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Abstract

This abstract provides an overview of the research conductédlyaheel 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 natisgn. Magsplit offers a promising
approach to enhance FESS performance through efficient power flow control and variable gear
ratio transmissionThe objective of this study was to explore the feasibility and advantages of
integrating Magsplit with FESSIsing WRSM or SCIM. The research involved detailed
modelling simulation, and experimental validation to assess key performance parameters,

including energy power qualitgnd grid integration.

In the modelling phase, comprehensive models of the Magst@grated 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 Magsplintegrated FESS. While the experimental testvas 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 fromreseach 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
integraton. 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 qgttyem 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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Li st
Magsplit
ESS
FESS
MG

IM
WRSM
SCIM
DFIM
PMSM
SPM
VRM
BTB
IGBT
SCR
PWM
SVPWM
GSC
MSC
PMR

PPR

of

abbreviati on

Magnetic Power Split
Energy Storage System

Flywheel Energy Storage System
Motor-Generator

Induction machine

Wound Rotor Synchronoudachine

Squirrel Cage Induction Machine

Doubly Fed Induction Machine

Permanent magnet synchronous machine
Surface Mount Permanent magnet machine
Variable reluctance machine

Back-To-Back

Insulated Gate BipolaFransistor
Silicon-Controlled Rectifier

Pulse Width Modulation

Space Vector Pulse Width Modulation
Grid-Side Converter

MachineSide Converter

Permanent Magnet Rotor

Pole Pieces Rotor

Xi
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UK

MFR

DC

DR

DM

FOC

VOC

DTC

EMF

Sl

pu

United Kingdom

Mandatory Frequency Response
Dynamic Containment

Dynamic Regulation

Dynamic Moderation

Field Oriented Control

Voltage Oriented Control

Direct Torque Control
Electromotive Force
International System of Units

Per Unit

Xii



Li st of symbol s
0O kinetic energy stored in the flywheel
0 the moment of inertia
1 speed of flywheel rotor
1 Maximum speed of flywheel rotor
1 Minimum speed of flywheel rotor
n the number of pokpairs on the PMR
n the number of pokpieces in the PPR
1 rotational speed of the PMR
] rotational speed of the PPR

n the number of pole pairs on the inner PEIR
the magnetic gear
n the number of pole pairs on the outer PBIR
the magnetic gear
1 the rotational speed of the inner permanent
magnet rotoof the magnetic gear
1 the rotational speed of the outer permanent

magnet rotoof the magnetic gear

O gear raticof the magnetic gear

0 moment of inertia of the Magsplit PMR
&) Damping of the Magsplit PMR

Y Torque of the Magsplit PMR

0 moment of inertia of the flywheel rotor
&) damping of the flywheel rotor

Xiii

Kg.nt
rad/s
rad/s

rad/s

rad/s

rad/s

rad/s

rad/s

Kg.n?

N.m.s/rad

Kg.n?

N.m.grad



W, ®, andw

, ,and

, , and

stator phase voltages of the Magsplit

the stator phase resistor of the Magsplit

the stator phasitux linkages of the Magsplit
the stator phase setiductance of the Magsplit
the stator mutual inductance

the space harmonic phase flux linkages of the
Magsplit

the peak value of the fluxnkage of the PMR
Electrical position

The electromagnetic torque

position of the PPR

position of the PMR

the number of pole pairs of the stator of the
Magsplit

the speed of magnetic field wavestator of the
Magsplit
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Chapter one: Gener al |l ntroduction and

1.1 Introduction

The UK power system has undergone significant transformations in recent years, driven by the
need to reduce greenhouse gasssions and transition to a les@rbon economjl]. As part

of this transition, there has been a substantial increase in the deployment of renewable energy
sources, such as wind and solar poje?]. 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 grid2, 3]. The fluctuating nature of renewable energy generation,
influenced by weather conditions, can result in variability and intermittency, leading to
frequency and voltage fluctuatiofis3].

To address these challenges and ensure grid stability, energy storage systems (ESS) have
gained prominencgl, 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 deman, 7]. The integration of energy storage systems is crucial to enhance
the grid stability and effectively manage the intermittency of renewable energy sdyrées

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-18]. It presents several advantages over o#mergy

storage systems, notably batteries. FESS offers high power density, facilitating swift charge
and discharge capabilities-J&].This characteristic makes it wellited for applications that

require shorduration, highpower energy storage, such 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 réfebiljity

Despite the benefits offered by Flywheel Energy Storage Systems (FESS), significant
challenges remain. Conventional FESS setups rely oncdpkcity power electronics
converters, which can inadvertently introduce power quality issues such as harmonics and

distortion [1518]. Moreover, these traditional systems do not inherently contribute to the

1
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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 potenligatl/to stability and reliability

concerns within the power grid.

Aspect

Efficiency

Responselime

Lifetime

Cycle Life

Scalability

Footprint

Environmental

Impact

Energy Density

Power Density

Grid
Integration
Flexibility
Seltdischarge

Time

Table 1.1 Comparison of energy storage systdf8, 15]

Flywheel Energy Battery Energy

Storage Storage
High (typically 85
90%)

Moderate to High (70
90%)

Very Fast Fast (seconds to

(milliseconds) minutes)

Long (typically 20+

Compressed
Pumped Hydro Air Energy
Storage Storage
(CAES)
) Moderate (40
High (70-85%)
60%)

Moderate to
Moderate to Slow )
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(minutes)
to hours)

Moderate (10

Moderate (515 years) Long (3050 years)

years)

High (100,000+

cycles)
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(3,00010,000)
Limited by physical
.y pny Scalable
size
Medium to Large

Small footprint )
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Low Moderate to High

Moderate (10aL30
Wh/kg)

High (106250
Whikg)

High (1-10 kW/kg)  High (0.1:3 kW/kg)

Good Good

Several Hours to

(Years)
Months

30 years)
Moderate to

High (10,000+ _
High (10,000+

cycles)
cycles)
Limited by
Scalable
geography

Large footprint = Largefootprint

Moderate to
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High
High (206400 Low (5-10
Wh/kg) Wh/kg)
Moderate to
High (0.1-2 kw/kg)  High (0.53
kw/kg)

Moderate to
Good
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However, modern advancements in FESS technology have addresdeditai®on[11, 13,

16]. By incorporating advanced control algorithms and power electronics, conventional
flywheel energy storage systems can emulate synthetic [Beftid. This innovative approach
allows FESS installations to mimic the behaviour of traditional rotating machinery, effectively

providing inertialike characteristics to the gfidr].

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 effectivel3, 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 evej®ks Furthermore, synthetic inertia strengthens the
power system's resilience to fluctuations and disturbances, consequently reducing the risk of
cascading failures and blackdu8]. 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 maintathing gr

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 sy$iemi5, 22]

During electrical faults, such as short circuits or line disturbances, FESS can provide vital
support to the grid3, 23] One of the key attributes that render FESS valuable in fault
scenarios is their ability to inject or absorb power swigdy. 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 stafdby Similarly, FESS can absorb
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excess power during fault clearance to prevent voltage spikes and minimize damage to sensitive

equipmentl, 7].

Furthermore, FESS's inherent characteristics, includingpogler density and rapid response
times, enable them to provide dynamic support during fault events. Unlike traditional rotating
machinery, FESS can respond almost instantaneously to changsteim spnditions, making

them weltsuited for fault ridethrough and recovef26].

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 degigi@ficantly from the

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

system and ensures uninterrupted operation during fault E/enes]

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 anceresliagainst various

fault scenarid20, 21]

In conclusion, the fault capability 85£SSis a valuable asset in modern power systems. Their
ability to inject or absorb power rapidly, combined with their inherent characteristics ef high
power density and fast response times, makes thenswitdd for supporting the grid during
fault events. B leveraging the fault capability of FESS, power system operators can enhance

grid stability, minimize downtime, and improve overall system relialpllity 15]

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

at enhancing the performance of Flywheel Energy Storage Systems (AB&S)lit, 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 aiwoously variable
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transmission mechanism through the utilization of magnetic ¢@24%1]. 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 analysidlingp@dad performance
evaluation of the proposed FE8®ployingMagsplit system. The research will investigate the
impact of Magsplit integration on power quality, and grid integration. Simulation models and
experimental validation will be conducted tsess the performance and effectiveness of the

proposed system.

