lT City Research Online
UNIVEREI;;{ ]OSFgLfNDON

City, University of London Institutional Repository

Citation: Amiryar, M. E., Pullen, K. R. & Nankoo, D. (2018). Development of a high-fidelity
model for an electrically driven energy storage flywheel suitable for small scale residential
applications. Applied Sciences, 8(3), 453. doi: 10.3390/app8030453

This is the published version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/19594/

Link to published version: https://doi.org/10.3390/app8030453

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.




City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

friried applied
o sciences

Article

Development of a High-Fidelity Model for

an Electrically Driven Energy Storage Flywheel
Suitable for Small Scale Residential Applications

Mustafa E. Amiryar *'“, Keith R. Pullen * and Daniel Nankoo

School of Mathematics, Computer Science and Engineering, University of London, London EC1V 0HB, UK;
d.nankoo@city.ac.uk (D.N.)
* Correspondence: mustafa.amiryar.2@city.ac.uk (M.E.A.); k.pullen@city.ac.uk (K.R.P);

Tel.: +44-(0)20-7040-3475 (K.R.P.)

Received: 13 November 2017; Accepted: 8 March 2018; Published: 16 March 2018

Abstract: Energy storage systems (ESS) are key elements that can be used to improve electrical
system efficiency by contributing to balance of supply and demand. They provide a means for
enhancing the power quality and stability of electrical systems. They can enhance electrical system
flexibility by mitigating supply intermittency, which has recently become problematic, due to
the increased penetration of renewable generation. Flywheel energy storage systems (FESS) are
a technology in which there is gathering interest due to a number of advantages offered over other
storage solutions. These technical qualities attributed to flywheels include high power density,
low environmental impact, long operational life, high round-trip efficiency and high cycle life.
Furthermore, when configured in banks, they can store MJ levels of energy without any upper limit.
Flywheels configured for grid connected operation are systems comprising of a mechanical part,
the flywheel rotor, bearings and casings, and the electric drive part, inclusive of motor-generator
(MG) and power electronics. This contribution focusses on the modelling and simulation of a high
inertia FESS for energy storage applications which has the potential for use in the residential sector in
more challenging situations, a subject area in which there are few publications. The type of electrical
machine employed is a permanent magnet synchronous motor (PMSM) and this, along with the
power electronics drive, is simulated in the MATLAB/Simulink environment. A brief description of
the flywheel structure and applications are given as a means of providing context for the electrical
modelling and simulation reported. The simulated results show that the system run-down losses are
5% per hour, with overall roundtrip efficiency of 88%. The flywheel speed and energy storage pattern
comply with the torque variations, whilst the DC-bus voltage remains constant and stable within
£3% of the rated voltage, regardless of load fluctuations.

Keywords: energy storage systems (ESS); flywheel; storage for residential premises; charge—discharge
control strategy

1. Introduction

Energy storage systems (ESS) can provide a viable solution to the problem of balancing electrical
energy supply and demand. This is achieved through the process of converting stored electrical energy
into one of the forms of thermal, magnetic, mechanical, or chemical energy [1,2]. ESS enables energy to
be stored when the generation exceeds demand, and produced when it is needed. Storage is beneficial
when there is low demand, low generation cost, or when available sources of energy are intermittent.
Alternatively, the stored energy can be consumed at times of high generation cost, high demand,
or when alternative generation is not available [1-4].
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Energy demand continues to increase with high growth rates, which would increase energy
prices if there is no change from use of traditional generation methods. Pressures to limit carbon
dioxide emissions, market deregulation, as well as power quality problems, in turn add to aggravating
the issue of imbalances between generation and demand [2,3]. Potential distributed generation
(DG) and renewable energy sources (RES) can be considered as replacements or supplements for
traditional generation methods [3]. Yet there are major obstacles linked to energy being supplied
from renewables, due to their intermittent nature across a range of timescales [4]. Their availability is
always subject to weather conditions, and there are annual, seasonal, and monthly fluctuations in RES
supply which may not match the periods of energy demand [3,4]. Therefore, ESS are a vital necessity
to supplement intermittent RES for integration into the electrical network and meet the excessive
demand by aggregating the traditional generating plants [5].

There is a high demand for cost effective, reliable, long lasting, and environmentally friendly
energy storage systems to support a variety of applications in modern electrical networks. There have
been significant developments in flywheel technology due to advances in materials technology, power
electronics, and bearings [6,7]. High energy efficiency flywheels that also possess high power and
energy densities, vie with other electrical power storage solutions, as well as in the transportation,
military and space satellite industry sectors [8]. With power ranges from kW to GW, and up to
500 M]J storage capability per machine, they are able to provide solutions for many significant energy
storage applications in an electrical power system [8,9]. In electrical energy storage applications,
flywheels are widely used for uninterruptible power supplies, as well as for improving power quality
problems [10-12]. As these applications require a high number of cycles per day, the electrochemical
battery suffers from insufficient cycle life and is highly mismatched [13].

There has been a growing need for storing energy in residential premises, which is attractive
for providing arbitrage type storage for buildings with solar panels. Most of these are connected to
a stable grid and the incentive for the consumer is to have storage behind the meter, which reduces
energy bills. The energy storage system of choice for residential photovoltaic (PV) systems is more
typically an electrochemical battery, whereas flywheels have not been widely tested nor considered for
this application. Such batteries are typically Li-ion or lead acid chemistries promoted very publicly by
companies such as Tesla and several others [14]. However, there is an issue of degradation in hotter
countries, where the combination of ambient temperature and heat generated within the battery can
lead to reduced life guarantees as evidenced by their warranties [15]. In addition, there are many
countries where the grid is highly unreliable, so when the grid fails, the power ramp up must be
in milliseconds, effectively similar to the requirements of a UPS system. Diesel generators are also
commonly installed in residences in countries with intermittent grids, and this changes the storage
system requirements to one of increased number of cycles. A battery is hence less favourable for these
applications as compared to their implementation in developed countries. Of course, the batteries are
mass produced, and are currently more cost effective than flywheels, but flywheels will still be a viable
choice when it comes to numerous cycles per day. A battery will be more comfortable providing
storage for only 1 cycle per day if it is managed carefully, both electrically and thermally, so that its
depth of discharge is kept low. This can be done by oversizing the storage, so it will be able to last
for 10 years (3650 cycles). However, this would require energy storage to be sized at 2-5 times the
required capacity, to reduce depth of discharge leading to higher costs. In examples where batteries
are installed for solar arbitrage, cycles are, on average, less than 1 per day, and depth of discharge
may be low, since not all days are fully sunny. Supercapacitors, with a capital cost more or less the
same as flywheels [1], have also been tested for the same applications. However, they have a relatively
low lifetime, reaching a maximum 12 years [3]. To reduce cost and minimise capacity, it will be
advantageous to use the storage system many times in a day. The flywheel system can also take part
in the time shifting of electrical demand, and even fed into the grid when there is a high demand.
This paradigm of energy storage will find more interest and will be greatly enhanced when time of use
(ToU) tariffs are applied.
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Due to the advantage of being able to deal with a high number of daily cycles, flywheels offer
a much improved lifespan compared to their chemical storage alternatives. Further, for the same rated
power, a flywheel will take up much less space than a battery for applications as described where the C
rating (power to energy ratios) is high. In addition, flywheels are less sensitive to ambient temperature,
and do not need to be in a cooled or heated enclosure. Finally, there is a growing environmental
concern when disposing of spent chemical batteries, particularly more difficult in less developed
countries. Flywheels do not have this issue. There are several advantages of flywheel energy storage
systems (FESS) over chemical storage systems, but a flywheel is likely to incur a higher initial capital
cost, although with high longevity, lifetime costs will be lower. As a means of reducing flywheel costs,
what is being proposed here is FESS based on laminated steel with a view to overcoming the drawback
of the aforementioned high initial costs of a high speed composite based system.

