines the maximum allowable
KL divergence between the new policy and the old policy. Furthermore, the KL
divergence can be introduced as a penalty to the surrogate advantage function
L0(mg4ng), which is then multiplied by a factor 5. Therefore, if there is a significant
disparity between the old and new policies, the objective function suffers severely.

B, (20 A, (5.0) = 5 K Ll )] (60)
where [ determines the severity of the punishment. If the new policy differs from
the previous policy, it penalizes the goal.

The RL community has adopted TRPO widely because it solves a variety of issues
related to natural policy gradients. However, finding an optimal constant S that
performs consistently well throughout the entire training process has been challenging.
There are still several other issues, particularly: Large parameter matrices such as
deep neural networks are difficult for TRPO to manage. TRPO is less scalable
to parallel environments than other policy gradient methods such as PPO [3] and
A2C [66]. Since TRPO is implemented practically using constraints, computing the
Fisher matrix is necessary, which considerably slows down the updating process.
Additionally, we are unable to use (first-order) stochastic gradient optimizers like
ADAM. TRPO is a challenging technology to understand, develop, and troubleshoot.
It might be challenging to choose the best course of action when training does not
produce the anticipated results. In conclusion, it is not the most user-friendly RL
algorithm.

PPO is a class of first-order methods that aims to enhance the policy learning pro-
cess, and it is regarded as an advancement over other on-policy algorithms, including
TRPO. Nevertheless, both TRPO and PPO face a common challenge regarding how
to optimize a policy with the available data without causing performance collapse
unintentionally. While TRPO utilizes a complex second-order method to address
this challenge, PPO uses a set of additional strategies to ensure that new policies
remain close to the old ones.

PPO approaches appear to perform at least as well as TRPO experimentally, but
they are substantially easier to implement. PPO is more sample efficient and stable,
and it can handle high-dimensional action spaces more effectively. It is also more
computationally efficient, as it uses a trust region optimization method to constrain
the update of the policy, rather than requiring a second optimization step like TRPO.
PPO is also more parallelizable and can be used with more complex models such as
deep neural networks and it’s considered more popular in recent years.
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3.4.5 PPO variants

PPO comes in two main varieties: PPO-Penalty and PPO-Clip. However, the focus
of this work is PPO-Clip as it has gained popularity and widespread adoption due

to its simplicity and effectiveness in practice. It also is the primary variant used at
OpenAl

PPO-Penalty

Similar to TRPO (section 3.4.4), PPO-Penalty approximates a KL-constrained
update by penalizing the KL-divergence in the objective function without making
it a hard constraint. It involves adding a penalty term to the objective function to

encourage the new policy to be close to the old policy. The objective function for
PPO-penalty is defined as:

To+n0(als)
E | ————F A, (s,a) — B KL 61
ol To(als) o(8,a) = B L(mo||o-20)] (61)
where the hyperparameter 3, controls how much the training process punishes
the new policy if it is too different from the old policy. This penalty is automatically
adjusted during training. If the difference between the old and new policies is too
big, B is reduced. If the difference is small, the training area expands.

PPO-Clip

The objective of PPO-Clip does not contain a KL-divergence term, and there is
no constraint at all. It relies on specific clipping in the goal function to eliminate
incentives for the new policy to diverge much from the previous one. This is done by
limiting the maximum change in the probability of selecting an action under the new
policy compared to the old policy. The objective function for PPO-Clip is defined as:

T-1
E%LIP(Q) =E;r, Z min (1:(0)Ar, (St, Ar), clip(r:(0),1 — €, 1 + €) A, (S, Ar))
=0

(62)
where r,(0) = %ﬁéﬁ” and € is a hyperparameter that determines the maximum
allowable change in the probability. The objective function indicates that the
advantage function will be clipped if the ratio of the likelihood of the new policy to
the old policy is not within the range of 1 — € to 1 + ¢. Essentially, this prevents
significant changes in the policy if they fall outside the acceptable range.

Finally, the smallest value is selected from the clipped and unclipped objectives,
resulting in a final objective that is a conservative estimate of the unclipped objective.
This approach is used to ensure stability during training by limiting the change in
policy update. If the change in the probability ratio between the old and new policy
is beneficial to the objective, it is included in the update, but if it is detrimental, it
is excluded.
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3.4.6 PPO-Clip

The PPO-Clip algorithm uses two neural networks: the actor network, which is
used to select actions, and the critic network, which is used to estimate the value of
the current state. The agent interacts with the environment, and the experiences
(observations, actions, rewards, etc.) are collected and used to update the parameters
of the actor and critic networks.

3.4.6.1 Actor network

The actor network learns a mapping my(a|s) from observed states s to corresponding
actions a, by adjusting its parameters ¢, based on the experiences of the agent in
the environment. The ultimate goal of the actor network is to learn a policy that
maximizes the expected cumulative reward J(6) for the agent:

J(0) = Erery[R(7)] (63)

where 7 is a trajectory of states and actions, and R(7) is the cumulative reward
obtained along the trajectory.

In PPO-Clip, the actor network’s parameters are updated to improve the policy
by making it more likely to take actions that lead to higher rewards. This is achieved
by optimizing a surrogate objective function E%LI P(#), which is a clipped version of
the ratio between the new and old policies:

EgeLIP(Q) =E [Tzl min (rt(Q).Am, (S, Ap), clip(r:(0),1 — €, 1 4 €)Ar, (St, AQ)]
N (64)

To+a0(delSh) o tho importance sampling ratio between the new policy

7o (At|St)
and the old policy, A, (S;, A;) is the estimated advantage of taking action A; in

state Ss, and clip(x, a,b) is a function that clips « between a and b. The clipped
surrogate objective function encourages the actor network to take actions that have
high advantage, while ensuring that the policy update is not too large.
Additionally, to incorporate the entropy of the policy distribution into the PPO
algorithm, an entropy bonus is added to the objective function. The entropy coefficient
¢ controls the weight of the entropy bonus and is used to balance the trade-off between
exploration and exploitation. The modified objective function can be written as:

where 7,(0) =

T-1
£$9LIP(0) — ETNTrg |: Z mln (rt(e)Aﬂ'g(St; At)? Clip<7nt(9>7 1 — €, 1 + E)Aﬂ'e(st) At))
t=0
e EEQNTROPY (9)}
(65)
where
ﬁfeNTROPY(e) _ Z mg(alS;) x log me(alS;) (66)

is the entropy term that measures the level of uncertainty or randomness in the
policy distribution over actions. The entropy coefficient ¢ is a hyperparameter that
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determines the weight of the entropy term in the objective function. A higher value of
¢ encourages more exploration and stochasticity in the policy, while a lower value of
¢ encourages the policy to exploit the current best actions. The choice of the optimal
value of ¢ depends on the specific task and environment, and is often determined by
trial and error.

