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ABSTRACT 

The grid integration of Proton Exchange Membrane (PEM) electrolyzer is a critical 

aspect of the transition towards sustainable energy systems. This thesis presents a 

comprehensive investigation into the grid integration of PEM electrolyzer using four 

distinct AC to DC converter configurations: 6-pulse thyristor-based rectifiers, 12-pulse 

thyristor-based rectifiers, 6-pulse bridge rectifiers with interleaved buck converters, 

and 12-pulse bridge rectifiers with interleaved buck converters. 

 

The study explores the key objectives of enhancing the efficiency, stability, and 

flexibility of grid-connected PEM electrolyzer. It delves into the principles of these AC 

to DC converter configurations, their control strategies, and their impact on the 

electrolyzer system's performance and interaction with the grid. The evaluation 

includes a comparative analysis of their respective advantages and drawbacks in 

terms of power quality, harmonics, and overall system reliability. 

 

Through simulation investigations, the thesis provides a detailed insight into the 

dynamics of each AC to DC converter configuration under various operating 

conditions. The research aims to address practical challenges in grid integration, 

including load balancing, voltage regulation, and power factor improvement. The 

effectiveness of these converters in optimizing the utilization of renewable energy 

sources is examined, contributing to the efficient production of green hydrogen for 

various industrial and energy storage applications. 

 

The findings of this thesis offer valuable insights for researchers, engineers, and 

policymakers working towards the widespread adoption of PEM electrolysis in a grid-

integrated context. The research results enable informed decision-making in selecting 

the most suitable AC to DC converter configuration for specific grid integration 
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requirements, fostering the development of cleaner and more sustainable energy 

systems. 

 

Keywords: Proton Exchange Membrane, AC/DC Converter, Grid Integration, 

Simulink, Comparative Analysis, Cost 
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ASTRATTO  

L'integrazione nella rete dell'elettrolizzatore a membrana a scambio protonico (PEM) 

è un aspetto critico della transizione verso sistemi energetici sostenibili. Questa tesi 

presenta un'indagine completa sull'integrazione nella rete dell'elettrolizzatore PEM 

utilizzando quattro diverse configurazioni di convertitori AC a DC: raddrizzatori 

basati su tiristori a 6 impulsi, raddrizzatori basati su tiristori a 12 impulsi, 

raddrizzatori a ponte a 6 impulsi con convertitori buck interleaved, e raddrizzatori a 

ponte a 12 impulsi con convertitori buck interleaved. 

 

Lo studio esplora gli obiettivi chiave di migliorare l'efficienza, la stabilità e la 

flessibilità dell'elettrolizzatore PEM connesso alla rete. Approfondisce i principi di 

queste configurazioni di convertitori AC a DC, le loro strategie di controllo e il loro 

impatto sulle prestazioni del sistema dell'elettrolizzatore e sull'interazione con la rete. 

La valutazione include un'analisi comparativa dei rispettivi vantaggi e svantaggi in 

termini di qualità dell'energia, armoniche e affidabilità complessiva del sistema. 

 

Attraverso indagini di simulazione, la tesi fornisce una visione dettagliata delle 

dinamiche di ciascuna configurazione di convertitore AC a DC in diverse condizioni 

operative. La ricerca mira a affrontare sfide pratiche nell'integrazione nella rete, tra 

cui il bilanciamento del carico, la regolazione della tensione e il miglioramento del 

fattore di potenza. Viene esaminata l'efficacia di questi convertitori nell'ottimizzare 

l'utilizzo delle fonti di energia rinnovabile, contribuendo alla produzione efficiente di 

idrogeno verde per varie applicazioni industriali e di stoccaggio energetico. 

 

I risultati di questa tesi offrono preziose intuizioni per ricercatori, ingegneri e decisori 

che lavorano per la diffusa adozione dell'elettrolisi PEM in un contesto integrato nella 

rete. I risultati della ricerca consentono una presa di decisioni informata nella 

selezione della configurazione di convertitore AC a DC più adatta alle specifiche 
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esigenze di integrazione nella rete, promuovendo lo sviluppo di sistemi energetici più 

puliti e sostenibili. 

 

Parole chiave: Membrana a Scambio Protonico, Convertitore AC/DC, Integrazione 

nella Rete, Simulink, Analisi Comparativa, Costi  
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Introduction   

The global transition towards sustainable energy systems has become a defining 

imperative in the face of pressing environmental concerns and the need for energy 

security. At the forefront of this transformative journey stands the Proton Exchange 

Membrane (PEM) electrolyzer, a technology with the potential to play a pivotal role 

in the generation of clean and sustainable hydrogen. As the demand for green 

hydrogen intensifies across a spectrum of industries, the effective integration of PEM 

electrolyzers into existing grid infrastructures emerges as a critical challenge and 

opportunity. This thesis embarks on a journey of exploration and innovation in the 

realm of grid integration for PEM electrolyzers, unveiling a path towards more 

efficient, stable, and adaptable energy systems.  

 

Hydrogen has long been acknowledged as a versatile and clean energy carrier, 

offering a pathway to decarbonize sectors such as transportation, industry, and power 

generation. Among various methods of hydrogen production, the electrolysis of water 

using PEM electrolyzers holds a distinctive promise. These devices, leveraging a 

proton exchange membrane to facilitate the separation of hydrogen and oxygen from 

water, are characterized by high efficiency, rapid response, and minimal greenhouse 

gas emissions. They represent a linchpin in the renewable energy landscape, capable 

of converting surplus renewable electricity into hydrogen for long-term storage and 

various applications.  

 

While the prospect of green hydrogen production through PEM electrolysis is 

enticing, its harmonious integration into existing electrical grids is a multifaceted 

challenge. The dynamic nature of renewable energy sources, such as wind and solar 

power, introduces variability and intermittency, creating a need for sophisticated grid 

management. Moreover, grid operators must contend with the intricacies of load 

balancing, voltage regulation, and power quality management to ensure a reliable and 
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stable energy supply. These challenges compel the exploration of advanced converter 

configurations and control strategies to enhance the compatibility of PEM 

electrolyzers with the grid.  

 

At the core of this integration journey lie AC to DC converters in power electronics. 

These converters act as the bridge, transforming alternating current (AC) from the grid 

into direct current (DC) suitable for PEM electrolysis. In this thesis, we venture into 

an in-depth examination of different converter configurations, including 6-pulse 

thyristor-based rectifiers, 12-pulse thyristor-based rectifiers, 6-pulse bridge rectifiers 

with interleaved buck converters, and 12-pulse bridge rectifiers with interleaved buck 

converters. The aim is to understand their principles, control strategies, and the 

implications of their application on the performance and interaction of PEM 

electrolyzers with the grid.  

 

Thesis embarks on a comprehensive investigation, emphasizing the improvement of 

efficiency, stability, and flexibility in the grid-connected operation of PEM 

electrolyzers. It delves into the intricacies of each converter configuration, elucidating 

their control strategies and the influence of these strategies on the performance and 

grid interaction of PEM electrolyzers. The research further undertakes a comparative 

analysis to unearth the advantages and drawbacks of these configurations in terms of 

power quality, harmonics, and overall system reliability.  

 

Through detailed simulation investigations, this thesis strives to offer practical 

solutions to the challenges of grid integration, including voltage regulation and power 

factor enhancement. In doing so, it seeks to optimize the utilization of renewable 

energy sources, contributing to the efficient and sustainable production of green 

hydrogen for various industrial and energy storage applications.  

 

In conclusion, the findings of this thesis aspire to provide valuable insights to 

researchers, engineers, and policymakers committed to propelling the widespread 

adoption of PEM electrolysis within a grid-integrated context. By enabling informed 

decision-making in the selection of the most suitable AC to DC converter 

configuration for specific grid integration requirements, this research endeavors to 
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foster the development of cleaner and more sustainable energy systems for a 

promising and environmentally conscious future.  
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1 Literature Review 

The global quest for sustainable and decarbonized energy systems has spurred 

remarkable research and technological innovations, particularly in the realms of 

renewable energy integration and the production of green hydrogen. This literature 

review presents a comprehensive overview of key topics in this context, emphasizing 

the fundamentals of Proton Exchange Membrane (PEM) electrolysis, grid integration 

challenges, the role of AC to DC converters in power electronics, and the existing body 

of research on the integration of PEM electrolyzers. 

1.1. PEM Electrolysis Fundamentals 

Proton Exchange Membrane (PEM) electrolysis stands at the forefront of hydrogen 

production processes, offering a potent avenue for clean and sustainable hydrogen 

generation. At its core, PEM electrolysis employs a proton exchange membrane as an 

electrolyte, facilitating the division of water into its constituent elements, hydrogen, 

and oxygen, through the application of electrical current. These reactions occur within 

the confines of a PEM cell, where the anode and cathode play integral roles in the 

electrochemical processes. To realize the potential of PEM electrolysis, understanding 

its fundamental principles is imperative. 

 

The electrocatalytic processes within the PEM cell are central to the efficient 

conversion of electrical energy into hydrogen gas. Research in this domain delves into 

materials science, exploring membrane properties, catalyst development, and the 

optimization of operational parameters. Investigations are driven by a desire to 

enhance the efficiency, performance, and longevity of PEM electrolysis technology. 

Fundamental research underscores the importance of advancing materials science and 

electrocatalyst design for improved green hydrogen production. 
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1.2. Grid Integration Challenges 

The integration of renewable energy sources, such as wind and solar power, presents 

a unique set of challenges for grid operators. The variability and intermittency 

inherent in these sources necessitate advanced grid management strategies to 

maintain reliability and stability. As renewable energy's share in the energy mix 

grows, so to do the complexities of grid integration. Load balancing, voltage 

regulation, power quality management, and the impact of renewable energy 

fluctuations on grid stability are among the core challenges. Grid integration is critical 

in ensuring the reliable and efficient utilization of renewable energy, making it a 

central focus of research and innovation. 

 

Proton Exchange Membrane (PEM) electrolyzers, to harness renewable energy for 

green hydrogen production, introduce a new dimension to grid integration 

challenges. The dynamic load profile of PEM electrolyzers requires grid operators to 

adapt to fluctuating electricity demands. Effective integration solutions are being 

explored, including the development of sophisticated load management strategies 

and energy storage systems. Ensuring the seamless interplay between PEM 

electrolyzers and the grid is essential for sustainable hydrogen production. 

1.3. AC to DC Converters in Power Electronics 

Power electronics systems are the cornerstone of modern electrical power conversion 

and management. In the context of PEM electrolyzer integration, AC to DC converters 

serve as vital components. These converters act as the interface between the 

alternating current (AC) grid and the direct current (DC) power required for PEM 

electrolysis. A multitude of converter topologies is available, with 6-pulse and 12-

pulse thyristor-based rectifiers being prevalent choices. Moreover, innovative 

configurations, such as 6-pulse bridge rectifiers with interleaved buck converters and 

12-pulse bridge rectifiers with interleaved buck converters, have gained prominence 

for their potential to enhance grid compatibility and power quality. 

 

The literature underscores the significance of understanding the principles, 

applications, and control strategies of these converters. Their selection and 

optimization significantly influence the performance and interaction of PEM 

electrolyzers with the grid. The role of AC to DC converters extends beyond simple 
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power conversion; it encompasses the management of power quality, harmonics 

mitigation, and grid stability enhancement. Research in this field explores the 

complexities of converter configurations and their implications for efficient and 

reliable green hydrogen production. 

1.4. Previous Research on PEM Electrolyzer Integration 

The journey towards PEM electrolyzer integration into the energy landscape has been 

paved with extensive research endeavors. Previous studies have examined various 

facets of this integration, including converter configurations, efficiency analyses, 

power quality assessments, and the overall impact on grid stability. This body of 

research offers valuable insights into the challenges and advancements in the field. 

 

Efficiency studies delve into the energy losses associated with different converter 

configurations, providing a foundation for improvements in system design. Power 

quality assessments scrutinize the harmonic distortion in grid currents and voltages, 

recognizing the imperative of aligning PEM electrolyzer operations with grid power 

quality requirements. Furthermore, previous research investigates grid stability under 

varying load conditions and the fluctuating nature of renewable energy sources, 

offering invaluable lessons for future integration strategies. 