Many publications have addressed the mechanical aspects, such as the bearing systems and
rotor dynamics of the flywheels. To name a few, rotor design and analysis of composite rotor FESS is
discussed in [16]. Authors in [17] present modelling and simulation of the rotor of a composite flywheel
at different speeds. Dynamic analysis and control of an active magnetic bearing FESS is studied in [18],
and its vibration control for high speed applications is discussed in [19]. A model of a FESS with
integrated bearing system is proposed in [20], and a thorough analysis, design, and control of a novel
flywheel assisted by hybrid mechanical-magnetic bearings is presented in [21]. A subject area in which
there is a scarcity of publications is the modelling and simulation of the electrical characteristics of
flywheel systems when used for ground power applications. Particularly, for small scale customer
level where flywheels can support residential PV systems, there is not enough information in the
literature and there are no commercially available flywheel storage systems for these applications.
Most flywheel manufacturers are providing high power fast-response flywheels for power quality
and UPS applications. Filling this gap in the literature is necessary, but remains as a challenging
task, since availability of practical data for FESS suitable for energy storage applications is very
limited. This paper therefore presents a simulation and analysis of a permanent magnet synchronous
motor (PMSM) operated flywheel system using MATLAB/Simulink. A detailed model of a higher
inertia FESS suitable for ground power applications at the residential level is discussed, and its
dynamic performance, including system losses, under different charge—discharge scenarios, is analysed.
The mathematical loss model of the system is derived, and efficiency and total run-down losses
are determined.

Following the introduction, a description of the FESS and its main components including the
rotor, electrical machine, bearings, and flywheel containment are briefly discussed in Section 2.
The flywheel’s characteristics and main applications are described in Sections 3 and 4, respectively.
The core contribution commences in Sections 5 and 6, in which the calculation of losses and model
structure and conventions for the electrical machine and drive are described in detail. The results of the
simulations using the model and key findings are described in Section 7, and the paper is concluded in
Section 8.

2. Description of Flywheel Energy Storage Systems

2.1. Background

The flywheel is one of the most primitive mechanical energy storage systems which has been in
existence for thousands of years. The potter’s wheel was one of the earliest forms of rotary objects
using its own inertia to maintain energy [22]. The name “flywheel” emerged as a result of the industrial
revolution, where flywheels were used to operate as energy accumulators, as well as in steam engine
trains and boats (namely in 1784) [23]. Despite its existence for millennia and implementation of
numerous designs and shapes, there have not been major developments on flywheels until very
recently. It was only at the beginning of the 20th century that flywheels appeared as potential energy
storage systems as a result of major developments on rotor shapes and thorough analysis of the
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rotational stress [24]. In 1960s and 1970s, FESS was proposed for electric vehicles, stationary power
backup, and space missions [9,10]. In the following immediate years, fibre composite rotors were built
and tested. In 1980s, relatively low speed magnetic bearings started to appear [25].

Although flywheels have been improved for use in different areas, their utilisation as energy
storage systems deteriorated with the expansion and improvements of the electrical grid. However,
recent major developments in materials, bearing systems, power electronics, and development of high
speed electric machines have enabled flywheels to perform energy storage applications and emerge as
a promising technology competing with many other storage systems [7-9,26,27].

A flywheel is a mechanical storage system operating on the principal of a rotating mass to store
energy. It converts the electrical energy into mechanical energy and stores it as rotational kinetic
energy. The flywheel is charged by extracting electrical energy from an available source to accelerate
the rotor speed and accumulate energy. It is discharged by delivering the stored energy back into
its electrical form. The operation of the flywheel is controlled by an electrical machine functioning
as a motor-generator (MG) to perform the energy conversion between electrical and mechanical
forms [28,29]. The flywheel and the MG are coupled on the same shaft, which enables the FESS to be
controlled by the operation of the MG [30-33].

2.2. Structure and Components of FESS: Priciples and Components of FESS

FESS consists of a spinning rotor, MG, bearings, power electronics interface, and containment or
housing. A schematic of a typical flywheel system suitable for ground based power applications is
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shown in Figure 1.

Lk Housing
Motor/ _—
Generator
Flywheel Radial
rotor Bearing

|
Vacuum
pump
— B=a

Figure 1. Structure and components of flywheel.
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2.2.1. The Rotor

The energy stored in a flywheel is a function of its material and rotor shape. It is proportional to
the square of the angular velocity and is linear to the moment of inertia, which is determined by the
rotor shape and material as shown in Equation (1) [27,34]:

E= %Iwz (1)

where E is the stored energy, and I and w are the moment of inertia and angular velocity of the flywheel
rotor, respectively. This allows optimization of the stored energy of a flywheel by either increasing I
or w. Typically, a flywheel driven by an electrical machine operates between a minimum speed ( w
min) and maximum speed ( Wmax) to limit maximum torque on the MG for a given power rating, and
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also avoid abundant voltage variations. The useful stored energy of the flywheel between (wpn) and
(wmax) can be obtained by

1 1 Winin”
E= EI(a)max2 - ‘Umin2> = Ela)max2 (1 - w:::(z) ()
The moment of inertia is determined by the shape factor and mass of the flywheel rotor.
The flywheel rotor can be solid or a hollow cylinder-shape, ranging from short and disc-type to
long and drum type [28,34]. The moment of inertia of a solid cylinder or disc type flywheel is given by
L

I = —-mr

: ®)

where m and r represent the mass and radius of the rotor, respectively. The moment of inertia for
hollow cylinder flywheel with inner radius a and outer radius b is

= %m(bz +a2) @)

The moment of inertia as a function of mass density p and length & is obtained by
I= 17Iph (b4 — a4> 5)
2
Therefore, using Equations (1) and (5),
_1 2( 14 _ 4
E = Zﬂphw (b a ) 6)

The maximum speed of the flywheel rotor is limited by the tensile strength o of the rotor material
given by [24,35]
Omax = prew? (7)

Equation (7) indicates the maximum tensile stress of a thin rotating ring with material density
p. The geometric effect of the rotor on the maximum stored energy is introduced by the shape factor
K. The K value ranges between 0 and 1, depending on the geometry of the flywheel rotor. Flywheel
specific energy and energy density as a function of the shape factor K are presented in Equations (8)
and (9):

E OUmax
il S 0 J/kg] (8
E

% = Komax []/mﬂ (9)

Based on the rotational speed, flywheels can be classified as low speed (up to 1000 rad/s) or high
speed (up to 10,000 rad/s) [35]. Heavy metallic materials are usually used for low speed flywheel
rotors, while high speed flywheels are made of strong composite materials with lower density. A new
class of flywheels with intermediate speed range and laminated steel material is also developed.
The laminated steel rotor uses high strength, low-cost steel, but avoids the safety issue of solid steel by
ensuring only a small part of the rotor is displaced at the time failure [36].

Intermediate Speed Flywheels

A new class of intermediate speed flywheel is under development based on the use of steel
laminates with a construction that eliminates the stress raising feature of a central hole normally
required for composite flywheel. The peripheral speed of the flywheel can be much higher than
what would be considered safe for a solid monolithic structure [37]. The catastrophic fracture in the
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rotor by fatigue crack is restricted to a single laminate which will only release a small fraction of the
energy contained.

It is relatively simple to compare the steel laminated flywheel rotor with a composite for
an assumed value of peripheral speed based on realistic maximum operating stresses in the two
materials. The moment of inertia is a geometric value, and the energy stored is then proportional to
material density and the square of the speed (Equation (6)). From this analysis, the rotor mass and
volume ratio of steel relative to composite can be found as shown in Table 1.

Table 1. Comparison of rotor mass and volume ratio of steel and composite.

Carbon Fibre Steel Laminate
Attribute Vmax = 790 m/s Vmax = 427 m/s
a=2/3b1 a =0 (No Hole)
Mass 1 4.53
Volume 1 0.503

1 4 is the inner radius and b is the outer radius of a hollow flywheel.