The thesis is organized as follows:

1 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.

1 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.

1 Chapter Three examines the performance of the Magsfagrated 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

1 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 undr varying frequency conditions and power delivery/absorption within

specific timeframes.
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1 Chapter Five validates the proposed FEMER)split 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 egerimental results with simulation outcomes.

1 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 ireslisshtold 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 termsinfermittency and grid stability. The key innovations

and contributions of this research are as follows:

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

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. iBggrating
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 imgprgvit 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 costffective solution for improving system stability. Bycorporating 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 redpcnstallation 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, ntiegration 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 ofConventional FESS

The flywheel energy storage system (FESS) utilizes the principle of a rotating mass to store
energy32]. It operates as a mechanical storage device by convetictical 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 megenerator (MG), bearings, a power electronics
interface, and a protective housing or containmgystem[13, 20, 25] A schematic

representation of a typical FESS for grotbabed power applications is depicted in Fidute

) DC-Link
: Converter
Thrust
bearing
Housin
Motor/ _ F &
Generator
Flywheel Radial
rotor e Bearing
/
Vacuum
Thrust JD pump

bearing A —>lamil

Fig 1.1 Structure and components of FESH4].

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 [@0¢rgy
When the stored energy is needed, the flywheel slows down, and the energy is released. To
facilitate this energy conversion, an electrical magenerator (MG) is employej@2]. The

MG enables the interchange of electrical energy to mechanical energy and vida 3e2€a

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 ide@®2] 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 deceleratidrihe flywheel while producing electrical energy

[13, 14, 25, 32]

The flywheel and MG are connected it@axial 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 managg, 32]

1. Flyywheel rotor

The energy stored in a flywheel is influenced by the material and shape of tfE3;ddr 25]
The stored energy can be determined using Equatidn, (which shows that it is directly
proportional to the moment of inertia and the square diyiveel speedl13, 14, 20, 25, 34]

0 -0 (1.1)

In this equation, E represents the kinetic energy stored in the flywhisethe moment of

inertia, and]  is thespeed of the flywheel rotor

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

speed to the maximum speed can be calculated using Equagpf84]:

YO -0 1 =- 0] p —) (12
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Typically, a flywheel rotor operates within the rangg of  to] , Which limits the

torque of the motegenerator (MG) to its maximum value for a given power rafidg. By

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

the flywheel can be extract¢t4, 15, 32]

1222 Electric machine

The electric machine, also known as the integrated ag&ioerator (MG), is connected to the
flywheel rotor to extract or store energy in the flywhgeg2, 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 energyrstbin the flywheel during the charging
phas§0, 25] Conversely, when operating agenerator, 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 pfie&e20, 25, 32, 34]

Various types of electric machines are used in FESS, depending on the specific application.
Induction machines (IM) are commonly used for kpgiwer applications due to their
ruggedness, high torque capability, and lower [i5t33, 34] However, IMs have limitations

in terms of speedind complex control requiremerjtist]. Additionally, the significant rotor
heating of IMs can be problematic for composite flywhgg&ss 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 dd®tr85]

Permanent magnet synchronous machines (PMSMs) have become increasingly popular in
FESS due to their higher efficiency, high power density, and absence of rotof3&$s€bey

are particularly suitable for higbpeed applications and can mitigate hysteresis losses
compared to IM$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[R&8&3

10
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Variable reluctance machines (VRMSs) are robust and have low idling losses, making them
suitable for a wide range of spedd8]. They have a simpler control mechanism compared to
IMs, especially for higkspeed operations. However, VRMs have lower power factor, lower
power density, and higher torque rippl@9, 40}

Table 1.2Comparison of electrical machines applicable foFESS22].

Permanent Magnet

Machine Asynchronous Variable Reluctance
Synchronous
Power High Medium and low Medium and low
Specificpower Medium (~0.7 kW/kg) Medium (~0.7 kW/kg) High (~1.2 kwW/kg)
Rotor losses Copper and iron Iron due to slots Very low

o Removable by annulling Removable by annulling Non-removable, static
Spinning losses

flux flux flux
Efficiency High (93.4%) High (93%) Very high (95.5%)
Synchronous: Vector Sinusoidal: Vector
Control Vector control Control. control.
Switched: DSP Trapezoidal: DSP
Size 1.8 L/IkW 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

Robustness of ) -
Low cost Low loss, high efficiency
temperature overheat
Simple manufacture Overcurrent capability High power density

Excitation coil can repea

Technologymatured ] High load density
adjustment
Advantages ) Lower loss at starting ) )
Adjustable power factor . High torque density
orque

o . Small volume, light
No demagnetization Easy to dissipate heat

quality
) Lower loss, higher ) o
High energy storage o No field winding loss
efficiency
) _ ) poor robustness of
High slip ratio of rotor Complex structure
temperature
Disadvantages Limited speed Difficult to manufacture Demagnetisation
High losses, low .
Low power factor High cost

efficiency

11
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Table 12 provides a comprehensive comparison among \NRVIs, andPMSMs Ultimately,

the selection of an electric machine for a Flywheel Energy Storage System (FESS) is influenced
by various factors such as power demands,-efbsttiveness, speed variability, efficiency,
durability, and control intrica¢g0, 21] Various machine types, such as IMs, DFIMs, PMSMs,

and VRMs, offer distinct advantages and traffs for different FESS applications. It is crucial

to highlight that the machine's rated power aligns with the rated power of the flynoteel
configuration§20, 21, 28]

12. 3 PBWwectronics converter

The energy conversion process in a flywheel energy storage system (FESS) involves the
integration of an electrical machine (MG) and alipectional power electronics conveftes,

14, 20, 41] These components play a crucial role in enabling efficient power flow between the
main grid and the FES$3, 14, 20, 32, 41, 42n FESS applications, various power electronic
converter topologies can be employed, all operating indiréctional mode to facilitate the
transfer of electrical energy between the FESS and the main grid. One commonly used
configuration is the A€DC-AC topology, which is also known as the baokback (BTB)
configuration. The BTB topology offers flexibility and versatility in power convergiGn14,

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 figardsandl.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 apglication

41]. Commonly used switches include insulated gate bipolar transistors (IGBTS), -silicon
controlled rectifiers (SCRs), and other suitable semiconductor dejlidgsThe 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 tipkase 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

12
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Fig 1.2 FESS with a BTB converter directly connected to the grid
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Fig 1.3 FESARcwintvlrra eDCconnected to the DC

a sinusoidal alternating current (AC) from a direct current (DC) ifigyt41] 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[g4id37] On the other hand, tiachineSide
ConvertefMSC) plays a vital role in controlling the operation of the MG and the flywfigel

25, 37] It regulates the speed and torque of the electrical machine, facilitating the charging and
discharging processes of the FH$&, 20, 25, 37]The successful integration of the electrical

machine, bidirectional power electronics converter, and appropriate control mechanisms

13
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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 applicatiorj14, 20, 25, 37]

In summary, the energy conversion in a FESS relies on the utilization of an electrical machine
and a bidirectional power electronics converter, such as the BTB topology. The selection of
switches, controlled by PWM techniques, is critical for achieving atperformance 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 applicationfl4, 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.

124 Bearings
The purpose of rotor bearings is indeed to support and maintain the flywheel tbeocanrect
position for free rotatiofil 3]. There are two main types of bearing systems commonly used:

mechanical bearings and magnetic beafit®)20]

Mechanical bearings are the traditional type of bearings that rely on physical contact between
the rotating parts. lhigh-speed applications, mechanical bearings tend to have high friction
and losses, which can limit their efficienf@8, 14, 20] They also have a shorter lifespan and
require regular lubrication and maintenance to prevent wear and 3abn 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 Et#ftL4] Magnetic bearings

offer several advantages over mechanical bearings, especially iageghl applicationd 4].