 

Understanding the outcomes and limitations of prior research is paramount. It 

informs the current exploration and analysis, enabling the identification of areas 

where further innovation is needed. The literature provides a stepping stone for 

ongoing efforts to advance grid integration for PEM electrolyzers, underscoring the 

importance of improving system efficiency, reliability, and sustainability. 

 

In conclusion, this literature review establishes a comprehensive foundation for the 

subsequent analysis in this thesis. It underscores the importance of the fundamentals 

of PEM electrolysis, the challenges of grid integration, the role of AC to DC converters 

in power electronics, and the insights garnered from previous research. By building 

on these key elements, the thesis seeks to contribute to the realization of efficient and 

sustainable green hydrogen production, thereby advancing the goals of a cleaner and 

more environmentally conscious energy future. 
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2 Theoretical Foundation 

In the pursuit of efficient and sustainable green hydrogen production through Proton 

Exchange Membrane (PEM) electrolysis, understanding the theoretical foundations of 

AC to DC converters is instrumental. These converters are the critical link between the 

alternating current (AC) supplied by the grid and the direct current (DC) required for 

the electrolysis process. A comparative analysis of various AC to DC converter 

configurations is essential to determine the optimal solution for grid integration. This 

section provides the theoretical underpinnings for such an analysis, covering the key 

principles of AC/DC conversion and the characteristics of different converter 

topologies. 

 

AC to DC conversion is a fundamental process in power electronics, and it plays a 

pivotal role in grid-integrated PEM electrolysis. The first step in the theoretical 

foundations is understanding the principles of this conversion. Alternating current 

oscillates in both positive and negative cycles, while direct current flows continuously 

in one direction. The goal of AC/DC conversion is to transform the grid's AC voltage 

into a stable and controlled DC voltage suitable for the PEM electrolysis process. 

 

Key concepts include rectification, where AC voltage is converted into pulsating DC 

voltage, and filtering, where components like capacitors and inductors are used to 

smooth the pulsations and produce a stable DC output. Understanding the timing, 

control strategies, and voltage regulation mechanisms is crucial in selecting the most 

suitable converter configuration for grid integration. 

2.1. Principles of PEM Electrolysis 

Proton Exchange Membrane (PEM) electrolysis is a pivotal technology in the 

production of green hydrogen, offering a clean and sustainable approach to hydrogen 

generation. Understanding the principles that underlie PEM electrolysis is essential 
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for harnessing its potential for clean energy solutions. 

 

At the core of PEM electrolysis lies the principle of electrochemical water splitting. 

This process leverages the electrolysis of water (H2O) to produce hydrogen (H2) and 

oxygen (O2) through the application of an electric current. In a PEM electrolyzer, 

water is supplied to the anode and cathode compartments, each separated by a solid 

polymer electrolyte membrane. When an electric current is passed through the cell, 

water molecules are dissociated at the anode and cathode. At the anode, water is 

oxidized to produce oxygen gas and positively charged protons (H+). Simultaneously, 

at the cathode, protons are reduced to produce hydrogen gas. The proton exchange 

membrane serves as a selective barrier, allowing the migration of protons from the 

anode to the cathode while preventing the mixing of gases. This electrochemical 

process is highly efficient and environmentally friendly, as it avoids the production of 

greenhouse gases and relies on water as the feedstock. 

 

PEM

SYSTEM
Water

Oxygen

H2

- +

 

2.1: PEM Fundamental of hydrogen production 

 

Efficient PEM electrolysis relies on the use of catalysts to accelerate the electrochemical 

reactions occurring at the anode and cathode. Platinum-based catalysts are commonly 

employed to facilitate the reactions, reducing the energy required for water splitting. 

The principles of reaction kinetics govern the rate at which these reactions occur. 

Factors such as catalyst activity, temperature, and voltage influence the speed of the 

hydrogen and oxygen evolution reactions. Understanding these principles is crucial 

for optimizing the performance of PEM electrolyzers. Researchers seek to improve 

catalyst materials and electrode designs to enhance reaction kinetics and maximize 

hydrogen production rates. 
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The heart of the PEM electrolyzer is the proton exchange membrane, a solid polymer 

electrolyte. This membrane plays a central role in the separation of hydrogen and 

oxygen gases and the transport of protons. It must possess high proton conductivity 

while preventing the crossover of gases to maintain the purity of the hydrogen 

produced. The proton exchange membrane is typically made of a perfluoro sulfonic 

acid material, known for its superior proton conductivity. Understanding the 

properties and behaviour of the PEM is fundamental to designing efficient and reliable 

PEM electrolysis systems. 
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2.2: Inside of a PEM Electrolyzer 

 

The principles of energy efficiency are crucial in PEM electrolysis. The voltage applied 

to the cell governs the thermodynamics of the electrochemical reactions. The cell 

voltage must exceed the thermodynamic potential of water splitting to drive the 

reactions. However, exceeding this voltage threshold results in energy losses due to 

overpotential. Understanding the voltage requirements and the balance between 

energy consumption and hydrogen production is essential for optimizing the energy 

efficiency of the PEM electrolysis process. 

2.2. Introduction to AC/DC Conversion 

The process of converting alternating current (AC) to direct current (DC) is a 

fundamental aspect of modern electrical engineering and power electronics. 

Understanding AC/DC conversion is essential in various applications, including the 
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integration of renewable energy sources, electric vehicle charging, and the operation 

of devices that require stable DC power. This section introduces the principles and 

significance of AC/DC conversion. 

 

AC/DC

Converter

DCAC

 

2.3: PEM Fundamental of hydrogen production 

 

To comprehend AC/DC conversion, one must first grasp the fundamental difference 

between AC and DC electricity. AC is characterized by a continuously changing 

voltage that periodically reverses direction, typically following a sinusoidal 

waveform. In contrast, DC maintains a constant voltage and flows in a single 

direction. Many power sources, including the electrical grid, provide electricity in the 

form of AC, while numerous electronic devices and applications, such as batteries and 

semiconductors, require DC. 

 

2.4: Symbolic Representation of a Diode 

 

The need for AC/DC conversion arises from the incompatibility between the AC 

power supplied by the electrical grid and the DC power requirements of many 

modern devices. AC electricity is well-suited for long-distance transmission and 

distribution due to its ability to easily change voltage levels using transformers. 

However, most electronic devices, from smartphones to motors, operate on DC 

power. As a result, AC power must be converted to DC for these devices to function 

properly. This conversion process is essential for maintaining stable voltage levels, 

removing AC voltage ripple, and ensuring a consistent and reliable source of power. 
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2.5: V-I Characteristics of a Diode 

 

AC/DC conversion can be achieved through various methods and devices, with each 

approach offering distinct advantages and disadvantages. Common methods include 

diode rectification, which allows the passage of positive half-waves of AC voltage to 

create a pulsating DC output, and active rectification using semiconductor devices like 

diodes and thyristors. These methods are employed in rectifiers, which are the 

cornerstone of many AC/DC conversion systems. 

 

Understanding AC/DC conversion methods and their applications is crucial for 

optimizing the efficiency, voltage regulation, and power quality of power electronics 

systems. Moreover, in the context of grid-integrated systems, AC to DC converters is 

essential for harnessing the potential of renewable energy sources and providing the 

stable DC power needed for processes like PEM electrolysis for green hydrogen 

production. 

2.3. Thyristor-Based Rectifiers 

Thyristor-based rectifiers represent a significant class of semiconductor devices used 

in power electronics for the conversion of alternating current (AC) into direct current 

(DC). These devices play a crucial role in a variety of applications, including motor 

drives, battery charging, and power supply systems. Understanding thyristor-based 
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rectifiers is essential for engineers and researchers working on power conversion and 

control. 

 

2.6: Symbolic Representation of a Thyristor (SCR) 

 

A thyristor, often referred to as a silicon-controlled rectifier (SCR), is a semiconductor 

device that conducts current only in one direction. It acts as a switch that can be 

triggered to allow current flow when a certain control signal is applied to its gate 

terminal. Once turned on, a thyristor remains conductive until the current falls below 

a specified holding value or until the power supply is interrupted. This property 

makes thyristors particularly well-suited for rectification, where they can convert AC 

voltage into a pulsating DC voltage. 
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2.7: V-I Characteristics of Thyristor 

 

The V-I (Voltage-Current) characteristics of a thyristor, describe how the device 

behaves in response to changes in voltage and current. In the off state, when no current 

is applied to the gate terminal, the thyristor acts as an open switch, allowing the 

voltage across it to be reversed without conduction. To turn the thyristor on, a positive 

gate current must be applied, triggering the device into the conducting state, where it 
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acts like a closed switch and allows current to flow with a relatively low forward 

voltage drop. The thyristor remains in the conducting state until the anode current 

falls below the holding current, at which point it turns off.  

 

After triggering, the thyristor can latch itself in the on state until the anode current 

falls below the holding current or a reverse voltage greater than voltage breakover is 

applied. These V-I characteristics are essential for understanding thyristor operation 

and are fundamental in designing and using these devices in various electronic and 

power control applications. 

 

In the context of power electronics, thyristor-based rectifiers are employed to rectify 

AC voltage, transforming it into a unidirectional flow of current. The rectification 

process occurs using thyristor-based configurations, which include half-wave 

rectifiers, full-wave rectifiers, and more complex arrangements like 6-pulse and 12-

pulse rectifiers. 

 

A half-wave rectifier consists of a single thyristor that allows only one-half of the AC 

input cycle to pass through, effectively converting the negative or positive half-wave 

into DC. Full-wave rectifiers use a pair of thyristors to rectify both halves of the AC 

cycle, resulting in a smoother DC output. The more advanced 6-pulse and 12-pulse 

rectifiers employ multiple thyristors in a controlled manner, further improving the 

quality of the DC output and reducing harmonics in the current waveform. 

 

Thyristor-based rectifiers find application in a wide range of industries. One common 

application is in industrial motor drives, where they provide a controlled DC voltage 

to drive electric motors. In battery charging systems, thyristor-based rectifiers are 

used to efficiently charge batteries from AC sources. They are also crucial in power 

supply systems, where they help convert AC grid power into stable DC voltages for 

electronic devices and industrial processes. 

 

The ability to control the firing angle of thyristors allows for precise regulation of the 

output voltage and current, making them valuable in applications where voltage or 

current needs to be adjusted. In addition, thyristor-based rectifiers are employed in 
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renewable energy systems, such as wind turbines and photovoltaic arrays, for 

converting the variable AC output of these sources into stable DC power for grid 

integration or energy storage. 

 

Understanding the operation, control, and characteristics of thyristor-based rectifiers 

is essential for optimizing their performance in various applications and ensuring the 

efficient conversion of AC power into usable DC power for a wide range of industrial 

and technological processes. 

2.4. Interleaved Buck Converters 

Interleaved buck converters are a specialized class of DC/DC power converters used 

in various applications, particularly in power electronics and voltage regulation. 

These converters provide a means to efficiently step down a high-voltage input to a 

lower, more manageable voltage level, making them valuable in numerous electronic 

devices and systems. Understanding the principles and advantages of interleaved 

buck converters is essential for engineers and researchers working on power 

conversion and control. 

 

Before delving into interleaved buck converters, it's important to grasp the 

fundamentals of a standard buck converter. A basic buck converter is a voltage step-

down device that takes a higher input voltage and produces a lower output voltage. 

It consists of a switch (often a transistor), an inductor, a diode, and an output capacitor. 

By controlling the duty cycle of the switch, the buck converter regulates the output 

voltage and current. 

 

Interleaved buck converters are an extension of this fundamental concept. Instead of 

using a single buck converter, they employ multiple parallel-connected buck 

converter stages. Each stage operates out of phase with the others, meaning that while 

one stage is in the on state (switch closed), the other stages are in the off state (switch 

open). 