During training, the actor network interacts with the environment by taking
actions according to the current policy and receiving rewards. The agent’s experiences
are stored in a replay buffer, and the actor network is trained using batches of data
sampled from the buffer. The parameters 6 of the actor network are updated
by minimizing the surrogate objective function over multiple epochs of minibatch
updates. This iterative process of updating the actor network’s parameters leads to
the convergence of the learned policy towards an optimal policy that maximizes the
expected cumulative reward.

An example of an actor network in PPO would be a neural network that takes in
the current state of a robotic arm and outputs a probability distribution over the
possible actions (e.g. move left, move right, stay still). The actor network would be
trained to choose actions that are likely to lead to higher rewards, such as successfully
grasping an object or avoiding obstacles. Another example of an actor network in
PPO would be a neural network that takes in the current state of a video game and
outputs a probability distribution over the possible actions (e.g. move left, move
right, jump). The actor network would be trained to choose actions that are likely
to lead to higher rewards, such as collecting coins or defeating enemies.

3.4.6.2 Critic network

The critic network, or the value network, estimates the current state’s value and
predicts the agent’s expected future cumulative reward. Its aim is to make accurate
predictions by adjusting its parameters based on the agent’s experiences. In PPO-
Clip, the critic network’s parameters are optimized to improve the value function.
The value function is a mathematical function that predicts the expected cumulative
reward an agent can receive by following a policy in a specific environment.

More specifically, the critic network’s parameters ¢, are updated using a variant
of stochastic gradient descent called the mean squared error loss. This loss function
measures the difference between the predicted value function and the true value
function, which is calculated using the discounted future rewards obtained by the
agent. The aim of this update is to minimize the mean squared error loss and make
the predicted value function more accurate in estimating the expected cumulative
reward.

LYAE — B, [(Ve(s) = VIs))?] (67)

where V,(s) is the predicted value function for state s using the critic network
parameters ¢, and V(s) is the true value function, calculated using the discounted
future rewards obtained by the agent while following policy 7.

The optimization of the critic network’s parameters in PPO-Clip is crucial as
it helps the agent to learn a better value function, which in turn can guide it to
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select better actions and improve its overall performance in the environment. This
optimization is performed by minimizing the mean squared error loss function between
the predicted value function and the true value function. The true value function is
calculated using the discounted future rewards obtained by the agent. By minimizing
the mean squared error loss, the critic network’s parameters are adjusted to improve
its accuracy in estimating the expected cumulative reward.

An example of a critic network in PPO would be a neural network that takes
in the current state of a robotic arm and outputs a single value representing the
estimated future cumulative reward for the agent if it continues to follow the current
policy. The critic network would be trained to predict the expected cumulative
reward based on the current state of the robotic arm and the actions taken by the
agent. Another example of a critic network in PPO would be a neural network that
takes in the current state of a video game and outputs a single value representing the
estimated future cumulative reward for the agent if it continues to follow the current
policy. The critic network would be trained to predict the expected cumulative
reward based on the current state of the video game and the actions taken by the
agent.

In PPO-Clip, the actor network and the critic network are trained together. The
critic network is used to compute the advantage function, which is used to update
the actor network’s parameters in a way that maximizes the expected cumulative
reward. In this way, the actor network is updated to improve the policy by making it
more probable to take actions that lead to higher rewards, while the critic network
is updated to improve the value function by making it more accurate in estimating
the expected cumulative reward.

The update process in PPO-Clip involves comparing the "old" policy, represented
by the actor network’s current parameters, with the "new" policy, represented by the
actor network’s updated parameters. The ratio of the probability of the new policy
taking a certain action over the old policy taking the same action is computed and if
this ratio is greater than 1, it is clipped to be 1+ €. This is done to prevent the agent
from making large, sudden changes in the policy that can destabilize the training
process [3]. This algorithm uses this "clipped" ratio to update the parameters of the
actor network, along with the critic network, which helps to improve the agent’s
ability to estimate the value of the current state. The algorithm continues to repeat
this process until the agent’s performance in the environment reaches an acceptable
level.

Algorithm 4 summarizes the PPO-Clip steps that are:

1. The old policy (g, (als)), represented by the current parameters of the actor
network, is used to select actions for the agent.

2. The critic network is used to estimate the value of the current state. Let’s
denote this value as Vj, (S;) where S, is the current state.

3. The estimated advantage function that is denoted as ,2lt(5t, A;) where S; is
the current state, A; is the action taken by the agent, can be defined as:
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Algorithm 4 PPO-Clip

Input: number of epochs N; initial policy parameters 6y; initial value function
parameters, ¢g; clip rate ¢; entropy coefficient c.
Output: final policy my, .

1: for k< 1to N do

Collect set of trajectories Dy = {7;} using the current policy my,

2: fort <+ 1to7T do

3: Observe state S;.

4: Sample action A; ~ mp, (A¢]St).

5: Execute action A;, observe reward R; and next state Sy 1.

6: Store (Sy, Ay, Ry, Si41) in the trajectory buffer.