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 crucialAdditionally, magnetic bearings eliminate the need for lubrication and
periodic maintenance associated with mechanical begddd@isThey have a longer lifespan

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

and reduced downtime in industrial or higéarformance systenj$3, 14, 20]

14
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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 adeants in higispeed
applications where efficiency and reliability are critige8, 14]

1. Homsing

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 effioktiey flywheel. By
reducing gas drag, the housing helps to maximize the energy storage and retrieval capabilities
of the systerf20, 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 batir 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 surrounding$4, 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 HBSS2] 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 FER8, 20, 25, 32]

To sum upthe 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 energysiconged

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, witfultgpower 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 FERS, 14, 25, 32] This study introduces a novel
drivetrain system, as depicted in Figure 1.4, diverging from the conventional FESS detailed in
Section 1.2The integration of Magsplit technology, along with a flywheel rotor eledtric

machine either a WRSM or arSCM, 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 hFES system.

BTB Converter

<
Q.
=}
Q
=
AQDC DQAC
Pole pieces rotor St?tor |
L | ——
Flywheel Permanent
rotor magnet rotor
]
Magnetic power split ~ Electric MachingMG)

Figure 1.4 proposed drivetrain system
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Magsplit, combines the advantages of magnetic gears with 1get@rator functionality,
resulting in acompact powesplit 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 geartis versatility and compact design make it walited for
commercial hybrid and electric vehicles, as well as applications in wind and tidal energy,

marine propulsion, and aircraft flight surfa¢ds, 43]

13.1 Construction and principal operation of
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 transmissiondasisitating lubrication and

being susceptible to noise and vibration. FiguBedepicts a comparison between mechanical

and magnetic planetary gears.

High speed magnet rotor
(Sun Gear)

Steel pole piece rotor
(Planet carrier)

Outer Magnet Array
(Ring gear)

a) Mechanical gear b) Magnetic gear

Fig 1.5 Mechanical and Magnetic Planetary Gearg44]

In [45], a coaxial magnetic gear is introduced, comprising three components:spkighinner
rotor, a lowspeed outer rotor, and a pole pieces rptsitioned betweethem. 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 referencdg5-48], 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 rotdise functionality of the magnetic gear relies on the
modulation of magnetic fields generated by the permanent magnet rotors through the use of
ferromagnetic polpieces[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:

1 | | (1.3)

1 1 represents the number of pglairs on the®MR.
1 1 represents the number of pgleces in thé®PR
1 1 .1 and correspond to the rotational speeds ofRIMR,the PPR and the low

speed rotomespectively.

Assuming the number of pole pairs on the inner permanent magnet rotor is den@teqd as
the number of pole pairs on the outer permanent magnet rdip) abe given expression can

be written as:

n n N (1.4)

Assuming the rotational speed of the inner permanent magnet rotor is dented,abhe
rotational speed of the outer permanent magnet rotgr gs the given expression can be

written as:
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N ni N (1.5)

Equations 1.4) and (.5) have a significant impact on the operation of a coaxial magnetic gear
[45, 46] The combination of(f) M @& & is carefully chosen to ensure stable torque
transmission while the rotors rotate at different speeds. Tégsations 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 rizt6+48].

When one of the three rotors in the magnetic gear remains stationary, it establishes a consistent
gear ratio("O between the speeds of the other two rofé%s 46] For instance, if the rotor

with pole pieces is held stationgfy 1T, the gear ratio can be calculated as follows:

: n
o — — 1.6
; (L6)

J—

The presence of the minus sign in equatib)(signifies that the two rotors rotate in opposite
directions. On the other hand, if the outer permanent magnet rotor is held stationaryrt ,

the gear ratio can be expressed as follp\ss 46}

o] n
o — —
: ; (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 gearpl9, 50] This results in reduced friction, increased efficiency, and improved
reliability. Magnetic gears offer benefits such as high torque density, the ability to transmit

torgue through nomagnetic barriers, and minimal noise and vibratjés, 46, 49, 5Q]
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However, they also have higher initial cots, 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 andomotive.

In Figure 16, 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 componehisgelit

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

elements the polepieces rotor (PPR) and the permanent magnet rotor (PR9RB1]

Figure 1.6 Structure illustration of the Magsplit

Operating on the principles of magnetic flaxodulation, 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 mown[29, 31]

Within the Magsplit structureThe 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

transmissiof29-31].

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 modlatesen the PMR and

PPR, inducing torque transfer without necessitating physical contact between tH@%hafts

31]

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

operational principles and configurations. While btebhnologies 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 transf¢B1].

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 alemigeprontrol

over rotational speeds and directions, rendering it suitable for diverse applications requiring
meticulous torque transmission and motion regulé®ibjn

1. El2ctric Machines Utilized in FESS with Me
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 employesiqtiveel 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 thédgiThis connection method is
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distinctive compared to conventional FESS setups, offering novel advantages in system
operation and performance.
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Figure 1.7 Induction Machine and Synchronous Machine TorqueSpeed Characteristic (Per Unit)

The torquespeed curves depicted in Figuré dffer a visual representation of the performance

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

For asynchronous machines, the torgpeed 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 mexghénd 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 torqugs&gion
52].

In contrast, the torquspeed 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 suitalappfications

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

synchronous operation with the power g8l 54]

Comparing the torquspeed 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 thesr
inherent slipdependent torque characteristics. In contrast, synchronous machines maintain a
stable torque output with minimal variations, offering superior speed regulation and

synchronization capabilitifss, 56]

Understanding the detailed characteristics depicted by the tepgael curves is essential for
selecting the most suitable motor type for specific applications and optimizing their
performance and efficiency. Engineers and designers leverage theseteunad® informed
decisions regarding motor selection, ensuring optimal operation and reliability in various

industrial, commercial, and power generation applicalifijs

1.4 UK power system grid

Frequency response is a critical aspeanafntaining grid stability and reliability in the UK
power systenfi2l, 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 lifdi6s 58] To address this,
energy storage technologiesjch as battery anftiywheel energy storage, have emerged as
potential solutions for providing frequency response serJ&e5961]. Figure1.8 and1.9

show the traditional and future UK power system g8dveral 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[St&@ge

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

fastacting response mechanisms to maintain grid frequency.
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Fig 1.9 Future UK power system[62]

141 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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Figurel1.10 illustrates the framework and requirements of the MFR program, showcasing the
different response categori¢83]. Providers participating in the MFR program have the
flexibility to offer one or a combination of response times, as indicated in Ta&J@4]. 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 bgcfagy resources within
seconds of a frequency deviatif®3, 64] These resources quickly adjust their output to
balance supply and demand, helping restore grid frequency to its nominal Sadeadary
frequency response involves resources that respond within minutes to correct frequency
deviations caused by larger disturbanf®3, 64] This level of response ensures that grid
frequency is restored to its normal range after significant disruptibgis-frequency response
involves longeiterm adjustments and scheduling of resources to ensurédongyrid 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 stab{i#$]. It mandates specific obligations for market
participants to deliver primary, secondary, and Higlquency response servicessuring a
reliable and secure electricity systeBy 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 conditiongg3, 64]

Battery and flywheel energy storage systems are suitable options for prongtiaize and
efficient energy storage solutions in various applicatif<9]. Batteries offer fast response
times, scalability, high energy density, and cycling perform@s@le 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
resilience5]. They can respond almost instantaneously to frequency deviations, making them
ideal for primary frequency responsBoth technological advancements offer substantial
contributions towards augmenting grid stability and ameliorating the challenges associated

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

response performangg].
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Fig 1.10 Frequency response services used to limit grid frequency drops in the UK power syst¢®3].

Table 13 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
anevent, 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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142New 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 ([@9). Each

service employs unique strategies to maintain the frequency stability at Bigidee 1.11

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

while tablel.4 outlines the detailed specifications of each ser\Gé¢

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 serfbtedowever, FESS falls

short in terms of sustained delivery for the prescribeanittute duration. Nevertheless,
considering the narrow frequency fluctuation range of around 50 = 0.2 Hz, FESS can
effectively deliver this service for an extended periodjzitiy only 5% of its total power

capacity compared to the other two services that requirsdale delivery in this range.

