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Abstract 

Cleaner production of energy is urgently needed in today’s world due to concerns 

about global warming and growing population. This need has promoted widespread 

renewable energy sources and distributed generation, integrated into electricity 

networks. If renewable sources of energy are added into microgrids powered 

previously only by fossil-fired engines, their intermittency combined with fluctuation 

in demand leads to further stability challenges. Energy storage systems offer a 

solution, which can mitigate the effects of RES intermittency by not only providing a 

balance between electricity supply and demand but also improving the stability of 

microgrids. ESS can also reduce the power rating of the generating engine to meet 

peak demand and enables power production to meet average demand and reducing 

generation cost. Batteries are nearly always used as the ESS for this application but the 

subject of this thesis explores an alternative ESS, the flywheel energy storage system 

(FESS). FESS is one of the earliest forms of energy storage technologies having several 

benefits of long service time, high power density, low maintenance and insensitivity 

to environmental conditions. FESS has been an important area of research in recent 

years. This thesis describes the modelling and analysis of a small-scale energy storage 

system incorporating FESS with a solar PV system and a diesel engine for use in an 

islanded system which is supposed to be highly intermittent or non-existent grid 

infrastructure. In this application, the performance of FESS in the islanded system is 

assessed and found to be beneficial in comparison to a system either without storage 

or with alternative ESS technology such as Li-ion batteries. The thesis consists of a 

description of FESS configured for electrical storage which explains its components 

and structure; bearing system, flywheel rotor, casings, electrical machine and 

associated electronic parts. The FESS and its associated control are described in the 

thesis along with the equations and modelling, carried out in MATLAB/Simulink 

environment. The simulation of FESS operation is performed over 24hrs which is 

rarely found in the literature. The operation of FESS for 24hrs provides better 



assessment of flywheel operation and fuel consumption of DGen. The FESS model is 

integrated with PV hybrid microgrid system (PVHMS) incorporating dynamic 

residential load models, diesel generator and PV system. The presented system will 

be highly useful for the islanded systems or for the areas where there are weak grids 

or extension of transmission lines is not a feasible option. 
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Introduction 

Access to energy is a basic need for economic sustainability and growth in modern 

society. The growth in energy consumption of any country is linked to its 

modernization, rapid development in technologies and industrialization. However, 

global energy demand is escalating rapidly with population size which in turn is 

negatively affecting society due to damage to the environment. Global energy 

demand has increased greatly (400 exajoule annually) of which, much of the energy 

produced is still based on fossil fuels and this has adversely affected our environment 

[1]. Environmental experts and organizations have increased awareness about global 

warming over the past few decades, however, climate change is still a persistent global 

threat to the environment [2]. To lessen greenhouse gases (GHG), global regulations 

and policies to limit the use of fossil fuels have been enforced by the United Nations 

(UN) which include formulation of the Kyoto Protocol, which was made in 1997 to set 

emissions targets mainly for developed countries who had high levels of GHG 

emissions. In 2015, one hundred and ninety-three countries agreed to the sustainable 

development goals (SDGs) named as the 2030 Agenda for the global development of 

SDGs which focuses on objectives of mitigation of air pollution and a significant 

reduction in health effects due to hazardous elements [3].  Also, the broad 

international agreement made at the Paris UN Climate Conference in 2015 to limit the 

global temperature rise to 2 °C was one of the steps taken by the UN to combat global 

warming. Developed countries around the world are taking steps in the right direction 

to reach net-zero emission targets of CO2 emissions.. UK is the first of the G7 major 

countries to make commitments to net-zero greenhouse gas emissions by 2050. The, 

UK has been closely followed by France in the same commitment. Sweden and 

Norway were the first countries to legally commit to net-zero targets, similarly South 
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Korea and Japan have committed to reach net-zero target by 2050. R recently in 2020 

China has committed to reach carbon neutrality by 2060, whereas Fiji and Chile are 

amongst the countries who have yet to approve their net zero targets. Figure 1.1 

presents the projections of expected warming of the earth by end of the century against 

current policies and pledges by the countries. 

 

Figure 1-1 emission and expected warmings by 2100 [11].  

The recent data presented in [4] shows the positive outcomes of the efforts made by 

countries to combat global warming. In 2020 there was an overall drop of 4.4% in coal 

fired generation, the largest decline ever in the past 50 years. Majorly the European 

union was responsible in contributing 23% of this decline and United States accounted 

almost half of the global net decline with the decrease in coal usage due to growth of 

renewable energy sources. Also, projection of current policies suggests that the 

increase in warming will result in about 2.9°C global temperature rise. The targets and 

pledges and net-zero targets made by the countries would limit the warming to 2.4°C. 

To limit warming to 1.5°C, greenhouse gas emissions need to be reduced rapidly with 

effective polices and more concrete steps in place by the countries which should bring 

emissions to zero around mid-century [5]. Global energy consumption is predicted to 

increase 40% by 2050 compared to the consumption in 2010, which is a 10 to 25 trillion 

kWh increase which consequently will have a serious impact on climate change [6] 

unless a major shift away from fossil fuels takes place. Also, the CO2 emissions are 
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likely to increase to 43.08 billion metric tons in 2050 compared to the emissions in the 

year 2018 which was 35.3 billion metric tonnes [7] unless serious action is taken. This 

will lead to environmental issues such as the melting of polar ice caps, extreme 

weather patterns, more acidic oceans, and an increase in sea level. Despite formal 

commitments, for a country to reach net-zero targets, there is need of urgent and 

effective policies to reduce emissions.  The contribution of coal fired plants in the UK 

to electricity generation mix was 40% in 2012 and this has fallen to 5% in 2018 which 

is a significant step to reduce greenhouse gases [8]. 

In the countries outside the Organisation for Economic Co-operation and 

Development (Non-OECD), the increase in energy consumption is mainly due to 

rapid population growth, strong economic growth, and increased access to the energy 

market. By 2040, Non-OECD countries are expected to account for 64% of the 780 

quintillion joules of total world energy consumption [3].  According to International 

Energy Outlook 2019, energy consumption by transportation is expected to rise 

40% by 2050 compared to the consumption which will be largely driven by the Non-

OECD countries which accounts for 80% of the increased consumption [9]. In the 

OECD countries, the growth in energy consumption is slower due to slower economic 

and population growth, more efficient energy systems, and less growth in energy 

intensive industries [10]. Amongst all regions of the world, Asia is the biggest 

consumer of energy due to it being the largest region by population and having a 

majority of non-OECD countries (Singapore, Thailand, Indonesia, Philippines, etc) 

and the largest energy consumers such as India and China. Figure 1.2 shows the global 

trend of energy consumption in regions of the world for more than 53 years. 

Additionally, over the last decade, 70% of the total electricity generated is reported to 

have been still sourced from fossil fuels [11]. Depletion of fossil fuels and 

unexpectedly changing of oil prices motivated the world to prioritise the effective use 

of renewable energy sources and fossil fuels and to make a dramatic shift from fossil 

fuels to clean and reliable fuels. To meet carbon reduction targets and considering the 



4 

 

 

serious changes in climate globally and never-ending energy demand, the future 

energy generation should progress with less dependence on fossil fuels with the 

growing use of renewable energy sources. 

 

Figure 1-2 Energy consumption in world regions [12] 

For clean energy, renewable sources are the promising options but their technical and 

economic challenges are of serious concern when implemented them on large scale 

[13, 14]. However, the share of environmentally benign renewable energy sources, for 

example wind and solar, is still not significant growing from a very small base. Figure 

1.3 shows the share of energy sources in energy production up to 2018. Therefore, it is 

a matter of serious concern to fulfil the increasing global energy demands with 

alternative arrangements for power generation. According to the recent report of the 

International Energy Agency (IEA) in 2018, 10159 trillion kWh energy was produced 

from coal and 783 trillion kWh from oil which is the biggest share compared to the 

generation from other resources such as solar PV, hydro, biofuels, and others [15]. 

To achieve sustainable energy generation, renewable energy technologies are 

expected to take the leading role in future energy generation. Renewable energy (RE) 

is obtained from natural sources having huge potential for clean power generation 

employing technologies such as solar, hydro, biomass, wind, and tidal energy. Due to 

their dependency on seasonal variations, and intermittent power output, RE affects 
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the operational characteristics of the microgrid. However, the use of RE is expected to 

grow rapidly from 2018 to 2050 and will rise by an average of 3.6% per year. It is 

reported in [10], that the countries including the USA, OECD Europe, India, and China 

will have 75% of the world’s RE generation by 2050. Moreover, the global installed 

capacity of wind energy has increased 59% in 2020 compared to 2019 bringing total 

wind power capacity up to 743 GW. This includes 93 GW of new installations and the 

global cumulative installations are expected to reach 1 TW before 2025. It is also 

reported that offshore wind technology can provide 10% of the required carbon 

reduction by 2050 for the 1.50C pathway [16]. 

 

Figure 1-3 Energy production by source [12] 

On the other hand, solar energy is expected to accelerate during 2023-25. Solar PV and 

wind energy are on course to surpass natural gas generation by 2023 and coal 

generation in 2024.  Solar PV alone is expected to account for 60% of all renewable 

capacity additions by 2025 [17].  It is reported in [18], that the total installed capacity 

of solar PV was 627 GW with new annual additions expected to reach 149 GW by 2022. 

By 2025 renewables will be the largest source of electricity generation globally and 

will overtake coal, they are expected to supply one-third of the world’s electricity 

demand [17]. Followed by US and EU, China alone accounts for half of the global 

increase in renewable electricity generation in 2021, The RE is also set to reach 

8,300TWh by the end of 2021. Figure 1.4 shows the contribution of countries in 
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renewable energy by technology around the world , the solar PV and wind energy 

contribute two-third of the total growth [19]. 

 

Figure 1-4 Contribution of countries indifferent renewable energy sources until 2021 [19]  

The curtailment of high emissions of CO2 has driven the transition from centralised 

large power generation to decentralised (distributed) small scale generation of power. 

Distributed generation ideally occurs from renewable sources and is typically located 

in low voltage networks in distribution systems close to the consumers [20]. This 

concept increases the penetration of renewable energy (wind and PV) leading to 

cleaner energy generation and reduction of greenhouse gases and leads to emergence 

of microgrids. Implementation of microgrids is growing fast as blackouts and power 

interruptions become frequent due to extreme weather conditions and aging power 

system infrastructure. The use of distributed generation systems is rapidly 

penetrating commercial, residential and industrial sectors in form of small wind 

turbines, solar photovoltaics, fuel cells, backup diesel generators and combined heat 

and power system. The global market of distribution generation is expected to hit 

USD183.2 billion by 2050 with growing focus on reducing carbon emissions in power 

generation and transmission systems [21] with added advantage of reduction in losses 

of transmission and distribution systems [22].  Integration of renewable energy 

sources (RES) in microgrids, powered previously only by fossil-fired engines, the 

intermittency combined with fluctuation in demand leads to further stability 
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challenges which make use of RES more challenging. Also, the power generated by 

RES cannot be entirely injected into the microgrid at the point of common coupling 

(PCC), this would restrict the renewable energy production during low demand 

periods. There are also other several challenges in microgrid energy management due 

to RES technologies such as: i) RES cannot be dispatched, therefore, it must be utilised 

as soon it is generated ii) RES cannot respond to volatility of the electricity price iii) 

availability of solar and wind energy varies according to the weather conditions. To 

solve these problems and avoid energy wastage during low demand periods, 

integration of an energy storage system (ESS) with RES technologies is the most 

attractive option [23, 24].  

ESS offers a solution, which can mitigate the effects of RES intermittency by providing 

a balance between electricity supply and demand [25, 26].  With large-scale ESS, 

energy can be stored for use in the microgrid during off-peak times and can be 

delivered back to the microgrid during peak times. This allows power plant 

generators to operate at high efficiency throughout the year and run power networks 

with energy security and flexibility [24]. Integration of ESS in power systems offers 

economic benefits when ESS shaves peak demands and avoids overload conditions. 

This enables power networks (transmission and distribution) to operate with 

increased efficiency and at rated capacity which reduces the need for further 

investments for structural reinforcements such as installation of more feeders and 

system upgrades. Also, due to the variable load and output of RES, the need for 

frequency regulation can be avoided with the application of ESS [27]. 

ESS provide a means of making the electricity supply clean and more economical. ESS 

provides load-shifting which not only reduces the carbon emissions but also increases 

the efficiency of power plants which as a result generates the maximum amount of 

power. ESS can also reduce the power rating of the generating engine to meet peak 

demand and enables power production to meet average demand and reducing 

generation cost [28] hence making the power microgrid cleaner, efficient and more 
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resilient.  Also, there are various solutions proposed to ensure network stability and 

reliability with RES including demand management, interconnection with external 

grids, and ESS [29]. The issue of frequency instability has so far been dealt with the 

combination of ESS and demand-side management (DSM). To avoid blackouts in AC 

power systems, the frequency should remain within ±1% of its mean value. When 

connecting RES into microgrids, the lack of inertia in microgrids results in system 

instability, blackouts or loss of generating units. Therefore, microgrids need a special 

control mechanism to emulate inertia and rapidly inject or absorb power in the system 

[30] [31]. In remote areas which are located outside of the national grid network there 

microgrids rely heavily on diesel generators. However, a fast response ESS can 

eliminate the need for running diesel generator for 24hrs resulting in cost savings and 

improved system reliability.  

Given future large installations of renewable power plants in major electricity 

consuming countries such as the United States, China, Europe, and India, it will be 

necessary to install an additional 310 GW of grid-connected storage to meet seasonal, 

daily, and hourly electricity demand. Global growth in the ESS market is exponential, 

annual installation of energy storage in 2017 was 6 GW from base of 0.3 GW and it is 

expected to have installations of 20 GW by 2022 [37]. With rapid technological 

development in different emerging ESS technologies and estimated per unit cost 

reductions, energy storage systems are proving to be a practical and useful, if not 

essential technology for power systems. Governments of the European Union (EU), 

United States (US), Japan and Australia have granted their national programs on ESS 

recently and storage is estimated to increase by 10-15% of countries like US, EU 

countries and Japan [32].  

There are a range of systems available to provide energy storage, which can convert, 

store and deliver energy on demand. The performance of these systems depends on 

the amount of energy they can store, the storage time, and the delivery of energy with 

minimum losses [33]. Therefore, high power capability, high efficiency, low capital 
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cost, and environmentally friendly attributes improve the value of ESS [34]. The 

techno-economical evaluation of energy storage requirements has been based on the 

implementation of renowned technologies such as compressed air energy storage 

(CAES), pumped hydroelectricity storage (PHS), battery energy storage system 

(BESS), and Flywheels [35]. Figure 1.5 shows the duration of storage of different 

energy storage technologies with their respective area of applications.  

 

Figure 1-5 Charge and discharge times of energy storage technologies[36]. 

Battery energy storage systems (BESS) are one of the oldest forms of storage 

technology, BESS are suited for electrical energy storage applications [32]. Battery 

energy storage is mature storage technology with high voltage and high energy 

density, they are categorised based on the electrolyte material, the various types 

include Sodium-sulphur (NaS), lead-acid (Pb-acid), lead-carbon, nickel-cadmium 

(NiCd), flow batteries, zebra batteries (Na-NiCl2) and lithium-ion (Li-ion) batteries 

[37].  NiCd and Pb-acid batteries are used to provide pulse power however, they are 

large and heavy compared to Li-ion batteries, apart from this, they contain toxic 

metals which are not environmentally friendly. However, Pb-acid batteries can be 

almost fully recycled very effectively. The NaS battery is smaller in size and lighter 

compared to NiCd and Ni-MH batteries but has to operate at high temperatures such 
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as 300oC and constant heat input is required to maintain a molten state of electrolytes, 

also Zebra batteries have a similar problem [38].  Li-ion batteries are commonly used 

for storage solutions, they have the highest energy density and charge and discharge 

efficiency at 95% [39]. Li-ion batteries with appropriate electronics control can provide 

energy storage for the duration of one to two hours allowing additional revenue 

streams such as arbitrage, load shifting, and other electrical grid ancillary services. 

The requirement for long periods of storage duration have made it difficult for 

flywheels and supercapacitors to compete with Li-ion batteries. Whether or not 

technologies other than large-scale Li-ion might be able to meet the growing future 

storage needs is a question?  The answer to this question is not so simple since there 

are technological advancements that affect future developments with great 

interdependency. Moreover, recycling Li-ion batteries and their manufacturing from 

questionable sources is already a matter of serious concern [40].  

It is still a matter of debate that lowering the C rating (kW/kWh) would enable Li-ion 

to meet 8 hours storage need with the fast response but this would increase the cost of 

the system. Moreover, reduced capital cost of ESS, lower CO2 emissions in 

manufacture, ease of recyclability and lifetime over 20 years are desirable attributes of 

ESS. Currently, Li-ion is not able to meet these characteristics. Storage technologies 

having the above-mentioned attributes include pumped hydro, flow batteries, engines 

or fuel cells running on renewable fuels, and compressed/liquid air. However, none 

of these technologies have fast response capability in terms of sub-second ramp up 

from start up. To make most of the storage system and minimize its capacity and cost 

it should be used many times a day, to allow power to feed into the microgrid during 

high demand and allow time-shifting of the demand [41]. The ability of the ESS to 

provide multiple cycles a day and have fast response has become more important in 

weak power grids and remote areas of developing countries which have no 

transmission infrastructure and power grid but rely on diesel engines and renewable 

energy augmentation as means of power sources. Given the requirement from the 
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energy storage technology may be as low as minutes of storage, flywheel technology 

could offer an alternative to battery systems. Part of the reason for this is that the diesel 

engine is generally already available so can be used to provide power during periods 

of no or low renewable generation. More will be explained about this hypothesis after 

introducing flywheel technology.  

A flywheel is a simple device with a rotating mass that can maintain its inertia to store 

energy in the form of kinetic storage. The flywheel stores and gives back electrical 

power during charge-discharge cycles, the transfer of energy to or from the flywheel 

taking place through an electrical machine (motor/generator). High energy efficiency, 

high energy, and power density are the main attributes of the flywheel technology 

which enable it to compete with other storage technologies in power, space satellite, 

and transportation applications. The most common applications of flywheel 

technology are power quality improvement and uninterruptible power supply (UPS), 

in these applications electrochemical batteries and Superconducting magnetic energy 

storage (SMES) are major competitors of flywheel energy storage systems (FESS) [42]. 

SMES technology offer high efficiency but less energy density they are not 

economically viable [43]. Figure 1.6 compares the power density vs energy density 

region for flywheels with other fast response energy storage technologies.  

 

Figure 1-6 Power density and energy density regions [44] 
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In FESS, the size of the electrical machine determines the maximum power level. Very 

high-power levels can be achieved even with a small flywheel if the storage time is 

short (10s sec to minutes). To reduce windage and aerodynamic losses, the rotating 

assembly of the FESS is placed in a containment held at vacuum pressure. The 

majority of the frictional losses created by the bearings can be minimised by using 

suitable bearing technology such as permanent magnet passive bearings to take the 

majority of the load with lightly loaded bearings providing rotor stabilisation. The 

energy stored by a flywheel depends on the speed and inertia of the flywheel. The 

performance of FESS is not affected by high temperatures, they can typically operate 

at any ambient temperature with a simple water-cooling system for the electrical 

machine and power electronics. Moreover, losses developed in an electrical machine 

can be minimised by design choices and the type of the machine. 

The flywheels can be good candidates for the improvement of power quality and to 

facilitate distributed generation (DG).  As power line disturbances last less than 10s 

and the 5-second time interval is sufficient for the plant to switch smoothly from one 

power source to another, for bridging this gap FESS technology can supply short-term 

reliable storage (seconds to minutes) to facilitate switching of a power plant from one 

power source to another.  

For several other reasons, flywheel technology may be a better storage technology 

than battery systems. The life of the flywheel is 3-5 times more than the battery system. 