7 end for

8: Compute advantage estimates .le(Sl, Aq), - ,AT(ST, A7) based on the cur-

rent value function.

At(Su Ay) ==V (S) + Ry + YRy + - + YT Ry + ’YT_th(St)
9: Update the policy by maximizing the PPO-Clip objective:

0 1
= Imax

T
Z me (Tt(9k>At(Sta At), clz’p(rt(ek), I—¢1+ G)At(sta At))
TEDk t=0

c EfeNTROPY ()

typically via stochastic gradient ascent with Adam,

where the probability ratio is r4(6y) = %,
k

and EfGNTROPY(O) = >, me(alS;) x log my(alS;)

10: Update value function by regression on mean-squared error:
) 1 T A2
b1 = argming >y (Vd,k (St) — Rt>
|Dk|T €Dy, t=0

typically via some gradient descent algorithm,
where Rt = Rt + ’VRH-I + -t ’}/T_tRT
11: end for

12: return 7y,
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let(Sta Ap) ==V (St) + Re+yRy1 + -+ Ry + 47V, (Sh)

4. The new policy, represented by the updated parameters of the actor network, is
used to select actions for the agent. The new policy is denoted as 7y, ,, (A¢|S;)
where S; is the current state, A; is the current action, and 6, are the updated
parameters of the actor network.

5. The ratio of the probability of the new policy taking a certain action over the
old policy taking the same action is computed. This ratio is denoted as r(0)
and can be defined as: r(6) = 72?%;\62)3 )

k

6. The ratio r(#) is used to update the parameters of the actor network, by

maximizing the following objective function:

ESGLIP(H) = min(r(ﬁ)*.,zl(s, a),clip(r(0),1—e, 1+e)>|<21(s, a))—c ﬁngTROPY(Q)
(68)
where clip(z, a, b) is a function that clips the value of x between a and b, and €

is a small positive value that controls the maximum change in the policy (as
presented in Figure 8).

7. The parameters of the critic network are updated to minimize the mean squared
error between the estimated value and the actual cumulative reward:

LYAME = (Vy(S) — Ry)” (69)

where ji)t =R +vRpy1+---+ 'YT_tRT

A <0
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Figure 8: Plots displaying the £L¢%F surrogate function for a single timestep as

a function of the probability ratio 7(6), with positive advantages on the left and
negative advantages on the right. The red circle on each graph indicates the initial
point for optimization [3].

Overall PPO-Clip is a powerful algorithm that can be used to train agents to
perform a wide range of tasks, and it has been widely used in various applications
such as robotics, video games, and autonomous vehicles.
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4 Numerical experiments

This section of the thesis presents the results achieved through the application of the
proposed RL framework in the design of induction machines. It demonstrates the
improved computational performance of the designs compared to traditional design
methods. Furthermore, the section offers additional evaluations and analyses to
enhance the understanding of the framework and its potential for future enhancements.
This section includes two key sub-sections: Results and Further Evaluations.

In the Results sub-section (section 4.2) showcases the outcomes obtained from
applying the RL framework to the design of induction machines. It offers a detailed
analysis and examination of the obtained outcomes, aiming to provide a comprehensive
understanding of the framework’s effectiveness in the specific domain of induction
machine design. The results are presented in a clear and structured manner, allowing
readers to assess the impact and implications of applying the RL framework. The
section highlights the improvements achieved compared to baseline designs and
demonstrates the effectiveness of the RL approach in enhancing the computational
performance in the designing the machines.

The Further Evaluations sub-section (section 4.3) delves deeper into assessing
the proposed framework. It discusses additional evaluations and analyses conducted
to gain a deeper understanding of the system’s behavior and the impact of various
factors and model’s hyperparameters on the design process. These evaluations include
sensitivity analysis and robustness testing. The section provides insights into the
strengths and limitations of the framework and suggests potential areas for further
improvement.

4.1 Introduction

The numerical experiments section of this thesis is dedicated to the application of
RL in the design of induction machines. The primary objective is to optimize the
design parameters of these machines in order to minimize their cost. In the upcoming
paragraphs, we will provide a detailed description of the step-by-step procedures
employed in conducting these experiments. This will involve providing detailed
explanations of the various stages encompassing the experimental process. Addi-
tionally, we will outline the execution of the experiments themselves, which involves
running simulations or algorithms, capturing experimental data, and monitoring and
recording observations. By presenting these details, this section aims to provide a
comprehensive overview of the numerical experiments conducted and the strategies
employed to achieve the desired design outcomes for induction machines using RL.

The game’s design process follows the principles of a Markov Decision Process
(MDP) (2). This means that the game’s dynamics adhere to the MDP framework,
where the state, action, and reward transitions are governed by probabilistic rules. In
the context of the game, the MDP formulation provides a mathematical framework to
model the decision-making process. In the game, the objective is to find an optimal
design solution within a given set of constraints. The initial design is calculated
based on factors such as power, voltage, and machine type. As stated in section 3.2.2,
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in each step, the observation state consists of both the design flags and the previous
action that was taken. However, it is possible to include additional variables such as
performance values into the observation space for certain training scenarios.

During each step, one of six available actions is chosen to optimize the design,
including increasing/decreasing length, increasing/decreasing number of turns, and
increasing/decreasing tooth tip height of the machine. However, it is possible to
execute multiple actions within each step t. For instance, during timestep ¢, instead
of increasing the height of the tooth tip only once, we can increase it multiple
times, such as twice or even more. This approach has the potential to enhance the
computational efficiency of the process, resulting in improved overall performance.
By incorporating multiple actions within a single timestep, it enables accelerated
progress towards the desired outcome.

The game concludes after 300 steps if the agent fails to uncover the solution,
resulting in the agent’s loss. Conversely, if the agent successfully identifies the
solution within 300 steps, it will emerge as the winner of the game. There are two
possible definitions for the ending criteria: The first and simpler way is to stop the
game when the agent discovers a state in which all the performance flags have a
value of zero. This means that the agent has found a solution that satisfies both the
user’s requirements and the manufacturing constraints. This is referred to as "simple
ending criteria". The second way to end the game is to stop when the agent identifies
the state that has the optimal mass among all the states in which the performance
flags are set to zero. This is known as "optimal ending criteria". This solution is
more difficult to find because it requires the agent to not only meets the requirements
and constraints but also achieves the best possible mass for the machine.

