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Abstract  

This abstract provides an overview of the research conducted on Flywheel Energy Storage 

Systems (FESS) employing Magnetic Power Split Technology (Magsplit) with either Wound 

Rotor Synchronous Machines (WRSM) or Squirrel Cage Induction Machines (SCIM). FESS 

plays a vital role in grid stability and renewable energy integration. Magsplit offers a promising 

approach to enhance FESS performance through efficient power flow control and variable gear 

ratio transmission. The objective of this study was to explore the feasibility and advantages of 

integrating Magsplit with FESS using WRSM or SCIM. The research involved detailed 

modelling, simulation, and experimental validation to assess key performance parameters, 

including energy power quality, and grid integration. 

 

In the modelling phase, comprehensive models of the Magsplit-integrated FESS with WRSM 

and SCIM were developed, considering the operational characteristics and design 

considerations. Simulation studies were conducted to evaluate the system's performance under 

various operating conditions, including frequency variation and power delivery within specific 

timeframes. To validate the simulation results, an experimental setup was constructed to 

replicate the Magsplit-integrated FESS. While the experimental testing was limited to WRSM, 

both WRSM and SCIM were simulated and analysed. Data acquisition techniques and 

measurement protocols were utilized to ensure accurate and reliable performance evaluation. 

 

The findings from research demonstrate the effectiveness and capabilities of the proposed 

FESS. The system exhibits stable power delivery and responsiveness to frequency variations, 

making it a promising solution for enhancing grid stability and supporting renewable energy 

integration. The adjustable power delivery timeframe further enhances the FESS's versatility 

and ability to meet specific operational requirements. 

 

This research contributes to the understanding of integrating Magsplit with either WRSM or 

SCIM in FESS. The findings highlight the advantages in terms of power quality, system mass, 

and grid integration. Further research is recommended to fully explore the potential of this 

integrated approach, enabling advancements in energy storage systems and improved grid 

stability in renewable energy integration. 
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Chapter one: General Introduction and Description 

1.1 Introduction  

The UK power system has undergone significant transformations in recent years, driven by the 

need to reduce greenhouse gas emissions and transition to a low-carbon economy [1]. As part 

of this transition, there has been a substantial increase in the deployment of renewable energy 

sources, such as wind and solar power [1, 2]. While the integration of renewable energy sources 

has brought environmental benefits, it has also introduced new challenges to the stability and 

reliability of the power grid [2, 3]. The fluctuating nature of renewable energy generation, 

influenced by weather conditions, can result in variability and intermittency, leading to 

frequency and voltage fluctuations [1-3]. 

 

To address these challenges and ensure grid stability, energy storage systems (ESS) have 

gained prominence [1, 4, 5]. ESS plays a vital role in balancing the supply and demand of 

electricity by storing excess energy during periods of low demand and releasing it during 

periods of high demand [6, 7]. The integration of energy storage systems is crucial to enhance 

the grid stability and effectively manage the intermittency of renewable energy sources [1, 6, 

7]. 

 

As depicted in Table 1.1, among various types of Energy Storage Systems (ESS), Flywheel 

Energy Storage Systems (FESS) have emerged as a promising solution. FESS operates by 

storing energy in a rotating mass [8-14]. It presents several advantages over other energy 

storage systems, notably batteries. FESS offers high power density, facilitating swift charge 

and discharge capabilities [8-11].This characteristic makes it well-suited for applications that 

require short-duration, high-power energy storage, such as grid stabilization and frequency 

regulation [8-14]. Additionally, FESS has a longer lifespan and requires minimal maintenance 

and replacement compared to batteries, leading to cost savings and improved reliability [8-14]. 

 

Despite the benefits offered by Flywheel Energy Storage Systems (FESS), significant 

challenges remain. Conventional FESS setups rely on full-capacity power electronics 

converters, which can inadvertently introduce power quality issues such as harmonics and 

distortion [15-18]. Moreover, these traditional systems do not inherently contribute to the 
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overall grid inertia [14, 18]. Grid inertia, crucial for the power system's ability to withstand and 

adapt to sudden load or generation changes, is not directly augmented by FESS installations. 

The absence of grid inertia support from FESS can potentially lead to stability and reliability 

concerns within the power grid. 

 

Table 1.1 Comparison of energy storage system[13, 15]  

Aspect 
Flywheel Energy 

Storage 

Battery Energy 

Storage 

Pumped Hydro 

Storage 

Compressed 

Air Energy 

Storage 

(CAES) 

Efficiency 
High (typically 85-

90%) 

Moderate to High (70-

90%) 
High (70-85%) 

Moderate (40-

60%) 

Response Time 
Very Fast 

(milliseconds) 

Fast (seconds to 

minutes) 

Moderate to Slow 

(minutes) 

Moderate to 

Slow (minutes 

to hours) 

Lifetime 
Long (typically 20+ 

years) 
Moderate (5-15 years) Long (30-50 years) 

Moderate (10-

30 years) 

Cycle Life 
High (100,000+ 

cycles) 

Moderate to High 

(3,000-10,000) 

High (10,000+ 

cycles) 

Moderate to 

High (10,000+ 

cycles) 

Scalability 
Limited by physical 

size 
Scalable 

Limited by 

geography 
Scalable 

Footprint  Small footprint 
Medium to Large 

footprint 
Large footprint Large footprint 

Environmental 

Impact 
Low Moderate to High Moderate 

Moderate to 

High 

Energy Density 
Moderate (100-130 

Wh/kg) 

High (100-250 

Wh/kg) 

High (200-400 

Wh/kg) 

Low (5-10 

Wh/kg) 

Power Density High (1-10 kW/kg) High (0.1-3 kW/kg) High (0.1-2 kW/kg) 

Moderate to 

High (0.5-3 

kW/kg) 

Grid 

Integration 

Flexibility  

Good Good Moderate to Good 
Moderate to 

Good 

Self-discharge 

Time 
 (Years) 

Several Hours to 

Months 
 (Years) 

 

Hours to Days 
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However, modern advancements in FESS technology have addressed this limitation[11, 13, 

16]. By incorporating advanced control algorithms and power electronics, conventional 

flywheel energy storage systems can emulate synthetic inertia[8, 17]. This innovative approach 

allows FESS installations to mimic the behaviour of traditional rotating machinery, effectively 

providing inertia-like characteristics to the grid[17]. 

 

Synthetic inertia offered by FESS systems enhances grid stability and reliability by responding 

rapidly to grid frequency changes, akin to traditional rotating generators, thereby regulating 

grid frequency effectively[3, 8, 18]. Moreover, it improves the power system's ability to 

withstand and recover from transient disturbances, such as faults or contingencies, by providing 

additional stability during transient events[9]. Furthermore, synthetic inertia strengthens the 

power system's resilience to fluctuations and disturbances, consequently reducing the risk of 

cascading failures and blackouts[19]. Additionally, it facilitates the seamless integration of 

renewable energy sources into the grid by compensating for their inherent lack of inertia and 

variability[20, 21]. 

 

In summary, synthetic inertia, enabled by modern FESS technology, represents a crucial 

advancement in power system engineering. It plays a pivotal role in modernizing power 

systems to accommodate increasing renewable energy penetration while maintaining grid 

stability and reliability [20, 21]. 

 

FESS are gaining traction in modern power systems due to their rapid response times and high-

power density. Alongside their primary function of storing energy, FESS can significantly 

enhance the fault capability of the power system[14, 15, 22]. 

 

During electrical faults, such as short circuits or line disturbances, FESS can provide vital 

support to the grid[13, 23]. One of the key attributes that render FESS valuable in fault 

scenarios is their ability to inject or absorb power swiftly[24]. When a fault occurs, FESS can 

promptly inject power into the system to stabilize voltage levels and mitigate voltage dips, 

thereby lessening the fault's impact on overall grid stability[25]. Similarly, FESS can absorb 



Chapter one                                                                              General Introduction and Description  

4 
 

excess power during fault clearance to prevent voltage spikes and minimize damage to sensitive 

equipment[1, 7]. 

 

Furthermore, FESS's inherent characteristics, including high-power density and rapid response 

times, enable them to provide dynamic support during fault events. Unlike traditional rotating 

machinery, FESS can respond almost instantaneously to changes in system conditions, making 

them well-suited for fault ride-through and recovery[26]. 

 

Another advantage of FESS in fault scenarios is their ability to operate independently of grid 

frequency. Unlike synchronous generators, which require grid frequency for synchronization, 

FESS can continue to provide support even if grid frequency deviates significantly from the 

nominal value during fault conditions. This attribute enhances the resilience of the power 

system and ensures uninterrupted operation during fault events[27, 28]. 

 

Moreover, FESS's modular design allows for scalability and flexibility in fault mitigation 

strategies. By deploying multiple FESS units across the grid, operators can strategically 

distribute fault support capabilities, ensuring optimal coverage and resilience against various 

fault scenarios[20, 21]. 

 

In conclusion, the fault capability of FESS is a valuable asset in modern power systems. Their 

ability to inject or absorb power rapidly, combined with their inherent characteristics of high-

power density and fast response times, makes them well-suited for supporting the grid during 

fault events. By leveraging the fault capability of FESS, power system operators can enhance 

grid stability, minimize downtime, and improve overall system reliability[14, 15]. 

 

This thesis introduces a novel approach, Magnetic Power Split Technology (Magsplit), aimed 

at enhancing the performance of Flywheel Energy Storage Systems (FESS).Magsplit, when 

integrated with either Wound Rotor Synchronous Machine (WRSM) or Squirrel Cage 

Induction Machine (SCIM), enables efficient power flow control and improves the overall 

efficiency and reliability of the FESS. It achieves this by offering a continuously variable 
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transmission mechanism through the utilization of magnetic gears [29-31]. This integration of 

Magsplit into FESS with WRSM or SCIM presents exciting opportunities for optimizing 

energy storage systems and overcoming the limitations of conventional approaches. 

 

This thesis aims to explore the integration of Magsplit with FESS in the context of the UK 

power system. The research focuses on enhancing the grid stability through advanced energy 

storage solutions. The objectives of the thesis include the analysis, modelling, and performance 

evaluation of the proposed FESS employing Magsplit system. The research will investigate the 

impact of Magsplit integration on power quality, and grid integration. Simulation models and 

experimental validation will be conducted to assess the performance and effectiveness of the 

proposed system. 

 

The thesis is organized as follows: 

¶ Chapter One provides an overview of conventional FESS and highlights its limitations, 

such as low power quality and the absence of grid inertia contributions. The need for a 

novel FESS solution to improve energy storage system performance is established. 

 

¶ Chapter Two presents a detailed description and modelling of the proposed FESS with 

Magsplit integration. It focuses on the control of Magsplit for power flow. The chapter 

includes Simulink models of WRSM and SCIM, explaining their connection within the 

FESS framework. 

¶ Chapter Three examines the performance of the Magsplit-integrated FESS. It discusses 

the advantages of Magsplit, such as reducing the size of the power electronics converter, 

and introduces direct grid connection options using WRSM and SCIM. 

 

¶ Chapter Four details the simulation methodology and comprehensive analysis of the 

proposed FESS with Magsplit integration. The chapter focuses on the simulation 

models, input parameters, and performance metrics employed to assess the system's 

behaviour under varying frequency conditions and power delivery/absorption within 

specific timeframes. 
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¶ Chapter Five validates the proposed FESS-Magsplit system through experimental 

testing. It describes the test rig setup, data acquisition methods, and measurement 

protocols used. The chapter ensures the accuracy and reliability of the system by 

comparing experimental results with simulation outcomes. 

 

¶ Chapter Six: Conclusions and recommendations based on the research findings, 

discussing the potential implications for enhancing grid stability and the future 

development of energy storage systems integrated with Magsplit. 

 

 

By addressing these research chapters, this thesis aims to contribute to the advancement of 

FESS technology and demonstrate the viability of Magsplit integration for enhancing energy 

storage system performance. The findings and insights presented in this thesis hold significant 

potential for shaping the future of renewable energy integration, improving power quality, and 

promoting grid stability. 

 

Thesis Novelties: 

This thesis presents a novel configuration of flywheel energy storage systems (FESS) 

employing Magsplit technology to effectively tackle the challenges associated with renewable 

energy integration, particularly in terms of intermittency and grid stability. The key innovations 

and contributions of this research are as follows: 

 

1- Introduction of Wound Rotor Synchronous Machine (WRSM) for Grid-Friendly 

Energy Generation: 

A significant aspect of this thesis is the introduction of the use of wound rotor synchronous 

machine (WRSM) within the FESS framework. WRSM is specifically designed to be grid-

friendly, offering enhanced compatibility with existing grid infrastructure. By integrating 

WRSM into FESS, the thesis aims to optimize energy generation from renewable sources while 

ensuring stable and reliable grid operation. 
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2- Versatility of WRSM as a Synchronous Condenser: 

Furthermore, this thesis explores the versatile capabilities of WRSM, highlighting its ability to 

function as a synchronous condenser when necessary. This additional functionality allows for 

dynamic adjustments in response to grid demands, thereby improving grid stability and 

resilience. The utilization of WRSM as a synchronous condenser represents a significant 

advancement in enhancing the flexibility and reliability of renewable energy systems. 

 

3- Introduction of Squirrel Cage Induction Motor (SCIM) for Enhanced System Stability: 

Additionally, the thesis introduces the integration of Squirrel Cage Induction Motor (SCIM) 

within the FESS setup. SCIM serves multiple purposes, acting as a rugged damping machine 

and offering a cost-effective solution for improving system stability. By incorporating SCIM 

into the system architecture, the thesis aims to mitigate energy fluctuations and enhance overall 

system performance. 

 

4- Reduction in Power Electronics Converter Size for Improved Power Quality and Cost 

Efficiency: 

Moreover, the thesis focuses on reducing the size of power electronics converters, leading to 

improvements in power quality and cost efficiency. By minimizing converter size, the system 

achieves higher efficiency and reliability while simultaneously reducing installation and 

maintenance costs. This optimization contributes to enhancing the overall economic viability 

of FESS solutions. 