Interestingly the mass of the steel rotor is over 4 times higher, but its volume is halved. It should
be noted that the volume of the carbon fibre rotor is considered based on its external dimensions which
govern the space taken up by the rotor. In some cases, this space may be usefully used by placing the
electric MG inside it.

The peripheral speeds of composite rotors on commercially available flywheels are typically
limited to less than 800 m/s. This is much lower than is achievable, theoretically, due to variation in
material properties and diminishing returns when the weight and cost of containment outweighs the
gains of operating at higher speeds. In many cases, rotor peripheral speeds are even less for these
reasons. In a composite flywheel, the entire flywheel typically fails in a rotor failure, and even
though the size of the fragments is small, all the energy is released at once. As an alternative
to heavy containment, the flywheel can be buried underground, but this adds cost in a different
way. Many commercially available systems need to rely on this method, but it means a much
greater footprint is required for the installation as well as the civil engineering costs, including
flood prevention.

For the ground based residential storage system, a flywheel of capacity 5 kWh is proposed,
whose rotor is shown in Figure 2. The dimensions of the rotor are approximately 0.4 m diameter
with 0.5 m height, giving the stated capacity within a working speed range of 10-20 krpm.
The motor-generator, not shown, would be bolted directly onto the flywheel rotor for a power
level that can be selected to suit the application.

Figure 2. Rotor of flywheel used for ground based storage.
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2.2.2. Electric Machine

The flywheel rotor is coupled to an electrical machine (integrated MG) to help with the charging
process and control the energy conversion of the FESS. The FESS is charged by extracting energy from
an electrical source and accelerating the high inertia rotor of the flywheel. It is discharged by drawing
the accumulated energy back from the flywheel rotor using the same MG, operating as a generator.
Commonly used electrical machines operating in FESS are permanent magnet machine (PM), induction
machine (IM), and variable reluctant machine (VRM) [24,35]. The PM machine with attributes of
high power density, high efficiency, and low rotor losses is the most widely used electrical machine
in flywheels. The main types of permanent magnet machines for FESS applications are permanent
magnet synchronous machine (PMSM), brushless DC machine (BLDCM), and Halbach array machine
(HAM). PM is abundantly used in high speed applications because of speed limitations of IM and
torque ripple, vibration, and noise of VRM. The problem with PM machine is electromagnetic drag
torque losses due to eddy current and iron losses in the stator, high price, and low tensile strength
of the magnet, which must be contained by a containment structure [35]. This higher idling loss
disadvantage is less of an issue if the number of daily charge—discharge cycles is high, and can be
compensated by the higher efficiency of the energy transfer. To take advantage of both PM and VRM,
hybrid PM reluctance machines have been recently developed. A comparison between PMs, IMs, and
VRMs is presented in [38], while some other unconventional electrical machines used in FESS are
discussed in [39]. Some of the recent developments of electric machines for FESS are studied in [40].

2.2.3. Power Electronics Interface

A bi-directional converter and an electrical machine are used to accomplish energy conversion in
a FESS. DC-AC, AC-DC-AC, AC-AC or a combination of these power electronics topologies can be
used with FESS applications. The back-to-back (BTB) or AC-DC-AC switching combination, connected
to a DC link capacitor, is the most widely used power converter configuration with FESS. In the BTB
topology, the converters are the three-phase bridged semiconductor switch type, often controlled
using the pulse width modulation technique (PWM) [35]. Through the modulation of the width of
rectangular pulses applied to the gates/bases of power semiconductors, space vector pulse width
modulation (SVPWM) is used to control inputs to power electronic converters, and can therefore effect
changes in electrical energy, such as the conversion from DC to sinusoidal single phase or three phase
AC [9,41]. The operation of the MG and flywheel is controlled by a machine side converter, whereas
a grid side converter is used to maintain the DC link voltage.

DC-DC boost converters are employed in cases where the FESS” discharge speed is low, and the
output voltage needs to be maintained. They would be connected between the BTB converters at the
DC link to regulate the output voltage. A switch can be used to bypass the DC-DC boost converter
during the charging phase [42].

Current ripples at the DC bus can be attenuated by using higher switching frequencies for both
rectifier and inverter. An improved sinewave shape is produced due to the reduction of higher order
harmonics because of faster converter switching times. This, in turn, can increase control bandwidth,
but as a consequence, there will be additional switching losses. AC filters introduced on the converter
AC side can assist to further reduced harmonics. Filters can also assist in the reduction of current
ripples, winding deterioration, and losses [43,44].

2.2.4. Bearing System

Bearing systems are required to provide low friction support to keep the flywheel rotor in
position [3]. They serve as a crucial component in a FESS that would lead to higher losses and
increased operational and maintenance requirements if not correctly designed. Lifecycle life, weight,
and losses are the key elements in deciding between mechanical or magnetic bearing systems [7].
Mechanical bearings incur friction and maintenance due to the lubricant that deteriorates over the time
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and requires changing [7]. On the other hand, magnet bearing systems are frictionless and they do not
require any form of lubrication, but external energization power may be needed depending on type.
Magnetic bearings support the weight of the flywheel rotor with permanent magnets which would
require power to keep the magnets energised [9]. Superconducting magnetic bearing (SMB), active
magnetic bearing (AMB), and permanent (passive) magnetic bearing (PMB) are the main forms of
magnetic bearing mechanisms [45]. Sometimes both mechanical and magnetic bearings are combined
to provide a cost effective as well as stable solution. Hybrid bearings will reduce the control system
complexity and also minimise the rotational losses of the FESS [20]. A compact FESS assisted by
hybrid bearing system is analysed in [21]. The rotational and translational support is provided by
a mechanical bearing while the vertical levitation support is assisted by a magnetic bearing. This is the
type of bearing system used for the flywheel modelled here. A combined magnetic bearing system
supported by PMB and SMB is discussed in [46], where it is proposed to reduce the cost associated
with the cooling system. The rotor vibration is suppressed by controlling the position of the flywheel
rotor using SMB and PMB mechanisms.

2.2.5. Containment

The self-discharge rate of a flywheel in atmospheric pressure is high, and these losses increase
with the cube of the speed of rotation due to aerodynamic drag losses [24]. The casing or housing is
a low pressure environment to enclose the rotor in the event of any possible failures, and to keep the
self-discharge losses to a minimum [28,29,47]. It is the stationary component of the flywheel system
that is made of high strength composite material or thick steel, depending on the application and
tip speed of the flywheel rotor. The aerodynamic drag loss is controlled by maintaining the rotor
in a low-pressure container equipped with a vacuum pump. The pump and the cooling system are
used to handle the pressure inside the vacuum and control the heat generated from the electrical
machine [24]. Since with electrical energy transfer, the whole flywheel with MG can be hermetically
sealed, the vacuum pump does not have to run continuously, but can be intermittent. If the rotor
is steel, the vacuum requirement is reduced, due to lower rotor peripheral speeds. Given minimal
outgassing, if the system is sealed well, it may not be required to install a vacuum pump, but rather,
pump down during commissioning and remove the pump. When it comes to safety requirements of
the rotor failure, composite material rotors tend to break into many small fragments and each fragment
rotates inside the enclosure, leading to loss of its energy due to friction. However, the explosive failure
mode can create very high pressure to build up inside the casing. This demands a robust containment
with pressure during the catastrophic failure reported to be up to a few thousand bar. However,
this will be different for single piece steel made rotors, since they burst into bigger fragments requiring
even large containment systems. As explained in the rotor section, a laminated steel flywheel rotor can
mitigate this issue, since thinner steel discs would release a fraction of the flywheel rotor in the event
of a rotor failure.