To evaluate the effectiveness of the proposed solutions, a series of experiments
were conducted on five distinct electrical seed machines (refer to Table 2). In order to
expand the training dataset beyond these five seed machines, we introduce power and
voltage multipliers € [0.5,1.5]. These multipliers are utilized to generate different
variations of the game by multiplying the power and voltage requirements of the
seed machine. Essentially, each distinct combination of these multipliers modifies
the objective of the game. For instance, let’s consider seed machine number 1, which
has a power requirement of 360 kW. If we apply a power multiplier of 0.9, the
resulting machine would have a power requirement of 360 x 0.9 = 324 kW. This new
machine will exhibit entirely different performance values and corresponding flag
values. Consequently, the optimization actions for this machine will differ from those
applied to the original seed machine. Moreover, to further enhance the difficulty of
the training process, there is an option to choose different target I;/I, values for
each seed machine. Similar to power and voltage multipliers, the introduction of the
target I/I, also alters the objective of the game.

By introducing different power and voltage multipliers and target I,/I, values,
we can create a diverse set of scenarios that encompass a wider range of conditions
and challenges. This approach allows us to explore various configurations and assess
the performance and adaptability of the system under different circumstances. It
helps ensure that the trained model can effectively handle a broader spectrum of
real-world scenarios and exhibit robustness in its decision-making process.



Table 2: Properties of five different electrical seed machines.

Machine Shaft | Number Nominal Nominal
Height [mm] | of Poles | Power [kW] Voltage [kV]

0 560 6 1400 10

1 400 2 360 6

2 630 12 1450 6

3 500 4 750 0.69

4 1000 4 15000 10

7

This section describes the outcomes of the research study that evaluated the
effectiveness of a RL-based solution for optimizing the performance of seed machines.
The research is conducted in a systematic manner, gradually increasing the number
of machines and experimental variables to gain a comprehensive understanding of
the effectiveness of the solution. The initial phase of training involved a single
seed machine with fixed values for the power multiplier, voltage multiplier, and
target I;/I,. Subsequently, the training process gradually progressed by introducing
additional machines and experimental variables. In the second stage, the training
expanded to include one machine with a fixed target I/, but varying power and
voltage multipliers, resulting in 30 distinct cases. Following that, three machines
with fixed target /1, but different power and voltage multipliers were incorporated,
resulting in 122 total cases. Thereafter, experiments were conducted to evaluate the
RL performance by varying the the target I5/1, values, power multipliers, and voltage
multipliers, resulting in a total of 375 cases. In the final stage of the study, five
machines with different target I/, values, power multipliers, and voltage multipliers
were included, resulting in a comprehensive set of 650 total cases.

This extensive range of machines and experimental variations allowed for a
thorough exploration of the RL’s behavior and performance under diverse conditions,
providing valuable insights into the effectiveness and adaptability of the solution.
It is important to note that all of these cases were utilized for both the training
and testing phases. In essence, at each stage, the agent was trained using the
available cases specific to that stage, and subsequently evaluated for its performance.
During the training process, the agent underwent iterative training using the cases
relevant to each stage. It learned from the provided data, including the various
machine configurations and corresponding performance metrics. The training aimed
to enhance the agent’s decision-making capabilities, enabling it to adapt and optimize
its actions based on the given scenarios. Following the training phase, the agent’s
performance was assessed during the testing phase. The agent was evaluated on its
ability to make informed decisions and achieve desirable outcomes in the training
cases. This testing phase served as a validation of the agent’s learned knowledge.

Furthermore, the evaluation of the performance of the RL agent involves a
comparison with a deterministic approach known as the "reference." The reference
approach represents a scenario where an engineer designs the corresponding electrical
machine using their expertise and domain knowledge. The purpose of using a
reference is to provide a standard or baseline for assessing the effectiveness and
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efficiency of the RL agent’s actions and decisions. The reference typically represents
a well-established approach in the field of designing electrical machines. The reference
is crucial for gaining insights into the capabilities and limitations of the RL agent.
Moreover, it facilitates the identification of areas where the RL agent may excel or
struggle in comparison to existing methods. The results indicate that the RL-based
solution can attain a level of performance comparable to, or even surpassing, the
traditional design approach. Furthermore, the RL-based solution exhibits superior
computational efficiency, requiring less time for the design process.

4.2 Results

In the first stage of the study, the aim was to establish a benchmark performance
for the machine and assess the effectiveness of the RL solution under controlled
conditions by testing it on a single seed machine, with a constant power multiplier,
voltage multiplier, and target I,/I,. At this stage, our focus is on the performance
flags and the aim to identify a machine that has all the flags set to zero. This
is the simplest reward function that is described in section 3.3.1 with the simple
ending criteria. Following 700,000 number of training steps (Figure 9a), the agent
was able to identify a solution using 17 steps, compared to the 18 reference steps.
However, the solution was not optimal. As a result, another agent was trained using
the same reward function, but with an optimal ending criteria. Subsequently, after
900,000 number of training steps (Figure 9b), the agent was able to identify the
optimal solution in 21 steps, compared to the 18 reference steps (Figure 10). Table 3
summarizes the results for this stage.

Table 3: Simple reward function applied to analyze one case (one seed machine with
fixed power multiplier 1.0, voltage multiplier 1.0, and target I,/I,, 5.0). PPO/reference
steps represents the total PPO steps divided by total reference steps across all cases.

El}dlgg Seed Training PPO /reference Optl@al Total

criteria | machines steps solutions | cases
steps

Simple 1 700K 94% 0% 1

Optimal 1 900K 117% 100% 1
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(a) Simple ending criteria. (b) Optimal ending criteria.