 

5- Direct Connection of Both Machines to the Grid for Enhanced Inertia and Power 

Quality: 

Another significant aspect of this research is the direct connection of both WRSM and SCIM 

to the grid. This configuration enhances system inertia and improves power quality by 

facilitating seamless energy transfer and grid integration. Additionally, the integration of 

Magsplit technology, with its inherent advantages such as high efficiency and reliability, 

further enhances the overall performance of the system, making it a viable solution for 

renewable energy integration challenges. 
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1.2 Structure and Components of Conventional FESS  

The flywheel energy storage system (FESS) utilizes the principle of a rotating mass to store 

energy[32]. It operates as a mechanical storage device by converting electrical energy into 

mechanical energy and storing it in the form of rotational kinetic energy. The key components 

of a FESS include a rotating rotor, a motor-generator (MG), bearings, a power electronics 

interface, and a protective housing or containment system [13, 20, 25]. A schematic 

representation of a typical FESS for ground-based power applications is depicted in Figure 1.1. 

 

  

 

Fig 1.1 Structure and components of FESS [14]. 

 

The FESS typically receives electrical energy from the grid or another electrical source as its 

input [25]. This energy is used to accelerate the flywheel and store it as rotational energy [20]. 

When the stored energy is needed, the flywheel slows down, and the energy is released. To 

facilitate this energy conversion, an electrical motor-generator (MG) is employed [32]. The 

MG enables the interchange of electrical energy to mechanical energy and vice versa [13, 20, 

25, 33]. 
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During the charging phase, the MG operates as a motor, drawing power from the electrical 

source to accelerate the flywheel up to the desired speed [14, 32]. This process charges the 

FESS by storing energy in the rotating flywheel. Conversely, during the discharging phase, the 

stored energy in the flywheel is utilized to generate electrical power. The MG switches to 

generator mode, allowing the deceleration of the flywheel while producing electrical energy 

[13, 14, 25, 32]. 

 

The flywheel and MG are connected in a coaxial arrangement, meaning they share the same 

axis of rotation. This configuration enables control over the flywheel by controlling the MG 

[12, 14, 32]. By regulating the operation of the MG, the energy flow and performance of the 

flywheel can be effectively managed [14, 32]. 

 

1.2.1 Flywheel rotor 

The energy stored in a flywheel is influenced by the material and shape of the rotor[13, 14, 25]. 

The stored energy can be determined using Equation (1.1), which shows that it is directly 

proportional to the moment of inertia and the square of the flywheel speed [13, 14, 20, 25, 34]: 

 

 Ὁ  ὐ (1.1)  ‫ 

 

In this equation, E represents the kinetic energy stored in the flywheel, ὐ is the moment of 

inertia, and  .is the speed of the flywheel rotor  ‫ 

 

Furthermore, the available energy stored in a flywheel within a speed range from the minimum 

speed to the maximum speed can be calculated using Equation (1.2) [34]: 

 

ЎὉ  ὐ  ‫  ‫  =   ὐ  ‫  ρ  )   (1.2) 
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Typically, a flywheel rotor operates within the range of ‫  to ‫  , which limits the 

torque of the motor-generator (MG) to its maximum value for a given power rating [14]. By 

setting the ratio of  ‫  to ‫   as 0.5, approximately 75% of the total stored energy in 

the flywheel can be extracted [14, 15, 32]. 

 

1.2.2 Electric machine 

The electric machine, also known as the integrated motor-generator (MG), is connected to the 

flywheel rotor to extract or store energy in the flywheel [12, 14, 32]. Depending on the 

operating conditions, the electric machine can function as a motor or a generator. When 

operating as a motor, it accelerates the flywheel rotor and converts electrical energy from the 

power supply or electric load into kinetic energy stored in the flywheel during the charging 

phase[20, 25]. Conversely, when operating as a generator, it decelerates the flywheel rotor and 

converts the stored kinetic energy in the flywheel back into electrical energy, supplying it to 

the power grid or electric load during the discharging phase [14, 20, 25, 32, 34]. 

 

Various types of electric machines are used in FESS, depending on the specific application. 

Induction machines (IM) are commonly used for high-power applications due to their 

ruggedness, high torque capability, and lower cost [12, 33, 34]. However, IMs have limitations 

in terms of speed, and complex control requirements [14]. Additionally, the significant rotor 

heating of IMs can be problematic for composite flywheels [12, 14]. Doubly fed induction 

machines (DFIMs) have also been utilized in FESS applications as they offer the advantage of 

reducing the size of the power electronics converter and providing flexible control [19, 35]. 

 

Permanent magnet synchronous machines (PMSMs) have become increasingly popular in 

FESS due to their higher efficiency, high power density, and absence of rotor losses [36]. They 

are particularly suitable for high-speed applications and can mitigate hysteresis losses 

compared to IMs [37]. However, PMSMs are more expensive, less rugged than IMs, and have 

concerns regarding accidental demagnetization, which increases with temperature. Another 

drawback of PMSMs is the idling losses caused by stator eddy current losses [36-38]. 
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Variable reluctance machines (VRMs) are robust and have low idling losses, making them 

suitable for a wide range of speeds [39]. They have a simpler control mechanism compared to 

IMs, especially for high-speed operations. However, VRMs have lower power factor, lower 

power density, and higher torque ripples [39, 40]. 

 

Table 1.2 Comparison of electrical machines applicable for FESS[22]. 

Machine Asynchronous Variable Reluctance 
Permanent Magnet 

Synchronous 

Power High Medium and low Medium and low 

Specific power 

Rotor losses 

Medium (~0.7 kW/kg) 

Copper and iron 

Medium (~0.7 kW/kg) 

Iron due to slots 

High (~1.2 kW/kg) 

Very low 

Spinning losses 
Removable by annulling 

flux 

Removable by annulling 

flux 

Non-removable, static 

flux 

Efficiency High (93.4%) High (93%) Very high (95.5%) 

Control  Vector control 

Synchronous: Vector 

Control. 

Switched: DSP 

Sinusoidal: Vector 

control. 

Trapezoidal: DSP 

Size 1.8 L/kW 2.6 L/kW 2.3 L/kW 

Torque ripple Medium (7.3%) High (24%) Medium (10%) 

Maximum/base speed Medium (>3) High (>4) Low (<2) 

Demagnetization No No Yes 

Advantages 

Low cost 
Robustness of 

temperature overheat 
Low loss, high efficiency 

Simple manufacture Overcurrent capability High power density 

Technology-matured 
Excitation coil can repeat 

adjustment 
High load density 

Adjustable power factor 
Lower loss at starting 

torque 
High torque density 

No demagnetization Easy to dissipate heat 
Small volume, light 

quality 

High energy storage 
Lower loss, higher 

efficiency 
No field winding loss 

Disadvantages 

High slip ratio of rotor Complex structure 
poor robustness of 

temperature 

Limited speed Difficult to manufacture Demagnetisation 

High losses, low 

efficiency 
Low power factor High cost 
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Table 1.2 provides a comprehensive comparison among IMs, VRMs, and PMSMs. Ultimately, 

the selection of an electric machine for a Flywheel Energy Storage System (FESS) is influenced 

by various factors such as power demands, cost-effectiveness, speed variability, efficiency, 

durability, and control intricacy[20, 21]. Various machine types, such as IMs, DFIMs, PMSMs, 

and VRMs, offer distinct advantages and trade-offs for different FESS applications. It is crucial 

to highlight that the machine's rated power aligns with the rated power of the flywheel rotor 

configurations[20, 21, 28]. 

 

1.2.3 Power Electronics converter 

The energy conversion process in a flywheel energy storage system (FESS) involves the 

integration of an electrical machine (MG) and a bi-directional power electronics converter[13, 

14, 20, 41]. These components play a crucial role in enabling efficient power flow between the 

main grid and the FESS [13, 14, 20, 32, 41, 42]. In FESS applications, various power electronic 

converter topologies can be employed, all operating in a bi-directional mode to facilitate the 

transfer of electrical energy between the FESS and the main grid. One commonly used 

configuration is the AC-DC-AC topology, which is also known as the back-to-back (BTB) 

configuration. The BTB topology offers flexibility and versatility in power conversion [13, 14, 

34]. In wind power applications, an inverter is utilized to connect the FESS to either the grid 

or the DC link of the wind generator, as depicted in figures 1.2 and 1.3 [41]. 

 

When selecting the appropriate switches for the BTB topology, careful consideration is given 

to their operational characteristics and the specific requirements of the FESS application [14, 

41]. Commonly used switches include insulated gate bipolar transistors (IGBTs), silicon-

controlled rectifiers (SCRs), and other suitable semiconductor devices [14]. The choice of 

switch depends on factors such as power handling capabilities, voltage rating, switching speed, 

and efficiency [14, 41]. In the BTB configuration, the converter consists of three-phase bridged 

semiconductor switches that are controlled using pulse width modulation (PWM) techniques 

[14]. PWM involves generating rectangular pulses with adjustable widths to create a variable 

waveform. This waveform is then applied to the BTB converter, resulting in the production of  
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Fig 1.2 FESS with a BTB converter directly connected to the grid. 

 

 

 

 

Fig 1.3 FESS with a DCAC converter connected to the DC link. 

 

 

a sinusoidal alternating current (AC) from a direct current (DC) input [14, 41]. By modulating 

the width of the pulses, the converter can efficiently control the magnitude and frequency of 

the AC output [13, 14, 34, 41]. The Grid-Side Converter (GSC) in the BTB topology is 

responsible for maintaining the voltage of the DC link, ensuring a stable and controlled energy 

exchange between the FESS and the main grid [14, 37]. On the other hand, the Machine-Side 

Converter (MSC) plays a vital role in controlling the operation of the MG and the flywheel [14, 

25, 37]. It regulates the speed and torque of the electrical machine, facilitating the charging and 

discharging processes of the FESS [14, 20, 25, 37]. The successful integration of the electrical 

machine, bi-directional power electronics converter, and appropriate control mechanisms 
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enables efficient energy conversion within the FESS. This ensures smooth power flow between 

the FESS and the main grid, allowing for effective energy storage and retrieval as required by 

the application [14, 20, 25, 37].  

 

In summary, the energy conversion in a FESS relies on the utilization of an electrical machine 

and a bi-directional power electronics converter, such as the BTB topology. The selection of 

switches, controlled by PWM techniques, is critical for achieving optimal performance and 

efficiency. These components work together to enable reliable and efficient power flow 

between the FESS and the main grid, ensuring effective energy storage and utilization in 

various applications [14, 37]. Despite the power electronics converter providing a solution for 

controlling the power flow between the FESS and the grid, it is associated with power quality 

issues such as harmonics and distortion. 

 

1.2.4 Bearings 

The purpose of rotor bearings is indeed to support and maintain the flywheel rotor in the correct 

position for free rotation [13]. There are two main types of bearing systems commonly used: 

mechanical bearings and magnetic bearings[13, 20]. 

 

Mechanical bearings are the traditional type of bearings that rely on physical contact between 

the rotating parts. In high-speed applications, mechanical bearings tend to have high friction 

and losses, which can limit their efficiency [13, 14, 20]. They also have a shorter lifespan and 

require regular lubrication and maintenance to prevent wear and tear [13]. On the other hand, 

magnetic bearings operate without any physical contact between the rotor and the bearings. 

They use magnetic fields to levitate and support the rotor shaft [13, 14]. Magnetic bearings 

offer several advantages over mechanical bearings, especially in high-speed applications [14]. 

Due to their low friction characteristics, they can significantly reduce losses and increase 

system efficiency [13, 14]. This makes them suitable for applications where reaching high 

speeds is crucial. Additionally, magnetic bearings eliminate the need for lubrication and 

periodic maintenance associated with mechanical bearings [14]. They have a longer lifespan 

and require fewer repairs or replacements. These factors contribute to their overall reliability 

and reduced downtime in industrial or high-performance systems [13, 14, 20].  
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In summary, while mechanical bearings rely on physical contact and require lubrication and 

maintenance, magnetic bearings levitate the rotor without contact, reducing friction, losses, and 

the need for maintenance. Magnetic bearings are particularly advantageous in high-speed 

applications where efficiency and reliability are critical [13, 14]. 

 

1.2.5 Housing 

The housing or enclosure of a FESS serves two important purposes. Firstly, it provides an 

environment with low gas drag. The housing is designed to minimize air resistance or gas drag, 

which can have a negative impact on the rotational speed and efficiency of the flywheel. By 

reducing gas drag, the housing helps to maximize the energy storage and retrieval capabilities 

of the system[20, 25]. 

 

Secondly, the housing is responsible for the containment of the rotor in the event of a failure. 

In case of any mechanical or structural failure within the FESS, such as a rotor imbalance or a 

bearing failure, the housing acts as a protective barrier [14, 20, 25, 32]. It prevents the 

disintegration of the rotor and the release of debris or fragments, which could pose a safety 

hazard to the surroundings [14, 32]. The housing is typically made of a thick and strong 

material, such as steel or composites, to withstand the forces generated during a failure event 

[14, 20, 25, 32]. 

 

By providing a low gas drag environment and ensuring the containment of the rotor, the 

housing contributes to both the performance and safety of the FESS [14, 32]. It enables the 

system to operate at optimal efficiency while minimizing the risk of catastrophic failure. This 

combination of improved performance and enhanced safety makes the housing an essential 

component of a reliable and efficient FESS [14, 20, 25, 32]. 

 

To sum up, the conventional FESS has certain limitations that hinder its widespread adoption. 

One significant drawback is its reliance on full capacity power electronics converters. While 

power electronics converters offer numerous advantages in terms of energy conversion and 

control, they suffer from drawbacks that affect power quality. The use of full power converters 
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in FESS systems can result in low power quality, including issues related to harmonics and 

distortion. 

 

Another critical limitation of conventional FESS is its inability to contribute to the overall grid 

inertia. Grid inertia refers to the ability of the power system to withstand and respond to sudden 

changes in load or generation. Traditional FESS, with its full power converter capacity, lacks 

the capability to contribute to the total grid inertia, which can lead to stability and reliability 

concerns. 