3. Characteristics of FESS

The principal characteristics of flywheels are high energy density and power density [7,9], high
charge and discharge rates, high round trip efficiency, rapid response, durability (greater than 20
years) and high cycle life (hundreds of thousands) with low environmental impacts [2,3,9,28,29,48].
The rotational speed is used to easily measure the state of charge, as it is unaffected by temperature
or wear [9]. There are drawbacks, however, such as a higher self-discharge rate compared to other
storage mediums and the hazardous nature of flywheel rotors, if not safely designed. In comparing the
self-discharge of a flywheel to other storage technologies, it is important to also account for energy of
auxiliaries required to maintain the whole system, i.e., a maintenance loss. For instance, many battery
systems need to be heated or cooled, and so this incurs a loss to be added to any actual self-discharge,
which is relatively small for batteries.
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Flywheels have a long lifespan, with very low maintenance and operational requirements.
Compared to other energy storage systems, flywheel cycle life is quite high as there is no requirement
for long charge-discharge cycles. The charge-discharge cycle can occur rapidly based on the
functionality and application, and is unaffected by the depth of discharge (DoD). It is estimated
that FESS can last more than 20 years, and that there would be no performance deterioration, despite
a charge—discharge cycle life of hundreds of thousands [3,28,29]. The technology has the capability to
transfer large amounts of power (in seconds) with a high 90-95% range of roundtrip efficiency [1,2,35].
Its stored energy can be delivered, followed by a rapid recharge, within a matter of seconds. Further,
since the construction material in FESS is not harmful to the environment and there are no emissions
produced when in operation, it can be considered as environmentally friendly [29,35]. Flywheel energy
and power ratings are independent, and can thus be optimised for a specific energy storage application.
The size of the MG and related power electronics help to determine the power rating of a flywheel,
whereas the speed and size of the rotor contributes to the determination of the energy rating [3,8].

Flywheels are widely used in applications where a high power output for short periods is required.
The overall dimension of a FESS unit is a vital characteristic that puts it in competition with some
other energy storage technologies. The power densities of batteries can be as much as five to ten times
less than that of flywheels. Because flywheel systems take up less volumetric space and have a longer
operational life, they can be a worthy replacement for batteries in applications such as space vehicles
and transportation [8]. Another area yet not explored is the application of flywheels in residential
solar photovoltaic systems, where they can operate as a standalone storage system or supplement
chemical batteries.

4. Applications of FESS

There are numerous uses for flywheels in industry, ranging from the large scale electrical grid
level, to the small scale consumer level [8,9]. Flywheels can be arranged in banks in order to achieve
high power capacity and density instead of using larger machines [49]. But the most suitable flywheel
applications concern the requirement for high power output over a short duration (e.g., 100s of kW /10s
of seconds) [6] where there are frequent charge—discharge cycles [8]. The most common applications
concern power quality, such as voltage and frequency regulation [50-55], pulsed power applications
for the military [48], attitude control in space craft [48], UPS [8,12,35], load levelling [2], transportation
(such as trains and hybrid and electric vehicles) [7,8,56], and energy storage applications [48].

Generally, FESS is classified as short-term response with high power density, with the ability
to respond within seconds [57]. Storage duration can be prolonged to few hours without the loss of
excessive amounts of energy as long as run-down losses are kept to a minimum. Flywheels can assist
with the improvement of system stability where wind and solar energy penetrate an island system or
are integrated into a power system. Due to flywheels having fast response characteristics, they are
suitable in RES applications where grid frequency needs to be balanced. Power variations due to
wind and solar fluctuations can be compensated by storing energy during low demand windy or
sunny periods, and then supplied back during times of high demand [9,10]. Flywheels can be used to
improve the system frequency by rectifying wind oscillations; whereas in solar PV systems, they can be
incorporated with chemical batteries to improve system output and prolong the battery’s operational
lifetime [9].

As part of its applications in energy storage, flywheels are able to accomplish this task both at
the grid as well as at the customer level. They can be used to supplement residential PV systems
in islanded or grid connected mode. Energy storage systems in residential PV systems are highly
dominated by chemical batteries and flywheels have not been widely tested for this application.
However, there is a high demand for FESS operated PV systems in developing countries where the
grids are not very stable and diesel backup generators are needed to call upon. Unreliability of the
grid would push the storage system for increased number of cycles, and hence, battery lifetime would
not be the same as it is for developed countries. Of course, the batteries are mass produced and are
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currently more cost effective compared to flywheels, but flywheels could offer a viable choice when it
comes to numerous cycles per day.

A recent publication discusses application of FESS for residential photovoltaic installation [58].
The paper provides the quantitative evaluation of a FESS for a residential PV system mounted on
the roof of a one-family house. The conducted case study shows that a 3 kWh FESS can improve the
self-sufficiency of the PV system from 36.8% to 51.9%. The self-consumption of the system is also
improved from 30.2% to 61.4%.

A detailed description of the flywheel applications and their industrial onsite installations is
discussed in [38]. A brief overview of a number of commercial flywheel manufacturers and their
applications is presented in [59], as shown in Table 2. There are no commercially available flywheel
storage systems for residential applications and majority of the flywheel manufacturers are providing
high power fast-response flywheels for power quality and UPS applications.
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Table 2. Comparison of the characteristic properties of different commercial flywheel systems adopted from [59] and manufacturers’” websites.
Piller Power . Beacon Power Kinetic Traction . .. Amber
Bridge Active Power  Temporal Power Gen 4 Rosseta T2 Vycon Systems Stornetic PowerThru Gyrotricity Kintetics
Origin Germany USA Canada USA Germany USA USA Germany USA UK USA
Rated Power 1600 250 kW 100-500 kW 100 kW 500 kW 500 kW 200 kW 22 kW 190 kW 100 kW 8 kW
Raé‘;ifgf;gy 4kWh 0.9 kWh 50 kWh 25kWh 4kWh  083kWh 1.5kWh 4kWh 0.63 kWh 5kWh 32kWh
A, . Frequency UPS, Power Quality, . . Frequency Micro-grid,
Application UPS UPS Voltage Stability/ Stability / Recuperation UPS, . Micro-grid & Grid Services, UPs Stability, Telecoms,
area Maintenance . Recuperation . Railway . e
Maintenance Railway Railway Utilities
Maximum rpm 3300 7700 11,500 16,000 25,000 36,000 37,800 45,000 52,000 20,000 10,000
Rolling bearings, Roll.mg Rolling bearings, - Active Magnetic & Active Active Mechanical
. . bearings, . Rolling . . . . .
Bearing concept relieved relieved Unclear relieved bearings magnetic hydrodynamic magnetic magnetic & magnetic Not stated
magnetically magnetically magnetically bearings bearings bearings bearings bearings
Electrical . . Permanent Permanent Not Permanent Permanent  Synchronous  Permanent Permanent
. Not provided Not provided . Permanent magnet
machine type magnet magnet provided magnet magnet Reluctance magnet magnet
Flywh.eel Steel Steel Steel Fibre composite F1bre' Steel Fibre composite F1bre' F1bre. Laminated Steel
material composite composite composite Steel
Topology

Configuration
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5. Calculation of Losses in FESS

The losses in a flywheel storage system are categorised as electrical (hysteresis, eddy
current, copper), mechanical (drag, bearing friction), and power converter related (conduction and
switching) [59]. Neglecting the conduction and switching losses, the power balance equations,
including the mentioned losses, are as follows:

Pin :Paut+Plgss
Pin:Pout+Pcu+Pcore+Pre+Pmech (10)
Py, = Poyt + Pey + Peore + Pre + Py + Py

where P, is the copper loss, P is the iron loss, P, is the rotor eddy current loss, and Py, is the
mechanical loss due to windage loss P, and bearing friction loss P,.

5.1. Copper Loss

Copper loss, which is also referred to as resistance loss or joule loss, is calculated using the
winding resistance Rs(Q)) and stator current i, (A) [60].