Figure 9: Reward convergence for the first stage.
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Figure 10: The sample case for the simple reward function to achieve optimal goal
as ending criteria for one case. The blue point is the initial design and the red point
is the goal design, where the user requirements are met.

In the second stage, in order to scale our cases, the experiments are extended to
include one seed machine, with a fixed target I/, but varying power multipliers
€ [0.7,0.8,0.9,1.0,1.1,1.15] and voltages multipliers € [0.7,0.8,0.9,1.0,1.1] along
with the simple reward function (as presented in section 3.3.1) and the simple ending
criteria. The solution’s ability to adapt to different operating conditions was tested
in 30 different cases of induction machines. After undergoing 1,000,000 number of
training steps (Figure 11a), the agent was able to find a solution for all cases using
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430 total steps (14.3 average steps), which is fewer than the 665 total reference
steps (22.2 average steps). However, it only managed to find the optimal solution
for 26 cases. Another agent was trained using the same reward function but with
the optimal ending criteria, and after the same number of training steps (Figure
11Db), it found the optimal solution for all 30 cases using a total of 478 steps (15.9
average steps), which is also fewer than the 665 total reference steps (22.2 average
steps). Figure 12 displays a sample scenario (involving seed machine number 1 with
power multiplier 1.15, voltage multiplier 1.0, and the target I,/I,, 5.5) that represents
the training with the optimal ending criteria. In this case, the PPO steps are 38,
while the reference steps are 81. According to Table 4, it can be inferred that while
the simple ending criteria finds the solution for all the cases with fewer total steps
required, it cannot find the optimal solution for all of them.

Table 4: Simple reward function applied to analyze one machine with varying power
multipliers and voltage multipliers but fixed target I;/I,. PPO /reference steps
represents the total PPO steps divided by total reference steps across all cases.

Egdlgg Seed Training PPO /reference Optgnal Total

criteria | machines steps solutions | cases
steps

Simple 1 1M 65% 87% 30

Optimal 1 1M 2% 100% 30
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(a) Simple ending criteria. (b) Optimal ending criteria.

Figure 11: Reward convergence for the second stage.
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Figure 12: A sample case for the simple reward function to achieve optimal goal as
ending criteria for one machine with varying power and voltage multipliers. The
blue point is the initial design and the red point is the goal design, where the user
requirements are met.

In the third stage, the scale was increased, and the solutions on three different
seed machines, each with a fixed target I;/I, but different power multipliers €
[0.7,0.8,0.9,1.0, 1.1, 1.15] and voltages multipliers € [0.7,0.8,0.9, 1.0, 1.1] were tested.
The solution’s ability to optimize performance across different machines and operating
conditions was evaluated in 122 different cases. The same as the previous stages, first
the model was trained with the simple reward function (section 3.3.1) in conjunction
with the simple ending criteria. After undergoing 2,500,000 number of training steps
(Figure 13a), the agent was able to find a solution for all cases using 884 total steps
(7.2 average steps), which is fewer than the 1350 total reference steps (11.8 average
steps). However, it only managed to find the optimal solution for 114 cases. Another
agent was trained using the same reward function but with the optimal ending criteria,
and after 2,000,000 number of training steps (Figure 13b), the optimal solution was
discovered for all 122 cases, requiring only 934 total steps in total (7.7 average steps).
This is significantly less than the 1350 total reference steps (11.8 average steps), as
presented in Table 5. Figure 14 represents a sample scenario (involving seed machine
number 2 with power multiplier 1.4, voltage multiplier 1.1, and target I,/I,, 6.0) that
represents the RL steps with the optimal ending criteria compared with the reference
steps. In this case, the PPO steps are 28, while the reference steps are 27. This
indicates that in certain scenarios, PPO may not be more computationally efficient
than the reference method, even if the total number of PPO steps is significantly
lower. Consequently, it is necessary to develop a better reward function.
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Table 5: Simple reward function applied to analyze three machines with varying
power and voltage multipliers but fixed target I,/I,. PPO/reference steps represents
the total PPO steps divided by total reference steps across all cases.

Er}digg Seed Training PPO /reference Opti@al Total

criteria | machines steps solutions | cases
steps

Simple 3 2.5M 65% 93% 122

Optimal 3 2M 70% 100% 122

(a) Simple ending criteria. (b) Optimal ending criteria.

Figure 13: Reward convergence for the third stage.

Until now, our reward function has been basic and only takes into account the
values of the flags. Comparing it with the reference implementation, which incorpo-
rates engineering knowledge, would not be fair. Hence, it would be advantageous to
augment the reward function with some engineering knowledge. This human expert
knowledge based reward function is described in section 3.3.2. Therefore, in the
fourth stage, the experiments were extended to include the same three seed machines
as the previous stage, each with fixed target I/1,, values, different power and voltage
multipliers but with the human expert knowledge based reward function. The agent
with the simple ending criteria underwent 2,500,000 number of training steps and was
able to solve all 122 cases using 834 total steps (6.8 average steps), which is less than
the 1350 reference steps (11.8 average steps). However, it only achieved the optimal
solution in 102 cases. Another agent was trained with the same reward function, but
with the optimal ending criteria, and after 3,000,000 number of training steps, it
found the optimal solution for all 122 cases, using a total of 946 steps (7.8 average
steps), as presented in Table 6. Moreover, for the sample case in the previous stage
(seed machine number 2 with power multiplier 1.4, voltage multiplier 1.1, and target
I5/1, 6.0), it managed to find the solution in 23 steps compared to 27 reference steps
(Figure 16).
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Figure 14: A sample case for the simple reward function to achieve optimal goal
as ending criteria for three different machines with varying power and voltages
multipliers. The blue point is the initial design and the red point is the goal design,
where the user requirements are met.

Table 6: Human expert knowledge based reward function applied to analyze
three machines with varying power and voltage multipliers but fixed target Is/1I,,.