100%
O, <
C z
Power
<
Deadband
+/-0.015Hz
5% —
I +0.1Hz +0.2Hz +0.5Hz
—0.5Hz -0.2Hz  -0.1Hz I
Frequency 5%

A0

Power

100%

Fig 1.11 Response curve for current Frequency response services in the UK mainland systfg6].
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Table 1.4 Services specificatior65]

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

FESSand Batteries are emerging as promising solutions for providing frequency response
services to the UK grif#t, 5, 5961]. These technologies offer unique advantages and can play

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

Batteries, particularly lithiurion 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 highpower density, batteries can respond rapidly to gedudency fluctuations,
helping to stabilize the system. They are capable of delivering bothpbigér and long
duration energy services, making them suitable for a wide range of frequency response

applicationd4, 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. Flywheelsxiifemely fast response
times, typically in the suBecond range, allowing for rapid adjustments to frequency
deviations.While flywheels may have lower energy storage capacity andliseliarge rates
compared to batteries, they shine in delivering {ugtver bursts over shorter duratif®60,

61].
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The combination of batteries and flywheels presents an opportunity for hybrid eteaye
systems. Hybridization offers the advantages of both technologies, enabling efficient utilization
of resources and improved system performd6&¢ By integrating batteries and flywheels,

the hybrid system can provide fast response times andplmgkr capabilities, along with

longer duration energy storage. This hybrid approach can optimize the use of each technology's
strengths, offering enhancééxibility and reliability for frequency response servi¢8s67,

68].

Deploying batteries and flywheel energy storage systemBeguency response services in

the UK grid brings several benefs 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 effidency 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 gridyd&siit, 68]

As the energy storage sector continues to advance, ongoing research and development efforts
are focused on optimizing the performance, -et&ctiveness, and scalability of battery and
flywheel energy storage systerf88]. 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,-paker capabilities, and
long-durationenergy storage, batteries and flywheels are poised to play a vital role in the future
of frequency response services for the UK {8id67, 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 lifesd8n68].
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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 technologiyming to address the challenges
associated with renewable energy integration and grid stabilizétlmegins 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 enesjgrage, kicidating 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 magnédtearings and a splibtor 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 Fagt@ework.

The utilization of WRSM offers gridriendly 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, gravidynamic 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 teeaims 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 involvbie 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 providingrdapbnse
frequency regiation services. By absorbing surplus enedyying 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 responswergy 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 Utgydandscape.
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Chapter two Description and modelling of the proposed FESS

Chaptebeswoi ption and modelling of the
2.1 introduction

A conventional FES based orelectric machinend the proposed IS are shown in figure

2.1 The conventional FES (which is explained in previous chapteonsists of a flywheel

rotor, an electric machine adghg as motor and generator, and a bazkack (BTB)power
electronicsconverteras shown in figure 2.1(afrigure 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 spétvate(Magspli). 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.
BTB Converter
BTB Converter
5
— % 2
5 g
I Q a
a AODC DQAC
AGDC DOAC
Pole pieces rotor St?tor | ,7
4 > | S > g >
———]
Flywheel Permanent
rotor magnet rotor
Flywheel [
oo <D S I — S
Electric MachingMG) Magnetic power split  Electric MachingMG)

(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 convéreut and output powess to
andfrom theflywheel rotorare controlledy 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

Parameter Specification
Rated Poweof FESS 2 MW
Power Electronics Converter 0.4MW (20%)
) . Rated power 1.6MW (80%)
Electric Machine
Number of Pole
(WRSM or SCIM) ) 2
Pairs
Rated Power 2 MW
Number of PPR 16
Magsplit Number of PMR 9
Number of Pole ;
Pairsof the stator
Voltage Level 690V

This table2.1 summarizes the key specifications of the FESS employing the Magsplit system,
including rated power, the split power, number of gukxes 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 a®tatinginertia, and its motion is governed by the following

eqguation:

e A I 2

"YR) and® aretorque,moment of inertia and damping of tMagsplitpermanent magnet

rotor, respectivelywhile] 0 and® are speed,moment of inertia and damping of the

flywheel rotor.
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Fig 2.2 Model of flywheel rotor

Flywheel rotor is a rotating mass that can be used to store enéhgyform of kinetic energy
It is connected to the PMR of the Magsdburing service, the flywheel rotor undergoes large

variations inrotational speedd 3, 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 (PP31].

Stator

|

PMR-< O—» PPR

Fig 2.3 Cross section of Magsplif44].
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It is an integration of a magnetyearwith a highperformancepermanent 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 currentshef stator windingg31].

In order todevelopa mathematical model dhe 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

231Magstel ectri cal mod el

The Magsplit is the critical part of the investigated FESS, and the power flow is achieved
through the control of MagspliThestator 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 shilar fashion as surface mounted synchronous permanent magnet (SPM)
machine[29, 30] Thereforethe threephase stator voltage equations in the stationary abc
reference frame can be expresasdollowg30]:

w Y m o om Q 0
w n 'Y m Q —
w m 1Y Q Qo (2.2)

wherew, w, andw represent the stat@hase voltagesQ, 'Q and™Qare the stator phase
currents ;Y is the statophaseresistance , ,and are the statophaseflux linkages.

The threephase stator flux linkagean be expressed:as

O 0 0 Q
0O 0 0 1Q
b 0 0 Q (2.3)
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where0, "Qthestator phasselfinductanceandd ii the stator mutual inductance between the
phass and , , and are thespaceharmonic phase flux linkage$heseare a
function of electricabosition of the space harmonic magnetic field wakeand the peak

value andcan be written a®llows:

Al o — (2.4)

The electromagnetic torqUi¥ can be expressed as:

Al D
Y Q0 — AT O —
Al O — (2.5)
de can be determined as:
Il (2.6)

Where[ @& R are the rotor positions of the PPR and PMR.

23. Magstpechanical model

Typically, PMR is connected to the higbeed shaft, PPR is connected toWieSM, while

the stator is driven bgowerelectronicsconverter. Its principle of operation relies on the use

of ferromagnetic polpieces of the PPR to modulate the magnetic field produced by either the
permanent magnet rotor or stator windif@®, 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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nonon (2.8

Wherer) isthenumber ofpole-pieces on th®PR,} is the number of pole pairs tife stator

windingsandn is the number of pole pairs of tRMR. To accomplish torque transmission,

the number of pole pairs dfighest 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 speedsf the PMR, the PPRndthe magnetic field genated by the statawvindings are

associated by:

N N n o (2.9

Where] isthe speed d?PR 7 is the speed of magnetic fielehveof stator windings and
1 is the speed oPMR. Consequently, a fixed ratio of magnetic gear can be achieved
when| 11, and by continuously changing a variable transmission can be realifzH.

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

Y Y] "Y1 Tt (2.10

Where Y, "Y and"Y arethetorques of thePMR, PPRand stator windings respectivels

there are twalegrees of freedominthe Magspliin d by using Newtonds | a
dynamic equations that governs thetions of thedeviceareas follow:

(2.11)

37



Chapter two Description and modelling of the proposed FESS

(2.12

Where0 and0 are the inertia of thePRandPMR respectively{31]. From the above two
equations, the mechanical model is modelled by using MATLAB SIMULINK as can be seen

in the figure below.

4

O

Wm

PM_R_Speed

PM Rotor Speed

PM rotor

,F

’ Load Torque PP_R_Position

TL

PP Rotor

To

Fig 2.4 Mechanical model oMagsplit

Fig.2.5 shows theelectromechanicamodel of theMagsplit which isestablished in the
MATLAB/Simulink. Typically, the PPR isoupled to lowspeed shaft and the PMR is
connected to higspeed shaf29-31]. 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. Thenthe electromagnetic torqui¥ from the electrical model is split between the PPR

torque T and the PMR torquenfaccording to equations (2.11) and (2.12) as follow:

. n . v n .
Y —°Y h Y =Y
n n (2.13)
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Electrical Model
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Fig 2.5 Electromechanical Model of Magsplit

+

To control the Magsplit; thereforé, h e t h rwandingpish repsesenteth direct and

guadrature (d q) axes fispresentedn [70]. rTletsianpliiied g
voltage equations in-d rotating reference framare given as follows:

(2.14)

o > o‘ >
o o

(2.15)

whereVqq are the dand gaxis voltagesrespectively, dq are the éaxisand gaxis currents
respectively)Y is the stator resistance} is the electrical angular speetithe stator field
wave and are respectively the-é&ind gaxis flux linkage In these two equations, the

coupling effect is not desirable and should be removed when the device is cofi2®|@d]}
and are given by:
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0 Q (2.16)

0 Q (2.17)

Similarly, the electromagnetictorqgi&@i n t er ms of d g components

Yoon® (2.18)

Where is the permanent magnet flux linkage, asdcan be seen fron2.(8), id does not
contribute to the torque production, and therefore should ideally be maintained at zero to
maximise the torque per Ampere capabjlifyfield weakening operation is not requirgz9,

30].