Pey = 3i,2Rs (11)

Since voltage and angular speed are linearly related [61], Equation (11) can be represented as

; d V.
a function of the angular speed w (¥¢) and voltage constant K, (;55) -

(rowrva)

Py =3 R

(12)

5.2. Mechanical Losses

Mechanical loss in a FESS is mainly due to windage and bearing friction losses. The former is
due to the friction between the rotating flywheel rotor and surrounding gas or air, depending on the
type of enclosure. Windage loss is proportional to the cube of speed, and hence, it becomes significant
when the rotor speed is increased, as shown in Equation (13) [60]:

— 1 3 5 5
Py = @CMPW (Dro — Ds ) (13)

where C), is the torque coefficient, p is the coolant density (kg / m?), Dy, is the rotor outer diameter (m)
and D; is the shaft diameter (m). The torque coefficient is dependent on coolant viscosity, speed and
size of the rotating disc. The increase in velocity changes the flow type of a rotating disc in a medium
from laminar to turbulent. This transition is determined by Reynolds number 3 x 10°, a dimensionless
parameter calculated using Equation (16).

_3.87

Cp = FRQ <3x10° (14)
62
87
Cp = ZglRe <3x10° (15)
EZ
PCUDro2
Re = 4]1 (16)

where R, is the Reynolds number and y is the dynamic viscosity of the coolant (kg/m-s). Cy is
calculated using Equations (14) or (15), depending on the size of the Reynolds number.
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Predicting bearing torque and power loss of bearing through analytical models is complex and
still limited in accuracy in some applications. This is due to the level of difficulty associated with
satisfactorily quantifying the relationship between the state of lubricant within the bearing cavity
and the applied lubricant conditions. Practical experience shows that increase in amount of lubricant
will generally increase the bearing friction, and hence, the torque. Although some percentage of
it can be accounted for by some of the lubricant filling the bearing cavity, the relationship of this
parameter to the quantity of lubricant supply still needs to be empirically determined [62]. Therefore,
empirical methods proposed by bearing manufacturers, such as SKF and NSK, are usually considered
for estimating bearing torque and power loss of a FESS.

The torque of a rolling bearing consists of two components, one speed dependent Ty, the other
load dependent T, [63]:

Tp=T.+T, (17)

The load term T} is determined by bearing type and load:
Ty = fLFgDp (18)

where Fp is the load applied on the bearing (N), D, is the pitch circle diameter of the rolling element
(m), and f}, is a factor dependent on bearing design and relative load that can be obtained by

Yy
f= Z((%) (19)

F; is the static equivalent applied load (N) determined using Equation (20) and C; is the static
load rating of the bearing (N) given in the manufacturer’s catalogue, Table 3.

F = X.F + Y;F, (20)

where F, is the radial load (N), F; is the axial load (N), X;s and Y; are radial and axial load factors, and z
and y are load torque factors determined experimentally. These factors are provided by the bearing
manufacturers and are given in Table 4.

The speed dependent component of the bearing torque is determined by oil viscosity and speed
of the bearing:

T, = fo(von)%D;a3 (21)

where 7 is the bearing speed (rpm), vy is the kinematic oil viscosity (centistokes) and fj is a factor
depending the bearing type and mode of lubrication, and is given in Table 4.

Table 3. Values of permissible static load factor fs [63].

Lower Limit of f, = Cs/F;s

Operating Conditions
Ball Bearings Roller Bearings
Low-noise applications 2.0 3.0
Bearings subjected to vibration and shock loads 1.5 2.0
Standard operating conditions 1.0 15

Table 4. Values of load factor, torque factor, and lubrication factor [62,63].

Equivalent Load Factors  Load Torque Factors Lubrication Factor, f;

Bearing type Xs Ys z y Oil Mist/Injection Oil Bath/Grease  Oil Bath/Jet
Single row radial 0.6 0.5 0.0007 0.55 1.0 3.0 6.0
Angular contact,

(o = 15-40°) 0.5 0.26-0.47 0.001 0.33 0.33 0.47 0.47
Angular contact 20 6.0 90

double row
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5.3. Other Losses

Calculating core losses and eddy current losses of the electrical MG is not easy as they are
produced under load conditions and require experimental measurements. A theoretical measurement
of the combination of eddy current losses in electrical machine conductors, iron core, and other metallic
parts, due to flux leakages, is referred to as stray load losses [64]. It can be calculated in terms of stator
dq currents iy and i,, and angular speed w, as shown in Equation (22) [65]. However, the stray loss
constant Cs; needs to be determined experimentally.

Patr = Cotrco? (i® +i¢?) (22)

An approximation of the stray losses can be calculated based on IEEE standard expression in
terms of the generated power P; and rated power Pg:
P2
Pyr = 0.005-2— (23)
Pr
As stray loss is produced in the electrical machine, the rated power Pr and electromagnetic torque
T, (N-m) of the PMSM is used to derive this expression in terms of the angular speed w.
For the calculation of losses in PMSM-Flywheel unit the following assumptions were made:

e  The clearances between stationary and rotating components is small, such that the boundary
layers on stationary and rotating surfaces merge.

e  The flywheel rotor is assumed to be a drum type steel laminated cylinder.

e The windage losses are calculated under maximum pressure conditions of 100 Pa at 40 °C and
maximum speed of 20,000 rpm.

e  Density values are calculated from temperature and pressure using ideal gas law.

e  Windage on the motor—generator is neglected, since its rotor diameter is much smaller than that
of the main rotor, and the power law on diameter for windage is 5.

e  Switching loss and IGBT conduction loss in power converters are neglected as these losses are
small compared to other losses in a FESS. Although, this might not be the case in some other
storage systems, where they may need to be considered.

e Itis assumed that the combined axial load on the bearing is 10% of the total flywheel rotor weight
with the rest taken by the passive magnetic bearing.

The parameters and coefficients of the flywheel unit are given in Table 5. Substituting the dynamic
viscosity () and coolant density (o) in Equation (16) gives a Reynolds number of approximately 4890,
and therefore Equation (14) can be used to calculate the torque coefficient (Cyy).

Substituting (14) and (16) in (13) gives windage losses as a function of the flywheel speed.

5
Py = 0.121 VPHC” (Dm5 - DSS) (24)
Dro

Equation (13) can be reduced further by substituting p, u, D, and D, parameters from Table 5:
Py =451 x 1077 w? (25)

Power loss due to bearing friction is calculated by selecting a single row radial bearing with grease
type of lubrication method. Substituting the relevant parameters from Table 5 into Equation (17) gives

Py = 0.01w +2.67 x 10~* 3 (26)
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Similarly, copper and stray losses are calculated by substituting the parameters and coefficients in
Equations (12) and (23):
Py =3 x107° w? (27)

Pyty = 3.58 x 107° w? (28)

The derived equations show that the windage loss is proportional to w3, the significant term in
the bearing loss is proportional to w3, and copper and stray losses are proportional to the square of
the angular speed.

Table 5. Parameters and coefficients of a combined surface-mounted permanent magnet synchronous
motor (PMSM) ! and flywheel energy storage systems (FESS).

Stator winding resistance (Rs) 0.20 0

Armature inductance (L = L;) 0.834 mH
Combined inertia (PMSM and flywheel) (J) 12 kg m?

Friction coefficient (By;) 0.8 x 107* N-m's
Permanent magnet flux (A) 0.175 Wb
Number of poles 2

Power rating 10 kW

Energy storage rating 5kWh
Maximum torque 12N'-m
Maximum output power 15 kW

Rated torque 8 N-m
Maximum angular speed 20,000 rpm
Minimum angular speed 10,000 rpm
Machine rated over speed 25,000 rpm
Switching frequency 10 kHz

Filter damping resistance 0.750

Filter capacitance 4x1075F

Filter inductance 640 x 107 H
DC-bus voltage 600 V

Voltage constant (K,) 2 %1073 V-s/rad
Air density (p) 0.0011 kg/m3
Air dynamic viscosity (1) 1.91 x 1072 kg/m-s
Flywheel rotor outer diameter (Dy,) 04m

Shaft diameter (D) 0.025 m

Torque coefficient (Cp) 0.0554

Bearing design factor (f7) 0.0007
Kinematics oil viscosity (V) 130 mm? /s (40 °C)

! PMSM parameters obtained from real data of the motor manufacturer.