PPO /reference steps represents the total PPO steps divided by total reference steps
across all cases.

Egdlgg Seed Training PPO /reference Optgnal Total

criteria | machines steps solutions | cases
steps

Simple 3 2.5M 62% 89% 122

Optimal 3 3M 70% 100% 122

In the fifth stage, the experiments were extended to include the same three different
seed machines, each with different target I,/I, values € [5.0,5.5,6.0], power multi-
pliers € [0.7,0.8,0.9,1.0,1.1, 1.15], and voltages multipliers € [0.7,0.8,0.9,1.0, 1.1]
along with the human expert knowledge based reward function (section 3.3.2). This
delves deeper into the productivity of the RL-based solution across a wider range of
operating conditions and various machines. After 15,000,000 number of training steps
(Figure 17a), the agent managed to solve 373 cases out of all 375 cases using 2742
total steps (7.4 average steps), which is fewer than the 4588 total steps required as a
reference (12.2 average steps). Nonetheless, the optimal solution was only reached
in 336 cases. In contrast, a different agent that was trained using the same reward
function but with an optimal ending criteria took 40,000,000 number of training
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Figure 15: Reward convergence for the fourth stage.
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Figure 16: A sample case for the human expert knowledge based reward function
to achieve optimal goal as ending criteria for three different machines with varying
power and voltages multipliers. The blue point is the initial design and the red point
is the goal design, where the user requirements are met.

steps (Figure 17b) to achieve the optimal solution in 370 cases, using a total of 2878
steps (7.8 average steps) compared to 4414 reference steps for the successful cases
(11.9 average steps), as presented in Table 7. Figure 18 shows the two failed cases
in the simple ending criteria training. It is evident that the current experiment’s
functionality is limited in terms of scalability, and thus altering either the reward
function or the observation space needs to be considered.
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Table 7: Human expert knowledge based reward function applied to analyze three
machines with varying power multipliers, voltage multipliers, and target I;/I, values.
PPO /reference steps represents the total PPO steps divided by total reference steps
across all cases.

Egdlgg Seed Training PPO /reference Opt1mal Failed | Total
criteria | machines steps steps solutions cases | cases
Simple 3 15M 60% 90% 2 375
Optimal 3 40M 65% 100% ) 375
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(a) Simple ending criteria. (b) Optimal ending criteria.

Figure 17: Reward convergence for the fifth stage.

During the sixth stage, without any changes to the reward function (human
expert knowledge based reward function as presented in section 3.3.2) modifications
were made to the observation space which previously only included the values of
performance flags and the previous action taken. To enhance the investigation of the
RL-based solution’s effectiveness across various machines and operating conditions,
additional performance values were incorporated into the observation space. These
included differences in current /I, and the target I,/I, (current /I, - target
I;/1,), stator temperature rise, and airgaps flux density. Following 5,000,000 number
of training steps (Figure 19a), the agent successfully resolved all 375 cases, utilizing
only 2778 total steps (7.4 average steps) in compared to the 4606 total reference
steps (12.3 average steps). It is worth noting that the optimal solution was achieved
in 365 cases. In contrast, another agent trained using the same reward function
but with an optimal ending criteria required 11,500,000 number of training steps
(Figure 19b) to attain the optimal solution in all 375 cases, employing a total of
2864 steps (7.6 average steps) in compare to the 4606 reference steps (12.3 average),
as presented in Table 8. Figure 20 shows the two failed cases for the previous step
that are successful now. The utilization of the new observation space is evident
in the significant reduction of the total number of training steps (from 15,000,000
to 5,000,000). This reduction is attributed to the agent having access to more
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Figure 18: Two sample failure cases for the human expert knowledge based reward
function to achieve simple goal as ending criteria for three different machines with
varying power multipliers, voltages multipliers, and target I;/I, values. The blue

point is the initial design and the red point is the goal design, where the user
requirements are met.

comprehensive information during the training process.
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Table 8: Human expert knowledge based reward function applied to analyze three
machines with varying power multipliers, voltage multipliers, and target I/I, values
with performance values added to the observation space. PPO/reference steps
represents the total PPO steps divided by total reference steps across all cases.

Egdigg Seed Training PPO /reference Optimal Failed | Total

criteria | machines steps steps solutions cases | cases

Simple 3 5M 60% 97% 0 375

Optimal 3 11.56M 62% 100% 0 375
(a) Simple ending criteria. (b) Optimal ending criteria.

Figure 19: Reward convergence for the sixth stage.

In the next stage, the experimentation was expanded by introducing two more
machines to the training process with the human expert knowledge based reward
function (as presented in section 3.3.2). As a result, the experiment encompassed five
different seed machines, each with with varying target I/, values, power multipliers
€0.7,0.8,0.9,1.0,1.1,1.15], and voltages multipliers € [0.7,0.8,0.9,1.0,1.1] . After
completing 11,000,000 number of training steps (as shown in Figure 21a), the agent
was able to successfully resolve all 650 cases using only 4320 total steps (6.6 average
steps), which is fewer than the 6876 total reference steps (10.6 average steps). Notably,
the optimal solution was achieved in 631 cases. In comparison, another agent trained
with the same reward function but with an optimal ending criteria required 25,000,000
number of training steps (as illustrated in Figure 21b) to attain the optimal solution
for 647 cases, and used a total of 4275 steps (6.6 average steps) instead of the 6806
total reference steps for the successful cases (10.5 average steps), as presented in
Table 9. Since this model was unable to find a solution that met the optimal ending
criteria for three induction machines, it is necessary to develop a more effective
reward function.
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Figure 20: Two sample failure cases for the human expert knowledge based reward
function to achieve simple goal as ending criteria with performance values added to
the observation space for three different machines with varying power multipliers,

voltage multipliers, and target I;/1, values. The blue point is the initial design and
the red point is the goal design, where the user requirements are met.