2.4 Control of Magsplit based on proposed FESS.

The main control techniques for instantaneous torque operaerdirect torque control
(DTC)andFi el d or i e nt[élfl AltboughF@Cisimoré gomui@and widely used

it is considered as high level of compleXil]. FESS operation requires range speed control
andinstantaneous torque changes are required for high performance and smooth operation for
the entire speed rangln this researchthe FOC method has been employed to control the
operation and dynamic performance of kit@gsplit whichoperatedhe flywheel rotor during

the speeding up and slowing down modes.

24 EOGTf Mégespl it

It is normally implemented in (dq) synchronous reference frame with two closed loop current
controllers. The ghxis current ¢ component is only associated with the magnetising
component, while the control of theagis current is associated with torque production.
Typically, the conventional proportional integral (PI) controllers are implemented, due to their
low steady statereor and fast dynamic respons@®Cdiagramof the Magspliis shown in the

figure 2.6.
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Fig 2.6 FOC Model of Magsplit

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

The threephase current of the stator are converted todintensionald-q reference frames
using ClarkPark transformation to obtain actual values gfdnd (). The reference current

(ia) set to zero and the reference curreftigicalculated from equation (2.18) to determine the
desired electromagnet torque. The decoupled abmponents are removed by adding the
decoupling term. Then, the-gl controlled voltage signals are converted to three phase
sinusoidal signals by usingverse ClarkPark tranformation. 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.

24. Performance and control of the Magsplit
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 connectecetgriti through 8TB power
electronics converter. In addition, the power delivered through the W&r 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 etjoa 2.9.
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Fig 2.7 The proposed diagram ofthe control of the FESS
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Fig 2.8 block diagram of voltageoriented 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) andibkCvoltage. The GSC is controlled

by a scheme known (VOC) shown in figure 2.8, this scheme is based efortmaation
between the abc stationary reference frame and dq synchronous referencg/garie
realize the VOC he voltage orientation of the grid is determined by measuring the grid voltage
and determining its angléJsing this angle, variables can be transformed from the abc
stationary frame to the dqg synchronous frame via abc/dq transformation, or from the
synchronous frame to the stationary frame via the dg/abc transforrfvjon

The control system consists of three feedback loops: two inner current loops to contrel the dq
axis currentsggy and g, and an outer DC voltage feedback loop to control the DC link voltage
Vdc. The three phase line currendg ing and tg in the abc stationary frame are transformed

into two phase currentggiand kg in the dgsynchronous 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,he daxis of the synchronous frame is aligned with grid voltage vector,
consequently the-dxis grid voltage is equal to its magnitude, and the resultaxggvoltage

Vqgis 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:

Q0 w w
Q )]

Q0 w W
Q )]

Q0 w w
Q )]

(2.19)

The dq synchronous reference frame can be used to transform the given equations.

43



Chapter two Description and modelling of the proposed FESS

00 w w 1 07

N0 oo w 71 071
Q 0 (2.20)

Where) is the synchronous reference frasrspeed, which is also the angular frequency of

the grid] 0 Q and] 0 "Q are the induced speed voltages caused by the transformation
of the stationary reference frame to synchronous frame of the induGtantee derivative of

the daxis currentdg, as well as the -gxis current g, is associated to both d aneagis
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 congroils shown in figure (2.9) is implemeniéa].

The MSC is connected to the Magsplit to control gbever 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.

mechanical terms, flywheel chargingpdeimpliesanincrease in speed.

(2.21)

“Y 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 Voltageoriented control (VOC) with a decoupledcontroller [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 generatingvititode

negative torque and acceleration.

Q0 Qo 0 (2.22)
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Figure (2.10)shows the control block diagram for tR&ESSin both its charging (motoring)
and discharging (generating) statébe operation of the MSC is controlled by FOC, which
enables controlling of the torqaed fluxof the Magsplit by controlling the stator current. By
transforming the threphase system intie (dq) time invariant system, the torque and flux of
the Magsgk can be controlled independently, similar to a DC machimerder to produce a

smooth output waveform, SVPWM is used to control and switch the gates of the MSC

MSC

]
SVPWM ©)
[ [ 3
V| V| V¥ h 4 \ 4 \ 4
m P
abc/dqg
Decoupling position
e
2-D T(u) « Om
s  Tm v
| pslpm |
uz2 <_Pu
Lookup table

Fig 2.10 Block diagram of Fieldoriented control (FOC) for Magsplit

The demand powergis the power which is required to be delivered or absorbedtfrermain
grid at any timeThe active power control is accomplished by controllingMiagsplittorque
Tsthrough the torqu@roducing componeng of the stator currenThe reference PMR torque
T'mis produced by the lookup table according to miaguired power Pand flywheel rotor
speed , then the reference electromagnetic torquésTcalculated based on equation (2.13).
Finally, the reference for torqymoducing stator currentyiis calculated using the torque

constant kof the Magsplit.
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The daxis stator current reference is set to zero to realize maximum torque per amper
scheme. The field positiogie is determined by the PMR and the PPR positgn éndd
detected by two position sensors mounted on each shaft of the Magsplit) using the decoupling
position. The measured three phase stator curgemtand t are transformed into dq axis
current § and , from stationary frame to rotor flux synchronous frame, using thé&dqbc
transformationThe dgaxis stator currents are then quamed to their reference curreitsand

i"q respectively.Two PI controllersare used taeceive the errors and generate theagis
reference voltages, sand Vq for theMSC. The two synchronous frame reference voltages are
then transformed into thrgghase voltagesavwwh, and v, in the abc stationary frame, through

the ddabc transformationThe threephase 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.

24. Bield 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 Magbpiiiogy[29, 30,

69]. The Magsplit is a machine that incorporates permanent magnets and is designed to achieve
high-speed operation while maintaining efficiency and cori2®] 30] Figure 2.11 shows the
operation of the field weakening of the Magsplit.
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Fig 2.11 Field weakeningechnique 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 tagsplitoperation. The control technique

commonly employed in this scenario is F{&9].

More detailed explanation of the procesgiven 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.

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.

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 théagsplitdesign, 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 utilizingdigdeted 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 (sadisptected

to convert either mechanical energy to electrical energy (as a generator) or electrical energy to
mechanical energy (as a motdt3.rotor is connected to ti#PRof theMagsplit and its stator
connected directly to the main gritihe frequency of the generator voltage, f, and speed are

related by:

(2.23)

C:
=

Where N is speed of the synchronous machine in rpm, and p the number of pole @ pairs.
Great Britain the grid frequency is 50 Hz, @hthe machine has 2 poleair, it will rotate at

constant speed at 1500 rpm.

The synchronous machin®tor is equipped witta DGexcited 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.rétagingmagnetic field generates

a timevarying EMF in the armatuée threephase windingThe 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, th&/RSM 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 parmit (pu) units.

The model considers the dynamics of the stator, field, and damper windings. The rotor
reference frame (quekference 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 Oypriatdes

[74].
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p Wi

O w >» 3

Fig 2.12 SynchronousMachine puFundamental 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 suobustness and

costeffectiveness.

Here are additional details about SCIM and its advantages:

1- Robustness: SCIMs are known for theigged 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- Costeffectiveness: 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 isa 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 applicadiosidering factors
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such as power factor requirements, cost constraints, and operating condigoms. 2.13
illustrates the model dynamics of a th@®ase asynchronous machine, commonly known as

an induction machine, represented in either Sl owpér(pu) unit§75].