 

1.3 The proposed drivetrain system.  

The transmission subsystem plays a crucial role in achieving optimal performance and meeting 

strict performance standards for a FESS [13, 14, 25, 32]. This study introduces a novel 

drivetrain system, as depicted in Figure 1.4, diverging from the conventional FESS detailed in 

Section 1.2. The integration of Magsplit technology, along with a flywheel rotor and electric 

machine either a WRSM or an SCIM, proves to be highly effective in satisfying the 

requirements of FESS components across a range of operating conditions. This integration 

effectively addresses the demands placed on the transmission subsystem and contributes to the 

overall success of the FESS system. 

 

Figure 1.4 proposed drivetrain system 
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Magsplit, combines the advantages of magnetic gears with motor-generator functionality, 

resulting in a compact power-split device [31]. The research conducted in [17] highlights the 

application of Magsplit in hybrid cars, demonstrating its ability to enhance system efficiency 

and fuel economy by capitalizing on the inherent efficiency and torque transmission 

capabilities of magnetic gears. Its versatility and compact design make it well-suited for 

commercial hybrid and electric vehicles, as well as applications in wind and tidal energy, 

marine propulsion, and aircraft flight surfaces [31, 43].  

 

1.3.1 Construction and principal operation of a Magnetic gear 

Magnetic gears utilize magnetic fields for contactless torque transfer, providing benefits such 

as low friction, minimal maintenance. In contrast, mechanical gears rely on physical contact 

between toothed wheels, ensuring reliable power transmission but necessitating lubrication and 

being susceptible to noise and vibration. Figure 1.5 depicts a comparison between mechanical 

and magnetic planetary gears. 

 

 

a) Mechanical gear                                                                                     b) Magnetic gear 

Fig 1.5 Mechanical and Magnetic Planetary Gears [44] 

 

In [45], a coaxial magnetic gear is introduced, comprising three components: a high-speed inner 

rotor, a low-speed outer rotor, and a pole pieces rotor positioned between them. The pole pieces 

rotor is composed of several ferromagnetic iron pieces, while the other two rotors are made of 

permanent magnetic material but possess different numbers of pole pairs. 
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In the cited references [45-48], detailed explanations are provided regarding the operational 

principles of magnetic gears, specifically focusing on the relationship between the number of 

poles and speeds of the three rotors. The functionality of the magnetic gear relies on the 

modulation of magnetic fields generated by the permanent magnet rotors through the use of 

ferromagnetic pole-pieces [45]. This modulation ensures the creation of suitable space 

harmonics with the necessary number of poles corresponding to each permanent magnet rotor 

[45, 46]. The relationship between the speeds of the rotors can then be given by: 

 

 

 

‫
ὴ

ὴ ὴ
 ‫ 

ὴ

ὴ ὴ 
 ‫  (1.3) 

 

 

¶ ὴ  represents the number of pole-pairs on the PMR. 

¶ ὴ represents the number of pole-pieces in the PPR. 

¶ ‫  , ‫  and -correspond to the rotational speeds of the PMR, the PPR, and the low ‫

speed rotor, respectively. 

 

 

Assuming the number of pole pairs on the inner permanent magnet rotor is denoted as (ὴ),  

the number of pole pairs on the outer permanent magnet rotor as (ὴ), the given expression can 

be written as: 

ὴ ὴ ὴ (1.4) 

 

 

Assuming the rotational speed of the inner permanent magnet rotor is denoted as (the ,( ‫ 

rotational speed of the outer permanent magnet rotor as (the given expression can be ,( ‫ 

written as: 
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ὴ‫ ὴὴ(1.5)  ‫ ‫ 

 

Equations (1.4) and (1.5) have a significant impact on the operation of a coaxial magnetic gear 

[45, 46]. The combination of (ὴȟὴ ὥὲὨ ὴ is carefully chosen to ensure stable torque 

transmission while the rotors rotate at different speeds. These equations demonstrate the 

relationship between the number of pole pairs of the permanent magnet, the number of pole 

pieces, and the rotational speeds of the three rotors [45-48]. 

 

When one of the three rotors in the magnetic gear remains stationary, it establishes a consistent 

gear ratio (Ὃ  between the speeds of the other two rotors [45, 46]. For instance, if the rotor 

with pole pieces is held stationary (‫ π, the gear ratio can be calculated as follows: 

 

Ὃ
‫ 

 ‫ 

ὴ

ὴ
 (1.6) 

 

The presence of the minus sign in equation (1.6) signifies that the two rotors rotate in opposite 

directions. On the other hand, if the outer permanent magnet rotor is held stationary (,π ‫  

the gear ratio can be expressed as follows [45, 46]: 

 

Ὃ
‫ 

 ‫ 

ὴ

ὴ
 (1.7) 

 

In summary, magnetic gears are a promising alternative to traditional mechanical gears. They 

use magnetic fields to transmit torque and motion, eliminating the need for physical contact 

between gears [49, 50]. This results in reduced friction, increased efficiency, and improved 

reliability. Magnetic gears offer benefits such as high torque density, the ability to transmit 

torque through non-magnetic barriers, and minimal noise and vibration [45, 46, 49, 50]. 
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However, they also have higher initial costs [45, 49]. Ongoing research and development aim 

to address these challenges and further enhance magnetic gear technology. With advancements 

in materials and control systems, magnetic gears have the potential to revolutionize industries 

such as renewable energy and automotive. 

 

In Figure 1.6, the structural layout of the Magsplit is illustrated, showcasing its design 

resemblance to magnetic gears, albeit with a notable alteration: the outer permanent magnet 

rotor is substituted with stator windings. Comprising three essential components, the Magsplit 

includes a stationary section accommodating the stator windings, alongside two rotating 

elements - the pole-pieces rotor (PPR) and the permanent magnet rotor (PMR) [29, 31]. 

 

 

 

Figure 1.6 Structure illustration of the Magsplit  

 

 

Operating on the principles of magnetic flux modulation, the Magsplit facilitates torque 

transmission between two coaxial shafts while enabling their independent rotation. Its design 

incorporates several critical elements that facilitate efficient torque transfer and the decoupling 

of rotational motion[29, 31]. 

 

Within the Magsplit structure, The PMR contains a particular configuration of permanent 

magnets, commonly arranged in a Halbach array pattern. This configuration produces a strong 
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magnetic field while minimizing flux leakage, thereby maximizing the efficiency of torque 

transmission[29-31]. 

 

Conversely, the PPR features a complementary array of soft magnetic materials, such as iron 

or steel, strategically positioned to interact with the magnetic field generated by the PMR. As 

the PMR undergoes rotation, the magnetic flux dynamically modulates between the PMR and 

PPR, inducing torque transfer without necessitating physical contact between the shafts[29-

31]. 

 

A notable distinction between the Magsplit and traditional magnetic gears lies in their 

operational principles and configurations. While both technologies leverage magnetic fields 

for torque transmission, the Magsplit achieves rotational motion decoupling through magnetic 

flux modulation, whereas magnetic gears typically rely on magnetic field interactions for 

torque transfer[31]. 

 

Furthermore, the Magsplit presents several advantages over conventional magnetic gears, 

including heightened torque density, reduced cogging torque, and enhanced efficiency. By 

enabling independent rotation of the PMR and PPR shafts, the Magsplit allows precise control 

over rotational speeds and directions, rendering it suitable for diverse applications requiring 

meticulous torque transmission and motion regulation[31]. 

 

 

1.3.2 Electric Machines Utilized in FESS with Magsplit Integration 

In Flywheel Energy Storage Systems (FESS), the selection of electric machines is pivotal in 

shaping system performance, efficiency, and overall efficacy. With the incorporation of 

Magsplit technology into the system, two specific machines are employed: the Squirrel Cage 

Induction Motor (SCIM) or the Wound Rotor Synchronous Motor (WRSM). In this research, 

the connection scheme involves coupling the rotor of each machine with the pole pieces rotor 

of the Magsplit, while the stator is directly linked to the grid. This connection method is 
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distinctive compared to conventional FESS setups, offering novel advantages in system 

operation and performance. 

 

 

Figure 1.7 Induction Machine and Synchronous Machine Torque-Speed Characteristic (Per Unit) 

 

The torque-speed curves depicted in Figure 1.7 offer a visual representation of the performance 

attributes of both asynchronous (induction) and synchronous machines across different 

operational scenarios. 

 

For asynchronous machines, the torque-speed curve typically exhibits a peak torque at a certain 

level of slip, representing the maximum torque achievable. This peak torque is crucial for 

applications requiring high starting torque, such as industrial machinery and conveyor systems. 

Beyond the peak torque, the curve experiences a rapid decline, indicating the machine's 

limitations in delivering torque at higher slip values, known as the breakdown torque region[51, 

52]. 

 

In contrast, the torque-speed curve of a synchronous machine shows a relatively flat and 

constant torque region over a wide range of speeds. This constant torque region extends up to 
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synchronous speed, where the machine reaches its maximum torque value. Synchronous 

machines operate with minimal slip or ideally at zero slip, ensuring stable operation and precise 

speed control. This characteristic makes synchronous machines suitable for applications 

demanding constant speed, such as power generation and industrial processes requiring 

synchronous operation with the power grid[53, 54]. 

 

Comparing the torque-speed curves of asynchronous and synchronous machines reveals their 

dynamic response to changes in load and speed. Asynchronous machines exhibit more 

significant variations in torque and speed across different operating conditions due to their 

inherent slip-dependent torque characteristics. In contrast, synchronous machines maintain a 

stable torque output with minimal variations, offering superior speed regulation and 

synchronization capabilities[55, 56]. 

 

Understanding the detailed characteristics depicted by the torque-speed curves is essential for 

selecting the most suitable motor type for specific applications and optimizing their 

performance and efficiency. Engineers and designers leverage these curves to make informed 

decisions regarding motor selection, ensuring optimal operation and reliability in various 

industrial, commercial, and power generation applications[56]. 

 

1.4 UK power system grid 

Frequency response is a critical aspect of maintaining grid stability and reliability in the UK 

power system [21, 57]. With the increasing integration of variable renewable energy sources, 

such as wind and solar, the variability and intermittency of these sources pose challenges for 

grid operators in maintaining frequency within acceptable limits [16, 58]. To address this, 

energy storage technologies, such as battery and flywheel energy storage, have emerged as 

potential solutions for providing frequency response services [5, 59-61]. Figure 1.8 and 1.9 

show the traditional and future UK power system grid. Several studies and research papers 

have explored the concept of frequency response in the UK grid and the implementation of 

different energy storage for these services such as battery and flywheel energy storage [5, 59-

61]. These studies highlight the importance of frequency stability and the need for efficient and 

fast-acting response mechanisms to maintain grid frequency. 



Chapter one                                                                              General Introduction and Description  

24 
 

 

 Fig 1.8 Traditional UK power system [62] 

 

 Fig 1.9 Future UK power system [62] 

 

1.4.1 UK grid frequency response services 

Frequency response is classified into primary, secondary, and high response categories, which 

are crucial for maintaining grid stability. In the UK, these response categories are addressed 

through the Mandatory Frequency Response (MFR) program, which is implemented by 

National Grid  [62]. 
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Figure 1.10 illustrates the framework and requirements of the MFR program, showcasing the 

different response categories [63]. Providers participating in the MFR program have the 

flexibility to offer one or a combination of response times, as indicated in Table 1.3 [64]. This 

allows providers to tailor their offerings based on their capabilities and resources, ensuring 

efficient and effective frequency response services. 

 

Primary frequency response is the rapid response provided by fast-acting resources within 

seconds of a frequency deviation [63, 64]. These resources quickly adjust their output to 

balance supply and demand, helping restore grid frequency to its nominal value. Secondary 

frequency response involves resources that respond within minutes to correct frequency 

deviations caused by larger disturbances [63, 64]. This level of response ensures that grid 

frequency is restored to its normal range after significant disruptions. High-frequency response 

involves longer-term adjustments and scheduling of resources to ensure long-term grid stability 

[63, 64]. It involves strategic planning and coordination to optimize the use of resources and 

maintain frequency within acceptable limits. 

The MFR program, implemented by National Grid, ensures that the necessary response 

services are provided to maintain grid stability [63]. It mandates specific obligations for market 

participants to deliver primary, secondary, and high-frequency response services, ensuring a 

reliable and secure electricity system. By categorizing frequency response into primary, 

secondary, and high response and implementing MFR, the UK power system can effectively 

manage frequency deviations and maintain grid stability in the face of varying supply and 

demand conditions [63, 64]. 

 

Battery and flywheel energy storage systems are suitable options for providing reliable and 

efficient energy storage solutions in various applications. [5, 59]. Batteries offer fast response 

times, scalability, high energy density, and cycling performance [59]. They can quickly inject 

or absorb power to stabilize grid frequency during sudden changes. Flywheels, on the other 

hand, provide rapid response, high power capacity, excellent cycling performance, and grid 

resilience [5]. They can respond almost instantaneously to frequency deviations, making them 

ideal for primary frequency response. Both technological advancements offer substantial 

contributions towards augmenting grid stability and ameliorating the challenges associated 

with the integration of variable renewable energy sources. The choice between them depends 
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on specific project requirements, and hybrid solutions can be considered for optimal frequency 

response performance [5]. 

 

 

 

  

Fig 1.10 Frequency response services used to limit grid frequency drops in the UK power system [63]. 

 

 

 

 

Table 1.3 MFR Time specification [64] 

MFR Primary response Secondary response 
High frequency 

response 

Time specification 

Response provided 

within 10 seconds of 

an event, which can 

be sustained for a 

further 20 seconds.  

Response provided 

within 30 seconds of 

an event, which can 

be sustained for a 

further 30 minutes.  

Response provided 

within 10 seconds of 

an event, which can 

be sustained 

indefinitely.  
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1.4.2 New Dynamic Services (DC/DM/DR) 

National Grid ESO has recently introduced three new frequency response services: Dynamic 

Containment (DC), Dynamic Regulation (DR), and Dynamic Moderation (DM) [65]. Each 

service employs unique strategies to maintain the frequency stability at 50Hz. Figure 1.11 

provides a visual representation of the response envelope for these frequency response services, 

while table 1.4 outlines the detailed specifications of each service [66]. 

 

A study [5] has examined the feasibility of utilizing FESS to provide these frequency response 

services. The study suggests that FESS is most effective when delivering the DC service, which 

requires simultaneous provision of high and low frequency services [5]. However, FESS falls 

short in terms of sustained delivery for the prescribed 15-minute duration. Nevertheless, 

considering the narrow frequency fluctuation range of around 50 ± 0.2 Hz, FESS can 

effectively deliver this service for an extended period, utilizing only 5% of its total power 

capacity compared to the other two services that require full-scale delivery in this range. 