The FESS can deliver a large amount of short-term stored energy. Unlike FESS, the 

performance of BESS is affected by many factors and importantly the temperature 

[45]. Hence, the BESS is less favourable in countries where temperatures are high 

throughout the year and it cannot withstand high charge-discharge rates [46]. The 

probability of a battery storage failure is seven times more likely than that of flywheel 

storage which makes BESS less reliable than FESS [47]. Power flow in the FESS is 

generally limited by power electronics, the performance of the flywheel is 

independent of the depth of discharge (DoD), it can withstand frequent load 
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variations by shallow or deep discharge cycles. In contrast, frequent load variations 

are challenging for electrochemical batteries as power is limited by their 

electrochemistry therefore combination of high and low power loads makes 

optimisations of the design difficult. Also, determination of the state of charge (SoC) 

of the battery is more difficult than of the flywheel.  

The cost of the ESS is however, generally the deciding factor in selecting the storage 

technology. The commercial viability of flywheel technology depends on the 

possibilities of cost reduction compared to other storage technologies. A flywheel can 

be a viable solution for energy storage when two conditions are met; i) Deployment 

of flywheel technology provides an economic return which consequently gives rise to 

its market. ii) It provides a cost-effective solution when compared to other storage 

technology i.e. batteries. Costs of batteries have reduced significantly in recent years 

and have the added advantage of durations of around one to two hours so they may 

provide power for longer periods. The considerable cost reductions in materials that 

are used to produce flywheel rotors are more likely with advancement in materials.  

The important factor affecting uptake of the flywheels is their cost reduction challenge 

which can be overcome by large scale manufacture and low-cost design. The cost of 

electric machines and their associated power electronic interfaces have a major impact 

on overall cost of the flywheel, therefore, developing high voltage transistor 

(MOSFETs) can lead to reduced cost and losses [48]. Also, improved size and specific 

energy of the rotor materials can further reduce the cost of bearings and housings 

which can bring down overall cost of the flywheel. 

The applications where flywheels are effective technically and cost-effective are 

microgrid power management, commercial power management, uninterruptible 

power supply (UPS), mobile applications, and commercial power management. 

Furthermore, the increased use of ESS and electric machines in transportation (Electric 

vehicles) has considerably impacted the supply chain of power electronic drives 

which are used in machine drives and magnetic bearing of FESS. Over the last decade, 
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the cost of the power electronics machine drive has dropped and is near to $5/kW [49], 

this can lead to further cost reductions of the flywheel technology and making it more 

competitive to the battery system. 

 1.2. Problem Statement and Research Questions: 

The objective of this research is to determine whether flywheel energy storage offers 

a solution to enable the decarbonisation of microgrids in countries with weak or 

partially existent grids. It is proposed that a microgrid, currently serviced by diesel 

generator power, is transformed to one in which energy is provided predominantly 

by intermittent renewables, with such a system enabled by employing flywheel 

energy storage and diesel engine back up.   The storage technology of choice for the 

energy storage system would be a Li-ion battery or possibly Lead Acid but this 

research anticipates the potential of significant cost reduction for flywheel systems 

and the need for more robust forms of energy storage as needed in less developed 

countries. 

Li-ion batteries are the common choice for energy management applications due to 

having longer storage duration. As the performance of chemical batteries is 

temperature sensitive and they need to be thermally maintained, in the countries 

where the temperature remains high, control of the batteries to avoid overheating is 

difficult. Also, the recycling of batteries in developing countries is lacking or being 

done without following necessary protocols which are very unsafe. The following 

cases have been identified where flywheel technology could be the better choice 

compared to chemical batteries.  

1.2.1 Energy management in islanded networks 

In a standalone PV system, the intermittent output of the PV dictates that imbalance 

between supply and demand will occur regularly. If the PV output exceeds demand, 

excess power can be dissipated so there is no issue. However, if PV power is not 

sufficient, another source of power is required and a diesel generator (DGen), typically 

already existing can be used as a backup power source, potentially operating on 
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renewable fuel. However, without any storage system, such a system will be unstable 

and will not be able to provide an uninterrupted supply. By adding a flywheel, power 

is not interrupted and, if the PV system is still no longer providing sufficient supply, 

the DGen can be started. For short imbalances, either excess peak loads or PV drop 

out with cloud passing, the flywheel can bridge the gap and the DGen does not need 

to be started. The flywheel can limit the operation time of the generator considerably 

by charging from excessive PV output power and then discharging when the demand 

is higher than PV power. 

1.2.2 High lifetime and operation cycles 

If the chemical battery is used as the ESS for the energy management application 

which requires a large number of cycles and high DoD, it would degrade very quickly. 

Therefore, FESS with a high life cycle can be the sustainable choice over the battery as 

an ESS. 

1.2.3 In weak grids 

Remote areas of developing countries with highly intermittent power demand having 

no grids or weak grids, there the electricity is supplied inefficiently by a DGen. The 

flywheel working as ESS in the system can increase the efficiency of the DGen by 

making it operate near its maximum output power during charging. 

This thesis presents the research work on flywheel energy storage for energy 

management applications. In this research, a model of the flywheel is integrated into 

an islanded system consisted of a standalone solar photovoltaic (PV) system, diesel 

generator set (DGen), and the flywheel providing backup storage for the variable 

residential load. Modelling and simulation of flywheel storage systems integrated 

with a standalone PV system and the diesel generator are focused specifically in this 

research. The key purpose of the flywheel in the islanded network is to increase the 

reliability of the system and reduce the operation timing of the diesel generator (for 

reduced fuel consumption) to meet the residential load demand.  
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The type of machine used in the electrical drive plays an important role in the 

characteristics governing electrical losses as well as standby losses. Permanent magnet 

synchronous machines (PMSM) and induction machines (IM) are the two most 

common types of electric machines used in FESS applications where the latter has 

negligible standby losses due to its lower rotor magnetic field until energised by the 

stator. For this reason, the type of electrical machine employed in the FESS used in 

this research was the IM. More will be explained about this choice later in the thesis. 

The following questions are to be addressed to achieve the objectives of the research. 

1.3 Research Questions 

The direction of the research is set by the formulation of the following questions. The 

research questions are addressed by a methodology which is defined in the section. 

o What are the technical benefits of flywheel technology compared to other 

energy storage systems in microgrid applications?  

o What are the suitable strategies to integrate flywheels in islanded standalone 

PV systems?  

o What are the design methods of hybridization of the flywheel with a PV 

system? 

o Where does flywheel stand in competition with other slow responding ESS for 

long-term storage applications in the energy storage market?   

o What are methods of control of the flywheel with other power sources in the 

islanded network? 

o How can induction machines can play their part in reducing the total losses of 

the flywheel system by minimising standby losses? 

1.4 Methodology 

The above research questions were addressed by following the research methodology 

now described in this section. To analyse the application of flywheel technology in an 

islanded network together with other power sources (PV and DGen), different 
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operation scenarios were created to perform charge-discharge operations of the 

flywheel and the following steps were followed to reach to achieve the final results.  

▪ A thorough literature review was conducted into the history and emergence of the 

flywheel technology leading to a clearer understanding of the main features and 

applications of the flywheel. The other storage technologies which are competitive 

to the flywheel were identified and compared. 

▪ A comprehensive study was carried out to get a proper understanding of electrical 

machines used in FESS and their controlling techniques. This led to identifying the 

research gap in choose the suitable electrical machine and its associated control 

methods.  

▪ For analysing the performance of the flywheel (charge-discharge cycles), 

modelling of the entire assembly of FESS was carried out through mathematical 

modelling techniques. This includes modelling of electrical machines, controlling 

techniques of the machine and power electronics converters, loss calculations and 

analysis of bearings systems and the machine, and the mathematics of rotor and 

requirements of the flywheel housing. The FESS was simulated in 

MATLAB/Simulink environment to perform operations based on real-life 

scenarios to test the fitness of the model in energy management in microgrid 

applications. 

▪ For an islanded network, models of the PV system and diesel generator were 

developed. The analysis of their performance and control techniques have been 

discussed. Before incorporating the model of the flywheel system into an islanded 

system, the performance of the model of each power source was evaluated 

separately to evaluate the competence of an islanded system.  

▪ To ensure maximum accuracy in the results the source of the parameters of each 

model was chosen very carefully.  The parameters of the solar PV system were 

taken from National Renewable Energy Laboratory (NREL) System Advisor 

Model (open source). The parameters of the diesel generator were used from the 
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manufacturer's datasheet. Based on the available parameters, fuels consumption 

and efficiency of the diesel engine can be easily calculated. 

▪ The data for the residential load was sourced from the high-resolution CREST 

model produced by Loughborough University. The model contains integrated 

thermal-electrical demand (diversity) with the timing of output variables 

appropriately correlated by occupancy, irradiance, and external temperature sub-

models. The data for the load profile is generated by defining the type of day of 

the week, the month of the year, and the number of dwellings. Switching events of 

lighting, appliances, and water-fixture (hot and cold water) are calculated on basis 

of stochastic sequences of occupancy for each dwelling which determines 

electricity demands of dwellings. The CREST demand model uses a bottom-up 

methodology for simulation of switching of individual appliances to create 

spikiness. Based on the residential load demand data obtained from the CREST 

model, different load profiles were created for various months of the year and days 

of the week to analyse the dynamic performance of the standalone PV system. The 

data of the load demand was considered to be of a small town in a remote area 

consisted of 100 dwellings, representing a village.  The model generates the load 

demand data based on occupancy and activities of the consumers in homes. The 

model considers all types of consumers in a developing country, in this case India. 

▪ To optimize the performance of islanded networks the coordination between 

power sources should be well defined in the control system. The logical control 

system was designed for proper coordination between the flywheel, PV system, 

and diesel generator. It was done by creating different operation strategies and 

logical conditions.  

▪ After the formation of the islanded model, selection of input data, and 

development of a logical control system, simulation of the islanded model was 

performed in MATLAB/Simulink environment. The performance of the solar PV 

system, the flywheel storage, and the diesel generator and their control systems 

were analysed. 
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1.5 Structure of the thesis     

The structure of the thesis is set as follows: 

Chapter 1 Introduction: This chapter contains the background of world energy 

consumption, climate change crisis, the importance of renewable energy sources and 

energy storage systems in microgrids and effect of reduction in their inertia with 

penetration of renewables. 

Chapter 2 Literature Review: This chapter contains the literature research of current 

storage technologies, their comparisons, current development, and research being 

done for flywheel energy storage, research gap, and contribution of our research to 

address those gaps. A brief review of microgrids, its components and applications has 

also been added. Also, this chapter describes flywheel technology, components, and 

its attributes supported with data and figures. The detailed review on applications of 

flywheel technology has also been presented in this chapter. 

Chapter 3 Modelling of Flywheel Energy Storage System and its Validation: This 

includes an introduction to control systems, types of control systems, mathematical 

modelling of the induction machine, mathematical modelling of a control system of 

induction machine, PI controller, voltage controllers, speed controllers, torque 

controllers, and their schematics. The implementation of mathematical model of FESS 

is then implemented in MATLAB/Simulink software together with validation of the 

model supported with result and analysis.  

Chapter 4 Modelling of PV Hybrid Microgrid: This chapter includes introduction on 

modelling of microgrids, methods of modelling, Mathematical and Simulink 

modelling of components used in microgrids (Loads, diesel generator and PV) and 

their validation in MATLAB/Simulink supported with results. 

Chapter 5 Results and Analysis: Presentation of results, analysis of results and 

discussion, and then conclusion together with detailed results and figures. 
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Chapter 6 Conclusion: This chapter provides a conclusion of each chapter, summary 

of work done, achievements in the research and recommendations of work to be done 

in future research. 
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Literature Review 
This chapter provides a comprehensive literature review of energy storage 

technologies and their comparison, an overview of microgrids, the brief history of 

flywheel technology, its technical characteristics and applications. The chapter 

concludes with a chapter summary. 

2.1 Overview of Energy Storage 

The growth in energy generation from renewable sources has been remarkable 

worldwide but these cannot easily follow and be adjusted to match load demand.  

However, decentralised power generation from renewable sources makes the supply 

of the power to the consumer more secure according to Ibrahim et. al [50]. Solar and 

wind energy are the most abundantly used renewable sources for electrical power 

generation but still the power generated by solar and wind is uneven due to their 

variability and dependence on nature (wind speed and interruption of solar irradiance 

by clouds and nightfall). They cannot produce power evenly as their power 

production varies with minutes, hours, months, days and seasons. Figures 2.1 present 

typical example of variations in power generated by a wind turbine, making it less 

reliable to be qualified for stable and primary sources and power generation. 

 

Figure 2-1 Hourly generated power of wind turbine [4].  

 Figure 2.2 presents the power output of solar PV on a typical cloudy day. It can be 

seen that the availability of solar power cannot be guaranteed over 24 hours of time. 
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Considering the rapid growth of renewables globally, clear policies and research and 

development are required to ensure the secure and cost-effective integration of 

renewables into the power system. 

  

Figure 2-2 Hourly generated power of PV system [51]. 

The commercial market of RES shows that the specific investment cost is declining. 

Atanasoae el al. report in [52] that the installation cost of utility scale PV projects 

decreased by 68% from 2010 to 2017. Apart from the cost the demand of renewable 

energy increasing too, according to a report of IEA [53], there was 1% increase in 

renewable energy demand globally in 2020, while the global energy demand is set to 

decrease 5% due to lower economic activities in 2020. Increasing the penetration of 

renewable energy sources in any power system will lead to need for regulation of the 

power supply.   

Also, the intermittent nature of RES creates challenges to the stability of the power 

system when integrated. To deal with the alternating nature of RES at a large scale, 

several solutions are proposed. In [54], Muljadi et al. propose the integration of wind 

power plants to weak power grids via bulk transmission lines without reducing 

stability, this allows higher penetration of renewables. However, the proposed 

method is expensive due to the higher level of energy in magnitude involved to make 

it profitable. Anderson et al. in [55] purpose a fast forward algorithm to improve 

forecasting which reduces the dispatch errors; however, this does provide full 

economic opportunity to the power generator. Hydropower can mitigate the 
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variability of RES by quickly responding to some of the fluctuations in wind power 

outputs [56]. In [57], Ding el al. have proposed a new coordination operation mode of 

the wind farm and hydropower based on day-ahead wind power output forecast to 

alleviate the negative effects of wind power fluctuations on the microgrid. However, 

the hydro resources are limited and their location of installation is a great challenge. 

An increase in dispatchable backup power might increase the ability of the system to 

cope with dispatch error, however, it increases greenhouse gas emissions, since these 

units require fossil fuels for power [58]. The solution presented above provides some 

relief against the intermittent nature of RES, however, they do not mitigate all 

challenges presented by them. Amongst all the solutions, electrical energy storage 

(EES) has been recognised as one of the most promising and viable solutions which 

can mitigate the intermittency of RES and can provide stability to the electrical power 

system. EES denotes a process of converting one form of energy to a storable form and 

storing it in some mediums and when needed the stored energy can be converted back 

into electrical energy [59, 60]. With the integration of energy storage devices in the 

microgrids, short-term random fluctuations can be avoided and electricity can be 

stored and utilised to meet the varying demand and accommodate the peak demand. 

ESS can provide multiple other benefits such as reduced consumption of primary fuel, 

improved efficiency of the system, reliable energy supply and reduced damage to the 

environment. While choosing storage technology for any application several factors 

are considered and analysed, those factors include life cycle, self-discharge rates, 

environmental impacts, lifetime, power, energy, efficiency, storage duration, technical 

maturity and capital cost [61, 59].  

There are several well-established energy storage technologies and many developing 

technologies having huge energy storage potential for electricity production. There 

are four main classes of energy storage technologies, namely electrical, mechanical, 

chemical and thermal storage technology, each offering different advantages and 
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disadvantages. Figure 2.3 shows the detailed classification of energy storage 

technologies. 
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Figure 2-3 Detailed classification of energy storage technologies  

2.2 Description of Energy Storage Technologies 

2.2.1 Electrical Energy Storage 

Electrical energy storage (EES) systems store energy to produce electricity and release 

it when it is needed. ESS can be further classed as electrostatic including capacitors 

and supercapacitors, magnetic storage which includes superconducting magnetic 

energy storage. Each of these is described briefly below in sections. 

Capacitor and Supercapacitors 

Capacitors store energy in an electrostatic field in a dielectric material, energy stored 

in capacitors depend on the breakdown characteristics of dielectric material [59] [32]. 
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Capacitors have high power density, short charging time, low energy density and high 

self-discharge losses. Due to low energy density, capacitors can only deliver high 

currents for short periods [62]. Capacitors can be used for power quality problems and 

energy recovery systems in mass transit systems [59]. For large energy storage 

capacity, a very large area of dielectric would be required which makes use of 

capacitors uneconomical [32].  

Supercapacitors have a working principle similar to the ordinary capacitor except the 

dielectric material is replaced by an electrolyte ionic conductor which helps to produce 

ionic movement along conducting electrodes with large specific surfaces providing 

higher energy density [63]. In supercapacitors, energy is stored in the form of 

polarised liquid which is formed when voltage is applied to the terminals of the 

capacitor [64]. Supercapacitors can be connected to form storage modules that can be 

added together for energy storage units. The performance and life of the 

supercapacitor are temperature-dependent. In reference [65], authors have 

demonstrated that how the super capacitance is affected by temperature variations 

and it has been concluded that energy storage in a supercapacitor is reduced for lower 

temperatures. In comparison with battery technology, supercapacitors can provide 

energy for few seconds to minutes and the life cycle of a supercapacitor is up to 10 

years, with high efficiency. They have a high estimated cost and self-discharge rate 

plus low voltage ratings (2.5Vdc) [66]. Supercapacitors also can provide high peak 

power output and high charge-discharge cycles without damage [67]. Supercapacitor 

energy storage can be used for power quality applications because of its ability to 

provide energy for a short duration, supercapacitor technology with high energy 

densities over 20kWh/m3 is yet under development [68]. With the advancement in 

research and materials supercapacitors can be promoted in grid-scale applications, the 

main drawback of supercapacitors is high self-discharge loss, short storage duration 

and load energy density [32] [69]. However, researchers at the Massachusetts Institute 

of Technology  have developed a new class of ionic liquids (electrolyte) that may 
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improve the efficiency and stability of supercapacitors while reducing their 

flammability along with improved energy density [70]. 

Superconducting magnetic energy storage (SMES)  

SMES is based on the use of superconductors, offering the lowest resistance to 

electronic flow which reduces the losses nearly to zero, energy storage taking place in 

the magnetic field of a DC current flowing in a superconducting [71]. SMES 

technology has high efficiency up to 95% and it offers a very rapid response and high 

power during the charge and discharge process. Due to the power requirements for 

refrigeration and cooling, the high costs SMES means it can only be used for short 

duration energy storage [72]. SMES can provide the power of 1-10MW in time of 

seconds, however, larger-scale storage systems of 10-100MW for time for minutes are 

under research and development [32]. SMES can be used for frequency stabilization, 

power factor improvement, UPS implementation, voltage control, improvement of 

transient stability [72] [73]. Figure 2.4 shows the schematic diagram of a SMES.  

 

Figure 2-4 Schematic diagram of SMES system  [74]. 

SMES can provide power from 100kW to 10 MW within 5 microseconds, they can be 

integrated and used with other energy storage systems which can improve their 

performance and peak power availability [75]. 

2.2.2 Mechanical Energy Storage 

Mechanical energy storage systems store energy in the form of kinetic and potential 

energy. Kinetic energy is stored by flywheel device and potential energy is stored by  
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compressed air storage device and pumped hydro energy storage systems. The 

description of each mechanical energy storage system is given in following sections. 

Compressed Air Energy Storage System (CAES) 

In a CAES system, the compressor is the key component which compresses air during 

an off-peak time when the cost of electricity is low, compressed air is then stored in 

an air reservoir which is called the charging state. During discharging state plant uses 

the compressed air to operate its turbine. The turbine provides mechanical energy to 

the generator to operate which produces electricity. During the discharge state, 

natural gas is also burnt similarly as it is burnt during the gas generation in a 

conventional combustion turbine plant [63]. Figure 2.5 represents the working 

principle and component involved in CAES.  

 

Figure 2-5 CAES system with heat storage with turbine [76]. 