This block implemerstthe model of a threphase asynchronous machine, which can be a
wound rotor, squirrel cage, or double squirrel cage machine. The model allows for selecting a
dg reference frame, such as rotor, stator, or synchronous reference Traensttor 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):

Tm

LW

dA

qC

Asynchronous Machine
pu Units

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 squage rotor. During simulation, the
squirretcage rotor is connected to tlPR of the Magsplit, while the stator is directly
connected to the grid.he 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 thepecific requirements of the application.
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2.7 Chapter summary
In this chapter, a detailed description and modellinghefFESS 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 andgtitethrough 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 threaipsiwer 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 Rirthe P
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 capabilitiesetécting?VRSM or SCIM with the
system The described control techniques and the integsatstgm simulationvill 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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ChapterPerhfrreremance of the proposed FES

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 Magsyhiich isgiven in the previous chapter.
Secondlythe characteristic of the Magsplit torques are assessed to show the performance of
the proposed FESS systeifinally, the effects ofthe rating power of thd8TB power

electronics convertare extensively investigated

3.2 Maximum and Minimum speed ofthe flywheel rotor

In practical applicationsthe FESS is notompletelydischargedand a minimum speed is
usually adopted. This is often set to half the maximum speed, enabling the availability of 75%
of the maximum stored energy4, 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 apeed,
wide range ofoperatingspeeds is essential for energy storage @gepth ofdischarg [14,
20].Thepower produced by the stator winding is given by:

TIY (3.1)

while the electromagnetic torqué, is related to PPR torquéy as follows:

YoY— (3.2)

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

O Y "Y1 (3.3)

Whered RY AT1A are power, torque and speed of WRSM.
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from the equations (3.2) and (3.3) the electromagnetic torque is given as:

v 23 (3.4)
1 n

Therefore, the speed of the stator magnetic wav@n bedetermined by substitutirgguation
(3.4) into equation (3.1):

0 n o
1 — —3—90
n v

%

(3.5)

Furthermorethe speed of theMR can be calculated from equatich9) from chapter 2

N N n 1 (2.9)

Substitute equatioB.5)into equation(2.9),the speed of thEeMR would be given as:

n B n 0 N 0
I N
o (3.6)
Since] 1 and] 1 ,where] the flywheel rotor speed, tipower split ratio of

the Magsplit could be written as a function of the speed of the flywheel rotor as follow:
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0 ]
[ P (3.7)
n
The value off — is constant, and two regions are considered when operating the flywheel.

Case 1 corresponds to flywheel speeds largerithar—, and Case 2 corresponds to flywheel

speeds smaller than —.

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

discharging of the flywheel. It can be seen, when— 7 , there is no reirculation of

power, and th®VRSMand the Magsplit share the charging and discharging powers. Figure 3.2

shows the power flows, for case 2, i.e., when— 7 , it can be seen, that in this case,

there is recirculation of power, during charging and discharging modes, which can have a
detrimental effect on efficiency. Therefore, this case magvoéded during the operation of

the flywheel.

For a given flywheel speed the Magsplit powerd and theVRSMO , and hence the total
grid power, can be controlled by the electromagnetic torque of the Magspktcan be shown

in the following:

From equations (3.1) and (2.9), of the Magsplit povecan give by:

(3.8)
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Fig 3.1 Power flow. a) Discharging mode. b) Charging mode.

=
BTB Main
converter grid

BTB
converter

a) b)

Fig 3.2 Circulating Power. a) Discharging mode.  b) Charging mode.

TheWRSMU is then given by:

. .o N (3.9)
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The powetd of the grid is produced by the Magsplit and YWRSM:

6 0 0 (3.10)

5 vop L n7 SVLIPN . nT (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

acrosonerange of flywheel speed.

Table 3.1 System specification

Parameter Specification
Maximum demand Powett) 2 MW
. Electric Machine powen) ) 1.6MW (80%)
Power Split Magsplit stator Powerd( ) 0.4MW (20%)
Flywheel rated speed 349.1 rad/s
Electric machine speed 157.1 rad/s
Electromagnetic rated torqud- ) 4456.4 Nm
Number of Pole Pairs of Magsplit staiag 7
Number of PP ey, 16
Number of PMRum 9

Figures 3.3 and 3.4 show the variations of the grid power, the Magsplit powsVRSEW
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, whil/R&M
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 seenthatwhen 1 —, i.e. case 2, power is circulated through the Magsplit,

with potential detrimental effects on efficiency.
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3.3 Torque characteristicsof the Magsplit.
In this section,n order to investigate the Magsplit torque characteristics, each part of the
Magsplit isanalysed Furthermore, it is presented as a variation of power and torque with the

speed for each part.

331The el ectromagnetic reaction torque
The main concept of the Magsplit is based on the electromagnetic reaction torque produced by
the current of the stator windirjig9-31, 69] which is then split between the two rotassit is

demonstrated ithe previous chapter.
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Fig 3.5 Variation of Power and Torque of theMagsplit stator with magnetic wavespeed

Figure 3.5 shows the variation of the Magsplit stator power and the electromagnetic torque
with the magnetic wave speddlearly, the circulating power exists in the region where

Tt In other words, the magnetic wave of the stator winding reverses direction, which allows the
power to circulateAlthough, the stator power equal to zero when 11, the demand power

is delivered to the grid because of there is still generating electromagnetic torque at this point.

59



Chapter three Performance of the proposed FESS based on Magsplit.

Furthermore, tie delivered power depends on the electromagnetic torque described in
equations (3.9) and (3.1a&hd figure 3.3
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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 additt@electromagnetic
torque is controlled to achieve the limitation of the split power.

33. Zhe PMR torgue

It is the torque which is applied to the flywheel rotor to accelerate in the charging mode and
to decelerate in the discharging modée PMR torques 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, m order to calculate the electromagnetic torquerdference oPMR torque is
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determined by the lookup table based on the flywheel rotor speed and the requiredgpower

seen in the figure 3.7

2-D T(u) W
T, T, u1
Ps/Pm

u2 Pg

Lookup table

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 ntrol the electromagnetic torque of the Magstig reference for

torqueproducing stator current is calculated using the torque constant of the Magsplit.
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Fig 3.8 VVariation of power andtorque of PMR with flywheel speed Charging mode)
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Figure 3.8 shows th¥ariation of power and torque of PMR with flywheel spekdcan 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 demandspoaieased from

1.2 MW to the maximum valyeand it is decreased based on the limitation of the power.

3.3. The PPR torque

Due to the connection between the PPR andMRSM, as well as th&®VRSM being directly
connected to the main grid, the PRR run at a constant speed that follows the grid frequency
From figure 3.9, it clear that the power\WWRSM 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.
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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 ofgttaiph 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.
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Fig 3.10 Variation of torques of the Magsplitwith the flywheel speed.

3.4 Power Electronic Converter Capacity

In this study, the BTB power electronics converter plays an importaninrotentrolling 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 rasingjlar to the rating of the flywheel
motor/generatojl4, 32] However, the proposed FEES employing the Maggaiver 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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c-xl C

N
1 1 n— p (3.12)

The effects of BTB converter power rating are evaluated baseduation (3.12). This is
done by calculatingte ugful energy from the flywheel as follow:

0O 901 1 — U] P 1 (3.13)
C 1
Assuming:
n
1 1T = 3.14
; (3.14)
and,
N 0
L i 3.15
T T TP T (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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(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. 40derating the systgomwevi.t hout <circulating
In this sectionthe effects of BTB converter power rating are only investigated for
—1] . Moreover, the useful energy is determined with different values of the flywheel

maximum speed 25%, 50%, 75% and 100% higher of the base speed.
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Energy (%)

—e—Without Field Weakening
—+—+25% of the base speed
+50% of the base speed

........ +75% of the base speed

—=-=-+100% of the base speed

10 \ | \ \ |
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Fig 3.11 Variation of the useful energy with the ratio of the power split

Figure 311 showshe variation of the useful energy extracted from the flywheel with the ratio

of the Magsplit power and the generator paweran be seen that as expected field weakening,
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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 312 shows the variation of the useful energy with gegcentage 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 iddrease

10% to 50% without field weakening.
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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 compen#ageeféects 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 willttzsmitted to the grid through the

synchronous generator. Using a directly coupled wound rotor synchronous generator has
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several benefits such asgénerates sinusoidal waveforms, and the harmonic interference is

almosttotally eliminated from the systeas well as it increases drive train inertia.