 

 

 

 

  

Fig 1.11 Response curve for current Frequency response services in the UK mainland system [66]. 
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Table 1.4 Services specification [65] 

Requirments DC DM DR 

Initiation time 0.5s 0.5s 2s 

Deadband ± 0.015Hz ± 0.015Hz ± 0.015Hz 

Knee point ± 0.2Hz ± 0.1Hz None 

Full delivery point ± 0.5Hz ± 0.2Hz ± 0.2Hz 

Max time to full delivery 1s 1s 10s 

Delivery duration 15 minutes 30 minutes 60 minutes 

 

 

1.4.3 Energy storage for frequency response services 

FESS and Batteries are emerging as promising solutions for providing frequency response 

services to the UK grid [4, 5, 59-61]. These technologies offer unique advantages and can play 

a crucial role in maintaining grid stability and balancing electricity supply and demand. 

 

Batteries, particularly lithium-ion batteries, have gained widespread recognition for their 

ability to store and discharge electrical energy efficiently. They excel in providing fast and 

precise frequency regulation services by injecting or absorbing power within milliseconds. 

With their high-power density, batteries can respond rapidly to grid frequency fluctuations, 

helping to stabilize the system. They are capable of delivering both high-power and long-

duration energy services, making them suitable for a wide range of frequency response 

applications [4, 59]. 

 

Flywheel energy storage systems, on the other hand, utilize the principle of kinetic energy to 

store and release power. When grid frequency deviates from the desired level, the flywheel can 

either absorb or release energy to restore balance. Flywheels offer extremely fast response 

times, typically in the sub-second range, allowing for rapid adjustments to frequency 

deviations. While flywheels may have lower energy storage capacity and self-discharge rates 

compared to batteries, they shine in delivering high-power bursts over shorter durations[5, 60, 

61]. 



Chapter one                                                                              General Introduction and Description  

29 
 

The combination of batteries and flywheels presents an opportunity for hybrid energy storage 

systems. Hybridization offers the advantages of both technologies, enabling efficient utilization 

of resources and improved system performance [67]. By integrating batteries and flywheels, 

the hybrid system can provide fast response times and high-power capabilities, along with 

longer duration energy storage. This hybrid approach can optimize the use of each technology's 

strengths, offering enhanced flexibility and reliability for frequency response services [8, 67, 

68]. 

 

Deploying batteries and flywheel energy storage systems for frequency response services in 

the UK grid brings several benefits[8, 68]. These technologies enable grid operators to respond 

rapidly to frequency fluctuations, helping to ensure stable and reliable power supply. They 

enhance grid resilience by providing fast and accurate frequency regulation, contributing to the 

overall efficiency and effectiveness of the electricity system. Furthermore, the deployment of 

these energy storage technologies promotes the integration of renewable energy sources, as 

they can smooth out the intermittent nature of renewables and support grid stability [8, 67, 68]. 

 

As the energy storage sector continues to advance, ongoing research and development efforts 

are focused on optimizing the performance, cost-effectiveness, and scalability of battery and 

flywheel energy storage systems [68]. Integration with advanced control and monitoring 

systems further enhances their capabilities and facilitates seamless integration into the UK grid 

infrastructure. With their potential to provide rapid response, high-power capabilities, and 

long-duration energy storage, batteries and flywheels are poised to play a vital role in the future 

of frequency response services for the UK grid [8, 67, 68]. 

 

Overall, the combination of flywheel energy storage systems and batteries can offer a 

synergistic approach to energy storage, reducing the impact of degradation on batteries and 

maximizing their operational efficiency and lifespan [8, 68]. 
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1.5 Chapter summary  

Chapter One serves as an introductory exploration into the realm of flywheel energy storage 

systems (FESS) integrated with Magsplit technology, aiming to address the challenges 

associated with renewable energy integration and grid stabilization. It begins by laying out the 

broader landscape of energy storage systems and their critical role in navigating the 

intermittency of renewable sources while ensuring grid stability. The chapter then delves into 

the core principles underlying flywheel energy storage, elucidating how kinetic energy is stored 

within rotating masses and subsequently converted into electrical energy. Moreover, it 

introduces Magsplit technology as a pioneering approach to enhancing the efficiency and 

performance of FESS, leveraging magnetic bearings and a split-rotor design for optimal 

operation. 

In addition to presenting the foundational concepts of FESS and Magsplit technology, the thesis 

introduces novel configurations and advancements aimed at further enhancing system 

capabilities. These include the integration of WRSM and SCIM within the FESS framework. 

The utilization of WRSM offers grid-friendly energy generation capabilities, optimized for 

seamless integration with existing grid infrastructure. Furthermore, the versatile nature of 

WRSM allows it to function as a synchronous condenser, providing dynamic adjustments to 

grid demands and bolstering stability. Additionally, the incorporation of SCIM brings 

enhanced system stability, acting as a rugged damping machine to mitigate energy fluctuations 

effectively. Through these innovations, the thesis aims to push the boundaries of FESS 

technology, paving the way for more efficient and resilient energy storage solutions in the 

context of renewable energy integration. 

 

Turning to the UK power system grid, the chapter sheds light on the significance of grid 

frequency response services and their role in ensuring grid stability and reliability. frequency 

response services involve the regulation of grid frequency to maintain system stability, 

especially amidst the increasing integration of renewable energy sources. Here, FESS equipped 

with Magsplit technology emerges as a promising solution for providing fast-response 

frequency regulation services. By absorbing surplus energy during periods of excess and 

releasing stored energy during shortages, FESS can effectively support grid frequency 

regulation efforts. This capability aligns with the evolving needs of the UK power system grid, 

where the demand for flexible and responsive energy storage solutions is on the rise. Thus, 
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FESS integrated with Magsplit technology holds promise as a key contributor to meeting the 

grid frequency response service requirements, thereby enhancing grid stability, and supporting 

the continued integration of renewable energy sources into the UK's energy landscape. 
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Chapter two: Description and modelling of the proposed FESS 

2.1 introduction  

A conventional FESS based on electric machine and the proposed FESS are shown in figure 

2.1. The conventional FESS (which is explained in previous chapter) consists of a flywheel 

rotor, an electric machine acting as motor and generator, and a back-to-back (BTB)power 

electronics converter as shown in figure 2.1(a). Figure 2.1(b) shows a proposed of FESS, in 

this topology the stored energy in the flywheel rotor is transmitted to the main grid through 

dual rotor magnetically geared power split device (Magsplit). Moreover, the flywheel power is 

delivered through BTB converter which can be limited to about 20% of the total power, and a 

either wound rotor synchronous machine WRSM or squirrel cage induction machine SCIM. 

Therefore, the proposed FESS distinguishes itself from conventional systems by reducing the 

size of the power electronic converter and directly connecting a grid friendly WRSM or SCIM 

to the grid. 

  

                                  (a)                                                                                       (b)  

Fig 2.1 FESS: (a) conventional FESS; (b) proposed of FESS. 

 

 

the Magsplit has three components, the permanent magnet rotor (PMR) is connected to 

flywheel rotor, the pole pieces rotor (PPR) is connected to the WRSM, and the stator is 

connected to the grid through BTB power electronics converter. Input and output powers to 

and from the flywheel rotor are controlled by the Magsplit, which splits the power between the 

BTB converter and the WRSM.  
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Table 2.1 the specifications of the FESS 

 

 

 

 

 

 

 

 

 

 

This table 2.1 summarizes the key specifications of the FESS employing the Magsplit system, 

including rated power, the split power, number of pole-pieces rotor and permanent magnet 

rotor, voltage level, and the number of pole pairs of the electric machine. Additional 

information regarding the system parameters is elucidated in Chapter Four. 

 

 

2.2 flywheel rotor model 

Flywheel rotor is modelled as rotating inertia, and its motion is governed by the following 

equation: 

 Ὠ‫ 

Ὠὸ
ὐ ὐ  Ὕ  ὦ ‫ ὦ  

(2.1) 

                                                       

Ὕȟὐ and ὦ  are torque, moment of inertia and damping of the Magsplit permanent magnet 

rotor, respectively, while ‫ȟ   ὐ and ὦ are speed, moment of inertia and damping of the 

flywheel rotor. 

 

 

Parameter Specification 

Rated Power of FESS 2 MW 

Power Electronics Converter 0.4MW (20%) 

Electric Machine 

(WRSM or SCIM)  

Rated power 1.6MW (80%) 

Number of Pole 

Pairs 
2 

Magsplit  

Rated Power 2 MW 

Number of PPR 16 

Number of PMR 9 

Number of  Pole 

Pairs of the stator 
7 

Voltage Level 690V 
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Fig 2.2 Model of flywheel rotor 

 

Flywheel rotor is a rotating mass that can be used to store energy in the form of kinetic energy. 

It is connected to the PMR of the Magsplit. During service, the flywheel rotor undergoes large 

variations in rotational speeds [13, 19, 37].  

 

2.3 Modelling of Magsplit  

In [31] a new version of Magsplit is proposed which has a simple mechanical design and high 

efficiency. As shown in figure 2.3, it consists of a stator, permanent magnet rotor (PMR) and 

a pole pieces rotor (PPR) [31].  

PPRPMR

Stator

 

Fig 2.3 Cross section of Magsplit [44]. 
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It is an integration of a magnetic gear with a high-performance permanent magnet machine. 

Magsplit consists of the same components of the magnetic gear, which is described in previous 

chapter, but the outer permanent magnet rotor is replaced by a stator. Hence the transmitted 

torque can be controlled by the currents of the stator windings [31]. 

 

In order to develop a mathematical model of the Magsplit, the following assumptions are 

considered: 

- The induced electromagnetic force (EMF) is sinusoidal. 

- The air gap between the rotor and stator is uniform.  

- Magnetic saturation and iron losses are ignored. 

 

2.3.1 Magsplit Electrical model 

The Magsplit is the critical part of the investigated FESS, and the power flow is achieved 

through the control of Magsplit. The stator winding interacts with the space harmonic resulting 

from the modulation of PMR magnetic field by with PPR, and since the winding inductances 

are fairly independent of rotor position, thus, electrically the Magsplit is modelled and 

controlled in a similar fashion as surface mounted synchronous permanent magnet (SPM) 

machine [29, 30]. Therefore, the three-phase stator voltage equations in the stationary abc 

reference frame can be expressed as follows[30]:  
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(2.2) 

 

where ὠ, ὠ, and ὠ represent the stator phase voltages; Ὥ, Ὥ, and Ὥ are the stator phase 

currents ; Ὑ is the stator phase resistance;   ,   , and   are the stator phase flux linkages. 

The three-phase stator flux linkages can be expressed as:   
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where ὒ, Ὥί the stator phase self-inductance, and ὓ iί the stator mutual inductance between the 

phases and   ,   , and    are the space harmonic phase flux linkages. These are a 

function of electrical position of the space harmonic magnetic field wave, ɗe, and the peak 

value    and can be written as follows: 
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(2.4) 

 

The electromagnetic torque Ὕ can be expressed as: 

 

                         Ὕ  Ὥ Ὥ Ὥ     
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(2.5) 

 

ɗe can be determined as: 

 

ʃ  ὴ ʃ ὴ ʃ                                                       (2.6) 

 

Where ʃ ὥὲὨ ʃ  are the rotor positions of the PPR and PMR.  

 

2.3.2 Magsplit Mechanical model  

Typically, PMR is connected to the high-speed shaft, PPR is connected to the WRSM, while 

the stator is driven by power electronics converter. Its principle of operation relies on the use 

of ferromagnetic pole-pieces of the PPR to modulate the magnetic field produced by either the 

permanent magnet rotor or stator windings [29, 31, 43, 69]. When the magnetic field produced 

by PMR is modulated by the PPR, resulting in flux space harmonics in the nonadjacent air gap, 

and the highest of them with the following number of pole pairs:  
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ὴ ὴ ὴ  (2.8) 

 

Where ὴ is the number of pole-pieces on the PPR, ὴ is the number of pole pairs of the stator 

windings and ὴ  is the number of pole pairs of the PMR. To accomplish torque transmission, 

the number of pole pairs of highest space harmonics produced by the PMR in the air gap 

adjacent to the stator must be equal to the number of pole pairs of the stator windings or vice 

versa [31].  

 

The speeds of the PMR, the PPR and the magnetic field generated by the stator windings are 

associated by: 

ὴ ὴ  ‫ ὴ  ‫  ‫   (2.9) 

 

Where  is the speed of magnetic field wave of stator windings and  ‫  ,is the speed of PPR ‫ 

 ‫  is the speed of PMR. Consequently, a fixed ratio of magnetic gear can be achieved 

when .a variable transmission can be realised [31]  ‫  π, and by continuously changing ‫ 

In addition, according to the steady state power of two rotors and stator windings is given by:  

 

Ὕ Ὕ   ‫ Ὕ  ‫ ‫  π (2.10) 

 

Where  Ὕ , Ὕ and Ὕ are the torques of the PMR, PPR and stator windings respectively. As 

there are two degrees of freedom in the Magsplit and by using Newtonôs law of motion, the 

dynamic equations that governs the motions of the device are as follow:   
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Where ὐ and ὐ are the inertia of the PPR and PMR respectively [31]. From the above two 

equations, the mechanical model is modelled by using MATLAB SIMULINK as can be seen 

in the figure below. 