Despite the maturity of CAES technology, it is not widely implemented in the world. 

Only two generation plants are in operation worldwide, 290 MW plant is constructed 

in Germany and another in the USA having capacity of 110MW [76]. The first utility-

scale CAES 290 MW plant was installed in Germany; it operates with 8 hours of 

compressed air charging and 2 hours of discharge operation [59]. A Highview Power 

5MW CAES system is under development in Vermont, the plant will be able to store 

4000 MWhs for 4 hours. This energy storage services will be used to facilitate the 

integration of RES and to add stability to the microgrid by providing grid-

synchronous inertia [77].  

 CAES is the most workable competitor for large scale energy storage after pumped-

hydro storage with an estimated efficiency of 70% and a lifetime of 40 years [78]. CAES 
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technology offers energy storage in MWhs at low cost, according to ref. [79], an annual 

life cycle cost for conventional CAES plant is $215-255/kW-year and levelized cost of 

conventional  is $96-121/MWh. CAES plants are capable of black start and have fast 

start-up time and CAES plants can be operated as a condenser for injecting and 

withdrawing the VARs from the grid. [80] A major drawback of CAES is low efficiency 

and access to suitable geological sites [81]. CAES operates with the advantages of a 

longer lifetime, high reliability, low maintenance and operation cost and low self-

discharge rates. The economic feasibility and profitability of CAES depend on natural 

gas and electricity market prices. CAES installations with smaller ratings (<100 kW) 

use pressurized tanks to store energy in form of heat, whereas the large scale CAES 

utilize underground caverns for storage therefore, for large scale CAES geological 

suitability remains a significant challenge affecting the capital cost [82] [83]. Also, 

expansion and compression cycles of CAES is problematic as it requires extra 

equipment (pump cooler) which leads to energy wastage [83].  

Pumped Hydro Storage System (PHSS) 

A pumped hydro storage system consists of two water reservoirs at different heights. 

Water is pumped from lower reservoir to higher reservoir during off-peak hours when 

electricity is cheap. Water stored in a higher reservoir is made to flow through turbines 

to produce electricity during a period of high demand [84]. PHSS is a mature 

technology with 300 systems operating globally. The lifetime of PHSS is 30-50 years 

with an efficiency of 65-75% and capital costs of 500-1500 Euros/kW [63]. By 2018, the 

total installed capacity of PHS reached to 161 GW and it is predicted to be double by 

2050 [85]. PHS contributes to more than 3% of global generation capacity [86]. The 

major disadvantage of PHS is the availability of a suitable location for the construction 

of two large reservoirs or dams [32]. However, there are advancements in technology 

allowing a 300 MW seawater based PHS in Hawaii to be built.  PHS plants in Okinawa 

Yanbaru in Japan and the Mount Hope project in New Jersey are using flooded mine 
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shafts, underground caves and oceans as reservoirs [59] [86]. The working principle 

of PHS is illustrated in Figure 2.6.  

 

Figure 2-6 Schematic of working principle of PHSS [36].  

PHS is an economical energy storage system that can be used for power and frequency 

regulations, they have long life, low self-discharge rates and low operation and 

maintenance cost with high round trip efficiency [87] [88]. PHS with its fast ramping 

can mitigate the challenge of intermittent power produced by RE systems. Dinorwig 

hydropower station in Wales can reach to its maximum generation of 1.8 GW in less 

than 16 seconds [89]. The Kops II PHS plant in Austria can produce 180 MW in 20 

seconds [90]. The facility of quick start has made PHSS particularly useful for 

application in wind energy. However, high capital cost and long pack back time and 

uncertain profitability are the drawbacks of PHSS [82].  Also, when compared to 

flywheels, batteries and supercapacitors the response time of PHS is slower which 

makes it less suitable for behind-the-meter applications [91]. 

Flywheel Energy Storage 

Flywheel energy storage systems (FESS) are one of the earliest forms of energy storage 

technologies with several benefits of long service time, high power density, low 

maintenance, and insensitivity to environmental conditions being important areas of 

research in recent years. A flywheel stores rotational energy that can be withdrawn 

instantaneously. A flywheel contains a spinning mass in its centre called the rotor and, 

to rotate flywheel at very high speed, an electric machine is required which acts as a 
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motor to convert electrical energy into rotational energy. This is called the charging 

mode of a flywheel. When stored energy is to be converted to electrical energy, an 

electric machine is used as a generator, it is called discharging mode of the flywheel. 

The useful life of FESS technology is more than 20 years [63]. FESS has high efficiency 

and power density but low energy density which make it suitable for high power 

applications but can also be viable for energy applications [92]. In the electricity 

market, it is at the level of project demonstrations and is developing slowly because 

of its weakness such as storage for a very short duration of time [45]. Figure 2.7 shows 

the concept principle of the energy flow in a flywheel system although typically the 

motor and the generator are the same physical machine, a motor-generator or simply 

an electric machine. 

 

Flywheel
Motor/

Generator

Power 
Electronic 
Converter

Electrical Energy

Kinetic Energy

Power flowPower flow

Charging

Discharging  

Figure 2-7 Schematic Diagram of Flywheel energy flow 

Presently, flywheel materials, high-speed electrical machines, the capability of 

bearings and array technology for flywheels are the main areas of research focus 

which would make can make it the most suitable option for energy storage when 

compared to BESS and other ESS [59]. The main advantage of FESS technology is that 

it provides high charge-discharge cycles in the range of 105 up to 107 in the entire 

lifetime [84]. A detailed description of FESS technology is provided later in this 

chapter. 
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2.2.3 Electrochemical Storage 

Electrochemical energy storage includes conventional batteries such as nickel-metal 

hydride, lithium-ion (Li-ion), flow batteries, and lead-acid. The following section 

provides a brief most widespread chemical storage option. 

Battery Energy Storage System (BESS) 

Battery Energy Storage System is based on power electronics that can minimize the 

power fluctuations in the system and increase the integration of RESs through a 

suitable cooperative control [93]. In BESS, energy is stored is converted from electrical 

to chemical energy which is stored in a battery that is made of stacked cells. The 

chemical energy of the battery is then converted back to electrical energy with the help 

of suitable power electronics control system. Batteries are rated in terms of their power 

and energy capacities [94]. The type of batteries most commonly used in power 

systems applications are Lead Acid, Sodium Sulphur, Lithium-ion, Metal Air and 

Flow Batteries. Within these main battery types are also many sub-types with 

difference chemistries and constructions.  

Lead Acid batteries 

Lead-Acid battery is the oldest and most mature technology [86] [95], there are 

currently large Lead-Acid battery installations deployed as a standard technology for 

grid stabilization but they are suitable for many applications [96]. The theoretical 

specific energy of a Lead-Acid battery is 171 Wh/kg but, in practice, it may vary from 

30-50 Wh/kg due to the need for water and other components [86]. The Lead-Acid 

battery has the lowest cost amongst all the battery technologies. However, given 

limited capability, proper recycling is not a feasible option in developing countries 

where safe recycling is not available and it is done is a way dangerous to human health 

and environment.  This has given Lead-Acid batteries a bad name environmentally 

whereas recycling is can be done very effectively to a high percentage in factories in 

developed countries. Additionally, Lead-Acid battery technology is disadvantaged 

due to the need for internal connectors and to structural grids to support the heavy 
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lead materials [18]. However, Lead-Acid batteries can provide reliable service for 

many years, the capacity of a battery improves when it reaches a peak and declines 

until the battery reaches its end of life. After 80% capacity reduction, accelerated 

deterioration of the battery occurs plus it is then more prone to high discharge rates 

and sudden failures. According to a general rule of thumb, above 25 0C the life of the 

battery is reduced by 50% for every +9.5 0C, therefore under ideal conditions if a 

battery aimed to run for 5 years at 25 0C  will only operate for 2.5 years at 35 0C [97]. 

Figure 2.8 shows the lifetime curve of a battery against temperature. 

 

Figure 2-8 Lifetime Vs temperature characteristics for a lead-acid battery 

Sodium Sulphur Batteries 

Sodium-Sulphur battery technology was developed as an alternative to Lead-Acid 

batteries, offering high power and energy density. Sodium sulphur battery technology 

has a fast response (millisecond) for charging and discharging operations. Which 

makes it a suitable technology to be used in microgrids for power regulations. The 

energy density of sodium sulphur batteries is 151 kWh/m3 and has an efficiency of 

85% [63]. However, Sodium Sulphur batteries have a high-temperature requirement 

for operation at around 300-350 0C and high capital cost  of $2000/kW according to 

[16]. A 350 MWe Sodium sulphur BESS has been installed by Amplex group in UAE 

for ancillary services [92]. 
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Flow Batteries 

Flow batteries are types of rechargeable batteries which contain dissolved 

electroactive species which act as an electrolyte, flowing through an electrochemical 

cell, converting chemical energy into electricity [92]. Flow batteries are also called 

redox flow batteries, they have high power and energy ratings, long duration and 

rapid response time (1ms charge and discharge cycle). They have lower efficiency and 

high losses due to the energy needed to make electrolyte flow and other chemical 

losses [94]. 

Lithium-Ion Batteries 

Amongst all types of batteries, Li-ion battery technology has high efficiency (close to 

100%) and the highest energy density [95]. The key parameters of Li-ion batteries are 

cycle life, power density, energy density and cost per kilowatt hours [98]. The use of 

Li-ion batteries is predominant in portable electronic devices and other energy storage 

applications. Li-ion batteries are the most common battery storage option globally and 

it dominates 90% of the global battery storage market, with ongoing advancement in 

materials such as replacing graphite with silicon will make batteries competitive for 

long-term energy storage [99]. The Li-ion battery is good for applications where 

response time is in milliseconds is required such as voltage and frequency regulations 

[100].  Figure 2.9 shows the image and components of a Li-ion battery.  

 

Figure 2-9 Li-ion battery structure and components [100] 
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The main drawback of Li-ion batteries is that their depth of discharge (DoD) cycles 

affect their lifetime and their overall cost, also, their lifetime is temperature-dependent 

and they can degrade much faster at high temperatures [59]. The performance of Li-

ion batteries degrades at high temperatures and their storage capacity is decreased 

when overcharged, the capacity loss occurs even the batteries are unused, the ideal 

environment for Li-ion batteries to work efficiently is below ambient temperature, 

also, Li-ion batteries should not be stored when they are fully charged. At 100% charge 

a Li-ion battery will lose its capacity per year with increase in the temperature, Figure 

2.10 shows the % loss of Li-ion battery capacity per year with increase in temperature 

[101].  

 

Figure 2-10 Capacity lost curve of Li-ion [101]. 

Also, for microgrid applications (back-up source) large scale batteries are required and 

there are some challenges for making large scale batteries, large-scale batteries require 

special protection circuits and packaging which makes the cost of the Li-ion batteries 

as high as more than $600/kWh [63] providing 1500 cycles,  whereas, in references [14] 

and [32], it is reported as high as $1200/kWh for providing 3000 cycles at 80% DoD. 

Zubi et al. in [102] provides detailed levelized cost calculations of a 2.5kWh Li-ion 

battery for solar home systems, the author has reported the specific energy cost of Li-

ion would drop to 1230$/kWh in 2030 compared to 1710$/kWh in 2020. However, 

according to world energy outlook the cost of Li-ion battery packs has fallen 90% since 
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2010 to $150/kWh in 2019. Also, the massive installation of batteries in EVs  would 

reduce a 50% cost of Li-ion battery by 2040. 

2.3 Comparison of Energy Storage Technologies 

As mentioned in chapter 1, an ideal energy storage system should have a long lifetime, 

high density, high efficiency, low cost, be environmentally friendly and be mature. 

These all requirements are not met by any single energy storage system [16]. For any 

ESS with higher power and energy densities, the volume of the required ESS will be 

smaller for rated energy given the amount of energy [59]. Table 2.1. presents the 

comparison of technical characteristics of energy storage technologies. 

Supercapacitors, flywheels and SMES have the highest capital cost expressed in 

$/kWh due to short operating times, however, they show the highest maximum 

efficiency. PHS shows the least energy density compared to all technologies, however, 

PHS systems have the highest capacity by a large margin. PHS being mature 

technology and has been widely implemented worldwide yet it has a low power 

density which limits its use to large scale ESS [15]. Also, PHS is not environmentally 

friendly as the construction of reservoirs affects the local ecological system and 

destruction of green landscape. From Table 2.1 It can also be seen that flywheels, 

batteries and fuel cells have relatively moderate power densities and energy. CAES 

and have lower densities and are mainly used in stationary applications. Capacitors 

and have very high-power densities but low energy densities. CAES can provide high 

MWhs of energy at low cost but it has low efficiency and it is suitable to accessible 

geological sites requiring long transmission lines distance [60].
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Table 2-1 Technical Characteristics of Energy Storage Technologies [14] [76] [63] [59] [60] [96] 

Technology Type 

Energy 

Density 

(Wh/L) 

Power 

Density 

(W/L) 

Specific 

Energy 

(Wh/kg) 

Power 

ratings 

(MW) 

Rated energy 

capacity 

(MWh) 

Efficienc

y (%) 

Run 

Time 

(h) 

Charge 

time 

Lifetime 

Cycles 

Mechanical 

Storage 
         

PHS 0.5-1.5 1 0.5-1.5 100-5000 500-8000 75-85 Jan-24 Hours >13,000 

CAES (Large 

scale) 
3-6 0.5-2 30-60 300 <1000 

70-89 
2-4 Hours >13,000 

Flywheel 20-80 1000-2000 10-30 0.1-20 up to 5 
93-95 

ms-

15m 
Minutes 

>100,00

0 

Chemical Storage          

Li-ion battery 200-500 1500-10,000 75-200 1-100 0.04-100 85-90 m-h Hours 4500 

Lead-acid battery 50-80 10-400 25-50 0-40 0.001-40 70-90 s-h Hours 2000 

Na-S battery 150-250 140-180 150-240 <34 0.4-244.8 80-90 s-h Hours 4500 

Ni-Cd battery 60-150 80-60 50-75 0-40 6.75 60-65 s-h Hours 3000 

Electrical Storage          

SMES 0.2-2.5 1000-4000 10-75 0.1-10 0.0008 
95-98 

ms-8s Minutes 
>100,00

0 

Capacitor 2-10 10,000+ 0.05 0-0.05 -- 
60-65 

ms-

60m 
Seconds >50,000 

Supercapacitor 10-30 100,000+ 0.05-15 0.3 0.0005 
90-90 

ms-

60m 
Seconds 

>100,00

0 
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Figure 2.11 shows the comparison of charge-discharge cycles and efficiency of 

different energy storage technologies, it can be seen that Li-ion batteries have high 

efficiency and charge-discharge cycles compared to other types of batteries, however, 

flywheels, SMES and supercapacitor technologies are better in terms of lifetime and 

charge-discharge cycles when they are compared to Li-ion batteries. Although, 

according to [19] supercapacitors have higher efficiency and a greater lifetime than 

flywheels, they are not suitable for microgrid applications given their very short 

energy storage duration and the life of supercapacitors degrades with rise in 

temperature [103]. The cycle lifetime of flywheels and certainly calendar life are 

greater for flywheels than supercapacitors according to many other reports. Also, the 

energy density of supercapacitors is not high, due to low energy density 

supercapacitors are not compact. The energy density of supercapacitors can be 

increased by increasing the surface area of electrode material in a double layer 

capacitor, which requires more research to develop materials with high surface area 

[103].  

 

Figure 2-11 Efficiency and charge-discharge cycles of different Energy storage technologies [19]. 

Moreover, research in material sciences is required to come up with new electrodes 

and electrolytes through batteries that have considerable potential but efforts are 

required to make BESS more feasible at high-duty applications and reduction in the 

cost of ancillary products such as overcharge protection circuitry and maintenance 

costs [71]. Li-ion batteries having high power and energy density are suitable for 
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widespread use in portable devices and transportation applications. FESS is a mature 

technology from an electrical aspect [104], the FESS is termed as clean ESS technology, 

it has high efficiency and energy density compared to BESS, CAES and other ESS 

technologies. FESS is also environmentally friendly, unlike other ESS such as CAES, 

PHS, BESS, SMES and SCES [32], Flywheel consists of discs made up from metals or 

carbon fibres that are non-hazardous, the life cycle of FESS has an operational lifetime 

of several million full depths of discharge cycles according to [105]. 

The Li-ion battery is the most advanced technology (in BESS family) having a power 

density of 500-2000W/kg but it involves high cost, the lifetime of the battery is 

temperature-dependent therefore, it is not suitable for backup applications [84]. Li-ion 

batteries can be the best option for low power applications due to their lowest possible 

self-discharge, for systems of few kWh (in renewable systems) as shown in Figure 2.11.  

Li-ion can provide the best performance but it has the drawback of being expensive. 

For systems up to 100 kWh, along with lead-acid battery systems, CAES, fuel cells and 

flow batteries are preferred options but they are either expensive, have high 

maintenance costs or are less efficient. For high energy storage (MWh) CAES and flow 

batteries can be viable choices but they are not in the field yet. For the applications of 

power quality, load levelling an ideal device is supposed to have good cycling and 

energy release capacity which can be provided by flywheels and Supercapacitors [76]. 

Li-ion batteries are widely used in electric vehicles (EVs) due to having high energy 

density, however, initial cost and limited driving range are still hurdles to the 

adoption of battery technology. Also, Li-ion batteries pose many technical challenges 

which need a lot of research on battery management, battery materials (electrodes), 

cost reduction, safety, increasing driving range to meet people's demand and 

improving the overall efficiency of EVs, and it also brings increased safety problems 

to EVs [106].  

FESS is a promising technology over BESS and SCES in many applications such as 

UPS, power quality, ride-through capability, load levelling, emergency back power, 
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energy management, voltage regulation and control, spinning reserves, motor 

starting, low voltage ride through, grid network fluctuation suppression and 

telecommunication back-up [59]. FESS can play a complementary role when used in 

combination with other ESS. When used in combination with BESS, FESS can increase 

the lifetime of a battery as it is more effective at delivering a large amount of power 

for a short period [45] [107]. For high power applications, in the transportation and 

power industry capacitors and batteries are strong competitors to flywheels for 

applications of high power and short duration [45]. However, capacitors can only 

provide power for shorter periods than flywheels. Flywheel technologies by Piller, 

Calnetix, Active Power and others can provide more power storage than capacitors 

for the same duration of time. On the other hand, batteries have a longer duration of 

discharge compared to flywheels but can provide less power. The flywheel technology 

of Beacon Power (20MW plant in New York) can provide more power storage for the 

nearly same duration of time as a battery [108]. With more research and development, 

flywheel technology has the potential to grow faster and can be a suitable alternative 

for ESS over batteries. Much more research on bearing technology and electric 

machines is required to reduce idling losses, by bringing improvement in bearing 

technology of flywheels which can improve discharge duration. Flywheels, when on 

standby can suffer self-discharge losses up to 20% of total stored energy and material 

advancement may help in the design of build flywheel rotors to improve efficiency 

and energy density.  More research is required to bring improvements in the 

Motor/Generator along with power electronics interface to improve FESS 

performance in terms of response time [59] [63]. 

2.4 Overview of Microgrids 

The expansion of high voltage conventional electrical networks to remote areas can be 

lengthy and expensive due to administrative approval processes and financial 

constraints, whereas the integration of renewable energy sources in low-voltage 

power systems avoids these issues. However, integration of renewables causes 
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transients, voltage dips and voltage swells. To solve these issues and ensure secure 

operation of renewable sources, the concept of microgrids with storage system is a 

promising approach to increase penetration of RES at distribution level. Also, the 

development of microgrids is quicker than the expansion of a conventional electric 

network since it takes less time and expense [109]. A microgrid is a small electric 

power system, it contains a load, distributed generators and an energy storage devices 

or devices. A microgrid is an approach that can smooth energy generated from 

intermittent sources with the appropriate control system. Figure 2.12 shows two 

typical topologies, aggregated and distributed for microgrids based on the integration 

of distributed generation (DG) sources and energy storage systems [110]. 