 

This interleaved configuration offers several advantages: 
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1. Reduced Output Ripple: By distributing the load across multiple converter 

stages, interleaved buck converters can significantly reduce output voltage 

ripple, resulting in a cleaner and more stable output voltage. 

2. Enhanced Current Sharing: The interleaved design ensures that the load 

current is evenly distributed among the converter stages, reducing the stress 

on individual components, and improving overall reliability. 

3. Lower Input and Output Current Ripple: Interleaved operation effectively 

spreads the input and output current ripple over time, which can reduce 

electromagnetic interference (EMI) and minimize the demands on filtering 

components. 

4. Improved Efficiency: Interleaving can enhance the efficiency of the converter 

by reducing switching losses and improving overall power conversion. 

 

Interleaved buck converters are widely used in various applications where precise 

voltage regulation and reduced output ripple are crucial. Some common applications 

include: 

1. Power Supplies: Interleaved buck converters are used in power supplies for 

electronic devices, helping to provide a stable voltage source for sensitive 

circuits. 

2. DC-DC Converters: They find use in voltage regulation and power conversion 

within electronic devices, including laptops, mobile phones, and other portable 

devices. 

3. Energy Storage Systems: Interleaved buck converters are employed in energy 

storage systems to control the voltage and current applied to batteries or 

supercapacitors. 

4. Renewable Energy: In renewable energy systems like solar inverters, 

interleaved buck converters can efficiently regulate the voltage produced by 

solar panels. 

5. Electric Vehicles: They are utilized in electric vehicle powertrains to control 

the voltage supplied to various components and systems. 

 

These converters offer enhanced performance, reduced ripple, and improved 

reliability, making them an asset in various power electronics systems. 
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3 AC/DC Converter Configuration 

The process of converting alternating current (AC) into direct current (DC) is essential 

for various applications in power electronics, energy systems, and modern electronic 

devices. AC/DC converter configurations play a central role in this transformation, 

facilitating the conversion of AC voltage into stable and usable DC power.  

3.1. 6-Pulse Thyristor-Based Rectifier 

A 6-pulse thyristor-based rectifier is a key component in power electronics, serving 

the fundamental role of converting alternating current (AC) into direct current (DC) 

in a controlled and precise manner. This configuration is widely employed in 

numerous industrial applications, offering efficient and reliable rectification. 

Understanding the principles, operating mechanisms, and control strategies of 6-pulse 

thyristor-based rectifiers is essential for engineers and researchers in power 

electronics and energy systems. 

3.1.1. Operating Principles 

A 6-pulse thyristor-based rectifier operates on the fundamental principle of controlled 

rectification. It consists of a bridge arrangement of thyristor devices, with three 

thyristors in the upper half-bridge and three in the lower half-bridge. This 

configuration is often referred to as a 6-pulse rectifier due to the six thyristors involved 

in the rectification process. 
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Figure 3.1: 6-Pulse Thyristor Bridge Rectifier Circuit with PEM Block as Load 
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The operation of a 6-pulse thyristor-based rectifier can be broken down into several 

key steps: 

1. Rectification: During the positive half of the AC cycle, the upper thyristors are 

triggered into conduction, allowing current to flow in one direction. This 

results in the rectification of the positive half-cycle of the AC voltage. 

2. Commutation: As the AC voltage waveform changes polarity, the upper 

thyristors turn off, and the lower thyristors are triggered. This transition, 

known as commutation, ensures the continuity of the DC output. 

3. Pulsating DC Output: The combination of the rectification and commutation 

phases results in a pulsating DC output voltage. While the output is 

unidirectional, it still exhibits some degree of ripple due to the switching of 

thyristors. 

4. Smoothing: To reduce the output voltage ripple, a smoothing capacitor is often 

connected in parallel to the load. The capacitor stores energy during peak 

voltage periods and releases it during lower voltage periods, effectively 

smoothing the DC output. 

3.1.2. Control Strategies 

The control of a 6-pulse thyristor-based rectifier is critical for regulating the output 

voltage and current. Key control strategies and techniques include: 

1. Firing Angle Control: One of the primary methods for controlling the output 

voltage of a thyristor-based rectifier is by adjusting the firing angle of the 

thyristors. The firing angle determines when in the AC cycle the thyristors are 

triggered to turn on. By varying the firing angle, the conduction period can be 

controlled, allowing for voltage regulation. A smaller firing angle results in 

higher average output voltage, while a larger firing angle reduces the output 

voltage. 

2. Voltage and Current Feedback Control: To maintain precise voltage and 

current levels, feedback control loops are often employed. Sensors monitor the 

output voltage and current, and the control system adjusts the firing angle to 

ensure that the desired output parameters are achieved. 

3. Harmonics Mitigation: Thyristor-based rectifiers, including 6-pulse 

configurations, tend to introduce harmonic distortion in the AC line current. 

To mitigate these harmonics, additional components such as filters may be 
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employed. Passive or active filters are used to reduce harmonic content and 

improve the power quality of the system. 

 

The control of this configuration is based on Ziegler–Nichols Rules for Tuning PID 

Controller. 

In industrial applications, 6-pulse thyristor-based rectifiers are widely used in areas 

such as variable speed drives, battery charging, and power supply systems. These 

rectifiers provide efficient and controlled AC/DC conversion, making them a 

cornerstone of power electronics in numerous sectors. Understanding the operating 

principles and control strategies of 6-pulse thyristor-based rectifiers is essential for 

optimizing their performance and ensuring stable and reliable DC power output. 

3.2. 12-Pulse Thyristor-Based Rectifier 
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Figure 3.2: 12-Pulse Thyristor-based Rectifier Circuit with PEM Block as Load 

 

A 12-pulse thyristor-based rectifier is a prominent configuration in power electronics 

used to efficiently convert alternating current (AC) into direct current (DC). These 

rectifiers are widely applied in industrial settings where stable and controlled DC 

power is required. Understanding the principles, operating mechanisms, and control 

strategies of 12-pulse thyristor-based rectifiers is essential for engineers and 

researchers working in power electronics, energy systems, and industrial automation. 

3.2.1. Operating Principles 

A 12-pulse thyristor-based rectifier functions on the fundamental principle of 

controlled rectification. It comprises two six-pulse rectifiers connected in parallel. 

Each of the two six-pulse rectifiers uses a bridge configuration of thyristor devices, 
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with three thyristors in the upper half-bridge and three in the lower half-bridge. This 

results in a total of twelve thyristors, hence the name "12-pulse rectifier." 

The operation of a 12-pulse thyristor-based rectifier involves the following key steps: 

1. Rectification: During the positive half of the AC cycle, one set of thyristors is 

triggered into conduction, allowing current to flow in one direction. This leads 

to the rectification of the positive half-cycle of the AC voltage. 

2. Commutation: As the AC voltage waveform changes polarity, the second set 

of thyristors is triggered. This ensures the continuity of the DC output. The 

commutation process synchronizes the operation of the two six-pulse rectifiers 

to maintain a smooth and continuous DC output. 

3. Pulsating DC Output: The combination of the rectification and commutation 

phases results in a pulsating DC output voltage. While the output is 

unidirectional, it still exhibits some degree of ripple due to the switching of 

thyristors. 

4. Smoothing: To reduce the output voltage ripple, a smoothing capacitor is often 

connected in parallel to the load. The capacitor stores energy during peak 

voltage periods and releases it during lower voltage periods, effectively 

smoothing the DC output. 

3.2.2. Control Strategies 

Control strategies for a 12-pulse thyristor-based rectifier are designed to regulate the 

output voltage and current, ensure high efficiency, and mitigate harmonics. Key 

control techniques include: 

1. Firing Angle Control: Like 6-pulse rectifiers, controlling the firing angle of the 

thyristors is a primary method for regulating the output voltage. By adjusting 

the firing angle, the conduction period can be controlled, allowing for precise 

voltage regulation. A smaller firing angle results in higher average output 

voltage, while a larger firing angle reduces the output voltage. 

2. Phase Shifting Transformers: 12-pulse rectifiers are often associated with 

phase-shifting transformers, which introduce a phase shift between the two 

sets of thyristors. This phase shift enables the rectifier to draw current from the 

AC supply in a more balanced manner, reducing harmonics and improving 

power quality. 

3. Harmonics Mitigation: To reduce the harmonic content in the AC line current, 

filters and additional components may be used. Active or passive filters help in 
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minimizing harmonic distortion and improving the power quality of the 

system. 

 

The control of this configuration is based on Ziegler–Nichols Rules for Tuning PID 

Controller. 

12-pulse thyristor-based rectifiers are commonly found in high-power applications 

where precise control of the DC output voltage and current is crucial. These rectifiers 

offer improved performance compared to 6-pulse configurations by reducing 

harmonic distortion and enhancing power quality. Understanding their operating 

principles and control strategies is essential for optimizing their efficiency and 

ensuring reliable DC power supply in industrial and high-power applications. 

3.3. 6-Pulse Bridge Rectifier with Interleaved Buck 

Converter 

The combination of a 6-pulse bridge rectifier and an interleaved buck converter 

represents an advanced configuration in power electronics for the efficient conversion 

of alternating current (AC) to direct current (DC) with enhanced power quality. This 

configuration is particularly valuable in applications where voltage regulation, power 

factor correction, and harmonic mitigation are critical. Understanding the principles, 

configuration details, and control strategies of the 6-pulse bridge rectifier with 

interleaved buck converter is essential for engineers and researchers working in 

power electronics and energy systems. 
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Figure 3.3: 6-Pulse Bridge Rectifier with Interleaved Buck Converter Circuit with PEM 

Electrolyzer Block as Load 
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3.3.1. Configuration Details 

The 6-pulse bridge rectifier is a well-established configuration for rectifying AC 

voltage. It consists of a bridge arrangement of diodes that rectify the AC input, 

resulting in a pulsating DC output. The bridge rectifier allows for the conversion of 

both halves of the AC cycle into DC. However, it may introduce harmonics in the AC 

line current and have limited power quality. 

 

The interleaved buck converter, in contrast, is designed to efficiently regulate the DC 

output voltage and reduce voltage ripple. It consists of multiple buck converter stages 

connected in parallel but operating out of phase with each other. This interleaved 

arrangement provides several benefits, including reduced output ripple, improved 

current sharing, and enhanced efficiency. 

3.3.2. Control and Operation 

The control and operation of the 6-pulse bridge rectifier with interleaved buck 

converter involve a coordinated approach to achieve high-performance AC/DC 

conversion with improved power quality. Key control and operation aspects include: 

1. Firing Angle Control: Controlling the firing angle of the diodes in the 6-pulse 

bridge rectifier allows for precise regulation of the DC voltage. By adjusting the 

firing angle, the rectification process can be controlled, enabling voltage 

regulation. 

2. Interleaving Control: In the interleaved buck converter, the operation of the 

individual buck converter stages is synchronized but slightly out of phase. This 

ensures that the load current is evenly distributed among the stages, reducing 

the stress on individual components, and improving overall reliability. 

3. Current Sharing: To maintain balanced current sharing among the interleaved 

buck converter stages, control strategies are employed. These strategies 

monitor and adjust the operation of each stage to ensure that the load current 

is distributed evenly. 

4. Voltage and Current Feedback Control: Feedback control loops are often used 

to maintain precise voltage and current levels. Sensors monitor the output 

voltage and current, and the control system adjusts the firing angle and 

operation of the interleaved buck converter stages to meet the desired output 

parameters. 
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5. Harmonic Mitigation: The interleaved configuration of the buck converter 

stages helps reduce voltage ripple and minimizes harmonics in the output 

current. This leads to improved power quality and lower harmonic distortion 

in the AC line current. 

 

The control of this configuration is based on Ziegler–Nichols Rules for Tuning PID 

Controller. 

The 6-pulse bridge rectifier with interleaved buck converter is commonly used in 

applications where both high-quality DC power and power factor correction are 

required. These applications can include power supplies for sensitive electronic 

devices, industrial motor drives, and renewable energy systems. By combining the 6-

pulse bridge rectifier with interleaved buck converter, engineers can achieve efficient 

AC/DC conversion while maintaining stable voltage, minimizing voltage ripple, and 

reducing harmonic distortion in the power system. 