6. Analysis and Control of FESS

6.1. System Configuration and Mathematical Model

The general structure of FESS studied in this paper is as shown in Figure 1. The flywheel rotor is
integrated with a MG to support the electrical energy conversion. The integrated MG is controlled by
a bidirectional converter, which can operate as an inverter to charge the flywheel, or as a rectifier to
discharge the flywheel. The flywheel and the MG are connected coaxially, thus controlling the MG,
and the converter enables control of the FESS. The MG is a PMSM which is widely used in motion
control applications due to its high performance, compact structure, high power density, high steady
state torque density, and high efficiency. It maximises the performance in applications where variable
speed is required [66]. For the same rating, PMSM has a higher power density to that of an induction
motor. Due to its simple method of control, lower mass and low losses, PMSM has been broadly used
in numerous applications in recent years [67-71]. The operation of the PMSM-Flywheel is controlled
using proportional-integral (PI) cascaded control structure. The controller is designed to follow the
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changes in position, speed, and torque of the machine to a set of reference values. Due to its flexibility,
it is widely used in industry to control the position and velocity of AC motor drives. It generally
consists of segregated control loops with the outermost position loop followed by the inner speed loop,
and the innermost current (torque) loop as shown in Figure 3. This technique requires the response
time of the current loop to be the fastest compared to the speed and position loops [72]. Flywheel
applications do not require the position loop, since the main objective is to control the state of charge
based on information from the speed feedback loop. However, in the proposed system, the position
loop provides the position angle information, which is required to generate waveforms and calculate
the feedback d-g axis currents to control the flux and torque of FESS independently.

Torque* Torque Speed
Speed Current PWM Electrical Mechanical Position
* )| | !
Speed + Controller + Controller Modulater System System s

Torque (Current)

Speed

Position

Figure 3. General cascaded proportional-integral (PI) control structure of an electric motor drive.

To determine the parameters of the PI controller, the mathematical equations of PMSM are derived
in the rotor d-q reference frame as presented in Equations (29-31) [61]. Transforming the three-phase
voltage and current equations of the PMSM into two-phase d-g system eases the analysis and control
of the machine. Conversion of a three-phase system to a two coordinate d-g reference frame system
is performed using Clark’s and Park’s transform [73]. This allows determination of the controller
constants in terms of machine parameters. Detailed description of the PI controller design for PMSM
is described in [74-76].

dI
V, = Rsl, + L,,d—tq + weLgly + WeAm (29)

dI
V; = Rel; + deTd — welgly (30)
Similarly, the torque developed by the motor is given as:

3P

Te= 3 5Muly+ (Lo —Lg) Laly) (31)

The mechanical torque is represented by:

T, = ]d;d—tm—l—me—i-TL (32)
where, [; = Direct axis stator current in ampere (A); I; = Quadrature axis stator current in ampere
(A); Rs = Stator resistance in ohms (Q2); L = Direct axis inductance in henry (H); L; = Quadrature
axis inductance in henry (H); | = Moment of inertia in kg-m?; B = Friction of viscous in N-m/rad/s;
P = Number of poles; A, = Rotor flux constant in V/rad/s; w,. = Rotor’s electrical speed in rad/s;
Tr, = Load torque in N-m; T, = Electromagnetic torque in N-m; wy, = Rotor’s mechanical speed in rad/s.

The model of the PMSM-Flywheel system is implemented with the help of Equations (1)—(6)
of the flywheel, and Equations (29)—(32) for a surface mounted PMSM using the control method
mention above. A detailed description and different controlling techniques of PMSM are discussed in
references [77-79].
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6.2. System Operation and Control Strategy

A simplified topology of the FESS connected to an electrical supply with a bi-directional power
flow is shown in Figure 4. The FESS and the grid are connected through a DC-link with the help of
converters. Converter 1 (C1) is to control the power flow from/to the grid and converter 2 (C2) is for
controlling the MG. The working principle of the FESS can be discussed in three modes of operation:
charging mode, discharging mode, and standby mode. During charging, C2 draws power from the
DC-link to run the MG and accelerate the flywheel. MG is operating as a motor, C2 as an inverter,
and C1 as a rectifier to maintain the DC voltage fixed. While discharging, the operation of both
converters is inverted, and the flywheel is decelerating to maintain the DC-link voltage by drawing
energy from the flywheel. The standby mode is when the flywheel spins at an optimum speed and no
energy conversion occurs.

DC-Link
OB 1
<
@ 3
T :
=
Electrical Electrical
Grid Converter 1 Converter 2 Machine
(C1) (C2)

Figure 4. Back-to-back bidirectional power converters.

The system charging control is performed based on field oriented control (FOC) using space vector
pulse width modulation (SVPWM) [80]. FOC, also referred to as vector control, is one of the controlling
methods for variable speed drives, particularly those using permanent magnets. The method enables
controlling of the torque and flux of the three phase AC motors by controlling the current. The three
phase system is transformed into a two coordinate (dq) time invariant system that allows decoupled
control of torque and flux of PMSM, similar to a DC machine [41,66,81]. SVPWM is used for controlling
and switching the gates of the inverter semiconductors to produce a smooth output waveform [78,80].

The control block of the PMSM-Flywheel in both charging and discharging states is represented
in Figure 5. The system is controlled by an inner current loop and an outer speed/voltage loop using
PI controllers. In the inner control loop the three phase stator currents are measured and transformed
to two phase “dq” currents using the Clark-Park transformation. The decoupled “dq” currents are
controlled separately, with PI current controllers to control flux and torque. The d-component of the
current is the flux producing component, and g-component is the torque producing component [82].
Similarly, in the outer loop, the PMSM speed is measured and regulated by comparing it with the
reference speed. The output of the speed PI regulator is applied as the reference g-current component
for the current PI regulator to control the torque accordingly.

PI Current DC-Link
Controller

PIVoltage V. (d-reference)

Controller  1d,ref d,ref X

4dl Ny Park’s
pid
Inverse

K
K+m}

po

e Transform
iig (dg/ap)
K,y +

PI Current
Controller
(q-reference)

SVPWM

Generation

@%

K+

s

Mode
Selector
PISpeed  gyitch
Controller (charge

Park’s € Clark’s

Transform Transform

(ap/dg) |€— (abc/ap)

Angle Speed
Calculator Calculator

/discharge)

Figure 5. Block diagram of flywheel energy storage systems (FESS) controlling scheme.
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During discharge, when the DC-bus voltage drops below a threshold value, a voltage controller is
used to adjust and control the system current to keep the DC-link voltage fixed. The outer speed loop
in charging mode is replaced with the outer voltage loop in discharging mode. Similar to the motoring
mode where the speed is regulated by the extracting energy from the source, the generating mode
allows the DC-link voltage to be measured and regulated by comparing it with the reference voltage.
The output of the voltage PI controller is regulated as an input for the current PI controller.

As the FESS operates between a minimum and maximum speed range for better utilisation of
its useful energy, the speed loop is required to determine and monitor the flywheel’s state of charge.
The status of the rotor speed and position in any state of operation is essential for controlling flywheel’s
torque and flux, in order to operate within the specified speed range. On the other hand, the DC bus
voltage can be maintained by controlling the power from the PMSM and hence its torque, provided
that the motor speed is known.