 

Figure 2-12 The two main microgrid topologies (a) aggregated (b) distributed  

In the aggregated topology, energy storage systems are grouped and connected to an 

AC bus as combined sources of energy whereas, in the distributed topology, energy 

storage systems are separately connected to each DG source with different interfaces 

depending on the type of energy source. For example, an AC/DC/AC interface is 

required for connection with wind turbine generators. The value of microgrids is their 

ability to work even when the main electric grid is not available to supply the power, 

in that case, distributed energy sources and storage devices provide power to the load. 
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Energy storage devices are charged using excess power produced by renewable 

energy sources, this regime of power flow makes the main electric grid decentralised 

in terms of power production and its control system. Microgrids can operate in 

islanded or grid connected mode. In isolated mode the microgrid is not connected to 

the main electric grid. The balance of reactive power in an islanded microgrid is 

challenging due to absence of an infinite bus (connection to the main grid), this makes 

stability of voltage and frequency in islanded mode more difficult. In the grid 

connected mode of operation, the microgrid is connected to the main utility grid at 

point of common connection through a static switch, and in grid connected mode the 

exchange of power is bidirectional. However, the control of the power in grid 

connected mode is more complex [111]. The microgrid has the potential to deliver an 

economical, innovative and environmentally friendly solution that leads to reliable 

and clean electrical energy. The advantage of a microgrid is that it can supply power 

to loads with lower losses than a centralised system due to not having long network 

lines, reducing fuel consumption and investment cost of the distribution network. 

Also, the goal of microgrids is to give energy stability, smart control and 

communication systems for generation and load management, improve operational 

efficiency, increase integration of energy storage in power systems and reduced 

greenhouse gases (GHG) [112]. The benefits of microgrids encourage the widespread 

use of microgrids in developing countries where rural electrification is a major issue. 

Apart from this, the development of microgrids helps developing countries comply 

with global sustainable agreements such as the Paris Climate Accords [113] and to 

promote green energy policies. It has been reported in [114] that by 2040 about 80 

million people will be getting access to electricity through microgrids. There are many 

other initiatives that are taking place around the world to provide clean energy for 

people in remote areas where the provision of electricity through a centralised power 

system is not possible.  TP Renewable Microgrid Limited in partnership with the 

Rockefeller Foundation has proposed provision of clean energy through microgrids 

to 10,000 villagers across India which will have an impact on 25 million people over 
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the next 10 years [115]. In the United States (US), less than 0.2% of electricity is 

currently provided through microgrids but their capacity is expected to double over 

the next three years. In the US, development of microgrids is rising because they are 

capable of sustaining service during natural disasters [116]. The company Tesla has 

developed 120 microgrids to date with the integration of battery storage systems [117]. 

A project, 'More Microgrids' has been launched by 11 countries including 22 partner 

companies to increase penetration of renewable energy sources in electrical power 

systems and to investigate alternative control strategies, network designs and 

multigrid management operation [118]. Details of more examples of microgrid setups 

around the world are presented in Table 2.2.  

The introduction of microgrids in existing power system networks can cause issues in 

electrical networks in terms of power quality, energy management and control 

systems. Also, integration of new technologies requires investigation of their effects 

on distribution systems along with load and demand management in distribution 

systems. Load and demand management can be more critical with the penetration of 

intermittent renewable energy sources and advanced infrastructure. Making a 

microgrid a smart grid is also an issue for electrical networks, with smart grids being 

defined as those including cyber and physical systems for information and 

communication technologies.  Protection from cyber-attacks and other technical issues 

needs to be investigated as well according to  [119].  

The connection of a microgrid to the main grid is highly important due to the low 

capacity of generation and high penetration of DG sources including renewables and 

loads. In case of a disconnection from the main grid, energy management of a 

microgrid in what is described as an islanded mode is highly important. A microgrid 

in an islanded mode operates with no support from the main grid.  This makes the 

control of a microgrid more complex and microgrids more prone to load variations 

and power fluctuations due to its attribute of the low system inertia. Therefore, a 

reliable energy storage system is required in an islanded mode of operation [120]. 
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Table 2-2 Chosen examples of existing microgrid projects around the world [112] [121, 122, 123]. 

N/A = not available , CHP = combined heat and power 

 

Country Storage DG source Load Application 

Canada N/A Hydro, Diesel Residential Energy security and sustainability 

China Battery Wind, PV Static Energy security and sustainability 

Denmark N/A 
Diesel, Steam, 

Wind, Biogas 
Static penetration of renewables, reduction of GHG and load management 

Germany Battery PV, Wind 
Residential and 

commercial 

Reduction of GHG, penetration of renewables and load management, 

integration of energy storage 

Greece Battery PV, Diesel Residential Load management, penetration of renewables and reducing GHG emissions. 

India N/A Fuel cell, Diesel Static N/A 

Italy 
Flywheel 

Battery 

PV, Wind, Diesel 

and CHP 
Static 

Reduction of GHG and infrastructure cost, penetration of renewables and 

load management, integration of energy storage 

Japan Battery 
PV, Wind, 

Biogas 
Commercial N/A 

Netherland Battery PV 
Residential and 

commercial 
Reduction of GHG, penetration of renewables and load management 

Portugal N/A CHP, Diesel Commercial Load Management 

Spain 
Flywheel, 

Battery, SC 
PV, Wind, Diesel Commercial 

Load management, storage integration, GHG emissions, penetration of 

renewables 

UK Flywheel Diesel Static Integration of energy storage 

UK Battery 
Hydro, PV, 

Wind, biomass 
Static Penetration of renewables, storage integration and reduction of GHG 

US Battery Natural Gas Static load management and energy storage integration 



44 

 

 

Microgrids must also have a separate control system which ensures effective 

coordination and operation of connected energy sources: the control system of the 

microgrid controls the power flow and interconnection to the main grid at the point 

of connection (PC). Control of a microgrid is often based on a hierarchical scheme: 

Load control, microgrid central control or distribution management-side control. 

Load control is an independent control system within a microgrid for increasing the 

reliability of the system and power flow. Microgrid central control system is used for 

monitoring and supervision of the system and communication with distributed 

generators and their regulation. Distribution management-side control provides an 

interface used to exchange information with the main grid network [124, 120, 125]. 

Operational strategies and control of microgrids are highly important to nullify the 

impacts of stability issues such as grid voltage fluctuations or blackouts caused by 

dependence on large scale penetration of DGs [126]. Therefore, effective strategies for 

integration and planning including control functions, boundaries and limits are 

important requirements for the modelling of microgrids. Reference [127] proposes a 

mixed mode energy management strategy (MM-EMS) for effective energy 

management in microgrids. The MM-EMS is based on different strategies to reduce 

operating timings of fuel cells and to increase usage of battery storage based on their 

charging state. An optimized model for short-term joint operation of a microgrid is 

presented in [128], the model includes the joint operation of PV, wind and energy 

systems which can smooth the power fluctuations and improve the controllability of 

power renewable sources. Reference [119] presents different aspects of microgrid 

management with the latest developments and studies about microgrids. 

Optimization of microgrids and their modelling along with control methods is 

presented in [109]. Furthermore, different control strategies for better energy 

management in microgrids have been reported in [120] [129] [130]  [131] [132] [133]. 

To achieve the optimized performance of microgrids, the design of the components in 
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the microgrids should meet critical properties. The following section briefly describes 

the major components of a microgrid. 

2.4.1 Components within microgrids 

Distributed generators (DGs) 

There are a range of DGs which are commonly integrated into microgrids which 

include solar PV systems, wind turbines (WTs), induction generators, synchronous 

generators, hydropower systems, ocean energy systems, geothermal and biogas [112]. 

The DGs most commonly used are solar PV, diesel generators and WTs. Each DG 

requires a controlling mechanism along with a power electronic interface for their 

integration in a microgrid. DC-DC converters are required for a PV system and AC-

DC converters are required for the integration of WTs for energy conversion. Power 

electronic converters can be bidirectional which facilitates the flow of electrical energy 

to and from the energy storage devices. The threshold (TH) rating of DGs is always 

lower than centralised generation units and they are in a range of 10-15MW [134], 

however, commonly low rated DGs are around 100 kW [135]. 

Energy Storage 

Due to the low capacity of DGs in microgrids, they have low inertia, therefore they 

are not capable of responding to sudden changes in energy demands. Integration of 

an energy storage system is therefore crucial for maintaining the balance between 

demand and supply of power in microgrids. Also, the long response time constrains 

some DGs (diesel generators and fuel cells) so incorporation of these in the microgrid 

demands a fast-acting storage device that can provide power in case of load changes 

or disturbances [135]. Energy storage systems provide ride through services and 

facilitate switching of microgrids from grid-connected to islanded modes. There are 

different types of energy storage which are applicable for integration in microgrids 

such as flywheels as reported in [136] [137] [138] [139] [140] [141] [142], batteries  [95] 

[143] [144] [145] [146] [147],  fuels cells  [148] [150] [151] [152] [149] and supercapacitors 

in [153] [145]. From these references it can be concluded that application of energy 
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storage devices depends on the type of application, their response time, self-discharge, 

cost, energy and power density.  

Loads 

Loads in microgrids are connected and disconnected based on their nature (critical or 

non-critical) and available power at terminals of DGs and energy storage systems. 

Commercial and industrial loads are classified as critical loads and they require high 

power quality whereas residential loads are termed as non-critical load and they 

require load service quality, they can be disconnected and managed if the power in 

the system is available to supply critical load only [134]. A detailed classification of 

loads has been presented in [119]. The classification of loads in a microgrid is to 

facilitate net import/export of power in grid-connected mode, to stabilize voltage and 

frequency, improve reliability and power quality and reduce peak loads [154]. 

Furthermore, electric vehicles (EVs) have been widely acting as controllable loads in 

low voltage distribution systems. Integration of EVs in microgrids has resulted in 

these being both a potential supplier and a consumer of energy. The charging pattern 

of EVs (as a consumer) may not match with the power generation pattern of a 

microgrid however.  A customer may like to charge their vehicle anytime during the 

day when needed which can cause disturbance in the grid. However, there is a wide 

body of literature available suggesting possible control schemes for EV charging 

demand [155] [156] [157] [158] [159]. 

There are numerous studies presented in literature on the application of isolated 

microgrid systems used either for rural electrification or for giving support to the main 

grid. A hybrid PV diesel battery system for remote loads in India is presented in [161], 

where the authors have shown the cost saving and reduction of GHG by using battery 

energy storage. However, analysis of the effect of high environmental temperatures 

impacting the life of the battery has been ignored and modelling of the system is not 

clear. A similar study has been presented in [162] , the study uses a techno-economic 

based analysis approach for energy management of stand-alone microgrid using 
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battery storage but technical analysis of the components of the microgrid is ignored. 

A hybrid system having a diesel generator, PV system and micro hydro plant is 

studied in [163], the authors have proposed an approach to optimize operation and 

control a multisource hybrid system for meeting energy demand with increased 

reliability. The calculation of fuel consumption of a diesel generator and impact of 

GHG are completely neglected. A flywheel-based PV standalone system has been 

presented in [136], where the authors have made a comprehensive analysis of diesel 

fuel consumption and cost savings by using flywheel technology. However, the 

calculation and analysis of carbon emissions is missing and the size of the system is 

much smaller (10kW) than the system considered in this research which is serving 

large residential loads. Another example of a microgrid with flywheel energy storage 

has been presented in [164], the system is proposed for frequency regulation in wind-

diesel powered microgrid by using flywheel and fuel cells. During high speed winds, 

the surplus energy is used to charge the flywheel and it is discharged during low 

speeds and low demand. The system is used to support the wind-diesel hybrid 

system. However, the analysis of the impact of the flywheel on the diesel generator 

and environment along with cost analysis has been neglected. Studies of microgrids 

vary based on the location and type of the load and environmental conditions of the 

site, potential for renewable whether solar or wind and weather conditions.  Studies 

on isolated grids with energy storage systems for different countries can be found in 

[165] - [166]. 

2.5 Background of Flywheel Technology 

Flywheel energy storage systems (FESS) are one of the earliest forms of energy storage 

technologies with several benefits including long service time, high power density, 

low maintenance, and insensitivity to environmental conditions. A FESS is a device 

with a rotating mass that can store energy by virtue of its rotational inertia in the form 

of kinetic storage. Flywheels have been used as a component in machinery to smooth 

the flow of energy since the invention of the potter's wheel, the first use of a flywheel 
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has been reported in the literature as early as 6000BC [49]. During the 15th century 

(BC), flywheels were used in shipbuilding applications to make ropes by twisting 

leather strips [167].  As early as 1200 AD, flywheels were used to maintain the spin of 

cylinders in the process of thread manufacturing. Flywheels were first used 

extensively in boats, steam engines and trains during the industrial revolution in the 

18th century [168].Until the introduction of steam engines in the 1780s, flywheels 

remained human-powered and were small in size [49]. Flywheels have been used in 

many configurations ranging from ‘wagon wheel’ shape in stationary steam engines 

to the multi-purpose disks used in automotive engines [49]. Flywheels allowed the 

development of larger and more complex machines such as internal combustion 

engines and steam engines by facilitating the delivery of constant and continuous 

torque from pulsating power sources [80]. Development of the first turbo generators 

operating at higher speeds ranging from 1800rpm-2000rpm, took place in 1884 and 

1897 which led to a significant step in the development of kinetic energy storage 

systems. Since the development of steam engines, the use of flywheels has appeared 

in many applications throughout history such as in mines, inertial starter machines, 

transport energy storage systems and weapons [167]. The first use of flywheel 

specifically for energy storage application was made in 1883 by John A. Howell, the 

steel rotor flywheel of 21,000 rpm, with a mass of 160kg and 450mm diameter was 

used for military applications. In the late 1800s, machines using flywheels grew in size 

and power, the largest engine stood 12.1 meters tall and employed flywheels of 9.1 

meters in diameter, and the machine produced a power of 1.04MW (Figure 2.13)  [108].  
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Figure 2-13 Corliss Centennial Engine using large flywheels [80]  

During the 19th century further developments like cast steel and cast iron brought 

forward very large flywheels with curved spokes [167]. In large-scale power systems, 

one of the first applications of flywheels was for smoothing the output of low-speed 

steam piston engines driving generators. Figure 2.14 shows flywheel electric 

generators used from 1902 to the 1950s [80]. 

 

Figure 2-14 Flywheel electric generators were used from 1902 until the 1950s [49]. 

During the 1950s flywheels were used to power Gyro buses incorporating 1500 kg 

mass steel rotors produced by Swiss company Oerlikon [169]. During the 1960s and 

1970s, the flywheel was starting to be recognised as an independent means of energy 

storage. Due to the introduction of efficient power electronics inverters and 

converters, it became possible to control the input and output frequency 

independently of motor-generator speed. This allowed the flywheel's momentum to 

be more fully utilised, storing more energy hence adding operating time, in ride-
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through applications [80]. In the 1970s and 1980s, after the development of magnetic 

bearings and fibre composite rotors, flywheels emerged as a primary and potential 

energy storage device for stationary power backups as well as for vehicles [170]. 

Progress in the flywheel technology continued, with the investment in research and 

development of flywheels furthered in NASA sponsored space programs. With the 

development of strong lightweight materials, fibre composite rotors were built and 

tested by US Flywheel Systems in a laboratory [171]. Modern flywheels came into 

existence with advancements in materials and power electronics which enabled 

flywheels with higher storage capacity to be built. Also, environmental issues and 

targets for reduction in CO2 emissions resulted in the importance of energy storage 

devices being highlighting as devices to decrease pollution and reduce energy costs 

[172]. 

A modern steel rotor flywheel with a weight of 1t can run at a peripheral speed of up 

to 500 m/s compared to the flywheels used in stationary steam engines during the 

industrial age, which could barely exceed the peripheral speed of 20 m/s. Modern 

flywheels with rotors of weight 1 tonne can store up to 25 kWh of useable energy when 

compared to the industrial age flywheels that weighed 50 tonnes and could store only 

5 kWh of energy [49]. Modern flywheels can achieve high round trip efficiency of more 

than 90% with frictional losses of less than 1-3% of the energy stored per hour and a 

lifetime of over 20 years with high power and energy density. If a low-pressure 

vacuum is maintained, carbon fibre flywheels can reach up to rotational speeds of 

100,000 RPM [80, 142]. However, the development of flywheel technology has 

declined with advancements in electric grid systems and substantial cost reductions 

of Lithium Ion batteries. Despite this, FESS has appeared as a strong option for energy 

storage applications due to recent advancements in power electronics, high-speed 

electric machines, rotor materials and magnetic bearings [173].  
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2.6 Technical Characteristics and Structure of FESS 

A FESS is an assembly of a rotating mass, electrical machine, power electronics 

converter, bearing system and containment. A flywheel storage system works in three 

modes of operation, acceleration, standby and deceleration. During acceleration 

mode, the flywheel charges and stores kinetic energy and the power flows from the 

microgrid to FESS. In deceleration mode, the flywheel discharges and delivers 

electrical energy so the power flows from the flywheel to the microgrid or the load. In 

standby mode, the flywheel spins idle and no flow of energy takes place to or from 

the FESS assembly unless the controller is configured such that the rotor speed is kept 

constant by feeding in a small amount of power equivalent to the standby power loss.  

The structure of a FESS consisting of the assembly of components listed earlier is 

shown in Figure 2.15.  

Microgrid 
Converter

 Bearings

Vacuum 
Containment

Vacuum 
pump

Flywheel 
rotor

Shaft

Electrical 
machine

Bi-directional 
converter

 



 

Figure 2-15 Structure of FESS assembly. 

All these components together determine the overall efficiency of the FESS and are 

briefly described in the following sections.   

2.6.1 Flywheel Rotor 

The design of the rotor used in FESS depends on the materials from which they are 

made. There are two basic types of flywheel rotors. 1) Flywheel rotors are made up of 
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non-isotropic materials like carbon fibre. These rotors have high specific energy. 2) 

The second type of rotors are traditional flywheels and are built from steel, they can 

be used for both high and low speed applications. For weight sensitive applications 

such as motor sports and space applications, carbon fibre rotors being light in weight 

offer great benefits, however carbon fibre rotors have higher material cost than steel 

rotors. The effective shape of flywheel rotor is disc or cylinder with no hole which is 

mainly used by steel rotors, whereas the carbon fibre rotors made of non-isotropic 

materials  develop strength in one direction and they use hollow cylindrical shape 

which reduces the shape factor.  The rotor of the flywheel having a rotating mass 𝑚 

(kg) with inertia 𝐽 (kg·m2) that spins at an angular velocity of 𝜔 (rad/s), operation of 

the flywheel can be represented by Equation 2.1. 

                                               𝐽
𝑑𝜔

𝑑𝑡
= 𝑇𝑒𝑚 − 𝑘𝜔                                                                      (2.1) 

where:  

𝑇𝑒𝑚     : electromechanical torque  

k          : frictional co-efficient. 

The kinetic energy 𝐸(joules) stored by the flywheel is proportional to the mass and 

square of its velocity as given by Equation 2.2.  

𝐸 =
1

2
𝐽𝜔2 (2.2) 

The useable stored kinetic energy of a flywheel spinning between a minimum velocity 

(𝜔𝑚𝑖𝑛) and maximum velocity (𝜔𝑚𝑎𝑥) is given by Equation 2.3. 

𝐸 =
1

2 
𝐽(𝜔𝑚𝑎𝑥

2 − 𝜔𝑚𝑖𝑛
2 ) (2.3) 

where the moment of inertia 𝐽 is a function of flywheel geometry and mass. 

In the case of a disc type rotor with mass 𝑚 (kg), density 𝜌 (kg/m3) and length 𝑙 (m), 

the angular velocity can be expressed by Equation 2.4. 
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𝜔 =
2

𝑟
√

𝐸

𝜌𝜋𝑙
 (2.4) 

Therefore, the stored energy is expressed by Equation 2.5 

𝐸 =
1

2 
𝐽(𝜔𝑚𝑎𝑥

2 −𝜔𝑚𝑖𝑛
2 ) 

  

(2.5) 

In the case of a hollow cylindrical type flywheel rotor with an inner radius 𝑟1 and outer 

radius 𝑟2, the stored kinetic energy is given by Equation 2.6.  