The ultimate phase of the process comprises training the innovative distance
reward function (outlined in Section 3.3.3). In conjunction with the distance reward
function, these five machines were employed in the study. The agent successfully
solved all the 650 cases using 4008 total steps (6.2 average steps), which is fewer than
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Table 9: Human expert knowledge based reward function applied to analyze five
machines with varying power multipliers, voltage multipliers, and target I;/I, values.
PPO /reference steps represents the total PPO steps divided by total reference steps
across all cases.

Egdigg Seed Training PPO /reference Optimal Failed | Total

criteria | machines steps steps solutions cases | cases

Simple 5) 11M 63% 97% 0 650

Optimal > 256M 63% 100% 3 650
(a) Simple ending criteria. (b) Optimal ending criteria.

Figure 21: Reward convergence for the seventh stage.

the 6876 total steps required as a reference (10.6 average steps), after undergoing
20,000,000 number of training steps (Figure 22a). However, the optimal solution
was only attained in 616 cases. On the other hand, another agent that employed
the same reward function but with an optimal ending criteria required 20,000,000
number of training steps (Figure 22b) to achieve the optimal solution in 648 cases.
The successful cases used a total of 4227 steps (6.5 average steps), which is fewer
compare to the 6815 total reference steps for the successful cases (10.5 average steps),
as presented in Table 10.

Table 10: Distance reward function applied to analyze five machines with varying
power multipliers, voltage multipliers, and target I;/I,, values. PPO /reference steps
represents the total PPO steps divided by total reference steps across all cases.

Egdlgg Seed Training PPO /reference Op’qmal Failed | Total
criteria | machines steps steps solutions cases | cases
Simple 5 20M 58% 95% 0 650
Optimal 5 20M 62% 100% 2 650
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Figure 22: Reward convergence for the final stage.

The findings of the study indicate that the suggested solution can adeptly adjust
to diverse design scenarios and yield appropriate designs. The solution was shown to
substantially decrease the amount of computational time required for design, while
still maintaining excellent design quality. Moreover, the solution can conform to
various design scenarios, indicating its versatility.

4.3 Further evaluations

In this section, further improvements and comparisons are being explored after the
appropriate reward function (the distance reward function) and the observation
space have been discovered. Additionally, a sensitivity analysis has been carried
out to investigate the impact of various hyperparameters on the performance of
the RL-based solution. The results indicate that the effectiveness of the solution is
relatively robust with respect to the choice of hyperparameters.

Initially, the problem involved six distinct actions, all of which had an impact
on three design variables - the length of the machine, number of coil turns, and
rotor tooth tip height. As it is widely recognized that the primary design variables
of induction motors are the length of the machine and the number of coil turns,
this experiment focused on assessing the effect of varying the rotor tooth tip height
in our electrical machine design game. The comparison between these two action
spaces, using the distance reward function, is made in Table 11, based on the training
set that includes all instances where solutions were found for the initial tooth tip
height, across all five machines with varying power multipliers, voltage multipliers,
and target I;/I, values with the simple ending criteria. Table 11 highlights that
by removing the tooth tip height actions, even though the agent could not provide
the optimal solution for many cases, it performed well overall. However, the total
number of training steps almost remains constant between these two experiments

Moreover, the performance of the agent is assessed by dividing all cases into
separate training and testing sets. In this approach, a random selection of 20% of the
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Table 11: Distance reward function applied to analyze five machines with varying
power multipliers, voltage multipliers, and target /1, values. The comparison is
conducted between scenarios involving three design variables and those involving
two design variables. PPO /reference steps represents the total PPO steps divided by
total reference steps across all cases.

De&gn Seed Training PPO /reference Optgnal Failed | Total
variables | machines steps steps solutions cases | cases
2 5 14M 48% 78% 0 590

3 5 13M 57% 97% 0 590

cases is assigned to the test set, which remains inaccessible to the agent during the
training. By utilizing this approach, the performance of the agent on unseen cases
can be evaluated and ensured that it can generalize well to new data. By conducting
tests on the unseen test set, the performance of the agent can be estimated on new
cases, allowing for the assessment of whether it overfits or underfits the training data.
According to the information presented in Table 12, the model that incorporates
three design variables outperforms the model that uses only two. For the three design
variables, it was found that splitting the dataset into test and train sets did not
result in a significant increase in the number of training steps, which only increased
from 13,000,000 to 15,000,000. Additionally, the number of PPO steps and optimal
cases remained almost unchanged, and there were no instances of failure observed as
a result of the dataset split. However, the model with the two design variables failed
to find the solution for two cases.

Figure 23 shows one of the failure case for this model. In this particular instance,
the agent became trapped in a cycle of executing and reversing certain actions until
it reached the maximum permitted number of iterations.

Table 12: Distance reward function applied to analyze five machines with varying
power multipliers, voltage multipliers, and target I/I, values. This evaluation is
performed in the context of a test/train split for the valid cases with 2d design
variables, incorporating simple ending criteria. PPO /reference steps represents the
total PPO steps divided by total reference steps across all cases.

Des1gn Seed Training PPO /reference Optl‘mzﬂ Failed | Total
variables | machines steps steps solutions cases | cases
2 5 20M 48% 79% 2 590

3 5 15M 58% 97% 0 590

Additionally, Table 13 displays how well the distance reward function performs
across all scenarios involving the three design variables with splitting the data to
test/train cases. Upon examining the data, it is clear that the split cases perform
similarly to the non-split case, indicating that the distance reward function has a
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Figure 23: Failure case for distance reward function with simple ending criteria with
the train/test split. The blue point is the initial design and the red point is the goal
design, where the user requirements are met.

high level of generalization ability. Based on these results, it can be concluded that
the split cases do not significantly impact the overall performance of the distance
reward function. This suggests that the function is able to effectively handle the
complexities of the three design variables, and can be reliably used in a variety of
scenarios.

Table 13: Distance reward function applied to analyze five machines with varying
power multipliers, voltage multipliers, and target I,/I, values. This evaluation is
performed in the context of a test/train split, incorporating simple ending criteria.
PPO /reference steps represents the total PPO steps divided by total reference steps
across all cases.