Based on the control strategy explained, the FESS model is implemented in the MATLAB/SIMULINK
environment as shown in Figure 6. The interconnected DC-bus is supplied by either the electrical grid or
the flywheel system, depending on whether the system is in charging or in discharging state. The inverter
for PMSM-Flywheel is controlled using SVPWM, as represented in Figure 7. The rectifier switching is
controlled through another feedback loop from the AC supply and the DC-bus voltage. An LC filter
is connected at the output of the inverter to reduce the current ripples and smooth out the inverter
output waveform.

C2 Control

Vdc
Vabc B1 Vabc C1GateSignals
Iabc B1 Iabc Voltage Measurement

C2GateSignals m
- - SVPWM subsystem
Discrete, C1 Control {
Ts-5e05s.
powergui Texgen Tm T_FES JPI-TEe—l

8 [«
B L 2 step
A A a A ik Alp—afa a A C_FES
*1- Vdc N m| m 3-ph Current
\\)—@-WV—WIB B —2 é— b B TT s— = Bjm]-b B . W_FES _LPEI
€ cYg Dilg - - cle—a|c c E_FES

c
I SOC
P M agnet 5
Theee Phase Source  B1 Thaee Phase Transformer —_— _— LCFiltey -8 3.8 B2 Ferm Magz: Flywheel System
(Electrical Grid) 1y €2 i ynchronous Machine
Energy
<o o
-

Figure 6. MATLAB-Simulink model of FESS.

. P Ia
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it — Is dq P{Isdq r
1 Ic _(
© " <stator current is_c (A)> g = Vsd P Vsd - .
leta apha a
m <Rotor speed wm (rad/s)> = Isd_0 —ap B,

I_beta Fs

N T C2 Gate Signals
Switching Vde
PI Control System Inverse Park

Transformation SVPWM

>
<Rotor angle thetam (rad)> ABC toD Q Isd_ref 10 Vsq V_beta
Transformation Pulses
W _ref Vsq

Figure 7. SVPWM subsystem.

7. Results Analysis

7.1. System Losses

The parameters of the simulated high inertia FESS are presented in Table 5. Combined losses
due to windage, bearing friction, winding resistance and stray losses are calculated as described
in Section 5. Figure 8 shows the relationship between power loss of the system and angular speed due
to aforementioned losses.
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The drag and bearing friction loss curves indicate variation of losses, due to speed variations under
constant temperature (40 °C) and pressure (100 Pa) conditions. Under these conditions, the mechanical
loss is 214 W, which accounts for approximately 75% of the total system losses. However, these losses
will be much smaller under normal conditions, since the flywheel will be enclosed in a vacuum

chamber, and temperature would hardly reach 40 °C. Figure 9 shows combined total power loss and
other losses as a function of angular velocity.

Windage Loss vs Power Bearing Loss vs Speed
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Copper Loss vs Speed Stray Loss vs Speed
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120 —
= =
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5 5 100
z 80 5 w0
60 60
40 40
20 20
0 0
10,000 12,000 14,000 16,000 18,000 20,000 10,000 12,000 14,000 16,000 18,000 20,000
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Figure 8. Power loss vs speed: windage loss (top left); bearing friction loss (top right); resistive loss
(bottom left); stray loss (bottom right).
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Figure 9. Windage, bearing friction, resistance, stray loss, and total power loss.
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The effect of pressure on mechanical loss is significant for high speed applications. Figure 10
shows windage loss as a function of pressure for five different operating angular velocities. It indicates
that for higher speeds (15,000 rpm and beyond) the pressure needs to be kept at a lower level to limit
the losses at an adequate level. To achieve lower than 100 W at 20,000 rpm, a pressure of less than
75 Pa needs to be reached, leaving a maximum of 124 W for bearing loss. For the same amount of loss,
the pressure must be further reduced to approximately less than 20 Pa, if the flywheel is operating at
25,000 rpm.

Pressure vs Power

350

300 —

250 _ 5,000 rpm
= | / _—
% 500 - 10,000 rpm
g g 15,000 rpm
o 150
o 20,000 rpm

100 25,000 rpm

50
0 P

0 50 100 150 200
Pressure (Pa)

Figure 10. Effect of pressure on windage loss under constant angular velocities.

7.2. Simulated Results

The system dynamic analysis is performed on different states of charging and discharging for
a total duration of 35 min. In the charging mode, energy is stored by applying a constant torque
to charge the flywheel to the desired speed. In discharge mode, the stored energy is extracted by
reversing the applied torque to slow down the flywheel. The charge-discharge speed range is set to
10,000-20,000 rpm with the flywheel system modelled to store 5 kWh of usable energy within this
operating range. The reference value for the DC-bus voltage is set to 600 V, which is maintained by the
AC supply during charging and by the PMSM-Flywheel during the discharging state.

7.2.1. Charging State

The charging state is simulated by applying a constant 6.7 N-m accelerating torque for a duration
of 20 min to accelerate the flywheel from an initial charge of 50% and a starting speed of 10,000 rpm.
FESS electromagnetic torque (N-m), three-phase current (A), percent state-of-charge (SOC) and stored
energy (Wh) are shown in Figure 11.

The system continues charging for 20 min (1200 s), and then switches to standby mode for another
15 min. At the instant the accelerating torque is removed (T = 0 N-m), the three-phase current drops
to zero (A), and the flywheel SOC and stored energy switch to standby mode (Figure 11). During the
first 20 min of charging, the flywheel is 82% charged and stores more than 3 kWh of energy. In contrast,
during the standby mode, the system loses approximately 37 Wh, which accounts for 1.2% of the
stored energy. These losses are due to bearing friction and aerodynamic drag, whereas copper and
stray losses are not contributing during standby mode.
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Figure 11. FESS in charging mode: Three-phase current (top left); Flywheel stored energy (top right);
Electromagnetic torque (bottom left); Flywheel SOC (bottom right).

7.2.2. Discharging State

The discharge mode is simulated for the case when the FESS is initially fully charged and
a load torque (T = —6.7 N-m) is applied to extract energy from the system for a duration of 15 min
(Figures 12 and 13). At the instant when the torque is applied, the three-phase current increases,
while the stored energy and SOC start falling. The FESS delivers energy by regulating the flywheel
speed and maintaining the DC-bus voltage. The system dynamic response is tested by instantly
switching the flywheel to charging mode for another 5 min. Figure 12 shows the system responsiveness
and compliance of the current and torque at ¢t = 900 s and t = 1200 s. At the last stage, the system
returns to standby mode for 15 min. Compliance of the flywheel speed and stored energy for each
state is shown in Figure 13.

=

Charge State

Three Phase Current _ Charging State

“Three Phase Current (A):1
‘Three Phase Current (A):2
‘Three Phase Current (A):3

AN

99590009000

999!

OO

L

9808000848

Current [ A |
=

I
UK

hA )
SRR

199/

MU

DU |

A

99995909991

=

1201

15 15
896 597 398 899 900 901 902 903 04| 1194 1195 1196 197 1198 1199 1200
Time s Time [ s]
Electromagnetic torque Te _ Discharge to Charge State Electromagnetic torque Te _ Charging State
T
5 [ ] # \ [
—— <Hlectromagnetictorque Te (N'm)> _ [——=<Htectromagretic torque Te (N'my>]
o 10 g
— 5 Zs
] n
£o 3
= &
B S5
-10 -10
890 892 894 896 898 900 902 904 906 908 910 119 1192 1194 119 1198 1200 1202 1204 1206
Time 5] Time [ s ]

Figure 12. FESS in discharging mode: Three-phase current at t = 900 s (top left); Three-phase current at
t = 1200 s (top right); Torque Te at t = 900 s (bottom left); Torque Te at t = 1200 s (bottom right).
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Figure 13. FESS in discharging mode: Flywheel stored energy (top); Flywheel SOC (bottom).

During the discharge mode, 25% of the total charge is reduced, and approximately 2.93 kWh is
extracted from the system (Figure 13). The self-discharge or system standby loss is approximately
1.25% of the total stored energy during the first 20 min. This indicates that the flywheel will lose nearly
70 Wh if left at standby mode for 30 min; although, it can store or deliver 5 kWh of energy during the
same period if an accelerating torque or load torque is applied.