It can be interpreted from Equation 2.6 that the greater radius of the disk or high-

density material, the greater will be the energy stored by the flywheel.  

𝐸 =
1

4 
𝑚(𝜔𝑚𝑎𝑥

2 − 𝜔𝑚𝑖𝑛
2 )(𝑟2

2 − 𝑟1
2)   (2.6) 

For disk or cylinder rotor type, a moment of inertia is given by; 

                                                                𝐼 =  
1

2
𝑚𝑟2                                                             (2.7) 

When the mass of the flywheel is expressed as 𝑚 = 𝜋𝜌𝑎𝑟2 then a moment of inertia is 

a function of rotor density and physical dimensions. 

                                                    𝐼 =  
1

2
𝑎𝜌𝜋𝑟4                                                              (2.8) 

𝑎 : length of the rotor 

𝜌 : mass density 

𝑟 : disk radius 

Therefore, for a hollow cylindrical type rotor as shown in Figure 2.16 having 𝑟2 as 

inner and 𝑟1 as outer radius, a moment of inertia is expressed by Equation 2.9. 

                           𝐼 =  
1

2
𝑚(𝑟1

2  +  𝑟2
2)   =  

1

4
𝑎𝜌𝜋(𝑟1

4  −  𝑟2
4)                                     (2.9) 
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Figure 2-16 Hollow cylinder type rotor 

Therefore, energy stored in the hollow cylinder rotor is expressed in terms of speed, 

mass and geometry of the rotor 

𝐸 =
1

4 
𝑎𝜌𝜋𝜔2(𝑟2

4 − 𝑟1
4)  (2.10) 

The maximum energy that may be stored for a given mass is achieved by a flywheel 

made from the material which combines high tensile strength with low density which 

justifies the use of composite materials looking to be a better option than metals. 

Maximum energy stored by the flywheel rotor in terms of tensile strength is expressed 

as: 

                                                  𝐸𝑚𝑎𝑥 = 
1

2
𝑚

𝜎𝑚𝑎𝑥

𝜌
                                                            (2.11) 

𝑤here 𝜎𝑚𝑎𝑥 maximum is the tensile strength of the material, it defines the capacity of 

the material to withstand centrifugal forces affecting the flywheel and upper limit of 

the angular velocity [142]. Further, the maximum tensile strength of a thin rotating 

ring is expressed by Equation 2.12. 

                                                  𝜎𝑚𝑎𝑥  =  𝜌𝜔2𝑟2                                                               (2.12) 

As expressed by Equation 2.12, the maximum tensile strength is proportional to the 

density of the material and square of the angular velocity if the radius is kept constant. 

The shape factor K can be introduced to accommodate rotor geometries and simplify 

the more complex equations. The maximum energy density concerning mass (𝐽/𝑘𝑔) 

and volume (𝐽/𝑚3) is given by Equations 2.13 and 2.14 respectively.     
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                                                          𝑒𝑚 =  𝐾
𝜎

𝜌
                                                            (2.13) 

                                                                𝑒𝑣 =  𝐾𝜎                                                            (2.14) 

In stress limited cases, K is the measure of shape efficiency of the rotor [108]. The shape 

factor is an important factor for determining the speed limit of the rotor, its value 

depends on rotor geometry [172]. It is different for different rotor designs, it is 0.5 and 

0.25 for thin-walled cylindrical and disk type rotors respectively. Shape factors for 

different rotor geometries are given in Figure 2.17 [174].   

 

 

Figure 2-17 Shape factor for different rotor geometries [162]  

2.6.2 Electric Machines 

The electrical machine is a key part of a FESS that performs the charge-discharge 

cycles and is responsible for the majority of losses in the process in combination with 

converter power electronics. The electrical machine is coupled with the flywheel and 

acts as a motor to accelerate and charge the flywheel transforming electrical energy 

into kinetic energy when positive torque is applied on the mechanical shaft. The same 

machine can function as a generator to decelerate and discharge the flywheel to 

transform kinetic energy into electrical energy with a negative torque.  Desirable 
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features for an electrical machine to be used in FESS are high efficiency, low standby 

losses and low cost.  The machine has to operate from as low as one-third of the 

maximum speed to full speed at constant power and maximum torque will therefore 

occur at the lowest speed but maximum centrifugal stress at the highest speed. 

Typically, an electric machine should be placed inside the flywheel in case of carbon 

composite flywheel rotor due to obvious hollow space inside it. In the case of the steel 

rotor, the machine has to go to the side of the flywheel but any standard design can 

be used [174].  The choice of the electrical machine must be carefully made according 

to the application requirements and thermal management of the flywheel rotor. 

Therefore, the objective of the machine design for the flywheel is to minimize the heat 

dissipation in the rotor. However, thermal management is not an issue in the case of 

steel rotors when used for UPS applications as the electric machine is operated 

occasionally and little energy is deposited in the rotor.  For composite rotors, thermal 

management is crucial and permanent magnets machines are usually needed with 

composite rotors but suffer standby drag as a result [108]. Machines commonly used 

in FESS are induction machines (IM), permanent magnet (PM) machines, switched 

reluctance machines (SRM) and homopolar synchronous machines (HSM). 

Switched Reluctance Machine (SRM)  

SRM is a robust design type and can be constructed from high-strength, low-cost 

materials. SRM has the fault-tolerant capability and the ability to operate in high-

temperature environments; however, it is less commonly used because of its complex 

torque current and high current ripples [175]. Due to the avoidance of permanent 

magnets, there is no concern of demagnetization and hence they are more reliable than 

permanent magnet machines [176]. No excitation at zero torque would lead to no 

idling losses (no-load condition) [177]. Figure 2.18 shows the structure and 

components of SRM. 
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Figure 2-18 Structure and components of SRM [178] 

 In the generator mode, SRM requires excitation to produce power [25] using an 

electronic converter [179], but it will result in extra losses. The highly nonlinear 

behaviour of SRM makes the selection of suitable control gains difficult and this makes 

the design of the control system challenging and problematic [180].   

Synchronous Reluctance Machine (SyncRM) 

The design of SyncRM does not contain permanent manets, therefore there is no risk 

of demagnetisation and idling loss when flywheel is on standby mode in vacuum [181] 

SyncRM have very simple and robust mechanical structure, the machine has 

capability of fault tolerance and high torque density, the machine normally produces 

sinusoidally smooth torque [182]. The rotor of SyncRM consists bonded sections of 

nonmagnetic and ferromagnetic steels, since the rotor is not radially therefore extreme 

care is taken to ensure low rotor losses [183]. SyncRM are inherently more reliable 

than permanent magnet machines, they can be constructed entirely from high-

strength and low-cost materials [183].  

 

Figure 2-19 Rotor structure of Synchronous Reluctance Machine [184]. 
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Permanent Magnet Machine (PM) 

The types of permanent magnet machines used in flywheel technologies are mainly 

brushless dc (BLDC) machines, PM synchronous machine (PMSM) and Halbach array 

machines (HAM). BLDC has trapezoidal flux distribution created using permanent 

magnets and its three-phase stator windings are fed from a DC source through an 

inverter. In contrast, in a PMSM, the coils on the stator are wound in a sinusoidal 

manner, the waveform of the back emf is also of sinusoidal nature.   BLDC machines 

have a very high mechanical power density and provide constant mechanical torque 

[185]. The advantages of BLDC machines are high efficiency, no electromagnetic 

interference, mechanical stability, compact design and low maintenance cost [175]. 

The cross-sectional view of a BLDC machine is shown in Figure 2.19. 

 

Figure 2-20 Cross-sectional view of BLDC machine [124].  

PMSM are the most commonly used machines in FESS due to their high efficiency. 

PMSM has low rotor losses due to permanent magnets generating the magnetic flux, 

it has robust rotor structure and high energy density [104, 137]. PMSM is used in high-

speed applications due to its very high efficiency. The design considerations of PMSM 

for high-speed flywheel applications have been discussed in [186] and [187]. A cross-

sectional view of a typical PMSM is shown in Figure 2.20. 
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Figure 2-21 A cross-sectional view of PMSM [188]. 

PMSM has the disadvantage of accidental demagnetization with the increase in 

temperatures, plus the magnets have high cost and low tensile strength. In BLDC the 

stator field position is changed over discrete positions to generate  torque, the output 

current waveforms of BLDC take square waveform shape. The BLDC machines are 

used for highspeed applications  which require continuous operation such as 

ventilation systems, pump and compressors. In PMSM (also called brushless AC 

machine-BLAC), the placement of stator magnet is modified in a result the waveform 

of back-EMF in the machine takes shape of sinusoidal waveform with the current 

waveform following back-emf waveform as well. PMSM machines are complex in 

structure compared to BLDC machines which increases their cost. PMSMs are used in 

high-end industrial speed control applications as they require accurate position 

feedback control system for torque generation [189].  

Variable Reluctance Machine (VRM) 

A new machine type, variable reluctance machine (VRM) has been proposed for FESS 

which has no risk of demagnetization as torque in VRM is produced due to variation 

in reluctance. VRM have high tensile strength, low losses and reduced cost compared 

to PMSM [190]. In VRM the reluctance varies with rotor position in order to align itself 

with magnetic flux line. The VRMs are recently developed magnet less machine, they 

have double salient structures similar to SRM [191]. VRM have advantages of less 

acoustic noise and reduced vibration. Figure 2.21 shows a typical structure of VRM. 
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Figure 2-22 Structure of Variable Switched Reluctance Machine [191]. 

Homopolar synchronous machines (HSM)  

Homopolar synchronous machines (HSM) are used for long-term energy storage in 

high speed and high-efficiency applications. HSM have a robust rotor design and due 

to their lower standby losses compared to PMSM, they can be used as an alternative 

to PMSM in high-speed applications [175, 192, 193]. Figure 2.22 shows the structure 

and components of HSM. 

 

Figure 2-23 Structure of HSM [194].  

HSM have been shown to operate in a speed range of 30krpm – 60krpm with an 

average efficiency of 83% [195].  However, the main disadvantage is the difficult 

design of HSM due to its complex magnetic flux paths and geometry [196].  

Squirrel Cage Induction Machine (SCIM) 

An IM can be used for high-power applications due to its rugged construction low, 

high torque and high reliability. Squirrel cage induction machine (SCIM) and doubly-

fed induction machine (DFIM) are two types of IM. The DFIM has been recently used 

in FESS applications, due to its robust construction it allows mitigation of power 
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electronics sizing [175]. The SCIM machine can be established with high strength 

material with low cost [15] and have no electromagnetic spinning losses due to zero 

torque in the absence of an excitation field [16]. Hence SCIMs can be an attractive 

option for low loss FESS with long term energy storage capabilities. A challenge for 

SCIM is the mechanical design in the high-speed application, which can be overcome 

by using appropriate solid-rotor topologies such as slotted solid rotor, coated solid 

rotor, caged solid rotor and smooth solid rotor (Figure 2.23). 

 

Figure 2-24 a) Smooth solid rotor; b) Slotted solid rotor; c) Coated solid rotor; d) Caged solid rotor [188].  

 As a disadvantage, induction machines inherently have significant rotor heating 

which would be a major problem for composite flywheels, however, this is much less 

of an issue in steel flywheel rotors. SCIM and its associated inverters have been 

modelled previously for different industrial applications. However, its application in 

flywheels is different and introduces new challenges to its operation such as 

progressive torque requirement due to slow dynamic response of the SCIM in high 

inertial flywheels applications [197]. 

The advantages and drawbacks of commonly used electrical machines in FESS are 

presented in Table 2.3.   

Table 2-3 Advantages and drawbacks of commonly used electrical machines in FESS [170, 175, 198, 199, 142]  

 SCIM PMSM SRM 

Advantages 

Rugged construction Simple rotor design 
Robust simple 

structure 

No risk of 

demagnetization  

High power, high load and 

high torque density 
High power density 

Low cost 
Easy to install and maintain 

due to smaller size 
Low cost 

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



62 

 

 

No idling losses due to 

its lower rotor magnetic 

field at zero torque 

value, consequently this 

reduces a total electrical 

loss of IM 

No field winding losses due 

to the use of permanent 

magnets 

No idling losses 

High torque and high 

power capability 

Suitable to operate in a low-

pressure vacuum with 

negligible rotor losses 

Wide speed range 

Drawbacks 

Difficult mechanical 

design for high-speed 

applications 

Risk of sudden 

demagnetization 

Significant rotor eddy 

current losses due to 

the time-varying 

magnetic field   

Difficult to operate in 

absolute vacuum due to 

complex heat transfer 

system 

Due to the use of 

permanent magnets, PMSM 

have the low tensile 

strength 

High torque and 

current ripples 

Limited speed and 

larger volume 
High cost 

Difficult to regulate 

the speed 

Copper losses in 

electromagnets during 

field excitation due to 

high inrush currents 

Idling losses at zero torque 

due to presence of magnetic 

field 

High losses due to 

need for excitation  

Bearingless Homopolar Machine (BHM)  

Some special machines have been recently proposed in the literature for flywheel 

applications. A bearingless homopolar machine (BHM) is one amongst them and it is 

reported in [200], BHM incorporates together the function of magnetic suspension and 

torque generation in a single machine, they have a simple structure, small in size and 

are less expensive [175]. The BHM can be used in high-speed flywheel applications 

[201]. Authors in [202] have presented high-speed superconducting bearingless 

machines for flywheel energy storage, it has been demonstrated that due to 

bearingless design, the mechanical friction is reduced with improved self-discharging 

rate. The variation in excitation of BHM can increase the efficiency of the flywheel 

system for low excitation during idling operation and high-speed operation [196]. 

However, unstable magnetic suspension of the machine rotor could occur at some 

field excitation levels at some speed [203]. More topologies of the bearingless machine 

are presented in [201] and [204]. The cross-sectional view of a BHM is shown in Figure 

2.24. 
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Figure 2-25 Cross-sectional view of BHM [205].  

2.6.3 Bearing Systems 

The bearing system supports the rotor and allows the flywheel to spin freely. The 

bearings help to reduce the friction and keep the flywheel rotor in place. In high-speed 

flywheels, low loss bearing systems are desirable to reduce dissipation of flywheel 

stored energy. The selection of a bearing system depends on many factors but the most 

important ones are lifetime, cost, weight and level of acceptable losses [171]. Any 

lubricants used in the bearings should be capable of working in a vacuum 

environment. Fluid film bearings using a liquid lubricant are a feasible option. 

However, the losses are typically too high given which is important given a flywheel 

is likely to have to operate much of the time in standby mode. Gas cannot be used as 

a lubricant in bearings due to vacuum requirements. Given these types are eliminated, 

there two types of bearings commonly used in FESS are: 1) mechanical bearings and 

2) magnetic bearings. Mechanical, or rolling element bearings are simple in structure 

but have friction losses and given deterioration of lubricants, they require periodic 

maintenance such as lubrication replacement. Attempting to carry all the load with 

rolling element bearings will usually result in unacceptably high losses. 

Magnetic bearing systems work using magnetic attraction and do not have any contact 

with the mechanical shaft of the flywheel. They are stable and low loss bearing 

systems due to negligible friction and are suitable for high-speed applications in FESS 

[206]. Magnetic bearings can be used for high-speed applications above 40krpm, 

below this, mechanical bearings (ball bearings) are a better choice due to their weight 
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advantage and relatively low drag losses [207]. Magnetic bearings that use permanent 

magnets for levitation are called passive magnetic bearings (PMB) whereas active 

magnetic bearings (AMB) are the type that makes use of a feedback system with 

electrical coils [208]. AMB require continuous power for energisation of the magnetic 

levitation system [170]. AMB use attractive forces of electromagnets this makes them 

unstable as their displacement increases with an increase in attractive forces. AMB, at 

high speeds, requires electronics equipment (microprocessors) to operate and 

electromagnets require considerable power to operate (for levitation) which 

consequently increases the size of the system [209]. The high cost, complexity and low 

force density of AMB makes them less favourable for mobile applications. However, 

due to low drag torque, damping characteristics and high maximum speeds they can 

be used where there is no need for lubrication such as in space where lubricants are 

unwanted [210]. A schematic diagram of an AMB is shown in Figure 2.25. 

 

Figure 2-26 Working diagram of Active magnetic bearing [211]. 

The PMB work by use of repellent forces of permanent magnet poles, PMB is used in 

conjunction with conventional bearings due to their inability to withstand high forces, 

as they can touch down under relatively light loads which can result in a disastrous 

touchdown, however, PMB can be promising technology when used with high-

temperature superconducting (HTS) bearing system [209]. PMB offer low losses due 

to the absence of electromagnetic drag and they have a low initial cost. They are also 

used as auxiliary bearing if required [212]. 
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Figure 2-27 Passive magnetic bearing system [212].  

Compared to magnetic and mechanical bearings, HTS bearings incur half of the 

rotational loss of conventional mechanical bearings. Parasitic losses in mechanical 

bearings are more compared to magnetic bearings and they depend on the total 

energy storage of the flywheel [172]. Authors in [172] claim that the parasitic losses of 

mechanical bearings are about 5% of the total stored energy of the flywheel, this can 

further be reduced to 0.1% by using HTS bearings but in ref [213], authors have 

reported that rotational losses can be reduced to less than 2% of total stored energy by 

using a developed technique by Argonne National Laboratory to produce HTS 

bearing system. Furthermore, the losses and complexity of the control system can be 

reduced by using hybrid bearings (mechanical and magnetic bearings), the losses of 

hybrid bearing systems are in order of 0.1-0.3W/kg but may vary according to the 

design particulars [174].   

Superconducting magnetic bearings (SMB) 

Superconducting magnetic bearings (SMB) have a longer life span, less frictional loss 

and stable operation but the operation of SMB is temperature-sensitive, they require 

a cryogenic cooling system to work at low temperatures to avoid bearing failure [80]. 

This requirement leads to the added cost to the system hence making use of SMB very 

expensive. SMB require broader air gaps and have lower force density, SMB has 

limitations concerning the load weight (i.e. flywheel rotor), SMB has low energy 

consumption and high reliability compared to AMB [214].  The SMB is best for high-

speed application and it can stabilize the flywheel system without electricity or 
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positioning system [173]. Figure 2.27 shows the SMB bearing rotor with 

superconducting magnets.  

 

Figure 2-28 a) SMB installed in FESS assembly; b) SMB bearing rotor [215] [214].  

The combined use of magnetic and mechanical bearing in FESS can make the system 

more stable, cost-effective and less complex; an example of such a system is discussed 

in [216]. In a combined magnetic and mechanical bearing system, the levitation in 

vertical orientation is maintained by magnetic bearings while the rotational and 

torsional levitation is maintained by mechanical bearings [173]. Another type of 

bearing called spiral groove bearing (SGB) is a low loss bearing system, used for low-

speed applications of less than 10 m/s. A SGB can be used in combination with 

magnetic bearing for flywheels with larger storage capacity and fewer frequency 

vibrations of the rotor [217]. A SGB has a conical form, with the increase in the rotor 

speed, the required pressure is produced by hydrodynamic SGB to keep surfaces 

lubricated and separated due to the pumping effect of the groves [218]. A schematic 

of spiral groove bearings is presented in Figure 2.28. 

(a) (b) 
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Figure 2-29 Schematic of SGB installed in FESS assembly [218].  

2.6.4 Power Electronics Interface  

The electrical machine is connected to a power electronics converter interface to make 

power flow from the microgrid to the FESS and back to the microgrid during the 

acceleration and deceleration of the flywheel. Bi-directional converters help exchange 

power between the microgrid and FESS by controlling the operation of the electrical 

machine. The power electronics interface consists of a bidirectional converter/inverter 

and a drive system.  Power electronics converters are based on electronic switches 

such as IGBT and MOSFETs. The selection of electronic switches depends on the 

current-carrying capability, switching frequency and blocking voltages.  The higher 

the switching frequency, the lower the torque ripples and the machine current, but 

this increases the switching losses [142].  