3420perating the sytoamerwi th circul ating
Wide speed range can be achiebgdoperaing the FESSn the circulating power region.
Therefore, more useful energy would be extracted from the flywheel, but this will affect the

system efficiencyln 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 equaBTb% of] —and 75% of — respectively

It can beseenthat 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 mininegich sp

is decreased by 25%.

100 s nTAMATIATIATIOTIOT AT AT S SR
% I
g0
£ 70
>
2
]
c
Y 60
—e—Without Field Weakening
50
——+25% of the base speed
+50% of the base speed
40 L 0 S O S T S O N O O SO S e SO s e P +75% of the base speed
+100% of the base speed
30 : 3 3 3 :
10 20 30 40 50 60 70 80 90
Pst (%)

Fig 3.13 Variation of the useful energy with the Magsplit stator power (87.5% of':"ico11 )
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Fig 3.14 Variation of the useful energy with the Magsplit stator power (75% oflcoTI )
-

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, affectingfiitsiemcy. Furthermore, a
significant advantage of utilizing the Magsplit is the reduction in the total capacity requirement
of the power electronics convertelp toabout 90% of the power can be efficiently transmitted

by the WRSM, thereby limiting théze 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 dipalycsimplifies the

system design but also improves its esféectiveness 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 elecsoronverter size, the Magsplit

presents itself as a promising choice for integration into aegformancd-ESS
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Chapter four: Simulation results of

4.1 Introduction

This chapter provides an overview of gimulation 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 inl@apter 3, with the simulation outcomé&ie FESS is designed with

a power rating of 2MW, and all system parameters, including those of the MagspliRsid

block from the MATLAB/SIMULINK library, are accurately determineditially, to simplify

the simuation results, only the mechanical model of the Magsplit is utili@atdsequently, the
Magsplit model is connected to a BackBack (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 Miagsivetrain 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 @#addal 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 Systemparameter determination

Representative parameters fitve Magsplit are determinedand the 2 pole pairsWRSM
fundamentaimodelavailable in the MATLAB/SIMULINK libraryis used for the simulation

studies

4. 2. The parameters of the Magsplit
TheproposedESS has powerrating of2MW. The power split betweghe WRSM0 , and

the Magsplit,0 , is assumedo be 80% and 20%, respectively. Furthermore, the Magsplit
combination chosen ghown in Table 4.1t is assumed that the proposed FESS will be linked
to the UK grid at a voltage level of 690Vrpandwith these considerations, the parameters of
the Magsplit areleterminedhs 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 :

1 “ "Qad/s (4.1)

0 = 80% of the total power, and the torque of the WRSM which is equal to the PPR torque

Y Y given as:

5
ooy O (4.2)
1
Using the torque relationship of the Magsplit, the electromagnetic torque of the Magsplit

would begivenas

"y ﬂ_ y (4.3)
n
The PMR torgue is given as:
vy Loy (4.4)
n

And from Chapter 3, the electromagnetic wave speed is given

f]_ 0 (4.5)
] n 36—3

The PMR speed are calculated as:

n n (4.6)

In this chapter,hie systenis tesedwith circulating poweregion;hence the minimum speed

of the flywheel rotor is chosen to be as follows:

n 4.7)
1 —1
n
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figure 4.1 shows the phasor diagram of the Magspldrmal convention states that the
amplitudes of voltage and current phasorsrapgesented by their root mean square values

andthe amplitude of flux linkage phasisrrepresented bys peak valud1,2].

Jel X

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 Magsﬂl@ ( 4456.4 Nm.
The base mechanical speed of the Magspli ( 89.76 rad/s
The pole pairs number of the Magsplit stator windirngg ( 7

The pole pairs number of P Mz ) 9

The pole pairs number of PRizg) 16

The efficiency of the Magsplit 95%
The power loss of the Magspliﬂ-.( I T 20 kw

The power factor k) 0.707

The rated power of the PMRH-{ 1) 2 MW

The rated power of the Magsplit stat(ﬂf,()‘ 400 kw
The rated power of the PPH() 1.6 MW
Phase resistance ¢ 0.033 m
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 voltag&rms) 690 V

Table 4.1 the Magsplit specifications
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4., 2Speci f iod aWheEM

The parameters of 2 pole pairs WRSM is selected to meet the specifications of the system as
can be seen in figure 4.Zhe MATLAB/SIMULINK bui | t i n
requires two inputs and produces multiple output signals that can be retrievdu §saiector

signal connected to the output of the machine. The set of inputs are the field voltage and either

a reference input mechanical poweerotor speed referen¢ed].

Synchronous Machine
pu Fundamental.

1

Synchronous Machine (mask) (ink)

Imphements 2 3-phase synchronows machine modelied In the dg rotor refierence frame. Stator windings
are connicted in wye 10 an intemal neutral point.

Configuration  Parameters  Load Flow
Preset model o
Mechanical input:  Speed w

Rotor type: Salient-pole

Synchronous Machine (mask) (link)

Configuration  Parameters

Implements a 3-phase synchronous machine modelled in the dq rotor reference frame. Stator windings
are connected in wye to an internal neutral point.

Load Flow
Nominal power, line-to-line voltage and frequency [ Pn(VA) Vn(Vrms) fn{Hz) ]: |[1.6E6 690 50]

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 allnterconnected rotating equipment. The combined system inertia comprises
two componentsthe flywheel rotor plus PMR inertia, and the synchronous generator plus PPR

inertia, as illustrated in Figure 4.3.

4 3BWRSM nerti a

The inertia of thesynchronous generator is obtained by using the following formula:
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)
o P 91 (4.8)
¢ N
BTB [1] Main
converter 11 Q‘id
Combined inertia -1
Flywheel rotor + PMR — — — —
—_—— r 1
1 T
I SRR /-.-""._\ — I
I . $ 3 PMR { : Magsplit PPR ( M L
T L : 2 « / 11
" .o \ . —
. _ _ |
Combined inertia
SM + PPR
Fig 4.3 Combined system inertia
Thereforethe inertia of the synchronous generatagiven by:
¢on v (4.9)

1

Where:
"O : The moment of inertia constant

n : Number of pole pairs of thH&/RSM.

4. 3Magspl it rotors inertia
PMR inertiais determinedising the following equation:

: . p ., O
o & — - —
c C
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“Op " (4.10)
oG

Where:

0 : The moment of inertiaf PMR
O : Diameterof PMR

0 :Length of PMR

® : Volume of PMR

" :iron density

ltis also assumed th® 0 andshearstress ¢ (E J1 [76], accordingly for a given

torque”Y the diameter is calculated as follow:

(4.11)

‘. (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 piadbe PPR. This assumption

allows for estimating the inertia of the PPR based on the known inertia of the PMR.
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4. 3Fl ywheel rotor inertia.

Determiningthe 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
challengd4]. In addition to FESS, a broader range of supplementary devices that can respond
rapidly will be required to maintain frequency stabil[}5]. To meet the specified time
requirements of the gricbde, the inertia of the flywheel rotor is calculated as follows:

The torque applied to the flywheel rotor is given as:

. Q1 (4.13)
*
Y RS
Where:
5
w Y (4.14)
1
By substituting(4.14)into (4.13)
: Q) AO
0 * (4.15)
0 is the power of the flywheeNow, by integraing both side
1 , 4
o Q _*
U ] (4.16)
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Equation (4.16) shows that for a given power rating and speed randefttteam of the
eguationremains 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 studiesusing the mechanical model of the Magsplit.