7.2.3. Charge-Discharge State

In this state, the system is tested for real life scenarios where it switches between charging,
discharging, and standby modes. The analysis of simulations is performed for a short duration
of 12s so the timescale is sufficient to capture the most important effects and show the system
responsiveness. In each case, the system is tested for sudden and gradual load changes and waveforms
of the PMSM-Flywheel torque, three-phase current and voltage, SOC, and DC-bus voltage are plotted
(Figures 14 and 15). The torque, current and power waveforms are plotted on the same axis for
better comparison.

The torque is initially at T = 10 N-m, indicating that the flywheel is charging, and the DC-bus is
supplying the FESS. At t = 2 s it is reduced to T = 5 N-m, but the FESS is still charging at a constant
rate. At f = 4.5 s, the charging is slowed down gradually until the flywheel switches to standby mode
att = 6.5 s. The system starts to charge again at t = 8 s and continue for 2 s before switching back to
standby state. Due to higher rotational speed of the PMSM-Flywheel rotor, the three-phase current
waveforms are not visible for analysis, and hence, the zoomed in views at t = 2 sand t = 8 s are
shown in Figure 14.

The speed waveform of the electrical machine at no-load condition (flywheel not connected) is
also shown in Figure 14. The PMSM speed follows the torque, and accelerates when the torque is
reduced (f = 2's & 4.5 s), and slows down when the torque increases at t = 8 s.

The inverter output voltage, DC-bus voltage, and SOC of FESS are presented in Figure 15.
The yDC-bus voltage fluctuates between +3% of the rated voltage during the step changes at
t = 2, 8, & 10s. It rises to 620 V when the torque is reduced, whereas it drops to 590 V when the
torque is increased. This is due to sudden torque changes; however, these voltage variations only
last for approximately 45 ms. Except during the load torque changes, the voltage output and DC-bus
voltage are stable, and the flywheel charging variations follow the load when switching between
different charging states.
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Figure 14. FESS in step-charging mode: Torque, power, and three-phase current (top left, top right,
and bottom left); PMSM no load speed (bottom right).
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Figure 15. FESS in step-charging mode: Inverter output voltage and DC-bus voltage at (t = 2 s)
(top left); Inverter output voltage and DC-bus voltage at (f = 8 s) (top left); FESS state-of-charge
(bottom left); DC-bus voltage at (t = 2, 8,& 10 s) (bottom right).

7.2.4. Discussion

The simulated results indicate the response of the FESS model for charging, discharging, and
standby states. The flywheel system stores 5 kWh of energy within a speed range of 10,000-20,000 rpm,
and an accelerating torque of 6.7 N-m. During the standby state, when no torque is applied on the
system, the calculated self-discharge energy losses are about 1.25% of the total stored energy. This is
due to the system losses, and especially mechanical losses, which create friction torque, and hence,
loss of stored kinetic energy. The total standby energy losses during 30 min has been approximately
70 Wh. For the same period and considering a fully charged flywheel with a maximum speed of
20,000 rpm, the friction torque will reduce its speed to 19,600 rpm. This gives 5% loss of energy per
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hour, and adding copper and stray losses will give an overall roundtrip efficiency of 88%. To reduce
the run-down losses of the system, use of a passive magnetic bearing has been used to levitate most of
the weight, and the axial load on the ball bearing system will be very light, leading to low friction and
high life. Rotor drag loss can be mitigated by enclosing the flywheel in a vacuum chamber with only
occasional re-pumping requirements due to the lower speed of the system. Electromagnetic drag on
the rotor is another area of concern, but this can be kept low by use of low iron loss materials.

The analysis of simulations was also performed for a short duration of 12 s, to indicate the most
important effects and dynamic response of the system for real life scenarios. It is shown that sudden
step changes in load torque renders corresponding variations in charging characteristics and stored
energy of the flywheel system. By contrast, the bidirectional converters at the machine side and the
grid side control the operation of the PMSM-Flywheel and, regardless of the mode of operation, a stable
DC-bus voltage is maintained. The fluctuation of the DC-bus voltage due to load instabilities is limited
to 3%, which is recovered within 40-45 ms. Conformation of the flywheel speed and power with
respect to torque variations indicates a favourable system responsiveness and dynamic performance
for each state.

Compliance of the simulated results imply that the model can be further explored to analyse
performance a PMSM-Flywheel integrated to a power system providing energy backup. This is
an area with very limited experimental data available, since the majority of grid connected flywheel
systems are used for high power applications providing power quality and ride through services.
Another widely unexplored scenario would be operation of a flywheel system providing longer
duration energy storage backup in an isolated power system in the presence of renewables such as
solar photovoltaic system. Application of FESS providing frequency improvement services for wind
and solar PV systems is previously addressed in the literature, but its operation as a stand-alone energy
storage option still remains unexplored. The software tool explored in this work can be modified
accordingly to test and analyse numerous real-life scenarios for such systems. For example, this can
be a grid connected FESS charged once or two times daily for energy saving purposes, or a hybrid
flywheel and diesel generator in a solar PV system with the flywheel providing energy backup to
reduce diesel generator involvement.

8. Conclusions

This paper has presented a methodology for modelling an electrically driven flywheel based on
a PMSM controlled by back to back converter topology. The components and structure of the FESS
are introduced, and its characteristics and main applications are briefly discussed. Flywheels offer
the unique characteristics of very high cycle and calendar life, and are the best storage technology for
applications demanding these requirements. High power capability, instant response with high round
trip efficiency, and ease of recycling, are its main attributes.

In this paper, calculation of the losses and efficiency of a proposed FESS is presented. The system
losses were calculated by deriving the mathematical loss model of the FESS for extreme temperature
and pressure conditions, which are hardly ever reached as the flywheel is operated in vacuum. The loss
model included windage loss, bearing loss, copper loss, and stray loss, which is a combination of
eddy current loss, iron core loss, and other metallic parts, due to flux leakages. It was shown that the
mechanical losses account for 75% of the total losses, and to limit the losses to an acceptable level,
the pressure needs to decrease below 75 Pa for 20,000 rpm. The results of the analysis also showed
that the run-down energy loss of the FESS is approximately 37 Wh during 15 min of standby mode.
It will lose about 5% of the total stored energy per hour if left in idle mode. Neglecting switching
and conduction losses in power converters and windage losses on the motor—generator, the total
efficiency of the system was more than 88%. The system under consideration was a high inertia
flywheel for longer duration storage to accumulate 5 kWh within a speed range of 10,000-20,000 rpm.
This is contrary to most of the flywheel systems in industry, usually performing short term high
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power applications. The choice of ratio of power to energy is a free design choice, one other benefit of
the flywheels.

The dynamic performance and response of the system was tested when simulating the FESS for
real life scenarios of charging and discharging states. The analysis results showed the characteristic
performance and compliance of the load torque, SOC, input-output power, and three-phase current
and voltage of the PMSM-Flywheel. The no-load speed of the PMSM was also plotted to show the
system response when the flywheel rotor is not connected. It was shown that sudden step changes
in torque develops corresponding changes in flywheel speed, as well as its SOC and stored energy.
At the instant of load change, the DC-bus voltage fluctuations were within £3% of the rated voltage,
which was controlled and recovered within 40—45 ms.

Conformation of the simulated results implies responsiveness and validity of the software model.
Modelling and simulation of a higher inertia flywheel for ground power applications is a new area
which has not been widely explored due to unavailability of the experimental data. This software
tool can be developed to analyse different scenarios for such applications. It can be considered
as an initiative for future researchers exploring models to analyse PMSM assisted FESS for energy
storage applications.

Future work will include modelling and analysis of an isolated solar photovoltaic system with
a FESS providing backup power for islanded remote areas.
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