In recent years, the IGBT has been commonly used in power converters due to its 

higher switching frequencies and high-power capability, IGBT can be used for 

voltages up to 6.7kV and currents up to 1.2kA [170]. The power electronics inverter, 

which is near to the electrical machine, controls rotor magnetic flux and speed of the 

electrical machine with a suitable modulation technique, it makes the electrical 

machine behave like a motor and generator according to the energy needs. Different 

topologies can be used for FESS applications such as AC-DC-AC, AC-AC, DC-AC.  An 

AC-AC converter can be used in medium voltage applications. This converter has the 

disadvantage of high total harmonics distortion (THD), complex control and complex 
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design [219].  An AC-AC converter leads to an increase in reliability of system and 

power density [220, 221]. The AC-DC-AC is the most commonly used configuration 

in FESS, it is also known as Back-to-Back (BTB) converter, it is the most widely used 

topology in FESS applications [199]. In this configuration AC voltage is converted to 

DC by converter and DC voltage is converted into AC voltage and frequency by 

machine side converter. This is commonly connected with DC-link using DC-AC 

converter [219] the converter which is near to the machine is used to control active 

power and flux of the machine in FESS [137]. 

Different topologies of power electronics converters used in FESS are discussed in 

detail in [175].  To keep the flywheel system stable, it is vital to keep the DC link 

voltage constant, this is achieved by controlling the torque of the electrical machine. 

The constant DC link voltage behaves as an ideal DC voltage source like a battery. An 

AC-DC converter (grid side converter) with a suitable modulation technique is used 

to maintain a constant DC-link voltage by following grid side reference currents to 

control the flow of active and reactive power [222].  

The design of the converter and its switching technique are responsible for the power 

quality of the system considering that nearly sinusoidal stator currents, low total 

harmonic distortion THD (less than 5%) and stable DC-link voltage are the factors 

affecting the power quality in FESS [223]. Oliveira in [224] has discussed 

implementation and control of AC-DC-AC conversion in FESS. A new DC-DC boost 

inverter topology used for low-speed flywheels is proposed in [225], with proposed 

topology the voltage boost capability is facilitated in a single stage with undersized 

passive elements.  For efficient operation of FESS, a high-efficiency electrical interface 

is vital, in [226] zero-voltage transition (ZVT) and zero current transition (ZCT) has 

been proposed which improves energy savings from 2.5% to 3.5%. In [227], the power 

converter is presented which is used to control power flow in a hybrid microgrid, the 

system ensures zero current switching power loss for both buck and boost with 

improved efficiency. Experimental results show power savings of 2.5-3.5%. In 
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reference [228], the author has presented the operation of a converter with unity 

power factor under variable frequency and has implemented droop characteristics to 

control bidirectional power flow between AC and DC sources. 

2.6.5 Containment 

The flywheel rotor must be enclosed in a containment casing for safety and for 

reducing aerodynamic losses. The containment should prevent collateral damage 

which can happen due to the bearing failure releasing the rotor or rotor failure itself, 

for example, growth of a crack in case of a solid steel rotor flywheel. A fatigue crack 

may grow to cause the rotor to break in large fragments and can cause huge damage 

to surroundings if not contained [49]. In the case of carbon composite flywheel rotors, 

failure occurs due to circumferential fractures of a rotor in a layer or propagation of 

cracks in the rotor. This can cause the rotor to disintegrate into rings or may result in 

fragments and powder of carbon fibre that is highly flammable [229]. The rapid 

disintegration of a composite rotor can also lead to a very high-pressure build-up only 

contained by thick casing or bunkering. To increase the safety of solid steel and carbon 

composite flywheels, they are usually installed in underground bunkers [4]. This can 

be eliminated by the use of laminated steel designs which greatly limits any rotor 

failure to small energy release since only a small fraction of the rotor is ejected. 

Horizontal axle FESS has more possibility of mass centre displacement than vertical 

axle FESS that causes instability of the rotor [170]. The aerodynamic losses are reduced 

by creating a low-pressure environment for the rotor in the containment. Depending 

on the peripheral speed of the flywheel, containment casings can be made of high 

strength steel or composite materials [199]. For higher speed flywheels, the 

containment is filled with helium or evacuated to reduce windage losses, considering 

that the windage losses are negligible for less than 0.01 mbar pressure [230]. 
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2.7 Applications of Flywheel Energy Storage System 

2.7.1 Frequency Regulation 

Due to daily and seasonal load variations, power consumption from the grid is 

concentrated during different time zones of a day which causes power quality issues 

such as lack of active or reactive power, voltage sag and instantaneous interruptions. 

This increases the response time of the generator besides increased fuel cost and CO2 

emissions. Therefore, the frequency regulation is a key parameter of the electric power 

system, it needs to be maintained within an acceptable limit of fundamental frequency 

for the power system to remain stable and reliable. 

Flywheel technology has been used by electric utilities in hybrid distributed resources, 

transmission and distribution (T&D) grid stability and load levelling. Many 

manufacturers have been actively producing flywheel systems for utility applications. 

Different manufacturers and flywheel systems produced by them are listed in Table 

2.4. The application of any ESS for frequency regulation will require extremely fast 

response and numerous charge and discharge cycles. Li-ion batteries which are 

inexpensive to install are commonly used for frequency regulation applications. 

However, their storage capacity is prone to degradation due to their fast-cycling 

requirement [142]. Flywheels and batteries being fast-acting storage systems are 

preferred by grid operators. However, flywheels are likely to dominate over the 

batteries in frequency regulation applications due to their frequent charge-discharge 

and fast-acting capabilities. For each megawatt of power produced, the flywheel can 

deliver twice as much frequency regulation whilst cutting CO2 emissions in half 

according to [231]. A flywheel system of a small capacity can be used with BESS to 

suppress the frequency variations, this can reduce the size of the BESS, improve 

battery life and cycling capability [232]. A hybrid energy storage system consisting of 

Li-ion batteries of 8.8MW and six flywheels of 3MW of capacity is reported in [233]. 
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Table 2-4 Characteristics of flywheel from different manufacturers [136] [234] - [235] 

Manufacturer Vacuum type Bearing Rating Standby loss Rotor Type Speed (rpm) Application 

Piller Helium 
Magnetic & 

mechanical 
1100 kW 4.5% Steel 3,600 UPS, Railways 

Active Power Rough vacuum 
Magnetic & 

mechanical 
250 kW 0.76% Steel 7,700 UPS 

Urenco Power Vacuum Magnetic 250 kW 0.28% 
Graphite 

Composite 
36,000 

Frequency 

regulations and 

maintenance 

Beacon power Vacuum Active Magnetic 2 kW 3.5% 
Graphite 

Composite 
22,500 Recuperation 

Pentadyne Vacuum Magnetic 120 kW 0.10% 
Graphite 

Composite 
60,000 

Microgrid 

stabilisation, 

Cranes 

BluePrint Energy N/A Magnetic 120 kW N/A 
Graphite 

Composite 
28,000 

Satellites, hybrid 

vehicles 

Power Thru Rough vacuum Active Magnetic 190 kW N/A Fibre composite 52,000 
UPS, electric 

vehicles 

Flybrid Vacuum N/A N/A N/A Carbon Fibre 60,000 Hybrid vehicles 

Kinetic Traction 

systems 
Vacuum 

Magnetic and 

Hydrodynamic 
333kW N/A 

Fibre 

Composite 
36,000 

Power quality, 

UPS, Railway 

Vycon Energy 

Systems 
Air Active Magnetic 500 kW <2% Steel 36,750 

UPS, cranes, 

train stations 

ABB Helium Magnetic 1650 kW 0.72% N/A 3,600 
Microgrid 

stabilisation 

GE Air Magnetic 300 kW <2% Steel 36750 UPS 
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The system provides stabilising primary frequency control in the transmission grid. 

The hybrid system is reported to have protected batteries from degradation and 

ensured their longer life cycle. The world's largest flywheel energy storage system is 

installed in Stephentown, a 20MW storage plant based on 200 magnetically levitated 

flywheel units is used for regulating the New York city frequency within the 

permissible level (60 Hertz) with the response time of less than 4ms, each flywheel 

weighs 1150kg and spins up to 16,103 rpm, the flywheel units are manufactured by 

Beacon power and they can perform 3000 to 5000 full depth of discharge cycles a year 

[170] [236]. Another 20MW FESS facility for frequency regulation is also reported in 

[237]. The plant in Hazle Township, Pennsylvania is installed by Beacon power, it 

provides frequency regulation services to a transmission organisation called the PJM 

Interconnection. The facility has a 20-years of lifespan and is comprised of 200 

flywheels connected in parallel, each having a capacity of 100kW/25kWh. It is capable 

of performing 100,000 full depth of discharge cycles and can provide frequency 

support in less than 2ms.  

2.7.2 Power Quality Enhancement 

The power quality of the system is also linked with the quality of the bus voltage at 

the PCC. Ideally, the bus voltage is maintained sinusoidally at rated voltage and 

frequency. Some other common power quality issues are voltage sag, harmonic 

distortion and voltage unbalance. A power quality issue can lead to severe problems 

that can affect the security of microgrids. Microgrids having low inertia are usually 

prone to power quality issues, therefore, it is required for microgrids to have a fast-

acting spinning reserve. Further power quality issues in are discussed in detail a [238]. 

FESS is a potential storage technology to compensate power fluctuations by supplying 

active and reactive power with fast response. FESS can best be used in wind energy 

management when power fluctuations affect the power quality due to variations in 

wind speed and lack of its controllability, an example of such study is presented in 

[140]. Control techniques for power, voltage and frequency have been proposed in 
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[239] to resolve power quality issues with the integration of FESS in wind energy 

systems.  

Globally, FESS is used as the backup electrical power source to support critical loads. 

FESS can power critical loads until a backup diesel generator is brought into the 

system and synchronized [49]. The presence of flywheels in UPS supplies has been 

seen in the 21st century: it has been used for critical industries where continuous power 

is required. A flywheel UPS system is often used for power quality control and load 

levelling in place of batteries due to a lower maintenance requirement and smaller 

size [33].  If an AC disturbance in the power system lasts less than 3s, the standby 

generator can support the critical loads within 10s or less [240] with the flywheel being 

a fast-acting and mature technology that can replace the generator and 

electrochemical batteries for UPS applications. The operation of FESS can last up to 10 

minutes for reactive power support and voltage regulation to improve power quality 

in computer servers and communication facilities [32]. However, if losses are kept 

minimal the operation period can be extended to hours without losing a considerable 

amount of energy [41]. For UPS applications, flywheels can provide power at a 

maximum rate of 15 seconds or more depending on the design whereas batteries 

provide the power at their maximum rating for over 15 minutes. Since standby 

generators can reach up to their maximum capacity within 10 seconds, therefore using 

a flywheel for UPS application instead of batteries is cost-effective. Moreover, 

regardless of the use of a standby generator, if a flywheel is used together with a 

battery-backed UPS system, this extends the battery life significantly by providing the 

power for short durations and saving the battery storage for longer duration 

disturbances [107]. 

A 20 MW flywheel technology designed by Piller Power Systems can ride through at 

1.65 MW load for 10s, it operates at 1500 to 3600 rpm [13].  Ref. [241] presents the 

18MW ABB flywheel installed in Coral Bay Australia. The flywheel plant provides 

power support to hybrid diesel and wind turbine systems for grid stabilization. The 
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plant uses bi-directional high-speed inverters which determine the power support 

needed by the system and significantly improves the power quality. A FESS plant 

based on 25 industrial flywheel units connected in parallel, having a power and 

capacity of 50 MW/650 MJ respectively was investigated in 2001. The plant can supply 

50MW peak power for 13 s with an efficiency of 91-95%. The plant is used to supply 

energy for a large UPS system, plasma experiments and acceleration of heavy masses 

[170]. Ref. [242] presents the case study of 1.6 MVA FESS connected to a 20 kV 

distribution network. A feasibility study of the system was carried for application as 

a UPS system. The objective of the system is to improve voltage dips and power cuts 

caused by disturbances in the network. The system is operated along with a diesel 

generator system which supplies the power during long-duration power cuts. 

In [243], a low-speed FESS has been used as a hybrid UPS comprising an engine 

generator and a flywheel to improve voltage fluctuations to less than 2%. To support 

emergency loads when the main grid supply is disconnected, successful utilisation of 

a FESS used as a UPS instead of BESS is reported in [244]. 

A 5 MW FESS developed by STANTEC is used to provide power support to the 13.8 

kV distribution system at Guelph hydropower station Ontario, Canada. The system is 

comprised of 10 parallel flywheels each having capacity of 500 kW operating at 480 V 

[245]. There are numerous commercially available flywheels with power ratings of 

between 2 kW to 2 MW and energy capacity between 1 to 100 kWh. The flywheel can 

be connected in parallel to get larger power ratings [33]. The high-speed steel rotor 

flywheels systems manufactured by Vycon energy can be used for UPS applications 

as an alternative to the batteries, the Vycon flywheel can provide power at a rated 

capacity of 14 seconds, it can spin within the speed of 14500-36750 rpm [246]. The Piller 

company provides flywheels for UPS applications, the steel rotor flywheel spinning 

within range of 1500-3600 rpm provides a maximum rated power of 1.65 MW for 

around 10s [247]. Another manufacturer which produces flywheels for UPS 

applications is Active Power. Active Power manufactures a low-speed flywheel (2500-
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7700 rpm) rated at 250 kW and operates in a vacuum. This FESS provides power 

support for 14s and has a standby efficiency of 99.8% [248].  

The other major power quality issue for which FESS is successfully used is voltage 

sag. Voltage sag is caused by remote system faults, large motor start-ups or poor 

system maintenance.  Without protection against this, it leads to tripping of 

equipment, decreasing lifetime and efficiency [238]. Voltage sag affects sensitive loads 

in industries hence hinders their production manufacturing ability. In three-phase 

networks, voltage sag increases the line losses, additional losses in electric drives and 

conductor overloads. Amongst power quality issues, about 92% of problems are 

related to voltage sag and 80% of voltage sag issues last only for 5-20 ms [41]. 

To mitigate voltage sag, series voltage compensation can be added to the power line 

using an energy storage system. FESS is a viable solution for voltage sag correction 

having numerous advantages such as fast response, the greater number of charge-

discharge cycles and high-power density [249]. A 10 kW FESS used in a distribution 

network for power support is presented in [250]. The system can maintain the 

distribution voltage within a range of 98-102% with the capability of providing 10 MJ 

of energy for 15 minutes. In [251], Zhou et al. have presented a flywheel system for 

voltage sag correction in a distribution power network to protect critical loads by 

using a dynamic voltage restorer (DVR). The DVR mitigates voltage sags by injecting 

amplitude and phase-controlled voltage to restore the load voltage.  Power systems 

onboard ships are isolated and vulnerable to voltage sag which occurs due to pulsed 

loads and faults causing power interruption to critical loads on board. FESS can be 

used in warships to mitigate voltage sag and maximise survivability in battle 

conditions. In [249], such an example of the study is present, the FESS is proposed for 

the shipboard power system to reduce voltage sags. 

2.7.3 Transportation systems 

FESS in transport systems reduces fuel consumption, maintenance requirements, 

noise and air pollution and provides short bursts of power for acceleration and 
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climbing hills [171]. In the 1940s the first flywheel bus (gyro-bus) was developed by 

Oerlikon, the flywheel could store 6.6kWh at speed of 3000rpm. In 1950 in Switzerland 

two flywheel buses were publicly operating for 10 years, however, due to high energy 

consumption, maintenance requirements and weight, these buses were taken off the 

road [167]. For an ordinary bus operating in urban areas, there are a huge number of 

starts and stops which makes the flywheel an excellent fit for traction power handling 

[234], this attribute of the flywheel has been reported to recover 30% of braking energy 

and can reduce the voltage drop at substation from 180V to 100V [252]. About 500 

London buses were planned to be equipped with 0.4kWh flywheels from Williams 

Hybrid Power which was enough to accelerate the bus up to 50 kph. The system could 

save about 20 to 25 per cent of energy and provided savings of 5300 litres of diesel per 

bus annually. The system was about to be installed in existing buses which could lead 

to easy and inexpensive hybridization of buses, however, the project was later 

cancelled [234].  At the University of Texas, Austin a hybrid electric bus was being 

tested to replace the battery system with the flywheel. The FESS can store 7.2MJ of 

energy to accelerate the fully loaded bus to 100 km/h and has a 150kW power capacity. 

The flywheel used in the bus is expected to have 3-5 times more life span than the 

battery system and it is smaller in size and lighter in weight than the battery pack [252] 

[253]. The flywheel has been used in Formula 1 racing cars in the 2009 season by 

Flybrid systems. The Flybrid System develops flywheel systems for motorsport and 

road vehicles. The FESS developed by the Flybrid can store 400kJ of energy at a 60kW 

power ratings, the system can run at a speed of 64500 rpm with an efficiency of more 

than 70%. The system can be used in road cars, trucks, buses and trains as well. 

Simulations of the Flybrid system predicted 45% fuel cost savings on a 17t London 

bus, 35% on a 2.6t SUV and 18% on a 1.7t saloon car [254]. In 2011, the FESS was trialled 

in a hybrid car Jaguar XF, the system providing 12Wh of energy for 7s at the rated 

speed of 60,000rpm and a maximum power of 60kW with 20% savings on fuels cost, 

[255]. Some more applications of flywheel systems in the cars are reported in [256] 

[257] and [258]. 
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Flywheel systems have also been deployed in rail applications. The ratings of the 

flywheel system (power and energy) for rail applications are determined by the speed 

and maximum weight of the train. For a high-speed train having nine cars, a flywheel 

system would need to store 470MJ of energy and provide 2MW of peak power [252]. 

Flywheel systems in rail provide several benefits such as improved fuel efficiency, 

better acceleration and reduced round trip time. Also, with the principle of 

regenerative braking, when the train decelerates its kinetic energy can be converted 

into electricity which can then be stored or provided to the electric grid for a short 

duration of time [175]. Flywheels have been used in DC metro lines in the US and UK. 

A 300kW FESS was tested on the Piccadilly Line train for providing energy savings 

and improved system's receptivity. The data showed that the system can switch 

between motoring and generation modes within 5 ms with minimum maintenance 

requirements. Following the trails on the Piccadilly Line, the flywheel system by 

Urenco Power was commercially used in the Far Rockway line in New York. Along 

with the energy, the system provided voltage support to the infrastructure [259]. 

Vycon installed a flywheel energy storage system in 2014 at Red Line Westlake Par 

subway station  [260]. The purpose of the project was to recover energy from trains by 

regenerative braking, the results showed annual energy savings are estimated to be 

541MWh which is sufficient to power 100 homes in California. Recent research on 

FESS in light rail systems is published in [261], the results show that the flywheel in 

the rail system saves 21.6% of energy and improves voltage drops by 29.8% and 

reduces the power loading by 30.1% on the substation. Moreover, energy storage 

systems can potentially reduce the power consumption of metro rail by 10% globally 

with cost savings of $90,000 per station [49].  

Flywheels have also found an application in roller coasters, when a roller coaster 

slides down the hill, the flywheel is charged and then the stored energy is used to 

accelerate the train. The Incredible Hulk roller coaster at one of the theme parks in 

Orlando, Florida uses a friction wheel to accelerate the train at the speed of 18m/s, 
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with several flywheels (each 4500kg) charge continuously at 200kW and discharge at 

8MW (for 2 seconds) to launch the roller coaster [49]. Also, the flywheel has been used 

in cranes operating for material handling. Diesel generators are usually used to 

provide power to the cranes to lift the heavy load/containers, when lowering the 

container, the energy can be stored in the flywheel and can be used when required 

[234]. Two units of the flywheels 60kW each was installed and tested in a crane by 

Vycon together with the University of Texas Austin at the ports of Long Beach and 

Los Angeles. The system stored 0.3kWh of energy (each flywheel) It was seen that fuel 

consumption was reduced by 21% and it was estimated that annually 100MWh of 

energy saving could be theoretically possible [234]. 