3.4. 12-Pulse Bridge Rectifier with Interleaved Buck 

Converter 

A 12-pulse bridge rectifier integrated with an interleaved buck converter represents a 

sophisticated power electronics configuration used for the conversion of alternating 

current (AC) into direct current (DC) with enhanced efficiency and power quality. 

This combination is particularly valuable in applications where precise voltage 

regulation, power factor correction, and harmonic mitigation are essential. 

Understanding the principles, configuration details, and control strategies of the 12-

pulse bridge rectifier with interleaved buck converter is vital for engineers and 

researchers in the field of power electronics and energy systems. 
3-Phase Interleaved Buck Convertor

12-Pulse Rectifier

Vel

H2
O

iel

O2

H2
7 D8 D9D

2S1S 3S

1L

2L

3L

D1 D3 D5

D4 D6 D2

11
D
13

D
15

14
D
16

D
12

D

D

V1

V2

CDC

V
DC

 

Figure 3.4: 12-Pulse Bridge Rectifier with Interleaved Buck Converter Circuit with PEM 

Electrolyzer Block as Load 
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3.4.1. Configuration Details 

The 12-pulse bridge rectifier is a dual six-pulse rectifier configuration, typically 

associated with phase-shifting transformers. This setup utilizes two sets of six-pulse 

bridge rectifiers connected in parallel but operating with a 30-degree phase shift 

between them. This phase-shifted operation helps in mitigating harmonic distortions 

and improving power quality. The two bridge rectifiers effectively convert both halves 

of the AC cycle into DC, providing a smoother DC output. 

 

The interleaved buck converter, as previously described, consists of multiple buck 

converter stages connected in parallel but operating out of phase with each other. This 

configuration is employed to reduce output voltage ripple, enhance current sharing, 

and improve overall power conversion efficiency. 

3.4.2. Control and Operation 

The control and operation of the 12-pulse bridge rectifier with interleaved buck 

converter require a coordinated approach to ensure high-performance AC/DC 

conversion with improved power quality. Key control and operation aspects include: 

1. Firing Angle Control: Like the 6-pulse configuration, controlling the firing 

angle of the diodes in the 12-pulse bridge rectifier allows for precise regulation 

of the DC voltage. By adjusting the firing angle of the thyristors or diodes in 

both bridge rectifiers, the rectification process can be controlled, enabling 

voltage regulation. 

2. Interleaving Control: In the interleaved buck converter, the operation of the 

individual buck converter stages is synchronized but slightly out of phase. This 

ensures that the load current is evenly distributed among the stages, reducing 

the stress on individual components, and improving overall reliability. 

3. Current Sharing: To maintain balanced current sharing among the interleaved 

buck converter stages, control strategies are employed. These strategies 

monitor and adjust the operation of each stage to ensure that the load current 

is evenly distributed. 

4. Voltage and Current Feedback Control: Feedback control loops are often used 

to maintain precise voltage and current levels. Sensors monitor the output 

voltage and current, and the control system adjusts the firing angle and 
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operation of the interleaved buck converter stages to meet the desired output 

parameters. 

5. Harmonic Mitigation: The combination of the 12-pulse bridge rectifier and the 

interleaved buck converter results in significantly reduced voltage ripple and 

lower harmonic distortion in the output current. This leads to improved power 

quality and lower harmonic content in the AC line current. 

 

The control of this configuration is based on Ziegler–Nichols Rules for Tuning PID 

Controller. 

The 12-pulse bridge rectifier with interleaved buck converter is frequently employed 

in applications where both high-quality DC power and power factor correction are 

essential. These applications can include power supplies for sensitive electronic 

devices, industrial motor drives, and renewable energy systems. By combining these 

configurations, engineers can achieve highly efficient AC/DC conversion while 

maintaining stable voltage, minimizing voltage ripple, and reducing harmonic 

distortion in the power system. 

3.5. Ziegler–Nichols Rules for Tuning PID Controller 

Ziegler and Nichols introduced a set of guidelines for calculating the proportional, 

integral, and derivative parameters of PID controllers based on the transient response 

characteristics of a specific system. Engineers can perform these parameter 

adjustments through practical experiments conducted on-site. 
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Figure 3.5 Control system with proportional gain 
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Figure 3.6 Critical gain Kcr and the corresponding period Pcr 

 

To implement this approach, the initial step involves exclusively applying 

proportional control (refer to Figure 3.5). The proportional gain, Kp, is gradually 

increased from 0 until the system displays sustained oscillations in its output. If the 

output doesn't exhibit sustained oscillations at any Kp value, then this method is not 

applicable. Consequently, the critical gain, Kcr, and the corresponding oscillation 

period are determined through experimentation (as depicted in Figure 3.6). Ziegler 

and Nichols recommended setting the PID parameters using a specific formula 

outlined in Table 3. 

 

Table 3.1: Ziegler-Nichols Tuning Rule Based on Critical Gain Kcr and Critical Period Pcr 

Controller Type Kp Ti Td 

P 0.5 Kcr ∞ 0 

PI 0.45 Kcr 1

1.2
 Pcr 

0 

PID 0.6 Kcr 0.5Pcr 0.125 Pcr 

 

Therefore,    

𝐺𝑐(𝑠) = 𝐾𝑃 (1 +
1

𝑇𝑖𝑠
+ 𝑇𝑑𝑠) 3. 1 
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= 0.6𝐾𝑐𝑟 (1 +
1

0.5𝑃𝑐𝑟𝑠
+ 0.125𝑃𝑐𝑟𝑠)    3. 2 

= 0.075𝐾𝑐𝑟𝑃𝑐𝑟

(𝑠 +
4

𝑃𝑐𝑟
)

2

𝑠
 

   3. 3 
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4 Simulation Methodology 

Simulation is a crucial tool for the analysis and evaluation of complex electrical 

systems, including the performance of AC/DC converter configurations in the context 

of the 6-pulse thyristor-based rectifier, 12-pulse thyristor-based rectifier, 6-pulse 

bridge rectifiers with interleaved buck converter and 12-pulse bridge rectifiers with 

interleaved buck converter. A well-defined simulation methodology ensures that 

accurate results are obtained, enabling engineers and researchers to understand the 

behaviour of these systems under various operating conditions.  

 

The simulation methodology for such systems typically involves the following key 

steps: 

1. System Modelling: The first step in the simulation methodology is to create 

detailed models of the components involved in the AC/DC converter 

configuration. 

2. Circuit Configuration: Once the individual components are modelled, they are 

interconnected to represent the complete AC/DC converter system. 

3. Input Conditions: Define the input conditions for the simulation, which 

typically include the AC voltage source parameters such as voltage magnitude, 

frequency, and waveform characteristics. 

4. Control Algorithms: Incorporate the control algorithms and strategies used to 

regulate the operation of the AC/DC converter configuration. 

5. Simulation Software: Select and configure simulation software or tools that 

are suitable for simulating power electronics systems. 

6. Transient Analysis: Perform transient analysis by applying various load 

conditions, transient disturbances, and operating scenarios to the simulated 

system. 

7. Harmonic Analysis: Conduct harmonic analysis to assess the harmonic content 

in the AC line current and voltage waveforms. 
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8. Efficiency Analysis: Evaluate the efficiency of the AC/DC converter 

configuration under different operating conditions. 

9. Power Quality Assessment: Assess the power quality of the system by 

analysing voltage regulation, voltage ripple, current harmonics, and any other 

parameters relevant to power quality standards and requirements. 

10. Results Interpretation: Interpret the simulation results to gain insights into the 

behaviour of the AC/DC converter configuration. Understand the impact of 

control strategies, component selection, and operational conditions on system 

performance. 

11. Optimization and Design: Use the simulation results to optimize the design of 

the AC/DC converter configuration. 

12. Validation and Verification: Compare simulation results with experimental 

data to validate and verify the accuracy of the models and simulation 

methodology. This step ensures that the simulation accurately represents real-

world system behaviour. 

 

A well-structured simulation methodology enables engineers and researchers to 

explore the performance and behaviour of AC/DC converter configurations with 

confidence, aiding in the design, analysis, and optimization of these systems for 

various applications. 

4.1. PEM Electrolyzer System 

The simulation methodology for the Proton Exchange Membrane (PEM) electrolyzer 

system serves as the foundation for understanding and optimizing the performance 

of this critical component in the context of sustainable energy systems. The 

methodology encompasses several key steps aimed at accurately modelling and 

analysing the behaviour of the PEM electrolyzer system. 

 

The Electrolyzer used is taken from MATLAB Directory using the code 

ssc_electrolyzer. This code when put in MATLAB command window will 

automatically open the simulink model shown in figure 4.1. 
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Figure 4.1: Proton Exchange Membrane Electrolyzer System on Simulink 

 

The core of the simulation methodology begins with a comprehensive PEM 

electrolyzer system model. This model captures the essential physical and 

electrochemical processes that occur within the PEM electrolyzer. Key elements of the 

model include the proton exchange membrane, catalyst layers, gas diffusion layers, 

and the flow of reactants (hydrogen and oxygen). The model accounts for mass 

transport, electrochemical reactions, and heat transfer within the electrolyzer. The 

choice of modelling approach, whether it be based on fundamental physics, empirical 

data, or a combination of both, is made with precision to ensure that the simulation 

results closely align with real-world behaviour. 

 

Mathematical equations governing the electrochemical processes, thermodynamics, 

and mass balances within the PEM electrolyzer are incorporated into the model. These 

equations dictate the rate of hydrogen and oxygen production, current-voltage 

characteristics, and the influence of operating conditions, such as temperature and 

pressure, on the system's performance. Detailed consideration is given to the Nernst 

equation, Butler-Volmer equations, and other relevant equations describing the 

electrochemical phenomena within the electrolyzer. 

 

The simulation methodology establishes boundary conditions that define the 

operating environment of the PEM electrolyzer system. This includes setting the initial 

conditions for the system, specifying the flow rates and concentrations of reactants, as 

well as determining the temperature and pressure profiles throughout the system. 
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These boundary conditions may vary depending on the specific operating scenarios 

under investigation. 

 

The individual components of the PEM electrolyzer system, such as the anode, 

cathode, membrane, and bipolar plates, are accurately modelled to represent their 

physical properties, dimensions, and interactions. The model considers the effects of 

material properties, geometry, and fluid dynamics to ensure a holistic representation 

of the system. 

 

Control strategies are integrated into the simulation methodology to govern the 

operation of the PEM electrolyzer. These strategies may include voltage control, 

current control, or power control methods to maintain desired operating conditions 

and optimize performance. Control system parameters, such as gains and response 

times, are carefully tuned to achieve stable and efficient operation. 

By following this simulation methodology, researchers can gain a deep understanding 

of the PEM electrolyzer system's behaviour, optimize its performance, and contribute 

to the advancement of sustainable energy systems that rely on hydrogen production 

through electrolysis. 

4.2. Integration with Grid Model 

The simulation methodology for integrating a Proton Exchange Membrane (PEM) 

electrolyzer system with a grid model is essential for comprehensively assessing the 

behaviour of such systems when connected to electrical grids. This methodology 

involves a series of steps aimed at accurately representing the interaction between the 

PEM electrolyzer and the grid.  

 

The figure 4.1 is modified using the AC/DC Converter that are designed and replaced 

the electrical power supply block with them. The figure 4.2 is the modifed version. 

Using each of them seperately, the PEM Electrolyzer was powered and then the 

output like Voltage, Current, Total harmonic distortion, Electrical Power and Heat 

dissipation are observed and compared in the further sections. 



 

Simulation Methodology 31 

 

 

 

Figure 4.2: Proton Exchange Membrane Electrolyzer with AC/DC Converter Configuration 

integrated with Grid System in Simulink 

 

In the above shown model, you can observe the electrical supply block (as shown in 

Figure 4.1) has been replaced by masked block, namely AC-DC Converter and 

Controller. The mask blow contains all the 4 topologies of the AC/DC Converters 

inside that masked block with their input and output linked to the outer grid and PEM 

System using GOTO Blocks. You can choose an AC/DC Converter by clicking on the 

Masked Block and it will show a drop-down menu. The arrow symbol in the masked 

block allows you to enter the masked block and observe the AC/DC converters closely. 