 

 

Fig 2.4 Mechanical model of Magsplit 

 

Fig.2.5 shows the electromechanical model of the Magsplit which is established in the 

MATLAB/Simulink . Typically, the PPR is coupled to low-speed shaft and the PMR is 

connected to high-speed shaft [29-31]. In this research the input shaft is the PMR is connected 

to the flywheel rotor also the PPR is connected to the WRSM. Three phase electric current of 

the stator is controlled by power electronic converter to produce a desired electromagnet 

torque. Then, the electromagnetic torque Ὕ from the electrical model is split between the PPR 

torque Tp and the PMR torque Tm according to equations (2.11) and (2.12) as follow:  
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Fig 2.5 Electromechanical Model of Magsplit 

 

To control the Magsplit; therefore, the three phase winding is represented in direct and 

quadrature (d q) axes frame or rotating reference frame is presented in [70]. The simplified 

voltage equations in d-q rotating reference frame are given as follows:  
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where Vd,q  are the d- and q-axis voltages, respectively, id,q are the d-axis and q-axis currents, 

respectively, Ὑ is the stator resistance, ‫  is the electrical angular speed of the stator field 

wave,   and    are respectively the d- and q-axis flux linkage. In these two equations, the 

coupling effect is not desirable and should be removed when the device is controlled [29, 30]. 

  and    are given by: 
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Similarly, the electromagnetic torque  Ὕ in terms of d q components can be obtained as: 
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(2.18) 

 

Where    is the permanent magnet flux linkage, and as can be seen from (2.18), id does not 

contribute to the torque production, and therefore should ideally be maintained at zero to 

maximise the torque per Ampere capability, if field weakening operation is not required [29, 

30].  

 

2.4 Control of Magsplit based on proposed FESS. 

The main control techniques for instantaneous torque operations are direct torque control 

(DTC) and Field oriented control (FOC) [71]. Although, FOC is more popular and widely used, 

it is considered as high level of complexity [71]. FESS operation requires range speed control 

and instantaneous torque changes are required for high performance and smooth operation for 

the entire speed range. In this research, the FOC method has been employed to control the 

operation and dynamic performance of the Magsplit which operated the flywheel rotor during 

the speeding up and slowing down modes.  

 

 

2.4.1 FOC of the Magsplit 

It is normally implemented in (dq) synchronous reference frame with two closed loop current 

controllers. The d-axis current (id) component is only associated with the magnetising 

component, while the control of the q-axis current is associated with torque production. 

Typically, the conventional proportional integral (PI) controllers are implemented, due to their 

low steady state error and fast dynamic response. FOC diagram of the Magsplit is shown in the 

figure 2.6. 
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Fig 2.6 FOC Model of Magsplit 

 

The process of FOC of Magsplit can be generally explained as follow: 

The three-phase current of the stator are converted to two-dimensional d-q reference frames 

using Clark-Park transformation to obtain actual values of (iq) and (id). The reference current 

(id) set to zero and the reference current (iq) is calculated from equation (2.18) to determine the 

desired electromagnet torque. The decoupled d-q components are removed by adding the 

decoupling term. Then, the d-q controlled voltage signals are converted to three phase 

sinusoidal signals by using inverse Clark-Park transformation. Finally, space vector pulse 

width modulation (SVPWM) technique is used to determine the pulse width modulated signals 

for the inverter switches to generate the desired three phase voltage for the Magsplit.  

 

2.4.2 Performance and control of the Magsplit and converters 

The control diagram of FESS in this research is shown in figure 2.7. In this study, the flywheel 

rotor is connected to the PMR, the PPR is connected to the WRSM which is directly connected 

to the main grid, and the stator of the Magsplit is connected to the grid through a BTB power 

electronics converter. In addition, the power delivered through the BTB power electronics  

converter is supported to a maximum of 20% of the total power. The speeds of the two rotors 

and the Magsplit stator speed will follow equation 2.9.  
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Fig 2.7 The proposed diagram of the control of the FESS 

 

The PPR will run at constant speed due to directly connected to the grid. In both modes 

charging and discharging, the PMR runs from minimum to maximum speed or vice versa, 

hence the speed of the stator varies according to the speedôs relationship.  
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Fig 2.8 block diagram of voltage-oriented control (VOC) [72].  
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The BTB power electronics converter is used to control the Magsplit, it consists of Machine 

Side Converter (MSC), Grid Side Converter (GSC) and DC-link voltage. The GSC is controlled 

by a scheme known (VOC) shown in figure 2.8, this scheme is based on transformation 

between the abc stationary reference frame and dq synchronous reference frame [73]. To 

realize the VOC, the voltage orientation of the grid is determined by measuring the grid voltage 

and determining its angle. Using this angle, variables can be transformed from the abc 

stationary frame to the dq synchronous frame via abc/dq transformation, or from the 

synchronous frame to the stationary frame via the dq/abc transformation [72].  

 

The control system consists of three feedback loops: two inner current loops to control the dq-

axis currents idg and iqg, and an outer DC voltage feedback loop to control the DC link voltage 

Vdc. The three phase line currents iag, ibg and icg in the abc stationary frame are transformed 

into two phase currents idg and iqg in the dq synchronous frame, which are active and reactive 

components of the three phase line currents, respectively. By controlling these two components 

separately, active, and reactive power can be controlled independently. To accomplish the VOC 

control scheme, the d-axis of the synchronous frame is aligned with grid voltage vector, 

consequently the d-axis grid voltage is equal to its magnitude, and the resulting q-axis voltage 

Vqg is zero [72, 73].  

 

 For further investigation of the VOC scheme, the state equation for the grid side circuit of the 

inverter in the abc stationary reference frame can be expressed as follow: 
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(2.19) 

 

The dq synchronous reference frame can be used to transform the given equations. 
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Where is the synchronous reference frame's speed, which is also the angular frequency of ‫ 

the grid. ὒὭ ‫  and ὒὭ ‫  are the induced speed voltages caused by the transformation 

of the stationary reference frame to synchronous frame of the inductance ὒ. The derivative of 

the d-axis current idg, as well as the q-axis current iqg, is associated to both d and q-axis 

variables, as shown in above equation. This shows that the control of the system is cross 

coupled, which could make controller design challenging and results in poor dynamic 

performance. Therefore, a decoupling controller as shown in figure (2.9) is implemented [72].  

 

The MSC is connected to the Magsplit to control the power flow from/to the main grid. The 

working principle of the FESS can be discussed in two modes of operation: 

 

In charging mode, the flywheel accelerates until the maximum speed is reached, and the power 

delivered from the main grid and stored in the flywheel rotor through the Magsplit. In 

mechanical terms, flywheel charging mode implies an increase in speed.  
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Ὕ  is the friction torque. The Magsplit operates in the motor mode, continuously accelerating 

the flywheel rotor until the full charge has been reached.  
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Fig 2.9 Voltage-oriented control (VOC) with a decoupled controller  [72]. 

 

 

 

In discharging mode, the flywheel decelerates, and the stored kinetic energy transmitted 

through the Magsplit to the main grid. The Magsplit now operates in the generating mode with 

negative torque and acceleration. 
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Figure (2.10) shows the control block diagram for the FESS in both its charging (motoring) 

and discharging (generating) states. The operation of the MSC is controlled by FOC, which 

enables controlling of the torque and flux of the Magsplit by controlling the stator current. By 

transforming the three-phase system into the (dq) time invariant system, the torque and flux of 

the Magsplit can be controlled independently, similar to a DC machine. In order to produce a 

smooth output waveform, SVPWM is used to control and switch the gates of the MSC. 
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Fig 2.10 Block diagram of Field-oriented control (FOC) for Magsplit 

 

The demand power Pd is the power which is required to be delivered or absorbed from the main 

grid at any time. The active power control is accomplished by controlling the Magsplit torque 

Ts through the torque-producing component iq of the stator current. The reference PMR torque 

T*
m is produced by the lookup table according to the required power Pd and flywheel rotor 

speed  *then the reference electromagnetic torque T , ‫
s is calculated based on equation (2.13). 

Finally, the reference for torque-producing stator current i*
q is calculated using the torque 

constant kt of the Magsplit.  
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The d-axis stator current reference i*
d is set to zero to realize maximum torque per amper 

scheme. The field position ⱥe is determined by the PMR and the PPR position (ⱥm and ⱥp 

detected by two position sensors mounted on each shaft of the Magsplit) using the decoupling 

position. The measured three phase stator current ia, ib and ic are transformed into dq axis  

current id and iq, from stationary frame to rotor flux synchronous frame, using the abc/dq 

transformation. The dq-axis stator currents are then compared to their reference currents i*d and 

i*q, respectively. Two PI controllers are used to receive the errors and generate the dq-axis 

reference voltages, v*
d and v*q for the MSC. The two synchronous frame reference voltages are 

then transformed into three-phase voltages, va, vb, and vc, in the abc stationary frame, through 

the dq/abc transformation. The three-phase sinusoidal reference voltages are sent to the 

SVPWM block. Therefore, the stator voltage of the Magsplit can be adjusted according to their 

reference values such that the active power of the Magsplit is controlled.  

 

2.4.3 Field weakening capability. 

Field weakening is a technique utilized in electric machines to expand the operational speed 

range beyond the rated speed, and it can also be applied to the Magsplit technology [29, 30, 

69]. The Magsplit is a machine that incorporates permanent magnets and is designed to achieve 

high-speed operation while maintaining efficiency and control [29, 30]. Figure 2.11 shows the 

operation of the field weakening of the Magsplit. 

 

 

Fig 2.11 Field weakening technique of the Magsplit [30]. 
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In the context of the Magsplit, field weakening is achieved by adjusting the current supplied to 

its windings. The stator windings of the Magsplit are typically connected to a power electronics 

converter, which allows for precise control of the Magsplit operation. The control technique 

commonly employed in this scenario is FOC [69]. 

 

More detailed explanation of the process is given as: 

 

1- Rated operation: During normal operation at or below the rated speed, the Magsplit 

operates with its full magnetic field strength. The power electronics converter supplies 

the necessary current to the stator windings, producing the desired torque. The FOC 

technique ensures precise control of the motor by aligning the stator current with the 

rotor magnetic field. 

 

2- Field weakening operation: When the desired speed exceeds the rated speed, the field 

weakening technique comes into play. The power electronics converter adjusts the 

current supplied to the stator windings, specifically reducing the component of current 

that produces the magnetic field aligned with the permanent magnets. This reduction 

weakens the net magnetic field generated by the permanent magnets. 

 

3- Increased speed range: By weakening the magnetic field, the Magsplit can operate at 

higher speeds without encountering issues such as core saturation or excessive current 

draw. The increased speed range achieved through field weakening depends on various 

factors, including the Magsplit design, the strength of the permanent magnets, and the 

capabilities of the power electronics converter. 

 

In summary, field weakening is a technique employed in the Magsplit and other electric 

machines to extend the speed range beyond the rated speed. By adjusting the current supplied 

to the windings through a power electronics converter and utilizing field-oriented control, the 

Magsplit can operate at higher speeds without encountering excessive torque and current 

limitations.  
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2.5 Model of Wound Rotor Synchronous Machine (WRSM) 

It is known as the workhorse for the generation of electricity. Thus, WRSM (salient) is selected 

to convert either mechanical energy to electrical energy (as a generator) or electrical energy to 

mechanical energy (as a motor). Its rotor is connected to the PPR of the Magsplit, and its stator 

connected directly to the main grid. The frequency of the generator voltage, f, and speed are 

related by: 

 

Ὢ
ὔὴ

φπ
 

(2.23) 

                                                                                                                                

Where N is speed of the synchronous machine in rpm, and p the number of pole of pairs. In 

Great Britain the grid frequency is 50 Hz, and if the machine has 2 pole-pair, it will rotate at 

constant speed at 1500 rpm.  

 

The synchronous machine rotor is equipped with a DC-excited winding that functions as an 

electromagnet. A rotating magnetic field exists in the air gap between the rotor and the armature 

when the rotor rotates, and the rotor winding is excited. The rotating magnetic field generates 

a time-varying EMF in the armatureôs three-phase winding. The field current of the rotor 

winding can be controlled to adjust the value of the EMF for absorbing or injecting reactive 

power from/to the main grid.  

 

In Figure 2.12, the WRSM pu fundamental block from the MATLAB SIMULINK library is 

depicted. This block represents the WRSM in either generator or motor mode using 

fundamental parameters in per-unit (pu) units. 

 

The model considers the dynamics of the stator, field, and damper windings. The rotor 

reference frame (qd reference frame) represents the equivalent circuit of the model. The stator 

windings are connected in a star configuration with internal star points. The rotor parameters 

and electrical quantities are observed from the stator side and are denoted by primed variables 

[74]. 
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Fig 2.12 Synchronous Machine pu Fundamental block [74]. 

 

2.6 Model of Squirrel Cage Induction Machine (SCIM).  

In this research, the drivetrain incorporates the use of a Squirrel Cage Induction Machine 

(SCIM) as an alternative to the WRSM. While the SCIM does not possess the capability of 

providing reactive power like the WRSM, it offers several advantages such as robustness and 

cost-effectiveness. 

 

Here are additional details about SCIM and its advantages: 

 

1- Robustness: SCIMs are known for their rugged construction and ability to withstand 

harsh operating conditions. They have a simple design with a squirrel cage rotor that 

requires minimal maintenance, making them reliable for various applications. 

 

2- Cost-effectiveness: Compared to WRSMs or other types of machines, SCIMs are 

generally more affordable. Their simpler design and construction contribute to lower 

manufacturing costs, making them an attractive choice for applications where cost 

efficiency is a significant factor. 

 

While the SCIM may not have the specific advantage of providing reactive power, it is still 

widely used due to its reliable performance, durability, and affordability. The choice between 

SCIM and WRSM depends on the specific requirements of the application, considering factors 
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such as power factor requirements, cost constraints, and operating conditions. Figure 2.13 

illustrates the model dynamics of a three-phase asynchronous machine, commonly known as 

an induction machine, represented in either SI or per-unit (pu) units [75]. 

 

This block implements the model of a three-phase asynchronous machine, which can be a 

wound rotor, squirrel cage, or double squirrel cage machine. The model allows for selecting a 

dq reference frame, such as rotor, stator, or synchronous reference frames. The stator and rotor 

windings are connected in a wye configuration, with an internal neutral point. The block can 

operate as a generator or a motor, determined by the sign of the mechanical torque (Tm): 

 

 

Fig 2.13 Asynchronous Machine pu block [75]. 

 

- If Tm is positive, the machine functions as a motor. 

- If Tm is negative, the machine functions as a generator. 