2.7.4 Spacecraft 

In space, solar energy is generally converted into electrical energy which is used to 

energise electronic devices. However, during the eclipse period, having an energy 

storage system is vital to provide backup power due to the lack of solar energy [262]. 

Flywheels have attractive attributes for space applications, they can occupy the same 

space and weigh the same as the chemical battery. Flywheel units in space can power 

the load twice as long as chemical batteries without recharging. The flywheel 

developed by NASA has an efficiency of 93.7% can store 15MJ of energy and can 

deliver maximum power of 4.1MW. The space station can carry 48 flywheels 

equivalent to required battery boxes producing 150 kW altogether and it is estimated 

that savings of about $200 million can be achieved [252]. A flywheel demonstration 

project was started at Glenn Research Centre to replace the battery system on 

International Space Station, a comparison between the NiH2 battery system and the 

flywheel showed that the flywheel system would be 6.7% smaller in volume and 35% 

lighter in mass [262]. In [263] a flywheel was tested on the International Space Station 

for flight experiments to replace the old batteries and upgrade the energy storage 

capability. Flywheel energy storage has been used in many space applications such as 
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altitude control for satellites, energy management, backup source and momentum 

control, few applications are discussed in [264] - [265]. 

2.7.5 Renewable Energy Systems 

Increasing use of renewable energy in microgrids has affected the performance and 

reliability of microgrids significantly due to the intermittent supply from renewable 

energy sources. Also, the intermittent nature of renewable energy sources limits their 

application in stand-alone systems as a primary source of energy [137]. The output 

power of solar varies gradually during the day during non-cloudy days whereas the 

power output of the wind system varies frequently. However, during cloudy days, 

solar system output can vary considerably, particularly under broken cloud days as 

opposed to overcast clouds. Flywheels can smooth out both frequent and gradual 

power variations in electricity produced by solar and wind renewable sources  [49].  

Large wind turbine plants integrated into microgrids may cause frequency deviations, 

instability and voltage flicker [266]. With the use of appropriate energy storage 

technologies equipped with advanced control, the stability of the microgrids can be 

improved by compensating the variable power output of renewable energy resources 

[50]. The fast response of the flywheels makes them highly suitable for response to 

frequency imbalance caused by the irregular output power of renewable energy 

sources. FESS can improve the frequency of the system by responding to wind 

oscillations. In a PV based system, FESS can be integrated with battery systems to 

stabilize the system power output and improve the life cycle of the battery [170]. Wind 

and solar PV systems can run in parallel to a diesel generator to reduce its fuel 

consumption by allowing it to turn off when excess power is available from 

renewables. For a few occasions, the diesel generator is kept running at the no-load 

condition when power from renewables drops for a few seconds or minutes. This 

operation of a diesel generator is inefficient but can be minimised in a system with 

storage. The integration of the flywheel can further reduce fuel consumption by 

storing energy from giving back to the system when required and leaving the 
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generator turned off [235]. The application of FESS in hybrid renewable (solar and 

wind) with diesel generator are discussed in [136] [139] [266] - [267]. 

A 50kW, 0.6kWh flywheel system for active and reactive power support is discussed 

in [268]. The flywheel is integrated with a wind-diesel generation system is designed 

to power for 1.8m at a rated voltage of 750V to compensate for voltage and frequency. 

In 2005, Azores Electricity Company together with Power Corps integrated a 

350kW/5kWh FESS in the hybrid power plant consisting of 2 wind turbines, 4 diesel 

generators and 4 hydro generators at Flores Island, Portugal for network stability and 

increased penetration of wind energy [269]. The results obtained from the project 

encouraged a follow on the installation of a flywheel system in Graciosa Island. A 

large-scale FESS was installed by ABB in Nullagine and Marble Bar in Western 

Australia for UPS applications leading to increased penetration of solar PV system. 

ABB's PowerStore flywheel can respond in 1ms, the integration of flywheels in the 

power network has enabled the PV system to supply 60% of energy needs for 

residential loads. Also, the incorporation of flywheels in the system has led to savings 

of 400,000 litres of diesel fuel and 1100 metric tons of emissions annually [270] [271]. 

Another project by the ABB company was installed in northern Kenya at Marsabit 

wind farm to serve a remote community of 5000. The 500kW flywheel system was 

integrated to maximise the penetration of 275kW capacity wind turbines in the 

network and boost the renewable energy integration [272]. The renowned flywheel 

manufacturers, Vycon Technology, Beacon Power, Urenco Power and ABB have 

developed a wide range of systems for penetration of renewable energy systems [266] 

[141]. 

2.7.6 Other Applications 

Flywheel technology has been implemented in various other applications such as 

military, mining, flexible AC transmission (FACT) devices and research facilities. 

Extensive research on flywheels is being carried on by the US Department of Energy. 

The US Department of Energy (DOE) is considering flywheel technology for hybrid 
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electric vehicle (HEV) applications. The ability of flywheels to produce high-power 

pulses in HEVs is being explored [273]. Flywheels have found their place in mining 

applications for excavation purposes. The cyclic nature of an electrically powered 

dragline can enable a flywheel to store energy when lowering the loads. In Alaska, a 

6MW electric dragline operates in the Usibelli coal mine and this is connected to 

Golden Valley Electric Association (GVEA) grid.  This coal mine employs a 40-tonne 

flywheel to smooth the load fluctuations caused by the dragline. Before this 

installation, the dragline caused a flickering problem for the consumers connected to 

the grid which was then mitigated by the flywheel [49] by providing stored power 

during load variations. Moreover, the FESS system provides fuel savings of 32% - 38% 

when used with a generator set of 410kW [235] [274].  At the University of Texas, an 

experiment was performed using two 60kW flywheels spinning between 10,000 to 

20,000 rpm installed in a container crane that could store 0.13kWh of energy. 

Theoretically, the data suggested that the system can achieve the energy savings of 

100MWh/year if the flywheel is operated for 365 days in a year and a daily duration 

of 10 hours [234]. 

For pulsed power applications, a flywheel has been used in an electromagnetic aircraft 

launch system (EMALS). For aircraft launch assist, a flywheel has been used to 

energize the EMALS to replace the large and heavy catapults [275]. The power from 

the electrical system of the ship is used to charge the flywheel and the energy is 

released to produce pulse power during the launch of an aircraft, the pulse power 

lasts for 2 to 3 seconds. The array of flywheels used in EMALS can store 121MJ of 

energy, each running at 6400rpm [49]. Ref. [276] proposes a flywheel system for fusion 

experiments to extend plasma discharge times, the flywheel is used to energise a 

fusion device using toroidal field coils. The flywheel provides the peak power of 57kW 

for 1.3 sec at 1500rpm. 
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2.8 Chapter Summary 

This chapter provided a detailed literature review on energy storage technologies and 

their applications with more focus on FESS. A brief history and emergence of the 

flywheel technology was presented together with its technical characteristics, 

structure of the flywheel and recent developments and contemporary work on the 

FESS. 

The concept of kinetic energy storage dates back to ancient times with flywheel 

development progressing with the industrial revolution during the 18th century. 

During the 19th century with the emergence of modern machinery, the flywheel was 

used to smooth fluctuations in steam and combustion engines. With the advancement 

in high strength materials, bearings systems and power electronics, the flywheel has 

emerged as potential storage technology and the flywheel system has become 

commercially viable and it is frequently found in transport, space satellites and other 

high-speed power applications.  

To make flywheel technology more efficient, the use of bearing systems is employed 

to minimize the energy loss due to friction. Three two types of bearings are mechanical 

and magnetic. Mechanical bearings have higher frictional loss compared to magnetic 

bearings and although lower cost, need maintenance for lubrication deterioration as a 

disadvantage. Magnetic bearings have high load capacity, fast response, long lifetime 

and low losses. There are three types of magnetic bearings AMB, PMB and SMB each 

has its operational characteristics and limitations. The hybrid bearing system which is 

the combination of mechanical and magnetic bearing is commonly preferred due to 

the increased reliability of the system. 

The electric machine is the key part of the FESS which performs charge and discharge 

cycles based on the energy demand. The common type of machines used in FESS are 

IM, PMSM and SRM. PMSM is a widely used machine in FESS due to its high-power 

density and high efficiency. An IM is used for high-power applications due to its 

rugged construction low, high torque and high reliability. SRM has a robust design 
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and can be constructed from high-strength, low-cost materials. SRM can operate in 

high-temperature environments. It is less commonly used because of its complex 

torque current and high current ripples. A detailed comparison of the machines was 

provided in the chapter. 

The power electronics converter is the main component in FESS assembly which 

makes power flow possible from and to the flywheel system. There are many 

topologies of the converters which are explained in the chapter. The most commonly 

used topology is AC-DC-AC which is called a back to back converter. The converters 

make use of transistor switches such  as MOSFETS and IGBTs. For the safe and 

efficient operation of the flywheel, it is enclosed in solid containment. The 

containment is built from high strength materials. To reduce windage losses the sealed 

environment of the enclosure is kept at low pressure forming a vacuum environment. 

The peripheral velocity, material and design construction of the rotor determine the 

thickness of the casing for safe containment in the event of rotor structural failure. 
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Modelling and Control of the Flywheel Energy 

Storage System  

The energy conversion system for all energy storage systems consists of common 

components including a grid side converter (GSC), a machine side converter (MSC), 

an inductive filter, switchgear and a coupling transformer. The GSC interfaces the 

microgrid with the DC link and it regulates the DC link voltage and the reactive 

currents exchanged with the microgrid. The three-phase currents and the power flow 

from the microgrid are controlled by the  GSC making use of IGBT power switches.  

Additionally, the GSC ensures that the control system of the MSC works properly. The 

MSC controls the exchange of power between the microgrid and storage device. Based 

on the power electronics interface, the topology of the MSC for flywheel energy 

storage (FESS) is different from the topology needed for other storage devices such as 

batteries, flow batteries, super capacitors and super magnetic energy storage (SMES) 

systems [277]. For the FESS, the structure of the MSC resembles the structure of the 

GSC, in that both converters are used to form an AC-DC-AC bi-directional cascaded 

configuration for power conversion with the help of an associated control system. The 

structure and configuration of the energy conversion system for FESS as connected to 

a microgrid is shown in Figure 3.1. 
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Figure 3-1 Structure and configuration of FESS 
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The electrical machine acting as a motor-generator (MG) is mounted on the same shaft 

as the flywheel rotor. Therefore, operation of the FESS is controlled by the MG set 

which performs energy conversion operations [278]. The type of electrical machine 

used in FESS is responsible for most of the system losses and is a key component 

affecting both performance and efficiency for the FESS. The operation of the flywheel 

is based on three modes i.e. acceleration, standby and deceleration. During 

acceleration mode the electrical machine acts as a motor to provide kinetic energy to 

the rotor of the flywheel, the MSC acts as an inverter and draws the power from 

microgrid and the GSC acts as rectifier maintaining a stable DC link voltage. While in 

deceleration mode the GSC acts as an inverter and the MSC acts as a rectifier 

delivering power from the electric machine (generator in this case) to DC link. In the 

case of standby mode, the flywheel runs at constant speed with trickle energy flow to 

make up for losses. Whilst in standby mode, ideally the flywheel is held at 50% state 

of charge which allows an equal amount of energy to be released or stored.  

The charge and discharge operations of the flywheel depend on the %SoC of the 

flywheel and polarity of the torque signal produced by the MSC. Negative torque 

discharges the flywheel and positive torque charges the flywheel whereas when the 

flywheel goes into standby mode, there is a very small positive torque. The energy 

rating of the FESS is determined by the maximum and minimum speed of the flywheel 

whereas the power rating is limited by torque produced at shaft of the electrical 

machine which is related to electric current [277]. Since it is preferable to specify the 

maximum power of the flywheel to be independent of speed, maximum torque occurs 

at the lowest operating speed and the torque reduces inversely with speed as speed 

increases.  

In this chapter, section 3.1 presents the mathematical modelling of SCIM, modelling 

and control of FESS is presented in section 3.2, modelling of PI controllers is described 

in section 3.3 and validation of FESS is presented in section 3.4.  
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3.1 Mathematical Modelling of Squirrel Cage Induction Machine 

As stated earlier, performance of the FESS is highly dependent on the type of MG set 

which is the key component generating or absorbing power from microgrid. In this 

research, a squirrel cage induction machine (SCIM) was chosen to perform the energy 

conversion operation (kinetic energy (K.E) to electrical and vice versa). SCIM is best 

used for high power applications as they have high torque, reliability and robustness 

[170] [137]. The machine can be established with high strength material with low cost 

[137] and have no electromagnetic spinning losses due to zero torque in the absence 

of excitation field [279]. SCIMs are therefore an attractive option for low loss FESS 

with long term energy storage capabilities. Figure 3.2 presents the cutaway view of an 

industrial standard SCIM but the higher speed version required for the FESS would 

have a similar rotor and stator topology. 

 

Figure 3-2 Cutaway view of squirrel cage induction machine [279].  

Torque in induction machines is produced from the interaction of axial currents in the 

rotor bars and the radial flux. Torque acts in the direction of rotating field and the 

rotor is moved along the field. For an SCIM to operate, there must always be a 

difference between velocities of the rotating magnetic field of the stator and rotor 

which is described as slip. In motoring mode, positive rotor torque is only possible 

when rotor speed is less than speed of the stator magnetic field and, in generating 

mode, the speed of stator field is less than the speed of the rotor [280].  In a SCIM, the 

ends of rotor bars are electrically joined by end-rings, the types of material (aluminium 

or copper) being used for rotor bars depending on the size and application of the 
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machine. The construction of the rotor of the SCIM is done in such a way that no direct 

electrical connection can be made with rotor windings, therefore, the rotor currents 

are induced through air-gap fields. The stator winding of the SCIM is directly 

connected to the MSC. The rotor is not externally accessible which makes control of 

the SCIM more difficult, however it provides with more robustness [281].  The 

schematic diagram of stator and rotor windings of the SCIM is shown in Figure 3.3. 
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Figure 3-3 Schematic of SCIM windings 

The SCIM can be modelled by applying electromagnetic laws (Faraday’s and Lenz’s 

law) and equations of motion to a moving rotor carrying a load. When the AC supply 

is connected to stator of induction motor, a rotating magnetic field is generated, 

according to the Faraday’s and Lenz’s laws, currents start flowing in the rotor 

windings leading to generation of rotating magnetic field. For efficient operation of 

induction machine, the slip speed must be kept as small as possible [281]. By applying 

the electromagnetic laws to rotor and stator circuits of SCIM, the voltage and flux 

equations are given by equations 3.1 and 3.2 respectively. 

                                      [
𝑉𝑎𝑠
𝑉𝑏𝑠

𝑉𝑐𝑠

] = 𝑅𝑠 [

𝑖𝑎𝑠
𝑖𝑏𝑠
𝑖𝑐𝑠

]  + 
𝑑

𝑑𝑡
[

𝜆𝑎𝑠

𝜆𝑏𝑠

𝜆𝑐𝑠

]                                                       (3.1) 
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                                     [
𝑉𝑎𝑟
𝑉𝑏𝑟

𝑉𝑐𝑟

] = 𝑅𝑟 [
𝑖𝑎𝑟
𝑖𝑏𝑟
𝑖𝑐𝑟

]  + 
𝑑

𝑑𝑡
[

𝜆𝑎𝑟

𝜆𝑏𝑟

𝜆𝑐𝑟

]                                                       (3.2) 

where : 

𝑉𝑎𝑠, 𝑉𝑏𝑠, 𝑉𝑐𝑠 : stator phase voltages 

𝑖𝑎𝑠, 𝑖𝑏𝑠, 𝑖𝑐𝑠 : stator phase currents 

𝑉𝑎𝑟 𝑉𝑏𝑟 𝑉𝑐𝑟 : rotor phase voltages 

𝑖𝑎𝑟 , 𝑖𝑏𝑟 , 𝑖𝑐𝑟 : rotor phase currents 

𝜆𝑎𝑠, 𝜆𝑏𝑠, 𝜆𝑐𝑠 : stator flux linkages 

𝜆𝑎𝑟 , 𝜆𝑏𝑟 , 𝜆𝑐𝑟 : rotor flux linkages. 

The flux produced by a winding (stator or rotor) will not only be linked with the 

current within itself but also it will be linked to the currents flowing in other windings 

in the circuits. The stator and rotor flux linkage relations are given in equations 3.3 

and 3.4. 

                                          [

𝜆𝑎𝑠

𝜆𝑏𝑠

𝜆𝑐𝑠

] =  𝐿𝑠 [
𝑖𝑎𝑠
𝑖𝑏𝑠
𝑖𝑐𝑠

]  +  𝐿𝑚 [
𝑖𝑎𝑟
𝑖𝑏𝑟
𝑖𝑐𝑟

]                                               (3.3) 

                                           [

𝜆𝑎𝑟

𝜆𝑏𝑟

𝜆𝑐𝑟

] =  𝐿𝑟 [

𝑖𝑎𝑟
𝑖𝑏𝑟
𝑖𝑐𝑟

]  + 𝐿𝑚 [

𝑖𝑎𝑠
𝑖𝑏𝑠
𝑖𝑐𝑠

]                                                (3.4) 

where: 

𝐿𝑠 : stator winding inductance. 

𝐿𝑟 :  rotor winding inductance. 

𝐿𝑚 : mutual inductance between stator and rotor windings. 

The flywheel rotor coupled with the SCIM is modelled as an inertia added to the shaft 

of the SCIM. The dynamics of SCIM-flywheel can be analysed and represented by 

Equation 3.5. 

                                                𝐽0
𝑑𝜔

𝑑𝑡
= 𝑇𝑒 − 𝑇𝐿 − 𝐵𝜔                                               (3.5) 

where: 

 𝑇𝑒 : electromechanical torque 
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 𝑇𝐿 : load torque 

 𝜔 : angular velocity of the flywheel 

 𝐽0 : combined inertia (𝐽0 = 𝐽𝑆𝐶𝐼𝑀 + 𝐽𝑓𝑙𝑦𝑤ℎ𝑒𝑒𝑙) of the IM and flywheel rotor (kg.m2)  

 B : damping coefficient.  

Except in the standstill condition, the angular position (𝜃𝑒) of the rotor varies with 

time, hence the flux linkages and mutual inductance are the time varying quantities. 

Therefore, the voltage equations of stator and rotor are presented by time varying 

differential equations together with time dependent coefficients. The solution and 

analysis of time varying differential equations is complex hence making the modelling 

of the machine difficult. The modelling of a SCIM can be made simpler by use of two 

quadrature axes current instead of three phase currents. 

There are two types of reference frames, the stationary reference frame (Clarke’s 

transformation) and the rotating reference frame (Park’s transformation). In the 

stationary reference frame, the three phase quantities (currents and voltages) are 

transformed into orthogonal quantities α and β. The coordinates do not rotate but 

remain stationary and these quantities are obtained by using Clarke’s transformation 

technique. In rotating reference frame, the three phase quantities are transformed into 

d-q axes, the coordinates of d-q axes rotate at arbitrary speed 𝜔. The d-q coordinates in 

the rotating refence frame are obtained by using Park’s transformation technique [279, 

282]. Figure 3.4 shows the vector stationary and rotating frame of references used in 

Clarke’s and Park’s transformation respectively.  
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Figure 3-4 Vector representation of reference frames 

The purpose of the rotating reference frame is to transform time varying sinusoidal 

quantities into a constant value in one reference frame having the same frequency, this 

makes the quantities easier to be controlled. Hence, for the ease of analysis and 

modelling of the control schemes, constant quantities are used instead of time varying 

sinusoidal quantities. Therefore, the time varying equations are transformed into d-q 

rotating frame by Park’s transformation method which will reduce the complexity of 

equations. Application of Park’s transformation will eliminate the time varying 

inductances in the voltage equations and the three phase quantities are converted into 

the d-q coordinate system.  

The dynamic equations of the stator and rotor voltages of the SCIM shown in Figure 

3.5 are presented in Equations 3.6 and 3.7, respectively.  