You can also find SCOPE block inside various subsystems in the entire model to see 

and observe the sectional waveforms to analyse any section of the system. 

Here is a detailed breakdown of the simulation methodology: 

1. Grid Model Setup: Begin by creating a detailed grid model that represents the 

electrical infrastructure to which the PEM electrolyzer will be connected. This 

model should include the electrical distribution system, voltage levels, grid 

impedance, and characteristics such as short-circuit capacity. The grid model 

provides the context in which the PEM electrolyzer will operate and helps 

ensure that the simulation is consistent with real-world grid conditions. 

2. Electrical Connection: Specify the electrical connection points for the PEM 

electrolyzer within the grid model. Determine the location of the electrolyzer 

within the grid, considering factors like distance from the grid connection 

point, wiring configurations, and any transformers or switchgear required to 

interface the electrolyzer with the grid. 
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3. Grid Parameters and Profiles: Define the grid parameters, including voltage 

profiles, frequency, and power quality criteria. Voltage profiles can include 

nominal values, variations, and transient events. Ensure that the simulation 

accounts for different grid scenarios, such as load fluctuations and 

disturbances, to assess the electrolyzers response under various conditions. 

4. Grid Interaction Modes: Identify and model the different modes of interaction 

between the PEM electrolyzer and the grid. This may include modes such as 

power import from the grid, power export to the grid, and dynamic grid 

support during transient events. Determine the operating scenarios that the 

simulation will explore, such as startup, shutdown, steady-state operation, and 

load changes. 

5. Control Strategies: Integrate control strategies that manage the interaction 

between the PEM electrolyzer and the grid. These strategies may include 

voltage regulation, power factor correction, and the response to grid 

disturbances. Ensure that control system parameters, such as setpoints and 

response times, are configured to reflect realistic control actions. 

6. Power Quality Assessment: Conduct a power quality assessment by analysing 

the impact of the PEM electrolyzer on grid parameters such as voltage and 

current harmonics, power factor, and total harmonic distortion. Assess the 

system's compliance with power quality standards and regulations. 

7. Efficiency and Reliability Studies: Evaluate the efficiency of the PEM 

electrolyzer system during grid integration, considering factors like energy 

losses, conversion efficiency, and system reliability. Investigate how the system 

performs in terms of power delivery, load balancing, and the overall quality of 

hydrogen production. 

4.3. Modelling of AC-DC Converters 

The simulation methodology for modelling AC-DC converters is fundamental to the 

understanding and optimization of these crucial components in electrical systems. 

This methodology involves a series of steps aimed at creating detailed and accurate 

models of AC-DC converter configurations.  
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Figure 4.3: 6-Pulse Thyristor based AC/DC Converter in Simulink 

 

The Simulink model shown above is a 6-Pulse Thyristor based AC/DC Converter used 

to converter the AC input from the Grid model and rectify it to provide the DC output 

which then servers as the supply for the PEM Electrolyzer model. It gets its gate pulse 

from Control block through gate R. The output of this system goes out as an input to 

the PEM system and to scope block which can be seen in the figure 4.2 for the analysis 

of the results. 

 

 

Figure 4.4: Control System of 6-Pulse Thyristor based AC/DC Converter in Simulink 

 

The 6-Pulse Thyristor based AC/DC Converters are good when it comes to generate 

DC output with AC input. To enhance the efficiency and generate better results, a 

control system is required. By modifying the parameters like firing angle, filter units, 

etc, we can control the operation and output.  
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Figure 4.5: 12-Pulse Thyristor based AC/DC Converter in Simulink 

 

The Simulink model shown above is a 12-Pulse Thyristor based AC/DC Converter 

used to converter the AC input from the Grid model and rectify it to provide the DC 

output which then servers as the supply for the PEM Electrolyzer model. It has two 

thyristor blocks each having 6 thyristors getting their gate pulse from Control block 

through gate driver D and gate driver Y blocks. The output of this system goes out as 

an input to the PEM system and to scope block as shown in the figure 4.2 for the 

analysis of the results. 

 

Figure 4.6: Control System of 12-Pulse Thyristor based AC/DC Converter in Simulink 

 

The 12-Pulse Thyristor based AC/DC Converters are better than 6-Pulse converter 

when it comes to generate DC output with AC input. To enhance the efficiency and 

generate better results, a control system is required. By modifying the parameters like 

firing angle, filter units, etc, we can control the operation and output.  



 

Simulation Methodology 35 

 

 

 

Figure 4.7: 6-Pulse Bridge Rectifier with Interleaved Buck Converter in Simulink 

 

The Simulink model shown above is a 6-Pulse Bridge Rectifier with Interleaved Buck 

Converter used to converter the AC input from the Grid model and rectify it to 

provide the DC output which then servers as the supply for the PEM Electrolyzer 

model. The interleaved buck converter between the load and the diode bridge is 

connected to reduce voltage ripple and enhance overall power quality. It gets its gate 

pulse from Control block through gate R. The output of this system goes out as an 

input to the PEM system and to scope block which can be seen in the figure 4.2 for the 

analysis of the results. 

 

 

 

Figure 4.8: Control System of 6-Pulse Bridge Rectifier with Interleaved Buck Converter in 

Simulink 

 

The 6-Pulse Bridge Rectifier with Interleaved Buck Converter are better than 6-pulse 

and 12-pulse thyristor-based converters when it comes to generate DC output with 
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AC input. To enhance the efficiency and generate better results, a control system is 

required. By modifying the parameters like firing angle, filter units, etc, we can control 

the operation and output.  

 

Figure 4.9: 12-Pulse Bridge Rectifier with Interleaved Buck Converter in Simulink 

 

The Simulink model shown above is a 12-Pulse Bridge Rectifier with Interleaved Buck 

Converter used to converter the AC input from the Grid model and rectify it to 

provide the DC output which then servers as the supply for the PEM Electrolyzer 

model. The interleaved buck converter between the load and the diode bridge is 

connected to reduce voltage ripple and enhance overall power quality. 

 

Figure 4.10: Control System of 12-Pulse Bridge Rectifier with Interleaved Buck Converter in 

Simulink 
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12-Pulse Bridge Rectifier with Interleaved Buck Converter is best among the four 

configurations when it comes to generate DC output with AC input. To enhance the 

efficiency and generate better results, a control system is required. By modifying the 

parameters like firing angle, filter units, etc, we can control the operation and output. 

 

Figure 4.11: Interleaved Buck Converter in Simulink 

 

Here is a comprehensive breakdown of the simulation methodology: 

1. Configuration Selection: The first step is to select the specific AC-DC converter 

configuration to be modelled. In the context of your research, this could include 

the 6-pulse thyristor-based rectifiers, 12-pulse thyristor-based rectifiers, 6-pulse 

bridge rectifiers with interleaved buck converters, and 12-pulse bridge 

rectifiers with interleaved buck converters. Each configuration offers distinct 

advantages and drawbacks, and the choice should align with the objectives of 

the research. 

2. Component Selection and Modelling: Identify and select the individual 

components that make up the chosen AC-DC converter configuration. This 

includes thyristors or diodes, transformers, capacitors, inductors, and any 

control systems. Accurately model these components, taking into consideration 

their electrical characteristics, ratings, and behaviour under various operating 

conditions. 

3. Control Strategies: Integrate control strategies into the models to simulate the 

operation of the AC-DC converters. The control strategies should reflect the 

real-world control systems used for voltage and current regulation. Consider 
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the use of firing angle control for thyristor-based converters and other control 

techniques relevant to the selected configuration. 

4. Mathematical Equations: Incorporate mathematical equations that describe 

the operation of the AC-DC converters. This may include equations governing 

the behaviour of thyristors or diodes, transformer equations, and circuit 

equations. The equations should accurately represent the electrical behaviour 

of the components. 

5. Efficiency Analysis: Evaluate the efficiency of the AC-DC converter under 

various operating conditions. Calculate energy losses, conversion efficiency, 

and power quality characteristics to determine how efficiently the converter 

converts AC power to DC power. 

6. Power Quality Assessment: Assess the power quality of the converter's output 

by analysing voltage and current waveforms. Evaluate parameters such as 

voltage ripple, current harmonics, power factor, and total harmonic distortion 

to ensure that the converter meets power quality standards. 

7. Parameter Sensitivity Analysis: Conduct sensitivity analyses to understand 

how variations in system parameters, such as load conditions and component 

values, affect the performance of the AC-DC converter. This analysis helps 

identify critical parameters and optimize system performance. 

 

By following this simulation methodology, researchers and engineers can create 

accurate and detailed models of AC-DC converter configurations, enabling them to 

analyse and optimize the performance of these essential components in various 

applications, including grid integration and renewable energy systems. 

4.4. Simulation Software and Parameters 

In the research focused on the integration of Proton Exchange Membrane (PEM) 

electrolyzers with AC-DC converters, the simulation was conducted using 

MATLAB/Simulink, a versatile and widely used platform for modelling and 

simulating complex electrical and electronic systems. MATLAB/Simulink offers a 

range of tools and capabilities ideal for simulating the interaction of PEM electrolyzers 

and various AC-DC converter configurations. 

 

The choice of MATLAB/Simulink as the simulation software was driven by its 

flexibility, extensive library of electrical components, and robust simulation 
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capabilities. This platform provided the researchers with the tools necessary to create 

accurate models of the PEM electrolyzer, AC-DC converters, and their interactions 

within the electrical grid. Furthermore, MATLAB/Simulink allows for the seamless 

integration of control strategies and the analysis of critical performance metrics. 

 

To execute the simulations effectively, a set of key parameters was defined to 

represent the real-world behaviour of the system. These parameters included: 

1. Voltage: The voltage parameters were configured to mirror typical grid 

conditions and variations, enabling the assessment of the electrolyzer and AC-

DC converter responses to voltage fluctuations. 

2. Current: The current parameters were set to simulate different load conditions 

and assess the converter's ability to regulate current output. 

3. Hydrogen Production: The model incorporated parameters governing 

hydrogen production, enabling researchers to evaluate the efficiency and rate 

of hydrogen generation under various conditions. 

4. Power Factor: Power factor parameters were utilized to assess the converter's 

ability to correct power factor and enhance grid compatibility. 

5. Total Harmonic Distortion (THD %): THD parameters allowed for the 

analysis of the converter's impact on grid harmonic distortion, a crucial 

consideration for power quality. 

6. Stack Temperature: Stack temperature parameters represented the thermal 

behaviour of the PEM electrolyzer and provided insights into system cooling 

and safety. 

7. Electrical Power: Parameters governing electrical power were used to calculate 

the converter's efficiency and its impact on the overall electrical system. 

8. Efficiency: It talks about the efficiency of the PEM Electrolyzer with respect to 

the converters. It is the ratio of hydrogen produced to the input power. 

 

The simulation results encompassed voltage, current, hydrogen production, power 

factor, THD %, stack temperature, and electrical power. These results were utilized 

for a comprehensive comparative analysis of the different AC-DC converter 

configurations. The objective was to assess how each converter configuration 

performed in terms of efficiency, stability, power quality, and overall suitability for 

integration with the PEM electrolyzer into the electrical grid. 
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This simulation methodology, executed in MATLAB/Simulink with the specified 

parameters and performance metrics, provided researchers with valuable insights and 

a data-driven basis for selecting the most suitable AC-DC converter configuration to 

enhance the integration of the PEM electrolyzer with the electrical grid. 
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5 Results and Analysis 

In the context of the thesis that delves into the grid integration of Proton Exchange 

Membrane (PEM) electrolyzers with various AC to DC converter configurations, the 

"Results and Analysis" section serves as a critical juncture where the simulation 

outcomes and their implications are scrutinized and presented. This section provides 

researchers, engineers, and policymakers with invaluable insights into the 

performance of different AC-DC converter configurations and their impact on grid-

integrated PEM electrolyzer systems. 