 

In this particular model, the rotor type chosen is a squirrel-cage rotor. During simulation, the 

squirrel-cage rotor is connected to the PPR of the Magsplit, while the stator is directly 

connected to the grid. The purpose of incorporating the SCIM in the simulation is to compare 

and analyse the system behaviour in comparison to the WRSM. This allows for a 

comprehensive evaluation of the system and assists in selecting the most suitable machine type 

based on the specific requirements of the application. 
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2.7 Chapter summary 

In this chapter, a detailed description and modelling of the FESS employing the Magsplit 

machine with either a WRSM or a SCIM are presented. 

 

The flywheel rotor is modelled as a rotating inertia, capturing its mass and rotational 

characteristics. It is connected to the PMR of the Magsplit machine, allowing for the transfer 

of mechanical energy between the flywheel and the grid through the Magsplit. 

 

The electromechanical model of the Magsplit is developed and carefully modelled to be 

integrated into the system. The MSC and the GSC are described in detail. The FOC technique 

is applied in the MSC to regulate the torque of the Magsplit, enabling the desired power flow 

between the FESS and the electrical grid. Additionally, the VOC is implemented in the GSC 

to control the DC link voltage and manage the reactive power flow. 

 

Furthermore, specific SIMULINK blocks representing the WRSM and SCIM are selected from 

the SIMULINK library. These blocks are customized and adjusted to be connected to the PPR 

of the Magsplit and directly to the electrical grid, allowing for the integration of each machine 

type into the system during different simulation scenarios. 

 

By employing this modelling approach, the chapter provides a comprehensive understanding 

of the FESS with Magsplit, showcasing the capabilities of selecting WRSM or SCIM with the 

system. The described control techniques and the integrated system simulation will  allow for 

the evaluation of system performance, enabling the selection of the most suitable machine type 

based on the specific requirements of the application. 
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Chapter three: Performance of the proposed FESS based on Magsplit. 

3.1 Introduction   

In this chapter, the performance of the Magsplit employed as power split device in a FESS is 

evaluated. Firstly, wide range of spinning speeds is obtained. This is clearly evaluated by using 

the equations describing the operation of the Magsplit, which is given in the previous chapter. 

Secondly, the characteristic of the Magsplit torques are assessed to show the performance of 

the proposed FESS system. Finally, the effects of the rating power of the BTB power 

electronics converter are extensively investigated.  

 

3.2 Maximum and Minimum speed of the flywheel rotor  

In practical applications, the FESS is not completely discharged, and a minimum speed is 

usually adopted. This is often set to half the maximum speed, enabling the availability of 75% 

of the maximum stored energy [14, 15, 32]. Since the stored energy in a flywheel is 

proportional to the moment of inertia of the flywheel and the square of its rotational speed, a 

wide range of operating speeds is essential for energy storage and depth of discharge [14, 

20].The power produced by the stator winding is given by: 

 

ὖ Ὕ (3.1)                                                              ‫ 

 

while the electromagnetic torque, Ὕ  is related to PPR torque, Ὕ as follows: 

 

                                                            Ὕ Ὕ                                                                (3.2) 

 

Furthermore, the mechanical power of the WRSM, which is connected to the PPR, is given by:  

 

ὖ Ὕ ‫   Ὕ (3.3)                                                           ‫ 

 

Where ὖȟὝ ÁÎÄ ‫   are power, torque and speed of the WRSM.  



Chapter three                                              Performance of the proposed FESS based on Magsplit. 

54 
 

 

from the equations (3.2) and (3.3) the electromagnetic torque is given as:  

 

 

                                                                                                                                                  (3.4) 

 

Therefore, the speed of the stator magnetic wave can be determined by substituting equation ‫ 

(3.4) into equation (3.1): 

 

 ‫ 
ὖ

ὖ
 ‫ 
Ͻ
ὴ
ὴ

ὴ

  ὴ
Ͻ
ὖ

ὖ
Ͻ‫  

(3.5) 

 

 

Furthermore, the speed of the PMR can be calculated from equation (2.9) from chapter 2: 

 

                                              ὴ ὴ  ‫ ὴ  ‫  ‫                                                  (2.9) 

 

Substitute equation (3.5) into equation (2.9), the speed of the PMR would be given as:   

  

                                               

 ‫  

ὴ

  ὴ
‫ 

ὴ

  ὴ

ὴ

  ὴ
Ͻ
ὖ

ὖ
Ͻ‫ ‫ 

ὴ

  ὴ
ρ
ὖ

ὖ
               

      

    (3.6) 

 

Since  ‫   and  ‫  ‫  ‫  , where  the flywheel rotor speed, the power split ratio of ‫ 

the Magsplit could be written as a function of the speed of the flywheel rotor as follow: 

 

Ὕ
ὖ

 ‫ 
Ͻ
ὴ

ὴ
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ὖ

ὖ
   

 ‫ 

‫  

ὴ
  ὴ

ρ  

 

(3.7) 

 

The value of  ‫    
  is constant, and two regions are considered when operating the flywheel. 

Case 1 corresponds to flywheel speeds larger than  ‫    
, and  Case 2 corresponds to flywheel 

speeds smaller than  ‫    
.  

 

For Case 1, where   ‫    
‫ , figure 3.1 shows the power flows during charging and 

discharging of the flywheel. It can be seen, when  ‫    
‫ , there is no re-circulation of 

power, and the WRSM and the Magsplit share the charging and discharging powers. Figure 3.2 

shows the power flows, for case 2, i.e., when  ‫    
‫ , it can be seen, that in this case, 

there is re-circulation of power, during charging and discharging modes, which can have a 

detrimental effect on efficiency. Therefore, this case may be avoided during the operation of 

the flywheel. 

 

For a given flywheel speed ‫  the Magsplit power  ὖ  and the WRSM ὖ , and hence the total 

grid power, can be controlled by the electromagnetic torque of the Magsplit Ὕ, as can be shown 

in the following: 

 

From equations (3.1) and (2.9), of the Magsplit power ὖ  can give by: 

 

ὖ Ὕ Ͻ‫  

ὴ

  ὴ
‫ 
ὴ

  ὴ
  

           (3.8) 
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a)                                                                                 b) 

Fig 3.1 Power flow.  a) Discharging mode.  b) Charging mode. 

 

 

a) b) 
 

Fig 3.2 Circulating Power. a) Discharging mode.      b) Charging mode. 

 

 

The WRSM ὖ is then given by: 

 

ὖ Ὕ Ὕ  ‫ 
ὴ

  ὴ
Ͻ‫   

           (3.9) 
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The power ὖ of the grid is produced by the Magsplit and the WRSM:  

 

ὖ  ὖ  ὖ                                                                   (3.10) 

 

Hence from equations (3.8), (3.9) and (3.10), the grid power ὖ is given by: 

 

ὖ Ὕ Ͻ‫  

ὴ

  ὴ
‫ 
ὴ

  ὴ
  Ὕ 

ὴ

  ὴ
Ͻ‫  Ὕ Ͻ‫ 

ὴ

  ὴ
 

           (3.11) 

 

The equations (3.8, 9, and 10) are mathematically evaluated using MATLAB to demonstrate 

the power profile as specified in Table 3.1. Additionally, both cases discussed are illustrated 

across one range of flywheel speed. 

 

Table 3.1 System specification 

 

 

 

 

 

 

Figures 3.3 and 3.4 show the variations of the grid power, the Magsplit power and WRSM 

power with the flywheel speed, during charging and discharging modes, respectively. In the 

analysis, the Magsplit power is limited to 20% of the maximum grid power, while the WRSM 

power is limited to 80% of the maximum grid power. It can be seen that the maximum power 

of the flywheel can only be transmitted/received to/from the grid at a single flywheel speed. It 

can also be seen that when ‫ ‫    
, i.e. case 2, power is circulated through the Magsplit, 

with potential detrimental effects on efficiency.  

Parameter Specification 

Maximum demand  Power (╟▀) 2 MW 

Power Split 
Electric Machine power (ὖ) 1.6MW (80%) 

Magsplit stator Power (ὖ ) 0.4MW (20%) 

Flywheel rated speed 349.1 rad/s 

Electric machine speed ⱷ╖  157.1 rad/s 

Electromagnetic rated torque ╣Ἳ ) 4456.4 Nm 

Number of Pole Pairs of  Magsplit stator ▬▼ 7 

Number of PPR ▬▬ 16 

Number of PMR ▬□ 9 
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          Fig 3.3 Variation of maximum flywheel power with speed for  the two cases (Charging mode). 

 

       

 

 

 

                  Fig 3.4 Variation of maximum flywheel power with speed of the two cases (Discharging mode). 
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3.3 Torque characteristics of the Magsplit. 

In this section, in order to investigate the Magsplit torque characteristics, each part of the 

Magsplit is analysed. Furthermore, it is presented as a variation of power and torque with the 

speed for each part.  

 

3.3.1 The electromagnetic reaction torque  

The main concept of the Magsplit is based on the electromagnetic reaction torque produced by 

the current of the stator winding [29-31, 69], which is then split between the two rotors as it is 

demonstrated in the previous chapter.  

 

 

Fig 3.5 Variation of Power and Torque of the Magsplit stator with  magnetic wave speed 

 

Figure 3.5 shows the variation of the Magsplit stator power and the electromagnetic torque 

with the magnetic wave speed. Clearly, the circulating power exists in the region where  ‫ 

π. In other words, the magnetic wave of the stator winding reverses direction, which allows the 

power to circulate. Although, the stator power equal to zero when π, the demand power ‫ 

is delivered to the grid because of there is still generating electromagnetic torque at this point. 
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Furthermore, the delivered power depends on the electromagnetic torque described in 

equations (3.9) and (3.11) and figure 3.3. 

 

 

Fig 3.6  Variation of Electromagnetic torque of the Magsplit with Magsplit power and flywheel speed. 

 

Figure 3.6 shows the variation of the electromagnetic torque of the Magsplit with Magsplit 

power and flywheel speed. The electromagnetic torque is controlled to deliver or absorb the 

power to/from the grid with single range of flywheel speed. In addition, the electromagnetic 

torque is controlled to achieve the limitation of the split power. 

 

3.3.2 The PMR torque 

 

 It is the torque which is applied to the flywheel rotor to accelerate in the charging mode and 

to decelerate in the discharging mode. The PMR torque is as a result of generating of the 

electromagnetic torque of the Magsplit which is produced by the stator current of the Magsplit. 

In this study, in order to calculate the electromagnetic torque, the reference of PMR torque is 
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determined by the lookup table based on the flywheel rotor speed and the required power as 

seen in the figure 3.7. 

 

 

Fig 3.7 Lookup table to produce PMR torque. 

 

The lookup table is created based on equations which is described in the section 3.1. Since 

there is single range of speed from  ‫   to  ‫  , the reference of PMR torque is calculated 

by using 2D lookup table to produce any demand power. The reference of electromagnetic 

torque is calculated from the reference of PMR torque based on the ratio as seen in the figure 

3.7. Therefore, in order to control the electromagnetic torque of the Magsplit, the reference for 

torque-producing stator current is calculated using the torque constant of the Magsplit.  

 

 

Fig 3.8 Variation of power and torque of PMR with  flywheel speed (Charging mode) 
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Figure 3.8 shows the Variation of power and torque of PMR with flywheel speed. It can be 

seen that PMR torque is applied to produce the required power along the range of the flywheel 

speed. Furthermore, when the constant torque is applied, the demand power is increased from 

1.2 MW to the maximum value, and it is decreased based on the limitation of the power.  

 

3.3.3 The PPR torque 

Due to the connection between the PPR and the WRSM, as well as the WRSM being directly 

connected to the main grid, the PPR will  run at a constant speed that follows the grid frequency. 

From figure 3.9, it clear that the power of WRSM shape is constant in the range of flywheel 

speed from 0.75 to 1.25, this is because of the applying constant torque to the PPR, also the 

PPR speed is constant.  

 

 

               

 

Fig 3.9 Variation of Power of SM and PPR torque with  the flywheel speed 
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Finally, PMR torque, PPR torque and electromagnetic torque are plotted against the flywheel 

speed as shown in figure 3.10. The propose of this graph is to proof that the summation of all 

torques is equal to zero as described by equation 2.10 in chapter two. Moreover, the 

electromagnetic torque is split between the two rotors according to equations 2.11 and 2.12. 

 

 

Fig 3.10 Variation of t orques of the Magsplit with  the flywheel speed. 

 

 

3.4 Power Electronic Converter Capacity 

In this study, the BTB power electronics converter plays an important role in controlling the 

Magsplit power, and the dc link voltage. In the conventional FEES, the electric machine needs 

to be driven by power electronics converter with a rating similar to the rating of the flywheel 

motor/generator [14, 32]. However, the proposed FEES employing the Magsplit, power is split 

between the converter and synchronous machine. In this section the effects of BTB power 

rating are investigated.  

 

From equation (3.7), the speed of the flywheel rotor at maximum output power could be written 

as: 
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 ‫ ‫  

ὴ

  ὴ
ρ
ὖ

ὖ
     (3.12) 

 

The effects of BTB converter power rating are evaluated based on equation (3.12). This is 

done by calculating the useful energy from the flywheel as follow: 

 

Ὁ
ρ

ς
 ὐ  ‫  ‫  

ρ

ς
 ὐ ‫  ρ 

‫

‫
  (3.13) 

 

Assuming: 

 

 ‫  ‫  

ὴ

  ὴ
 (3.14) 

 

 

and, 

 ‫  ‫  

ὴ

  ὴ
ρ
ὖ

ὖ
 (3.15) 

 
 

 

Which corresponds to the flywheel speed associated with maximum power, figures (3.3) and 

(3.4), and the base speed of the Magsplit. The useful energy as a percentage is calculated by 

substituting equations (3.14) and (3.15) into equation (3.13):  
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Chapter three                                              Performance of the proposed FESS based on Magsplit. 

65 
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ρ
ὖ
ὖ

 ρππ 

 

 

(3.16) 

 

As can be seen, in this case, the available energy depends on the ratio of the Magsplit power to 

the synchronous generator power.  

 

3.4.1 Operating the system without circulating power. 

In this section, the effects of BTB converter power rating are only investigated for ‫

  
‫  . Moreover, the useful energy is determined with different values of the flywheel 

maximum speed 25%, 50%, 75% and 100% higher of the base speed.  