Assuming the parameters Trable 4.2 simulationstudies are undertakéa demonstrate the
performance of the MagspRESSand 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 conveastassumed ideal herefore, the system

is tested withoutlosedloop control andthe 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 W8RSM, which is directlyconnectedo 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 thegnation of BTB power electronics converter.

powergui

W o

@—;w f <Electromagnetic torque Te (pu)>
v

T
Synchronous Machine

pu Fundamental

=

Main grid |
g

n-DLookup | MATLAB Function
Table

Mechanical model of Magsplit

Flywheel rotor

Flyweel power

Fig 4.4MATLAB SIMULINK model of simplified model of the proposed FESS
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Table 4.2 Simulation parameters

Minimum speed 188.5 rad/s
Maximum speed 377 rad/s
Flywheel rotor
Rated power 2 MW
Combined inertia (PMR and flywheel 260 kg.n?
Stator pole pairs 7
Pole pieces 16
) Magnet rotor pole pairs 9
Magsplit :
Rated power of pole pieces rotor 1.6 MW
Rated power of stator 0.4 MW
Combined inertia (PPR and WRSM 420 kgm?
Rated power 1.6 MW
Wound rotor synchronous Line to line voltage 690 \wms
machine 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.

78



Chapter four Simulation results of the proposed FESS

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 performarared compare it with previous chapter res@dW of the
flywheel rotor power from/to the main grid through the Magsgliested

4. 4. 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 nethaodel 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.

Case 1

Power (MW)

e T A R I I T R e T T I T T T e A

Time (s)
Fig 45 2MW of the demand power against time (Charging mode).

The plot in Figure 4 illustrates the powaerariationover time. ltcan be seethat 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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machinearenot exceeded. The demand power is transmitted to the flywheel rotor forl&bout

seconds, corresponding to the total combined inertia.

Figure 46 provides further insight into the system performance during charging, hetdews
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.

400 T T

350 —

300

250~ 1 ;\WG*(Pple) 1 1 7

Flywheel speed (rad/s)

Magsplit stator power (MW)

|

05 | | | | | | | |

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Fig 4.6 Variation of flywheel speed and Magsplit stator power against time (Charging mode).

In Figures 47 and 48, thevariations ofspeeds and torques of the Magsplit are depicted
charging modeFigure 4.6showsthat thespeed of the Magsplit stator electragnetic wave

varies with speed of the flywheel, to keep the speed WRSM conStattte 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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Speeds of Magsplit (rad/s)

Magsplit Torque (Nm)
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Time (s)
Fig 4.7 Speeds of Magsptiagainst time (Charging mode).
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Fig 4.8 Variation of Magsplit torque with time (Charging mode).
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4. 2Di scharging 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 & dorfues 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.

25

Circulating power

Case 1

Power (MW)

Time (s)

Fig 4.9 2MW of the demand power against time (Discharging mode).

Flywheel speed (rad/s)
[ ¢ w w Y
[%)] (=] (4] (=]
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: _<
|

N
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I
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WG(Pp/Pm)

Magsplit stator power(MW)

Time (s)

Fig 4.10 Flywheel speed and Magsplistator power against time (Discharging mode).
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Figures 49 and 410, which show the variation of the powers and the flywheel speed with time,
which demonstratethe successful implementation of the discharging mode for the FESS. The
maximum power limits through the Magsplit stator &dBSM 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 approximate8 seconds. Figure 9.also indicates that the
flywheel rotor decelerates during discharging mode, and the Magsitjstater is circulated

in case 2.

Comparing Figure &.and 49, it can be seethat 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 discharg, the stored kinetic energy is converted back into electrical energy, which is
delivered to the gridHowever, due to losses associated with WRSM, the amount of energy
that can be recovered during discharge is typically less than the amount that carede st
during charging14, 22] Consequently, the discharge time in flywheel energy storage systems

is often shorter than the charging time.

By comparing the simulation results in Figuresanhd 49 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 speedigliresalso depict

two distinct cases, with case 2 occurring when the flywheel speed is lowerthan .

However, in the current chapter, power is plotted against time while consideriefjetttef

inertia. Section 46 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 formmeykes
stability and response of the UK grid in relation to different inertia levels.

Figures 4.1 and 4.2 showthe speeds and torques of the Magsplihimdischarging 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.

Wm
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Fig 4.11 Speeds of Magsplit against time (Discharging mode).
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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 investigatgstieen's
behaviour under normal conditions, specifically a constant frequency of, 5Qitz 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 betwes 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 i®ttedtto 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 disgivag 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 operatings loniadjust 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 pgeecmanagement of power flow between the flywheel

and the grid.

The proposed flywheel energy storage system, illustrated in Figu,aglidterconnected 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 machirdirectly connected to the main grid, and a PMR connected to the flywheel

rotor.

Magsplit for Flywheel Energy Storage System

Discrete
Tss.

Flywheel

B1

.\l—-—T

Magsplit MSC B

Measurements

- -
il

Synchronous Machine
pu Fundamental

-‘_@ <Electromagnetic lorgue Te {pu)> H‘ L
L

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 tearisftween the flywheel
energy storage system and the main grid.

Additionally, the GSC (Griebide Converter) employs voltageiented 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 dtabeostability. Such
configuration and control strategyablethe 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 maintainingltage stability, the flywheel energy storage
system optimizes its performance and enhances grid reliability.
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4. 5FQ@C in charging mode

Field-Oriented Control (FOC) enables independent control of the torque and flux components
in a Magsplit devicg29, 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, denotediss T

controlled through the torgygroducing componeng of the stator current.

To maximize energy extractidmom the systemthe Magsplit device isequiredto 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
negativevalue for thed component of the stator current, which represents thepfiostucing
componen{69, 77, 78] By allowing the 4 component to remain nexero, the Magsplit can
operate with field weakenings also explained in Chapter &tending its operating range
beyond the base speed, and enabling-Bmgted 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 pduction is essential for enhancing the overall efficiency and
performance of the Magsplit. It enables optimal energy extraction, ultimately coiniitbot

the system'’s efficiency and performance.
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Fig 4.14 Electromagnetic torque and stator current i, of the Magsplit (Charging mode)
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In Figure 4.4, the correlation between the electromagnetic torque and stator cywéttie
Magsplit during the charging period is depicted. As anticipated, the graph reveals that the
behaviours of the individual components are identical. Additionally, the rated valugsifat i

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.
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Fig 4.16 Operation of Magsplit in field weakening (Charging mode).
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Figure 4.5 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 maxinaim g
power as stated in Table 4.2.

Figure 4.5 showsthe Magsplit operatg in the field weakeningnode The graph illustrates
that when thestatormagnetic 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 F@idented Control (FOC) mechanism.
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Fig 4.17 Magsplit stator current (Charging mode).

Figure 4.7 showsthe threephase curresof 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.B depicts the voltage and curremtiveformsof 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% 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.
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Fig 4.19 Variation of DC link voltage against time (Charging mode).
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Figure 4.9 shows the DC link voltage behavior during the charging mode. As implemented
and explained in Chapter 2, it is evident that the Volagented Control (VOC) successfully
maintains a constant DC link voltage throughout the charging period.

4. BFOC diimhar gi ng mode

During discharging mode, the F@@chnisanadjusts 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
performanceFOC enables precise control of the discharging process by accurately regulating
the current and torque outpoftthe Magsplit deviceBy tracking the desired reference values

and adjusting the control variables, FOC ensures that the system operates within tde desire

range and delivers the required power to the grid.
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Fig 4.20 Electromagnetic torque and stator current iq of the Magsplit (Discharging mode)
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Figure 420 demonstrates that accurate control of the iq component in®Grgdited 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\a686A
4456Nm, respectively, as indicated in Table 4.1.
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Fig 4.21 2MW of the demand power against time (Discharging mode).
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Fig 4.22 Magsplit stator current id and iq components against time (Discharging mode).
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Figure 4.2 depicts the changes in grid power, Magsplit power,\&REM power during the
discharging period. Thigure 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 distrilbion among the Magsplit and synchronous generator while discharging.

Figure 4.2 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 ig component maintains a
constant value, representing the constant torque region as shown in FiQu&usequently,

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 4.3 illustrates the voltage and current profiles o?W&MS 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 distortifiee waveform. The design and connection of the
synchronous machine enabla 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 gsgsy
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