 

In this section, the simulation results are comprehensively assessed, and their 

implications are thoroughly examined. The following key aspects are typically 

addressed: 

1. Efficiency and Performance: The efficiency of each AC-DC converter 

configuration is analyzed to understand how effectively it converts AC power 

into DC power. This assessment considers variations in load, input conditions, 

and control strategies. 

2. Voltage and Current Characteristics: Voltage and current waveforms are 

examined to ascertain the converter's ability to provide stable and well-

regulated DC power to the PEM electrolyzer.  

3. Hydrogen Production Rate: The rate of hydrogen production, a vital output of 

the PEM electrolyzer, is evaluated for each converter configuration. 

Researchers aim to determine which configuration results in the most efficient 

hydrogen production. 

4. Power Factor and Total Harmonic Distortion (THD): The power factor and 

THD are key metrics used to assess the impact of the AC-DC converter on the 

grid's power quality. A lower THD and improved power factor contribute to a 

more stable grid. 
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5. Temperature Analysis: Stack temperature, a crucial parameter for the safety 

and efficiency of the PEM electrolyzer, is studied to understand the thermal 

behaviour of the system under various converter configurations. 

6. Electrical Power Output: Researchers analyze the electrical power output of 

the converter configurations to determine their effectiveness in supplying the 

required power for the PEM electrolyzer's operation. 

5.1. Results 

 

Figure 5.1: Voltage using all four types of converters 

 

From the above figure, it is obvious that the 12-Pulse bridge rectifier with interleaved 

buck converter is better than the other 3 configurations. The DC Voltage for 6-pulse 

thyristor converter have more ripple than other models. The 12-Pulse thyristor is a 

better option than 6-Pulse thyristor due to lower ripple. Based on DC Voltage, the best 

configuration is 12-Pulse bridge rectifier with interleaved buck converter. 

 

Figure 5.1 shows the comparison of the DC Voltage generated by the AC/DC 

Converters. The Output magnitude is not much a difference but the ripples in the DC 

output makes a difference in selection of the converter for the PEM Electrolyzer for 

grid integration. 
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Figure 5.2: Current using 6-Pulse thyristor 

based rectifier 

 

Figure 5.3: Current using 12-Pulse thyristor 

based rectifier 

 

Figure 5.4: Current using 6-Pulse bridge 

rectifier with Interleaved buck converter  

 

Figure 5.5: Current using 12-Pulse bridge 

rectifier with Interleaved buck converter  

 

From the above output graphs, it is evident that the 6-Pulse and 12-Pulse bridge 

rectifier with interleaved buck converter topology are better than thyristor topologies 

as they reach a constant DC current state quickly, reducing the risk on the system due 

to high current. Harmonics are also nearly negligible in these two topologies. The 

thyristor topologies are also acceptable but considering the current requirements, the 

best topology will be bridge rectifier with interleaved buck converter. 

 

Figure 5.2 and Figure 5.3 shows a cleaner increase in current but the harmonics in the 

current in these two are little more than the rest two interleaved buck converter 

topologies. Figure 5.4 and Figure 5.5 show an instability at the beginning but when 
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saturated, the output DC is cleaner and more pure than compared with thyristor 

model. 

 

Figure 5.6: Hydrogen &Water in MEA using 

6-Pulse thyristor based rectifier  

 

Figure 5.7: Hydrogen &Water in MEA 

using 12-Pulse thyristor based rectifier  

 

Figure 5.8: Hydrogen &Water in MEA using 

6-Pulse bridge rectifier with Interleaved 

buck converter  

 

Figure 5.9: Hydrogen &Water in MEA 

using 12-Pulse bridge rectifier with 

Interleaved buck converter  

 

MEA stands for "Membrane Electrode Assembly" in a PEM (Proton Exchange 

Membrane) electrolyzer. The MEA is a critical component in a PEM electrolyzer and 

is responsible for facilitating the electrochemical reactions that occur during the 

electrolysis process. It can be observed that the hydrogen consumed and transported 

is nearly the same in all 4 topologies due to the PEM Electrolyzer inbuilt settings. This 

means that the choice of converter has no effect on Water consumption and 

transportation in a PEM Electrolyzer. H2 Produced is proportionally dependent on to 

the input current. The higher the DC Current, the higher will be the production rate 

and the faster PEM Electrolyzer will start the production. With 800A DC, The PEM 

reaches the constant production of 0.4g/s at 35seconds. If we double the current, the 

production will also get doubled and the time will be reduced to half. 
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Figure 5.10: H2 Produced using 6-Pulse 

thyristor based rectifier  

 

Figure 5.11: H2 Produced using 12-Pulse 

thyristor based rectifier  

 

Figure 5.12: H2 Produced using 6-Pulse 

Bridge rectifier with Interleaved buck 

converter  

 

Figure 5.13: H2 Produced using 12-Pulse 

bridge rectifier with Interleaved buck 

converter  

As mentioned, the Hydrogen Production is proportional to the DC input current. The 

higher the current, the faster PEM Electrolyzer starts the production. The Quantity of 

hydrogen production also depends upon the current. As shown in the graphs above, 

the Hydrogen production goes on increasing until it reaches the PEM Electrolyzer’s 

starting time of production. Here, the system starts the production at 35seconds and 

produce 0.4g/s hydrogen constantly. 

 

Figure 5.14 to 5.17 shows the harmonic analysis of the DC Current output of AC to DC 

converters. It can be clearly observed that at constant DC current of 800A, the Total 

harmonics distortion varies when analyzed using FFT. The thyristor topologies 

showed a low THD% but when interleaved buck converters are imployed, they 

enhance the output purity and provide a purer and more stable DC Current output. 
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Figure 5.14: Current THD using 6-Pulse 

thyristor based rectifier  

 

Figure 5.15: Current THD using 12-Pulse 

thyristor based rectifier  

 

Figure 5.16: Current THD using 6-Pulse 

bridge rectifier with Interleaved buck 

converter  

 

Figure 5.17: Current THD using 12-Pulse 

bridge rectifier with Interleaved buck 

converter  

As shown in the figures above, they all have the same DC Current as input to the PEM 

System and then put to FFT for Total Harmonics Distortion analysis. Keeping them 

on the same current to make sure the comparison be unbiased. It is obvious from the 

graphs that 12-Pulse bridge rectifier with Interleaved buck converter is the best among 

the four configurations as its THD% is the closest to zero or ideal condition. 

 

In the figure 5.18 to figure 5.21, it can be observed that the Thyristor topologies system 

provide a more electrical power output to the PEM Electrolyzer compared to the 

Bridge rectifier with Interleaved buck converter systems. As the PEM Electrolyzer 

start its operation after a particular time proportional to the DC current supplied to it. 

As all 4 topologies are giving 800A DC current to the PEM Electrolyzer, the system 

that provides more power output will be considered better. The extra power can be 

used in other places like additional systems with input as DC Power. 
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Figure 5.18: Power Consumption, Heat 

Dissipated and Thermal Efficiency of the 

PEM Electrolyzer using 6-Pulse thyristor 

based rectifier  

 

Figure 5.19: Power Consumption, Heat 

Dissipated and Thermal Efficiency of the 

PEM Electrolyzer using 12-Pulse thyristor 

based rectifier  

 

Figure 5.20: Power Consumption, Heat 

Dissipated and Thermal Efficiency of the 

PEM Electrolyzer using 6-Pulse bridge 

rectifier with Interleaved buck converter  

 

Figure 5.21: Power Consumption, Heat 

Dissipated and Thermal Efficiency of the 

PEM Electrolyzer using 12-Pulse bridge 

rectifier with Interleaved buck converter  

5.2. Comparative Analysis of Converter Configuration 

In the context of the thesis focused on the grid integration of Proton Exchange 

Membrane (PEM) electrolyzer, the "Comparative Analysis of Converter 

Configurations" section serves as a pivotal segment where the outcomes of extensive 

simulations are meticulously scrutinized and compared. This analysis aims to 

determine the most suitable AC-DC converter configuration for the integration of 

PEM electrolyzer with electrical grids. 
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The comparative analysis begins by evaluating the efficiency of each converter 

configuration. Efficiency is a key indicator of how effectively the converters transform 

AC power from the grid into DC power for use in the PEM electrolyzer system.  

 

Voltage and current waveforms are another focal point of the analysis, with a specific 

focus on the quality and stability of these waveforms. The assessment includes an 

examination of voltage ripple, current harmonics, and the converter's capability to 

maintain stable voltage and current outputs, even when load conditions change. This 

comparison helps identify the configuration that consistently provides the most stable 

and well-regulated power output. 

 

Hydrogen production efficiency is of paramount importance since hydrogen 

generation is a primary objective of the PEM electrolyzer system. Researchers 

calculate the efficiency of hydrogen production, factoring in electrical energy input 

and the quantity of produced hydrogen. This analysis reveals which configuration is 

the most efficient in hydrogen generation. 

 

Table 5.1: Comparison table of Converter Configuration using Simulink Data 

Converter Output 

Voltage 

(V) 

Output 

Current 

(A) 

Starting 

Time (s) 

THD 

(%) 

H2O 

Consumed 

(g/s) 

H2 

Produced 

(g/s) 

Power 

Consumed 

(kW) 

6-Pulse 

Thyristor 

85 800 39 2.3 4.5 0.4 68 

12-Pulse 

Thyristor 

82 800 38.6 0.33 6.4 0.4 65.5 

6-Pulse 

Bridge with 

Interleaved 

87 800 36 0.04 2.4 0.4 69.6 

12-Pulse 

Bridge with 

Interleaved 

86 800 34 0.00 2.4 0.4 68.8 
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The comparative analysis also considers the converter configurations' impact on grid 

power quality. Power factor and total harmonic distortion (THD) calculations are 

employed to assess grid compatibility. The analysis identifies which configuration 

excels in improving power factor and reducing THD, thus contributing to enhanced 

grid stability. 

 

Additionally, the thermal behaviour of the PEM electrolyzer system is evaluated by 

analyzing stack temperatures under different converter configurations. 

Understanding temperature variations is crucial for safety and efficiency 

considerations. 

 

Finally, the electrical power output of each converter configuration is quantitatively 

assessed to determine its ability to supply the required power for the PEM 

electrolyzer's operation. The comparative analysis, based on extensive simulation 

results obtained through MATLAB/Simulink, is instrumental in making informed 

decisions about the most suitable AC-DC converter configuration for specific grid 

integration requirements. These insights contribute significantly to the development 

of cleaner and more sustainable energy systems. 

5.3. Efficiency and Reliability Studies 

In the context of the thesis addressing the grid integration of Proton Exchange 

Membrane (PEM) electrolyzer, the "Efficiency and Reliability Studies" represent a 

critical phase of the research that focuses on assessing the performance and 

dependability of the integrated system. These studies provide valuable insights into 

how well the system operates and whether it can reliably contribute to the transition 

toward sustainable energy systems. 

 

Efficiency studies are a cornerstone of this evaluation. They involve a thorough 

examination of how effectively the integrated system converts AC power from the 

grid into DC power for use in the PEM electrolyzer. By analysing mathematical 

formulas, the researchers can calculate and compare the conversion efficiencies of the 

system under various operating conditions. This assessment helps identify which 

configuration excels in delivering the most efficient energy conversion. 
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𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝜂) =
𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (

𝑔
𝑠⁄ ) × 𝐻𝐻𝑉 𝜂 𝑡ℎ𝑒𝑟𝑚𝑎𝑙(𝑘𝑊

𝑠⁄ ) 

𝑃𝑜𝑤𝑒𝑟 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑏𝑦 𝑃𝐸𝑀 𝑆𝑦𝑠𝑡𝑒𝑚
 

5.1 

 

This way, we will calculate the Production Efficiency of the system. As there is no 

definite way to calculate the efficiency of a PEM Electrolyzer system. We will do it 

using a hybrid combination to calculate the efficiency of our system. We use the 

constant production gram per second and multiply it with thermal efficiency of high 

heating value (HHV) to get power produced by hydrogen and then find the ratio of it 

with power consumed by the PEM System. This ratio gives us the power production 

efficiency of the Proton Exchange Membrane Electrolyzer using various converter 

configurations acting as the supply for the electrolyzer. 