 

  
 

Fig 3.11 Variation of the useful energy with the ratio of the power split 

 

Figure 3.11 shows the variation of the useful energy extracted from the flywheel with the ratio 

of the Magsplit power and the generator power. It can be seen that as expected field weakening, 



Chapter three                                              Performance of the proposed FESS based on Magsplit. 

66 
 

i.e. increasing the flywheel speed beyond the base speed, increases the proportion of the 

extracted energy relative to the maximum energy. It can also be seen that the effect of the ratio 

of Magsplit power to generator power becomes insignificant beyond 1.  

 

Figure 3.12 shows the variation of the useful energy with the percentage of the maximum 

Magsplit power. It can be seen that useful energy, as a proportion of the maximum stored 

energy, is increased with increasing of the Magsplit stator power. For instant, the useful energy 

is increased from around 20% to 75%, when the rated power of the Magsplit is increased from 

10% to 50% without field weakening. 

 

 

 Fig 3.12 Variation of the useful energy with the Magsplit stator power 

 

However, the increase of the rated power of the Magsplit results in the increase of the rated 

power of the BTB power electronics converter. However, it can also be seen that selecting the 

maximum speed to be larger than the base speed, would compensate for the effects of reduced 

Magsplit power. For example, at 10% of the rated power of the Magsplit, and when the 

maximum speed of the flywheel is double the base speed, the useful energy could be roughly 

80%. In addition, in this case, 90% of the power will be transmitted to the grid through the 

synchronous generator. Using a directly coupled wound rotor synchronous generator has 
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several benefits such as it generates sinusoidal waveforms, and the harmonic interference is 

almost totally eliminated from the system as well as it increases drive train inertia.  

 

3.4.2 Operating the system with circulating power. 

Wide speed range can be achieved by operating the FESS in the circulating power region. 

Therefore, more useful energy would be extracted from the flywheel, but this will affect the 

system efficiency. In this section, the analysis is presented with two different values of the 

minimum speed ( ‫
  
‫  ). 

 

Figure 3.13 and figure 3.14 show the variation of the useful energy with the Magsplit stator 

power, and the minimum speed is equal to 87.5% of  ‫    
 and 75% of ‫    

 respectively.  

It can be seen that the useful energy is increased compared with the previous section. For 

example, with 10% of the Magsplit stator power and without field weakening, the useful energy 

is increased from around 19% in figure 3.12 to 54% in figure 3.14, when the minimum speed 

is decreased by 25%.   

 

 

Fig 3.13 Variation of the useful energy with the Magsplit stator power (87.5% of 
▬▬

  ▬▐
ⱷ╖ ) 
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Fig 3.14 Variation of the useful energy with the Magsplit stator power (75% of 
▬▬

  ▬□
ⱷ╖ ) 

 

 

3.5 Chapter summary  

In this chapter, the evaluation of the Magsplit performance for use in FESS is conducted. The 

Magsplit demonstrates its capability to operate over a wide range of speeds. It is observed that 

when operating at speeds lower than a ‫    
, a circulating power exists within the system. 

 

Although the Magsplit operation within the circulating power region enhances the extraction 

of total energy, it also impacts the overall system efficiency. The presence of circulating power 

contributes to the total losses within the system, affecting its efficiency. Furthermore, a 

significant advantage of utilizing the Magsplit is the reduction in the total capacity requirement 

of the power electronics converter. Up to about 90% of the power can be efficiently transmitted 

by the WRSM, thereby limiting the size and capacity of the power electronics converter to only 

10%. By taking advantage of the Magsplit ability to handle a large portion of the power directly 

without relying on the power electronics converter, the overall size and capacity of the 

converter can be significantly reduced. This reduction in converter size not only simplifies the 

system design but also improves its cost-effectiveness and operational efficiency. 
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Overall, the evaluation of the Magsplit performance in this chapter highlights its capability to 

operate efficiently within the FESS. By leveraging its unique characteristics, such as the ability 

to handle circulating power and reducing the power electronics converter size, the Magsplit 

presents itself as a promising choice for integration into a high-performance FESS. 
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Chapter four: Simulation results of the proposed FESS 

4.1 Introduction 

This chapter provides an overview of the simulation results obtained for the proposed Flywheel 

Energy Storage System (FESS) and outlines the topology employed in the study. The focus is 

on comparing the performance of the proposed system, which incorporates the Magsplit 

technology introduced in Chapter 3, with the simulation outcomes. The FESS is designed with 

a power rating of 2MW, and all system parameters, including those of the Magsplit and WRSM 

block from the MATLAB/SIMULINK library, are accurately determined. Initially, to simplify 

the simulation results, only the mechanical model of the Magsplit is utilized. Subsequently, the 

Magsplit model is connected to a Back-to-Back (BTB) power electronics converter, and the 

proposed FESS is evaluated and controlled at a constant frequency of 50Hz. The chapter also 

presents the results obtained from implementing the Magsplit drivetrain using a squirrel cage 

induction machine. Finally, the proposed system is simulated to assess its performance in 

relation to the new dynamic services introduced by the UK National Grid. The chapter provides 

insights into the outcomes of these simulations, shedding light on the suitability and 

effectiveness of the proposed system in meeting the requirements of these dynamic services. 

 

4.2 System parameter determination  

Representative parameters for the Magsplit are determined and the 2 pole pairs WRSM 

fundamental model available in the MATLAB/SIMULINK library is used for the simulation 

studies. 

 

4.2.1 The parameters of the Magsplit  

The proposed FESS has a power rating of 2MW. The power split between the WRSM, ὖ , and 

the Magsplit, ὖ , is assumed to be 80% and 20%, respectively. Furthermore, the Magsplit 

combination chosen is shown in Table 4.1. It is assumed that the proposed FESS will be linked 

to the UK grid at a voltage level of 690Vrms, and with these considerations, the parameters of 

the Magsplit are determined as follows: 
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Since the WRSM has two pole pairs, and it is connected directly to the main grid, the machine 

will run at constant speed (‫  = ‫  )  given below : 

‫   “Ὢ  rad/s  (4.1) 

 

ὖ = 80% of the total power, and the torque of the WRSM which is equal to the PPR torque  

Ὕ Ὕ   given as: 

Ὕ   Ὕ
ὖ

‫  
 

(4.2) 

Using the torque relationship of the Magsplit, the electromagnetic torque of the Magsplit 

would be given as: 

Ὕ
ὴ

ὴ
 Ὕ (4.3) 

 

The PMR torque is given as: 

Ὕ
ὴ

ὴ
 Ὕ (4.4) 

 

And from Chapter 3, the electromagnetic wave speed is given as: 

 

 ‫ 
ὴ

  ὴ
Ͻ
ὖ

ὖ
Ͻ‫  

(4.5) 

 

The PMR speed are calculated as: 

 ‫  

ὴ

  ὴ
‫  

ὴ

  ὴ
‫  

(4.6) 

 

In this chapter, the system is tested with circulating power region; hence the minimum speed 

of the flywheel rotor is chosen to be as follows: 

 ‫   
ὴ

  ὴ
‫  

(4.7) 
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figure 4.1 shows the phasor diagram of the Magsplit. Normal convention states that the 

amplitudes of voltage and current phasors are represented by their root mean square values, 

and the amplitude of flux linkage phasor is represented by its peak value [1,2].   

 

 

Fig 4.1 Phasor diagram of the Magsplit 

 

The stator parameters are obtained based on the phasor diagram of the Magsplit and the 

Magsplit parameters are presented in table 4.1.  

The rated electromagnetic torque of the Magsplit (╣▼) 4456.4 Nm. 

The base mechanical speed of the Magsplit (ⱷ▼) 89.76 rad/s 

The pole pairs number of the Magsplit stator windings (▬▼) 7 

The pole pairs number of PMR (▬□) 9 

The pole pairs number of PPR (▬▬) 16 

The efficiency of the Magsplit (Ẽ%) 95% 

The power loss of the Magsplit (╟■▫▼▼) 20 kW 

The power factor (▬Ȣ█) 0.707 

The rated power of the PMR (╟╟╜) 2 MW 

The rated power of the Magsplit stator (╟▼◄) 400 kW 

The rated power of the PPR (╟╖) 1.6 MW 

Phase resistance (╡▼) 0.033 mÝ 

Synchronous inductance (╛▼) 0.91 mH 

Flux linkage (♥□) 0.6815 Wb 

Torque constant (▓◄) 7.15 Nm/A peak 

Maximum current peak 636 A 

Line to line voltage (rms) 690 V 

Table 4.1 the Magsplit specifications 
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 4.2.2 Specification of the WRSM: 

The parameters of 2 pole pairs WRSM is selected to meet the specifications of the system as 

can be seen in figure 4.2. The MATLAB/SIMULINK  built in synchronous machine block 

requires two inputs and produces multiple output signals that can be retrieved from bus selector 

signal connected to the output of the machine. The set of inputs are the field voltage and either 

a reference input mechanical power or rotor speed reference [74].  

 

 

Fig 4.2 Synchronous machine specifications 

 

4.3 System inertias 

In the proposed FESS, the total system inertia is determined by adding up the inertia 

contributions of all interconnected rotating equipment. The combined system inertia comprises 

two components : the flywheel rotor plus PMR inertia, and the synchronous generator plus PPR 

inertia, as illustrated in Figure 4.3. 

 

4.3.1 WRSM inertia 

The inertia of the synchronous generator is obtained by using the following formula: 

 



Chapter four                                                                        Simulation results of the proposed FESS 

74 
 

Ὄ
ρ

ς
  
ὐ  ‫

 ὴ  ὖ
                                                                (4.8)                                                                     

 
 

 

 

Fig 4.3 Combined system inertia 

 

Therefore, the inertia of the synchronous generator is given by: 

 

ὐ
ςὌ ὴ ὖ

‫
                                                                (4.9)                                                                     

Where: 

Ὄ : The moment of inertia constant. 

 ὴ: Number of pole pairs of the WRSM. 

 

4.3.2 Magsplit rotors inertia 

PMR inertia is determined using the following equation: 
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 ὐ  
“Ὀ ὒ ”

σς
 

                                                             (4.10) 

Where: 

ὐ: The moment of inertia of PMR. 

Ὀ : Diameter of PMR 

ὒ : Length of PMR 

ὠ : Volume of PMR 

” : iron density  

 

It is also assumed that  Ὀ ὒ  and shear stress „ ςυ Ë.ȾÍ  [76], accordingly for a given 

torque Ὕ  the diameter is calculated as follow:  

 

Ὕ  ς“„
Ὀ

ς
ὒ  

 “ „ Ὀ

ς
 

 

                                  (4.11)                                                                                      

 

 

Ὀ  
 ς Ὕ
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                                                           (4.12) 

 

By substituting the calculated PMR diameter value into equation 4.10, the inertia of the PMR 

can be determined. It is important to note that the PPR  inertia of the Magsplit is assumed to be 

half of the PMR inertia, considering the presence of pole pieces in the PPR. This assumption 

allows for estimating the inertia of the PPR based on the known inertia of the PMR. 
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4.3.3 Flywheel rotor inertia. 

Determining the inertia of the flywheel rotor is essential to meet grid code requirements, 

especially given the impact of high levels of renewable energy penetration on the National Grid 

[5, 61]. In the UK, the decreasing system inertia level has raised concerns about frequency 

deviation, highlighting the importance of using energy storage systems to address this 

challenge [4]. In addition to FESS, a broader range of supplementary devices that can respond 

rapidly will be required to maintain frequency stability [15]. To meet the specified time 

requirements of the grid code, the inertia of the flywheel rotor is calculated as follows: 

 

The torque applied to the flywheel rotor is given as:  

 

 Ὕ *
Ὠ‫ 

ÄÔ
 

                                                             (4.13) 

  

Where: 

 Ὕ 

ὖ

  ‫ 
 

                                                             (4.14) 

  

 

By substituting (4.14) into (4.13):  

 

‫ 
Ὠ‫ 

 ὖ
 
ÄÔ

  *
 

(4.15) 

 

 

ὖ is the power of the flywheel. Now, by integrating both side: 

 

‫ 

 ὖ ‫ 

  

   

Ὠ‫  
4

  *
 

 

 

(4.16) 
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Equation (4.16) shows that for a given power rating and speed range, the left term of the 

equation remains constant. As a consequence, the inertia and the power storage period have a 

direct proportional relationship. This relationship is important in analysing and designing 

systems where power storage duration is a critical factor. 

 

4.4 Simulation studies using the mechanical model of the Magsplit. 

Assuming the parameters in Table 4.2, simulation studies are undertaken to demonstrate the 

performance of the Magsplit FESS and compare it with the results obtained in Chapter 3. To 

simplify the model, the Magsplit is modelled as a mechanical device using equations (2.17) 

and (2.18), and the BTB power electronics converter is assumed ideal. Therefore, the system 

is tested without closed-loop control, and the lookup table introduced in Chapter 3 is used to 

provide electromagnetic torque for the Magsplit. 

 

The simplified model of the proposed FESS shown in Figure 4.4 consists of the mechanical 

model of the Magsplit connected to WRSM, which is directly connected to the main grid and 

a load. It is important to note that this model is not feasible for practical implementation. 

However, the results obtained from this simplified model will be compared to the results 

obtained in the next section, which include the integration of BTB power electronics converter. 

 

 

Fig 4.4 MATLAB SIMULINK model of simplified model of the proposed FESS. 
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Table 4.2 Simulation parameters 

Flywheel rotor 

Minimum speed 188.5 rad/s 

Maximum speed 377 rad/s 

Rated power 2 MW 

Combined inertia (PMR and flywheel) 260 kg.m2 

Magsplit 

Stator pole pairs 7 

Pole pieces 16 

Magnet rotor pole pairs 9 

Rated power of pole pieces rotor 1.6 MW 

Rated power of stator 0.4 MW 

Combined inertia (PPR and WRSM) 420 kg.m2 

Wound rotor synchronous 

machine 

Rated power 1.6 MW 

Line to line voltage 690 Vrms 

Frequency 50Hz 

pole pairs 2 

 

As no control is implemented, the system is tested by following these steps: 

 

1. Demand power and flywheel rotor speed are applied to the lookup table.  

 

2. The lookup table generates the PMR torque required to produce the necessary power 

for the main grid. A MATLAB function is used to produce the PMR torque, which 

enforces the split power limitation. 