'Test Seed Training PPO /reference Optgnal Failed | Total
splitted | machines steps steps solutions cases | cases
No 5 20M 58% 94% 0 650

Yes 5 20M 59% 93% 0 650

Additionally, a sensitivity analysis was carried out to investigate the impact
of different hyperparameters on the performance of the RL-based solution. The
results indicate that the solution is relatively robust to variations in hyperparameter
selection. Table 14 is utilized to incorporate the effect of entropy coeflicient ¢ (65) for
all possible scenarios of the five seed machines with varying power multipliers, voltage
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multipliers, and target I,/I, levels for the model employing the distance reward
function. As explained in 3.4.6, entropy Coefficient is a hyperparameter that controls
the extent to which the agent’s policy is encouraged to explore during training. The
evidence indicates that the hyperparameter in question has little impact on both
the PPO steps and optimal cases, with its sole effect being on the total number of
iterations. This implies that the entropy coefficient hyperparameter does not exert a
significant influence on the reward function, suggesting that the function is relatively
insensitive to changes in this hyperparameter.

Table 14: Distance reward function applied to analyze five machines with varying
power multipliers, voltage multipliers, and target I/I, values, relative to the entropy
coefficient. This assessment is conducted using simple ending criteria. PPO /reference
steps represents the total PPO steps divided by total reference steps across all cases.

Entropy Seed Training PPO /reference Optgnal Failed | Total
coef | machines steps steps solutions cases | cases

0 5 15M 61% 96% 0 650

0.5 5 20M 58% 94% 0 650

0.8 5 22M 59% 94% 0 650

In addition, Table 15 is employed to evaluate the impact of the clip rate hy-
perparameter on all possible scenarios of the model that uses the distance reward
function, considering the five seed machines with varying power multipliers, voltage
multipliers, and target I,/1, levels. As explained in 3.4.6, the clip rate e (65) refers
to the maximum ratio by which the updated policy is allowed to deviate from the
old policy during training. The available data suggests that the aforementioned
hyperparameter has minimal influence on the overall number of PPO steps and
iterations, but it does affect the total number of optimal solutions.

Table 15: Distance reward function applied to analyze five machines with varying
power multipliers, voltage multipliers, and target I;/I, values, relative to the clip
rate. This assessment is conducted using simple ending criteria. PPO/reference steps
represents the total PPO steps divided by total reference steps across all cases.

Clip Seed Training PPO /reference Optgnal Failed | Total

rate | machines steps solutions cases | cases
steps

0.2 5) 20M 58% 94% 0 650

0.5 5) 256M 61% 98% 0 650

The study presents compelling findings that highlight the effectiveness and po-
tential of using RL techniques in electrical machine design. In all of the experiments
conducted, RL proved to be highly effective in reducing the number of design steps
by approximately 50% compared to the required number of reference steps. This
significant reduction demonstrates the efficiency and capability of RL in optimizing
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the learning process and achieving desired outcomes in a more efficient manner.
Moreover, it is particularly noteworthy that the implementation of the final reward
function, specifically the distance reward function, resulted in a remarkable outcome:
there were no failed cases observed. This indicates the robustness and reliability
of the reward function in guiding the RL agent towards successful and desirable
outcomes consistently throughout the experiments. The results demonstrate the
ability of RL to learn complex relationships between design variables and performance
metrics, showcasing its potential to revolutionize conventional approaches to machine
design and optimization.
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5 Conclusion and future work

The thesis on the design of electrical machines using RL provides evidence that RL can
be a promising approach to enhance the design process of electrical machines. In the
results section 4.2, it is demonstrated that RL-based design approaches outperformed
traditional methods by effectively reducing the number of steps necessary for the
design process. This reduction in steps indicates that RL offers a more efficient and
streamlined approach to designing electrical machines.

Furthermore, the thesis introduces a novel aspect in the form of a proposed
distance reward function. This reward function is designed to guide the RL algorithm
without the need for extensive engineering knowledge. This aspect enhances the
power and applicability of RL in the design process, as it reduces the dependency on
domain-specific expertise. By eliminating the requirement for specialized engineering
knowledge, RL becomes a more accessible and versatile tool for enhancing the design
process of electrical machines.

The use of RL algorithms enables the optimization of various design parameters
of the machine, resulting in improved computational efficiency. With RL, the design
process can be automated, reducing the need for manual adjustments and trial
and error methods. It is a useful tool for designers to explore the design space
of electrical machines, enabling them to find the best solutions to meet specific
design requirements. RL algorithms can learn from previous design experiences and
continuously improve the design process.

The study’s findings highlight the advantages of using RL for the design of
electrical machines, such as enhanced computational efficiency and faster performance
compared to traditional optimization approaches. Despite the advantages, there are
some limitations to using RL algorithms in designing electrical machines. One of the
significant drawbacks is the requirement for extensive training data. The algorithms
need to learn from previous design experiences to provide optimal solutions, which
can be time-consuming and computationally expensive. The algorithms require
careful tuning and selection of hyperparameters, and the lack of interpretability of
the results can be a challenge for designers to understand and improve upon the
design. To overcome these limitations, further research is needed to refine the RL
algorithms and reduce the computational burden.

As for future work, there are several directions that can be explored. The first
direction involves investigating the potential of RL in the design of various types of
electrical machines, such as synchronous machines, to expand its applications beyond
induction motors. The second direction is to explore alternative RL algorithms
to determine the most effective one for the specific optimization problem at hand.
Recent research, such as [67], has proposed novel RL algorithms that show promise
for use in electrical machine design optimization.

Finally, it is essential to investigate the scalability of the approach to determine its
feasibility in designing larger and more complex machines. It will require overcoming
challenges such as increasing the amount of training data, optimizing the compu-
tational performance of the algorithms, and developing more efficient optimization
methods. Successfully addressing these challenges will be critical to fully realize the



potential of RL in the design of electrical machines.
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