 

Table 5.2: Production Efficiency (%) of PEM Electrolyzer with AC/DC Converters 

Converter Configuration H2 Production 

with 800A (g/s) 

Power Consumed 

(kW) 

Efficiency (%) 

with HHV 

6-Pulse Thyristor ~ 0.4 ~ 65 ~ 60 

12-Pulse Thyristor ~ 0.4 ~ 68 ~ 61 

6-Pulse with Interleaved Buck 

Converter 

~ 0.4 ~ 67 ~ 89 

12-Pulse with Interleaved Buck 

Converter 

~ 0.4 ~ 69 ~ 90 

 

Reliability studies, on the other hand, encompass an exploration of the system's 

robustness and stability under diverse conditions. Researchers delve into the system's 

performance over time, assessing its ability to maintain operation without significant 

disruptions or failures. Metrics such as Mean Time Between Failures (MTBF) and 

Failure Rate (λ) may be employed to understand the system's reliability characteristics 

and potential maintenance requirements. 

 

Both efficiency and reliability studies are instrumental in guiding decision-making 

processes. They offer data-driven insights that help in the selection of the most 
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suitable AC-DC converter configuration for specific grid integration requirements. An 

efficient system ensures that energy is effectively converted and utilized, while a 

reliable system guarantees long-term stability and minimal downtime. These studies 

collectively contribute to the development of cleaner and more sustainable energy 

systems, aligning with the broader goals of the energy transition. 
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6 Grid Integration Challenges and 

Solutions 

Within the context of the thesis focused on the grid integration of Proton Exchange 

Membrane (PEM) electrolyzer, it is imperative to address the myriad of challenges 

that come with this integration and, correspondingly, propose robust solutions. Grid 

integration, particularly when dealing with hydrogen-producing systems, introduces 

a unique set of complexities that require meticulous attention.  

 

Among these challenges, load balancing stands out as a vital concern. The variable 

nature of hydrogen production can lead to load imbalances within the grid, 

necessitating innovative control strategies and predictive algorithms to distribute 

electrical loads equitably. Furthermore, voltage regulation emerges as a critical aspect, 

as fluctuations in grid voltage can disrupt the operation of the integrated system.  

 

Voltage control devices and systems are employed to maintain consistent voltage 

levels. The thesis also delves into power quality maintenance, addressing issues like 

harmonic distortion and power factor. It outlines the use of power electronic devices 

to mitigate these problems and improve power quality.  

 

Lastly, dynamic grid management strategies are explored, which involve real-time 

monitoring, control algorithms, and communication systems to optimize grid 

performance, ensuring stability and responsiveness to variations in energy demand 

and supply. By systematically addressing these grid integration challenges, the thesis 

contributes to the development of resilient and sustainable energy systems, furthering 

the transition towards a greener and more environmentally responsible energy 

landscape. 
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6.1. Load Balancing and Voltage Regulation 

In the realm of the thesis addressing the grid integration of Proton Exchange 

Membrane (PEM) electrolyzer, one of the central topics of discussion revolves around 

the challenges and corresponding solutions inherent to this integration. Two pivotal 

aspects under this domain are load balancing and voltage regulation, both of which 

are instrumental in ensuring the seamless and effective operation of the integrated 

system. 

 

1. Load Balancing: The integration of PEM electrolyzer into the electrical grid 

poses a challenge with respect to load balancing. Load balancing involves the 

equitable distribution of electrical loads within the grid to prevent overloading 

or underutilization of specific components. In the context of this thesis, the 

operation of PEM electrolyzer, which may vary in response to hydrogen 

production demands, necessitates a mechanism for effectively distributing the 

electrical load to maintain grid stability. Load balancing solutions often involve 

the implementation of control strategies that monitor and manage the 

distribution of power within the grid, ensuring that neither excessive strain nor 

underutilization occurs in the electrical system. 

 

2. Voltage Regulation: Voltage regulation is another paramount challenge in grid 

integration. Voltage fluctuations, sags, and swells can disrupt the operation of 

electrical equipment and compromise power quality. The integration of PEM 

electrolyzer introduces a variable load to the grid, requiring measures to 

maintain stable grid voltage. Voltage regulation solutions may encompass the 

deployment of voltage control devices and techniques, such as voltage 

regulators and power factor correction, to ensure that the grid's voltage 

remains within acceptable limits. These measures are essential for safeguarding 

the performance and reliability of both the grid and the PEM electrolyzer 

system. 

 

In this context, addressing load balancing and voltage regulation challenges is crucial 

for the successful grid integration of PEM electrolyzer. Effective solutions are essential 

to maintain grid stability and power quality while optimizing the operation of the 
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electrolyzer system. These challenges and their solutions form a pivotal component of 

the research, contributing to the development of cleaner and more sustainable energy 

systems in alignment with the transition toward a greener energy future. 

6.2. Harmonics Mitigation 

The thesis on the grid integration of Proton Exchange Membrane (PEM) electrolyzer 

places a significant emphasis on "Harmonics Mitigation." Harmonics, which are 

distortions in the sinusoidal waveforms of electrical currents and voltages, can have 

far-reaching consequences, particularly when dealing with power electronic devices 

and nonlinear loads. These distortions can lead to reduced power quality, increased 

energy losses, and even potential damage to connected equipment. 

 

Harmonics mitigation is of paramount importance in the context of PEM electrolyzer 

grid integration, as it plays a pivotal role in ensuring the overall stability and reliability 

of the integrated system. A range of strategies and technologies are employed to 

effectively address harmonics. This includes the use of filters and reactors, both 

passive and active, to absorb or counteract harmonic components. Harmonic 

distortion analysis is a fundamental step, enabling the identification of specific 

harmonic frequencies and amplitudes. Additionally, advanced converter design, 

coupled with adherence to industry standards and regulations for harmonic 

emissions, is vital. 

 

Moreover, power factor correction, while not a direct harmonics mitigation technique, 

indirectly contributes to harmonics reduction by improving the overall efficiency of 

the system and reducing reactive power flow. In the context of grid integration, 

harmonics mitigation ensures that the PEM electrolyzer system operates efficiently 

while averting potential adverse effects on other grid-connected devices. The insights 

provided by the thesis shed light on these mitigation techniques and their practical 

applications in safeguarding power quality and grid stability, ultimately advancing 

the development of cleaner and more efficient energy systems. 

6.3. Power Factor Improvement 

In the context of the thesis centered on the grid integration of Proton Exchange 

Membrane (PEM) electrolyzer, "Power Factor Improvement" emerges as a critical 
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consideration. Power factor, a fundamental aspect of electrical systems, signifies the 

ratio of real power (active power) to apparent power. It plays a pivotal role in 

determining how efficiently electrical power is converted and utilized within a 

system. 

 

Power factor improvement holds particular significance in the context of grid 

integration for several compelling reasons. First and foremost, it is an indicator of 

efficient energy utilization. A high-power factor suggests that a larger proportion of 

the electrical power drawn from the grid is effectively harnessed for productive work, 

rather than being dissipated as reactive power. This contributes significantly to 

enhancing the overall energy efficiency of the system. 

 

Additionally, power factor improvement leads to a reduction in energy costs. Many 

utility companies impose penalties on consumers with low power factors, as this 

places additional stress on the electrical grid. By enhancing power factor, 

organizations can not only avoid these penalties but also optimize their energy usage, 

thereby reducing operational costs. 

 

Moreover, an improved power factor is instrumental in enhancing the stability and 

reliability of the electrical grid. Systems with low power factors can introduce reactive 

power, resulting in voltage fluctuations and grid instability. By actively working to 

improve the power factor, organizations ensure that their systems are more 

compatible with the grid, promoting grid stability. 

 

To achieve power factor improvement, a range of techniques and technologies are 

employed. These include the use of power factor correction capacitors, which provide 

reactive power to offset the lagging reactive power associated with inductive loads, 

ultimately enhancing the power factor. Synchronous condensers, which are adjustable 

synchronous machines, can supply or absorb reactive power as needed, contributing 

to power factor correction. Additionally, systems are designed to measure the power 

factor in real-time and apply compensation techniques to maintain it at desired levels. 
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Power factor improvement, as explored in the thesis, is not solely a means to enhance 

the efficiency of the integrated system but also a critical strategy to promote grid 

stability and reduce operational costs. It underscores the thesis's commitment to 

contributing to the development of cleaner and more sustainable energy systems by 

addressing this key aspect of grid integration. 

6.4. Impact on Renewable Energy Utilization 

Within the context of the thesis dedicated to the grid integration of Proton Exchange 

Membrane (PEM) electrolyzers, the "Impact on Renewable Energy Utilization" 

emerges as a central and transformative theme. The integration of renewable energy 

sources, characterized by intermittent and variable generation, presents distinct 

challenges in grid management. PEM electrolyzers, in their role as energy converters, 

hold the potential to significantly reshape the landscape of renewable energy 

utilization. 

 

Figure 6.1: Hydrogen Flow in the World System 

 

Foremost, these systems serve as critical energy storage solutions. In times of surplus 

renewable energy generation when demand is low, PEM electrolyzer convert excess 

electricity into hydrogen through the electrolysis process. This hydrogen can be 

efficiently stored and subsequently deployed for various applications when 

renewable energy is less abundant, ensuring that the energy generated from 

renewable sources is not wasted but rather harnessed and put to practical use. 
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Moreover, the integration of PEM electrolyzer offers a substantial advantage in load 

balancing. During peak periods of renewable energy generation, when the grid may 

be inundated with excess energy, these electrolyzer provide a means to absorb the 

surplus energy by producing hydrogen. This mechanism effectively mitigates load 

imbalances within the grid, thereby enhancing operational efficiency. 

The flexibility of hydrogen as an energy carrier further amplifies the impact on 

renewable energy utilization. The hydrogen generated by PEM electrolyzer can be 

employed in diverse applications, spanning power generation, industrial processes, 

fuel cells for transportation, and even injection into the natural gas grid. This 

versatility not only bolsters the utilization of renewable energy but also broadens its 

applicability, thereby amplifying the overall impact. 

 

In terms of grid stability, the grid integration of PEM electrolyzer lends invaluable 

support by swiftly adjusting hydrogen production in response to grid conditions. This 

dynamic response enhances grid stability and resilience, ensuring a consistent power 

supply even in the face of renewable energy fluctuations. 

 

Perhaps most significantly, this integration curtails the need for energy curtailment, 

which is the deliberate reduction or shutdown of renewable energy sources when their 

generation surpasses immediate demand. Curtailment often results in energy 

wastage, and through the utilization of surplus renewable energy for hydrogen 

production, such waste is minimized. 

 

In summary, the thesis expounds on the profound implications of grid integration, 

particularly through PEM electrolyzer, on renewable energy utilization. The 

integration substantially contributes to the efficient and reliable incorporation of 

renewable energy sources into the electrical grid. This not only aligns with the 

transition toward cleaner and more sustainable energy systems but also exemplifies a 

conscientious approach to harnessing renewable resources and minimizing energy 

waste. 
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7 Discussion and Implications 

Within the context of the thesis dedicated to the grid integration of Proton Exchange 

Membrane (PEM) electrolyzer, the section on "Discussion and Implications" serves as 

a pivotal chapter for reflecting on the study's findings and drawing valuable 

conclusions regarding its practical significance and the limitations encountered. 

7.1. Key Findings 

The thesis explores the grid integration of Proton Exchange Membrane (PEM) 

electrolyzer with a focus on enhancing efficiency, stability, and flexibility using 

various AC to DC converter configurations. Four distinct converter setups were 

investigated, including 6-pulse thyristor-based rectifiers, 12-pulse thyristor-based 

rectifiers, 6-pulse bridge-based rectifiers with interleaved buck converters, and 12-

pulse bridge-based rectifiers with interleaved buck converters.  