 

 

3. The PMR torque is converted into electromagnetic torque using the torques relationship 

of the Magsplit. The electromagnetic torque is then applied to the mechanical model of 

the Magsplit. 

 

4. The mechanical model of the Magsplit splits the electromagnetic torque between the 

two rotors. The PPR torque produced by the mechanical model is applied to the rotor 

of the synchronous machine, while the PMR torque is applied to the flywheel rotor. 
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5. During charging mode, a positive PMR torque is applied to speed up the flywheel rotor, 

storing energy in the flywheel. 

 

6. During discharging mode, a negative PMR torque is applied to slow down the flywheel 

rotor, transmitting energy to the main grid. 

 

To validate the system performance and compare it with previous chapter results, 2MW of the 

flywheel rotor power from/to the main grid through the Magsplit is tested.  

 

4.4.1 Charging mode 

During the charging mode, positive demand power is applied to the lookup table along with 

the flywheel speed. As a result, the lookup table generates PMR torque, which is converted to 

electromagnetic torque and split into PMR and PPR torques by the mechanical model of the 

Magsplit. The positive PMR torque is then applied to the flywheel rotor, accelerating it, and 

allowing power to be transmitted from the main grid to the flywheel through the Magsplit. 

 

  

Fig 4.5  2MW of the demand power against time (Charging mode). 

The plot in Figure 4.5 illustrates the power variation over time. It can be seen that the maximum 

power limit of 0.4 MW through the stator of the Magsplit and 1.6 MW through the synchronous 
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machine are not exceeded. The demand power is transmitted to the flywheel rotor for about 10 

seconds, corresponding to the total combined inertia. 

 

Figure 4.6 provides further insight into the system performance during charging mode, it shows 

that the flywheel rotor speeds up from around 188.5 rad/s to 377 rad/s, as stated in Table 4.2. 

Additionally, it is observed that the Magsplit stator power is circulated when the flywheel speed 

is less than ‫    
, which corresponds to case 2. 

 

 

 

Fig 4.6 Variation of flywheel speed and Magsplit stator power against time (Charging mode). 

 

 

In Figures 4.7 and 4.8, the variations of speeds and torques of the Magsplit are depicted in 

charging mode. Figure 4.6 shows that the speed of the Magsplit stator electromagnetic wave 

varies with speed of the flywheel, to keep the speed WRSM constant. On the other hand, Figure 

4.7 illustrates how the electromagnetic torque is divided between the PMR and the PPR, as 

described in equations 2.11 and 2.12. This torque distribution ensures that the necessary power 

requirements are met by the system. 
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Fig 4.7 Speeds of Magsplit against time (Charging mode). 

 

 

 

 

Fig 4.8  Variation of Magsplit  torque with time (Charging mode). 
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4.4.2 Discharging mode: 

In the simulation of the discharging mode, a negative demand power is applied to the lookup 

table along with the flywheel speed. This generates PMR torque through the lookup table, 

which is then converted to electromagnetic torque and split into PMR and PPR torques by the 

mechanical model of the Magsplit. The negative PMR torque is then applied to the flywheel 

rotor, causing it to decelerate and enabling power to be transmitted from the flywheel to the 

main grid via the Magsplit. 

 

Fig 4.9  2MW of the demand power against time (Discharging mode). 

 

 

Fig 4.10  Flywheel speed and Magsplit stator power against time (Discharging mode). 
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Figures 4.9 and 4.10, which show the variation of the powers and the flywheel speed with time, 

which demonstrates the successful implementation of the discharging mode for the FESS. The 

maximum power limits through the Magsplit stator and WRSM were not exceeded, indicating 

that the system is operating within safe and stable limits. The power was transmitted from the 

flywheel to the main grid for approximately 8 seconds. Figure 4.9 also indicates that the 

flywheel rotor decelerates during discharging mode, and the Magsplit stator power is circulated 

in case 2. 

 

Comparing Figure 4.5 and 4.9, it can be seen that the discharge time is less than the charge 

time, even when considering the same speed range. In the charging process, external energy is 

supplied to the flywheel system and stored as kinetic energy, causing the rotor to rotate faster. 

During discharge, the stored kinetic energy is converted back into electrical energy, which is 

delivered to the grid. However, due to losses associated with WRSM, the amount of energy 

that can be recovered during discharge is typically less than the amount that can be stored 

during charging [14, 22]. Consequently, the discharge time in flywheel energy storage systems 

is often shorter than the charging time. 

 

By comparing the simulation results in Figures 4.5 and 4.9 with the corresponding Figures 3.4 

and 3.5 from the previous chapter, it becomes apparent that power transfer to or from the grid 

occurs at a consistent rate within a specific range of flywheel speed. The figures also depict 

two distinct cases, with case 2 occurring when the flywheel speed is lower than 
  
‫  . 

However, in the current chapter, power is plotted against time while considering the effect of 

inertia. Section 4.6 of this chapter delves into the explanation of the requirements for UK grid 

frequency response services, particularly considering the variation in inertia. It provides a 

comprehensive understanding of the specific considerations and guidelines for maintaining the 

stability and response of the UK grid in relation to different inertia levels. 

 

Figures 4.11 and 4.12 show the speeds and torques of the Magsplit in the discharging mode, 

respectively. These figures provide a visual representation of the behaviour of the signals, 

aligning with the descriptions and relationships outlined in Chapter 2. They illustrate the 
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characteristic patterns and correlations between the speeds and torques of the Magsplit, further 

contributing to the understanding of its performance in discharging mode. 

 

 

Fig 4.11 Speeds of Magsplit against time (Discharging mode). 

 

 

 

Fig 4.12 Torques of Magsplit against time (Discharging mode). 
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4.5 Analysis and control of the proposed FESS 

This section focuses on the analysis and control of the Magsplit electromechanical model with 

a WRSM in a flywheel energy storage system. The objective is to investigate the system's 

behaviour under normal conditions, specifically a constant frequency of 50Hz, with the 

parameters given in Table 4.1 and Table 4.2.  

 

To ensure efficient power transfer and control of the Magsplit, a power electronics converter 

is employed. This converter is responsible for regulating current and voltage levels within the 

Magsplit, allowing for precise management of power transfer between the flywheel and the 

grid. It operates bidirectionally, enabling power transfer in both directions. 

 

In the charging mode, precise control of the Magsplit stator current through the converter 

enables the acceleration of the flywheel rotor, facilitating the storage of kinetic energy. 

Conversely, in the discharging mode, the Magsplit stator current is controlled to decelerate the 

flywheel rotor, converting the stored kinetic energy back into AC power for supply to the grid. 

This bidirectional operation ensures the efficient utilization of the flywheel energy storage 

system throughout its charging and discharging cycles. 

 

Furthermore, the power electronics converter offers the flexibility to implement various control 

strategies, optimizing the performance of the flywheel energy storage system. For instance, it 

can regulate the flywheel speed to maintain safe operating limits or adjust the power flow 

between the flywheel and the grid according to the grid operator's requirements. Thus, the 

power electronics converter is an essential component in controlling the Magsplit and enabling 

bidirectional power transfer, ensuring precise management of power flow between the flywheel 

and the grid. 

 

The proposed flywheel energy storage system, illustrated in Figure 4.13, is interconnected with 

the main grid. It comprises the Magsplit electromechanical model, which includes a stator 

connected to the grid through a BTB power electronics converter, a PPR linked to a 
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synchronous machine directly connected to the main grid, and a PMR connected to the flywheel 

rotor. 

 

 

Fig 4.13 entire connection of the proposed FESS to the main grid. 

 

 

To regulate power flow within the system, the MSC (Machine Side Converter) utilizes field-

oriented control (FOC), as explained in detail in Chapter 2. FOC ensures precise control over 

torque and magnetic field orientation, facilitating optimal power transfer between the flywheel 

energy storage system and the main grid. 

 

Additionally, the GSC (Grid-Side Converter) employs voltage-oriented control (VOC) in 

managing the DC link voltage and reactive power during abnormal conditions of the main grid. 

This control strategy enables efficient control of reactive power flow and voltage stability. Such 

configuration and control strategy enable the flywheel energy storage system to provide grid 

frequency response services and contribute effectively to the stability of the main grid. By 

precisely controlling power flow and maintaining voltage stability, the flywheel energy storage 

system optimizes its performance and enhances grid reliability. 
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4.5.1 FOC in charging mode 

Field-Oriented Control (FOC) enables independent control of the torque and flux components 

in a Magsplit device [29, 30, 69]. The control strategy, explained in detail in Chapter 2, aims 

to align the rotor magnetic field with the stator magnetic field to maximize torque production. 

In the context of power flow control, the torque produced by the Magsplit, denoted as Ts, is 

controlled through the torque-producing component iq of the stator current. 

 

To maximize energy extraction from the system, the Magsplit device is required to operate 

across a wide range of speeds, as discussed in Chapter 3. This is achieved through the 

implementation of the field weakening technique. Field weakening involves maintaining a 

negative value for the id component of the stator current, which represents the flux-producing 

component [69, 77, 78]. By allowing the id component to remain non-zero, the Magsplit can 

operate with field weakening as also explained in Chapter 2, extending its operating range 

beyond the base speed, and enabling high-speed operation. This technique plays a vital role in 

extracting a greater amount of energy from the system. The ability to operate at higher speeds 

while still maintaining torque production is essential for enhancing the overall efficiency and 

performance of the Magsplit. It enables optimal energy extraction, ultimately contributing to 

the system's efficiency and performance. 

 

 

 

Fig 4.14 Electromagnetic torque and stator current iq of the Magsplit (Charging mode) 
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In Figure 4.14, the correlation between the electromagnetic torque and stator current iq of the 

Magsplit during the charging period is depicted. As anticipated, the graph reveals that the 

behaviours of the individual components are identical. Additionally, the rated values for iq  and 

Tse are approximately 636A and 4456 Nm, respectively, as specified in table 4.1. The current 

iq governs the torque Tse to facilitate the charging of the flywheel, leading to the acceleration 

of the flywheel rotor. 

 

Fig 4.15  2MW of the demand power against time (Charging mode). 

 

 

 Fig 4.16  Operation of Magsplit in field weakening (Charging mode). 
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Figure 4.15 shows the variations of the grid power, the Magsplit power and WRSM power with 

the charging time period. In the figure, the Magsplit power is limited to 20% of the maximum 

grid power, while the synchronous generator power is limited to 80% of the maximum grid 

power as stated in Table 4.2.  

 

Figure 4.16 shows the Magsplit operating in the field weakening mode. The graph illustrates 

that when the stator magnetic wave speed exceeds its base value of 89.7 rad/s (as indicated in 

Table 4.1) and constant power is being delivered, a negative value of id is injected. This 

injection is carried out automatically through the Field-Oriented Control (FOC) mechanism. 

 

 

Fig 4.17  Magsplit stator current (Charging mode). 

 

Figure 4.17 shows the three-phase currents of the Magsplit stator over time during the charging 

mode. It is evident that the peak value aligns with the maximum value of iq in Figure 4.13, as 

anticipated.  
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 Fig 4.18  WRSM voltage and current against time (Charging mode). 

 

Figure 4.18 depicts the voltage and current waveforms of the WRSM during the charging 

period. Since the WRSM is directly connected to the grid, the current exhibits a smooth and 

sinusoidal waveform. This represents a significant advantage of the proposed system, wherein 

approximately 80% (or even up to 90% as demonstrated in Chapter 3) of the total power 

remains smooth and free from distortion. Additionally, the system contributes to an increase in 

grid inertia due to the direct connection of the WRSM to the grid. 

 

 

Fig 4.19  Variation of DC link voltage against time (Charging mode). 
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Figure 4.19 shows the DC link voltage behavior during the charging mode. As implemented 

and explained in Chapter 2, it is evident that the Voltage-Oriented Control (VOC) successfully 

maintains a constant DC link voltage throughout the charging period. 

 

 

4.5.2 FOC in discharging mode 

During discharging mode, the FOC mechnisam adjusts the control variables, such as the current 

reference and torque reference, to efficiently control the operation of the system. The objective 

is to extract the maximum available energy while maintaining stability and optimal 

performance. FOC enables precise control of the discharging process by accurately regulating 

the current and torque output of the Magsplit device. By tracking the desired reference values 

and adjusting the control variables, FOC ensures that the system operates within the desired 

range and delivers the required power to the grid. 

 

 

 

 

Fig 4.20 Electromagnetic torque and stator current iq of the Magsplit (Discharging mode) 
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Figure 4.20 demonstrates that accurate control of the iq component in Field-Oriented Control 

(FOC) enables precise regulation of the electromagnetic torque in the Magsplit drivetrain 

during discharging. Moreover, the rated values for iq and Tse are approximately 636A and 

4456Nm, respectively, as indicated in Table 4.1. 

 

 

Fig 4.21  2MW of the demand power against time (Discharging mode). 

 

 

Fig 4.22  Magsplit stator current id and iq components against time (Discharging mode). 
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Figure 4.21 depicts the changes in grid power, Magsplit power, and WRSM power during the 

discharging period. The figure highlights that the Magsplit power is restricted to 20% of the 

maximum grid power, while the synchronous generator power is limited to 80% of the 

maximum grid power, as specified in Table 4.2. This allocation ensures controlled and 

balanced power distribution among the Magsplit and synchronous generator while discharging. 

 

Figure 4.22 illustrates the id and iq current components of the Magsplit during the discharging 

mode. It is evident that the id component remains at zero while the iq component maintains a 

constant value, representing the constant torque region as shown in Figure 4.19. Subsequently, 

the magnitude of id increases while the magnitude of iq decreases, indicating the Magsplit's 

ability to operate in the field weakening region during the discharge process.  

 

 

 Fig 4.23  WRSM voltage and current against time (Charging mode). 

 

Figure 4.23 illustrates the voltage and current profiles of a WRMS during the discharging 

mode. When the WRSM is directly connected to the main grid, the current it delivers to the 

grid exhibits a smooth and distortion-free waveform. The design and connection of the 

synchronous machine enables a clean transfer of electrical power, ensuring minimal 

fluctuations and distortion in the grid current. This feature significantly contributes to enhanced 

power quality, promoting stable and reliable operation within the grid system. 






















































