 

The study provides a detailed investigation into the principles and control strategies 

of these configurations, evaluating their impact on the performance of PEM 

electrolyzer systems and their interaction with the grid. Through simulation analyses, 

the research addresses practical challenges in grid integration, such as load balancing, 

voltage regulation, and power factor improvement.  

 

The comparative analysis highlights the advantages and drawbacks of each 

configuration in terms of power quality, harmonics, and overall system reliability. 

Notably, the findings contribute valuable insights for researchers, engineers, and 

policymakers working towards the widespread adoption of PEM electrolysis in a grid-

integrated context. The results enable informed decision-making in selecting the most 

suitable AC to DC converter configuration for specific grid integration requirements, 

fostering the development of cleaner and more sustainable energy systems. 
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Some general advantages and disadvantages associated with each of the four 

converter configurations studied for the grid integration of Proton Exchange 

Membrane (PEM) electrolyzer: 

6-Pulse Thyristor-Based Rectifiers 

Advantages 1. Simplicity: 6-pulse rectifiers are straightforward in 

design and operation. 

2. Cost-Effective: Typically, these rectifiers have lower 

initial costs. 

3. Commonly Used: Well-established technology with 

a wide application history. 

Disadvantages 1. Harmonics: Higher harmonic content leading to 

potential power quality issues. 

2. Voltage Fluctuations: Limited ability to regulate 

voltage fluctuations. 

3. Limited Efficiency: May have lower efficiency 

compared to more advanced configurations. 

 

12-Pulse Thyristor-Based Rectifiers 

Advantages 1. Improved Power Quality: Lower harmonic content 

enhances power quality. 

2. Enhanced Voltage Regulation: Better control over 

voltage fluctuations. 

3. Reduced Harmonic Distortion: Smoother operation 

with less harmonic distortion. 

Disadvantages 1. Complexity: More complex design and control 

compared to 6-pulse rectifiers. 

2. Higher Cost: Generally involves higher initial costs. 

3. Limited Flexibility: May have limitations in adapting 

to dynamic grid conditions. 
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6-Pulse Bridge Rectifiers with Interleaved Buck Converters 

Advantages 1. Harmonic Mitigation: Buck converters help reduce 

harmonic distortion. 

2. Improved Efficiency: Potential for higher efficiency 

compared to standalone 6-pulse rectifiers. 

3. Better Load Balancing: Interleaved operation 

enhances load balancing. 

Disadvantages 1. Complexity: Increased complexity due to the 

integration of buck converters. 

2. Higher Initial Cost: Additional components may 

contribute to higher upfront costs. 

3. Maintenance Challenges: More components may 

increase the maintenance complexity. 

 

12-Pulse Bridge Rectifiers with Interleaved Buck Converters 

Advantages 1. Harmonic Reduction: Buck converters contribute to 

a further reduction in harmonics. 

2. Enhanced Voltage Stability: Improved control over 

voltage stability. 

3. Improved Efficiency: Potential for higher overall 

efficiency. 

Disadvantages 1. Increased Complexity: Integrating 12-pulse rectifiers 

with buck converters adds complexity. 

2. Higher Initial Investment: The combined technology 

may come with higher upfront costs. 

3. Maintenance Challenges: More components may 

increase the maintenance complexity. 

7.2. Practical Implications 

The practical implementation of the thesis findings involves a step-by-step process to 

bring the research outcomes into real-world applications. The first crucial step is the 

careful selection of an AC to DC converter configuration based on the specific energy 
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infrastructure and grid characteristics of the target location. This involves a detailed 

evaluation of the comparative analysis results, with a focus on efficiency, stability, and 

flexibility requirements of the Proton Exchange Membrane (PEM) electrolyzer system. 

Once the optimal converter configuration is determined, collaboration with system 

designers and engineers ensues for the seamless integration of the chosen 

configuration with the PEM electrolyzer.  

 

Practical challenges such as load balancing and voltage regulation are addressed 

during the system design phase. Following this, simulation studies are conducted 

using tools like MATLAB/Simulink to model the integrated system and validate its 

performance under diverse operating conditions. The actual deployment of the 

integrated PEM electrolyzer system in a real-world setting is the next critical phase, 

where monitoring and control systems are installed to continuously assess 

performance. Through continuous optimization, including fine-tuning based on real-

world data, the system is further refined to achieve maximum efficiency and stability. 

Data collected on hydrogen production rates, energy consumption, and system 

behaviour is thoroughly analyzed, contributing to the documentation of the practical 

implementation process.  

 

Knowledge gained from the implementation is then shared with stakeholders, 

researchers, and industry professionals, facilitating a broader understanding of best 

practices in grid-integrated PEM electrolyzer systems. Ultimately, successful 

implementations may lead to scaling up the system for larger applications or 

replication in similar grid environments, contributing to the advancement of cleaner 

and more sustainable energy systems. 

7.3. Limitations of the Study 

The study, while providing valuable insights into the grid integration of Proton 

Exchange Membrane (PEM) electrolyzer with different AC to DC converter 

configurations, has certain inherent limitations that warrant consideration. The 

reliance on simulation-based analyses using MATLAB/Simulink introduces a degree 

of abstraction, potentially limiting the direct translation of findings to real-world 

scenarios.  
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Assumptions and simplifications made in the model, such as idealized component 

characteristics, may not fully capture the intricacies of actual systems. The use of 

generic converter models might overlook the nuances associated with specific 

manufacturers and technologies.  

Furthermore, the study predominantly focuses on internal dynamics and operational 

behaviour, leaving aspects like policy frameworks, economic factors, and regional 

grid variations less explored. Technological advancements in power electronics and 

renewable energy, occurring at a rapid pace, may surpass the scope of the research. 

Additionally, the study centers on a single PEM electrolyzer system, potentially 

constraining the generalizability of the findings to a broader spectrum of 

configurations. The absence of extensive experimental validation in real-world 

settings further accentuates the need for caution in extrapolating the results to 

practical applications.  

 

Acknowledging these limitations is essential for a nuanced interpretation of the 

research outcomes and for guiding future investigations in the dynamic field of grid-

integrated PEM electrolyzer systems. 

7.4. Cost Analysis 

 

Figure 7.1: Representation of costing of a PEM Electrolyzer system 

 

% Costing of an PEM System

PEM Electrolyzer AC/DC Converter Raw Material

Storage Maintainance Other Cost
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The Cost analysis of the above thesis is explained above. The PEM Electrolyzer System 

is the costliest part of the entire system. The estimated cost of the Electrolyzer is almost 

equal to the half of the entire system cost. The AC/DC Converters cost lesser than PEM 

Electrolyzer. The price of AC/DC Converter vary based on parameters of design like 

efficiency, conversion rate, choice of passive components and control system. Another 

important cost involved is the storage for the water and hydrogen. The hydrogen is a 

dangerous product to deal with. It requires a carefully designed and leak proof storage 

system to hold and store the gas for future use. Water used for electrolysis can also be 

stored and used as per the production requirement of hydrogen. Maintenance cost is 

considered despite being so low as it is also an important parameter to be kept an eye 

on. Hydrogen production systems can be dangerous so they need to be kept in good 

condition and should have timely check and maintenance. 

 

Table 7.1: Estimated Cost per unit of a Basic System 

Component Estimated Price (€) Quoting Company 

PEM Electrolyzer 800-1500 McPhy ,ITM Power, Nel 

Hydrogen 

Passive Component 600-800 Murata, TDK, Vishay, 

Panasonic, Nichicon 

Storage System 400-500 Norwesco, Snyder 

Industries, Hexagon Purus, 

NPROXX, McPhy Energy 

Grid Integration 

Equipment’s and Control 

System 

1000-1500 ABB, Siemens, Rockwell, GE 

Grid Solutions 

Other Expenses 10000-12000 Casing, Operator & raw 

material cost 

Estimated Total 12800-16300 
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The costing shown above are the minimum estimated amount. This can go up to 

millions of euros depending on how efficient and advanced system you want. Also, 

the additional systems attached like condenser system and other machines also add 

up to increase the overall cost by thousands of euros. 
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Figure 7.2: Degradation of working capacity of a system over time 

 

Lifespan of the system is also an important parameter in costing and choice of the 

system. A general PEM Electrolyzer have a good lifespan while the converters lifespan 

is comparatively very high. The above figure shown below is an estimated time of 

degradation of working capacity of the systems. 
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8 Conclusion and Future Development 

As the thesis on the grid integration of Proton Exchange Membrane (PEM) electrolyzer 

nears its conclusion, it is essential to reflect on the key takeaways and look ahead to 

potential avenues for future development in this critical field. 

8.1. Conclusion 

In conclusion, this thesis has undertaken a comprehensive exploration into the grid 

integration of Proton Exchange Membrane (PEM) electrolyzer, focusing on four 

distinct AC to DC converter configurations: 6-pulse thyristor-based rectifiers, 12-pulse 

thyristor-based rectifiers, 6-pulse bridge-based rectifiers with interleaved buck 

converters, and 12-pulse bridge-based rectifiers with interleaved buck converters. The 

investigation has delved into the intricacies of each configuration, considering their 

impact on efficiency, stability, and flexibility in the context of grid-connected PEM 

electrolysis. 

 

The study has addressed critical objectives, emphasizing the enhancement of 

efficiency, stability, and flexibility in grid-connected PEM electrolyzer. By scrutinizing 

the principles and control strategies of each AC to DC converter configuration, this 

research has provided valuable insights into their performance and their interaction 

with the grid. A comparative analysis has been conducted, considering power quality, 

harmonics, and overall system reliability, contributing to informed decision-making 

in selecting the most suitable converter for specific grid integration requirements. 

 

The application of PI controller design, guided by the Ziegler–Nichols Rules for 

Tuning PID Controllers, has been pivotal in controlling the DC current fed into the 

electrolyzer. The obtained gains have demonstrated effectiveness in addressing 

practical challenges such as load balancing, voltage regulation, and power factor 
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improvement. These findings not only contribute to the optimization of grid-

connected PEM electrolysis but also offer practical solutions for researchers, 

engineers, and policymakers working towards the integration of cleaner and more 

sustainable energy systems. 

 

The simulation investigations presented in this thesis provide a detailed 

understanding of the dynamics of each AC to DC converter configuration under 

various operating conditions. Moreover, the research has shed light on the converters' 

effectiveness in optimizing the utilization of renewable energy sources, facilitating the 

efficient production of green hydrogen for industrial and energy storage applications. 

 

In conclusion, the outcomes of this thesis contribute to the growing body of 

knowledge in the field of electrical engineering, particularly in the realm of smart 

grids and sustainable energy systems. The insights gained from this research pave the 

way for future advancements, guiding the development of grid integration strategies 

that align with the global transition towards a more sustainable and environmentally 

conscious energy landscape. 

8.2. Future Development 

Looking forward, the future development of this research field holds substantial 

promise. The insights gained from this thesis pave the way for several potential areas 

of exploration and development: 

 

1. Advanced Converter Technologies: Future research can delve into the 

development of even more advanced AC-DC converter technologies, 

potentially leveraging emerging trends in power electronics to further optimize 

grid integration. 

2. Smart Grid Solutions: The integration of PEM electrolyzer can be part of larger 

smart grid initiatives, and future research may explore how these systems can 

interact with other grid components and advanced control systems. 

3. Hydrogen-Based Energy Storage: Given the versatile nature of hydrogen 

produced by PEM electrolyzer, there is potential for research into enhanced 

hydrogen-based energy storage solutions and their integration into broader 

energy infrastructures. 
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4. Sustainability and Environmental Impact: Future studies can expand on the 

environmental benefits and sustainability implications of utilizing PEM 

electrolyzer for hydrogen production and grid stabilization. 

5. Economic Assessments: In addition to the technical aspects, there is room for 

research focusing on the economic viability and cost-effectiveness of PEM 

electrolyzer integration into the grid. 

 

In summary, the thesis's conclusion and future development prospects underscore the 

significance of the research findings in the broader context of sustainable energy 

systems. The insights gained in this study provide a solid foundation for further 

advancements in grid integration and the utilization of PEM electrolyzer, contributing 

to the ongoing transition to cleaner and more environmentally responsible energy 

systems. 
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