                               {
𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 −𝜔𝑒𝜆𝑞𝑠 +

𝑑

𝑑𝑡
𝜆𝑑𝑠

𝑣𝑞𝑠 =  𝑅𝑠𝑖𝑞𝑠 +𝜔𝑒𝜆𝑑𝑠 +
𝑑

𝑑𝑡
𝜆𝑑𝑠

                      (3.6) 

                                {
0 = 𝑅𝑟𝑖𝑑𝑟 − (𝜔𝑒 −𝜔𝑟)𝜆𝑞𝑟 +

𝑑

𝑑𝑡
𝜆𝑑𝑟

0 = 𝑅𝑟𝑖𝑞𝑟 + (𝜔𝑒 − 𝜔𝑟)𝜆𝑑𝑟 +
𝑑

𝑑𝑡
𝜆𝑞𝑟

                     (3.7) 
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Also, the dynamic equations of stator and rotor flux linkages are present in equations 

3.8 and 3.9 respectively.     

                                           {
𝜆𝑑𝑟 = 𝐿𝑠𝑖𝑑𝑟 + 𝐿𝑚𝑖𝑑𝑠 
𝜆𝑞𝑟 = 𝐿𝑠𝑖𝑞𝑟 + 𝐿𝑚𝑖𝑞𝑠

                                               (3.8) 

                                           {
𝜆𝑑𝑠 = 𝐿𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟 
𝜆𝑞𝑠 = 𝐿𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟

                                               (3.9) 

where: 

𝑣𝑑𝑞𝑠  : stator voltages in d-q reference frame 

𝜆𝑑𝑞𝑠  : stator flux linkages 

𝜆𝑑𝑞𝑟  : rotor flux linages 

𝑖𝑑𝑞𝑟  : rotor currents 

𝑖𝑑𝑞𝑠  : stator currents 

𝜔𝑒 : rotor electrical speed 

The electromagnetic torque (𝑇𝑒) of the SCIM having P number of poles in d-q frame is 

expressed in terms of d-q currents which is given by Equation 3.10 

                                               𝑇𝑒 = 
3𝑃𝐿𝑚

4
(𝑖𝑑𝑠𝑖𝑞𝑠 − 𝑖𝑑𝑠𝑖𝑞𝑟)                                           (3.10) 

3.2 Modelling of the Control System of FESS 

The torque of the electrical machine is the key parameter for its control system as the 

speed of the loads or their position can be controlled by the output torque of the 

driving machine. The two main torque controlling techniques are average torque 

control and instantaneous torque control. Average torque control is used in 

applications where accurate torque or speed control is less important such as fans, 

pump drives and blowers. The average torque control technique is based on scalar 

control method such as voltage frequency (V/f ) control. The V/f method can be used 

to control torque only in steady state conditions however, it cannot be used to control 

the dynamic performance of a motor [279]. For high performance operation of motors, 

the instantaneous torque control method must be used where high precision speed or 
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torque control of motors is required such as is also used for applications such as CNC 

machines, motor drive lines, elevators and robots.  

The control of an SCIM is not as easy as for separately excited DC machines because 

of the nonlinear and complex model needed for an SCIM. Instantaneous torque 

control for AC machines is complicated when compared to DC machines. For control 

of an SCIM, the linearity between input and output has to be maintained by means of 

a decoupled relationship between torque and the rotor flux for dynamic performance. 

In order to obtain linearity, space vector representation of the SCIM is used to 

overcome the problem.  This space vector representation helps to transform the 

otherwise complicated model of an SCIM into a simple model as used for a DC 

machine and it helps to achieve decoupled control of torque and the flux.  

Field-oriented control (FOC) and direct torque control (DTC) are commonly used 

techniques for instantaneous torque control, however, FOC is widely used despite 

being complex in design. The design of the control system for a FESS requires variable 

speed and instantaneous torque control for smooth operation of the system within 

entire range of speed [279]. A similar technique is used in this research for control of 

the speed of SCIM and power exchange between DC link and the flywheel.   

3.2.1 Vector Control of SCIM 

The vector control technique can be used to control an SCIM over a wide speed range. 

In vector control, three phase quantities are converted into d-q quadrature 

components, these are then responsible for flux level and generation of torque in the 

machine. Modelling of an AC motor is done in such a way so that it resembles the DC 

motor vector for simplicity and provides the decoupled control of rotor flux and motor 

torque. The synchronous reference frame is selected and linked to the flux linkage 

space vector because the synchronous reference frame moves in synchronism with 

space vector.  The vector control can be modelled simply by using constant currents 

called direct current (𝐼𝑑) responsible for flux generation quadrature current (𝐼𝑞) 
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responsible for torque generation in the SCIM. The block diagram presenting the 

concise concept of the vector control system for the SCIM is shown in Figure 3.5. 

Inverse Park s/Clark s 
Transformation

Induction 
machine

 Park s/Clark s 
Transformation

Field Oriented 
Controller

 

Figure 3-5 Vector control block diagram 

The necessary requirement of a vector control system for an SCIM is knowledge of the 

instantaneous angle of rotor flux vector aligned with the rotating reference frame. 

Vector control of an SCIM can be classified based on the method used for 

determination of flux angle. One way to obtain the information of flux angle is from 

flux itself by measurements or estimation methods, this control is called direct vector 

control (DVC). The other method is to obtain flux angle indirectly from slip angular 

velocity which is used to separate three phase stator currents into torque and flux 

producing currents, this method is called indirect vector control (IVC). In DVC, direct 

measurements of flux require the use of Hall sensors or flux sensing coils in motor air 

gaps to measure air-gap flux. However, the implementation of sensors is an 

inconvenient option as this detracts from the ruggedness of SCIM. In addition to this, 

using the sensor adds more cost to the system. Therefore, estimation methods are used 

to calculate the flux value from other measured variables such as stator currents and 

voltages.  

3.2.2 Vector control of Grid Side Converter  

The grid side converter (GSC) controls the reactive power exchange with the 

microgrid. The topology of the GSC involves the inductive filter, AC power source 

and an inverter. The sinusoidal three phase microgrid currents and voltages are 
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transformed into direct and quadrature axis components which are 900 apart. The 

control system for the GSC consists of inner and outer current control loops. The inner 

current loop ensures that the d-q-axes currents follow the specified setpoints produced 

by the outer control loop. The voltage and current equations in rotating reference 

frame are presented by Equation 3.18     

                           
𝐿𝑔

𝑑𝑖𝑑𝑠

𝑑𝑡
= −𝑅𝑔𝑖𝑑𝑠 + 𝜔𝑔𝜆𝑞𝑠 + 𝑣𝑠 − 𝑣𝑑𝑠

∗

𝐿𝑔
𝑑𝑖𝑞𝑠

𝑑𝑡
= −𝑅𝑑𝑖𝑞𝑠 −𝜔𝑔𝜆𝑑𝑠 − 𝑣𝑞𝑠

∗     
}                                            (3.18) 

where: 

𝐿𝑔  : grid side inductance 

𝑅𝑔  : grid side resistance 

𝑣𝑠   : grid side voltage 

𝜔𝑔   : grid frequency 

For the GSC, the direct vector control scheme is used to control 𝑖𝑑  and 𝑖𝑞  in order to 

regulate the DC-link voltage during the charge, discharge and standby modes of the 

flywheel. Input variables to the controller are three phase currents (𝑖𝑎𝑏𝑐), three-phase 

voltages (𝑣𝑎𝑏𝑐), grid frequency (𝜔) at the point of grid connection and DC-link voltage 

(𝑉𝑑𝑐). The reference input variables to the controller are the reference DC-link voltage 

(𝑉𝑑𝑐
∗ ) and d-axis reference current (𝑖𝑑𝑠

∗ ), which is produced by a DC voltage regulator. 

In this control strategy, a unity power factor is assumed, therefore, 𝑖𝑞 = 0 and 𝑖𝑑,𝑟𝑒𝑓 

are generated by a PI controller by comparing the reference (𝑉𝑑𝑐
∗ )  and measured DC 

voltage (𝑉𝑑𝑐). 

The compensator term (𝜔𝜆𝑑𝑞𝑠 = 𝜔𝐿𝑔𝑖𝑑𝑞𝑠) eliminates coupling between d-q axes 

components and also reduces the error in the reference voltage (𝑣𝑑𝑠
∗ ) produced by P-I 

regulator in order to accurately produce command voltage for modulation and 

generation of gating signals for switching devices. Using reference voltages, (𝑣𝑑𝑠
∗  𝑎𝑛𝑑 

𝑣𝑑𝑠
∗  ) the controller produces the set point values of voltages in the stationary reference 

frame (𝑣𝛼𝛽
∗ ) at the terminals of the IGBT voltage source converter to produce PWM 
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switching pulses at the desired frequency. For simplification of the control system, the 

d-axis component of the two-phase system is oriented to the direction of the microgrid 

voltage vector, therefore the grid side voltage (𝑣𝑠) is equal to d-axis voltage (𝑣𝑑) of the 

two phase coordinate frame (𝑣𝑠 = 𝑣𝑑) and the q-axis component is gained as 𝑣𝑞 = 0 

[283]. The angle for transforming three-phase currents (𝑖𝑎𝑏𝑐) into d-q reference frame 

is provided by a phase locked loop (PLL) at grid frequency. The control strategy of the 

GSC is shown in Figure 3.6.  
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Figure 3-6 Control system of the GSC 

During the charge and discharge cycles of the energy storage system, a flywheel in 

this case, the exchange of power takes place between the MSC and GSC via the DC 

link. The power calculated at the DC link is the difference between  the power entering 

the DC link (𝑃𝑔𝑟𝑖𝑑) and the power leaving (𝑃𝑠𝑡𝑜𝑟𝑎𝑔𝑒) the DC link (from either side i.e. 

MSC or GSC), it is expressed by Equation 3.19 

                                                     𝑃𝐷𝐶 = 𝑃𝑔𝑟𝑖𝑑 − 𝑃𝑠𝑡𝑜𝑟𝑎𝑔𝑒                                               (3.19) 

 The power consumption in the DC link capacitor is given Equation  3.20 

                                                     𝑃𝐷𝐶  =  
1

2
𝐶

𝑑

𝑑𝑡
𝐸(𝑡)2                                                   (3.20) 

where: 

C  : Capacitance 

𝐸(𝑡)  : time dependent DC-link voltage. 
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Also, the AC power from the microgrid in the d-q reference frame during charging 

mode is given by Equation 3.21  

                                  𝑃𝑔𝑟𝑖𝑑 =
3

2
(𝑖𝑑,𝐺𝑣𝑑,𝐺 + 𝑖𝑞,𝐺𝑣𝑞,𝐺)                                                    (3.21) 

where : 

𝑖𝑑𝑞,𝐺  : dq-axes grid currents 

𝑣𝑑𝑞,𝐺  : dq-axes grid voltages 

𝑃𝑔𝑟𝑖𝑑    : grid active power 

3.2.3 Vector control of the Machine Side Converter 

For stable operation of the FESS in any state of operation (Charge-discharge) , the 

speed of the flywheel rotor is fed back to the MSC through the speed feedback loop to 

control of torque and flux of the machine. The MSC manages the speed of the flywheel 

and energy power absorbed or injected from the microgrid. The DC-link voltage is fed 

back via voltage loop to MSC and GSC in order to maintain the voltage stable. The 

Proportional Integral (PI) controller are used to control the torque and speed of the 

flywheel. The PI control design are presented in section 3.3. The FOC controls the 

torque producing current (𝑖𝑞) and magnetic flux producing current (𝑖𝑑) separately 

leading to a simple control structure as of a DC machine with less uncertainty of 

parameter variations [284]. The vector control structure of the MSC is shown in Figure 

3.7. The feedback loop in the MSC is formed by measuring three-phase stator currents, 

which are then transformed into the synchronous d-q reference frame by Park’s 

transformation. DC stator currents 𝑖𝑑𝑠 and 𝑖𝑞𝑠 are compared with reference currents 

𝑖𝑑𝑠
∗ and  𝑖𝑞𝑠

∗ using PI current controllers which will produce reference voltage signals  

𝑣𝑑𝑠
∗ and  𝑣𝑞𝑠

∗ for generating gate pulses for MSC by SVPWM modulator. SVPWM is 

a modulation technique widely used in three phase inverters, it gives less harmonic 

distortion, lower torque ripples and switching losses in AC machines. More detail 

about SVPWM is provided in Appendix D. 
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Figure 3-7 Control structure of MSC 

As the working principle of the MSC controller is based on calculation of rotor flux, 

the position of the flux is assigned to the d-axis. Therefore, the rotor flux vector is 

synchronised with the d-axis in the d-q reference frame. Hence the rotor flux has no q-

axis component but it is only associated with the d-axis component [279]. 

Therefore,  𝜆𝑞𝑟 = 0 and the rotor flux linkage is represented by Equation 3.22 

                                                   𝜆𝑑𝑟 = 𝜆𝑟 =  𝜆𝑑𝑟
∗ − 𝜆𝑑𝑟

𝑒𝑠𝑡                                                 (3.22) 

where : 

𝜆𝑑𝑟
∗     : reference flux 

𝜆𝑑𝑟   : d-axis rotor flux 

𝜆𝑑𝑟
𝑒𝑠𝑡    : estimated flux, calculated by using Equation 3.23                                        

                                                      𝜆𝑑𝑟
𝑒𝑠𝑡 =  

𝐿𝑚𝑖𝑑𝑠

1+𝑠𝑇𝑟
                                                          (3.23) 

A flux estimator calculates the actual magnitude of rotor magnetic flux using Equation 

3.22 and 3.23 which is then compared with the reference flux. Reference d-q axis 

currents 𝑖𝑑𝑠
∗  and 𝑖𝑞𝑠

∗  are calculated using currents (𝑖𝑑  𝑎𝑛𝑑 𝑖𝑞 ) calculator blocks. 

The stator three phase currents are transformed into the d-q coordinate reference frame 

which is locked to the rotor flux vector rotating at the stator electrical frequency (𝜔𝑒).  

Due to decoupling of variables, torque and flux is controlled by 𝑖𝑑 and 𝑖𝑞 respectively. 
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Hence, 𝑖𝑑 and 𝑖𝑞 can be controlled separately and are represented by Equation 3.24 

and 3.25 respectively 

                                               𝑖𝑞𝑠
∗ =  

2

3
∙
2

𝑃
∙
𝐿𝑟

𝐿𝑚
∙

𝑇𝑒
∗

𝜆𝑑𝑟
                                                          (3.24) 

                                                𝑖𝑑𝑠
∗ =

𝜆𝑑𝑟

𝐿𝑚
                                                                         (3.25) 

where: 

𝑇𝑒
∗  : reference torque 

P   : number of poles 

The reference values of stator currents in the synchronous d-q reference frame are 

compared with actual stator currents to produce reference voltages (𝑉𝑑𝑟𝑒𝑓 and 𝑉𝑞𝑟𝑒𝑓). 

Depending on the PWM technique, reference currents 𝑖𝑑𝑠
∗  and 𝑖𝑞𝑠

∗  are utilised 

accordingly. If current regulators are used to produce PWM pulses for the machine 

side inverter then 𝑖𝑑𝑠
∗  and 𝑖𝑞𝑠

∗   are converted to the reference three phase currents, 

𝑖𝑎
∗ , 𝑖𝑏

∗ , 𝑖𝑐
∗ which are then compared to the actual three phase stator currents 𝑖𝑎, 𝑖𝑏, 𝑖𝑐  to 

generate PWM. In the adopted technique 𝑖𝑑𝑠
∗  and 𝑖𝑞𝑠

∗  are fed to the PI current 

controllers to create reference voltages 𝑣𝑑𝑠
∗  𝑎𝑛𝑑 𝑣𝑞𝑠

∗ . These are then used for SVPWM 

to create pulses for the machine side three phase inverter (Figure 3.7). 

The calculation of rotor flux position is a key part of the control system and it is 

required for coordinate transformation as well. For rotor flux position, knowledge of 

stator slip frequency is essential, which is calculated from the d-q axes current 

commands for the required torque and flux production. The slip angular frequency 

required for calculation of rotor angle is given by Equation 3.26. 

                                                      𝜔𝑠𝑙 =
1

𝑇𝑟
∙
𝑖𝑞𝑠
∗

𝑖𝑑𝑠
∗                                                            (3.26) 

where: 

 𝑇𝑟 : rotor time constant and is given by 𝑇𝑟 = 
𝐿𝑟

𝑅𝑟
 . 

𝑖𝑞𝑠
∗  : reference q-axis current 

𝑖𝑑𝑠
∗  : reference d-axis current 
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The electrical rotor flux angle can be obtained from knowledge of rotor speed (𝜔𝑚) 

and slip frequency (𝜔𝑠𝑙). The relation between rotor speed and rotor slip frequency is 

given by Equation 3.27.                                           

                                              𝜔𝑒 = 𝜔𝑚 +𝜔𝑠𝑙                                                                 (3.27) 

By manipulation of Equation 3.27, the rotor position can be obtained by Equation 3.28. 

                                            𝜃𝑒 = ∫(𝜔𝑚 + 𝜔𝑠𝑙)𝑑𝑡                                                        (3.28) 

3.3. Proportional-Integral-PI Controller Design 

The design and structure of the controller depends on the order of the transfer 

function. For the first order transfer function, a PI controller is used and for the second 

order transfer function, a PID controller is used [285]. For the electrical drive and 

power electronics converter, a cascaded topology of the controller is used because of 

its flexibility. The cascaded control system is composed of speed, current and position 

control loops. The speed of the response increases towards the inner most loop when 

torque loop is required to be fastest and position loop to be slowest [286]. In a cascaded 

control system, the outer loop controls the speed or position of the machine or voltage 

of power converter. The inner current controller loop controls the current flow. The 

cascaded structure of the PI control is shown in Figure 3.8. 
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Figure 3-8 Cascaded control structure [286] [285]. 

The speed, position and torque of the flywheel rotor are controller by using a PI 

controller. By comparing the reference set values, the PI controller follows the changes 

in torque, speed and position of the rotor. In order to achieve linearity of the current 

systems, feedback control with high gain is used for the inner current control loop. 
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The PI controller is widely used in AC drive systems for position and speed control of 

the machines. 

3.3.1 Flux Controller 

Flux control of the SCIM increases the stability of the system when the machine 

operates at constant flux level. The magnitude of the SCIM machine flux is controlled 

by the d-axis current (𝑖𝑑𝑠), based on the gains of the PI controller, therefore output of 

PI controller has to be d-axis current. A block diagram of the PI flux controller is shown 

in Figure 3.9 

 

Figure 3-9 The PI flux controller 

For better control design, the dynamics of the d-axis current should be aligned to the 

rate of change of rotor flux. The transfer function used in the flux controller is given 

by the Equation 3.29. 

                                              𝑇(𝑠) =
𝐾𝑃−𝑓𝑙𝑢𝑥𝐿𝑚 

𝑅𝑟
𝐿𝑟

𝑠
                                                           (3.29) 

The gains (𝐾𝐼−𝑓𝑙𝑢𝑥 and 𝐾𝑃−𝑓𝑙𝑢𝑥) of the PI flux controller are a function of control 

bandwidth (𝜔𝑐𝑏).  The proportional and integral gains of the controller are represented 

by Equation 3.30 and 3.31 

                                                         𝐾𝑃−𝑓𝑙𝑢𝑥 =
𝐿𝑟 

𝑅𝑟𝐿𝑚
𝜔𝑐𝑏                                                (3.30) 

                                                          𝐾𝐼−𝑓𝑙𝑢𝑥 =
𝜔𝑐𝑏  

𝐿𝑚
                                                      (3.31) 

3.3.2 Speed Controller 

Torque in the SCIM is produced as a result of interaction between the current and flux 

linkages. The speed of the SCIM is determined by the electromagnetic torque (𝑇𝑒), the 

load torque (𝑇𝐿) , inertia of the load (J) and the friction. The output of the speed 

Σ 
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controller is always the reference electromagnetic torque. Therefore, in order to 

control the speed of the SCIM, the torque should be controlled. By controlling 𝑖𝑞𝑠 , the 

torque of the SCIM can be controlled instantaneously. Assuming a constant d-axis 

current, the relationship between 𝑖𝑞𝑠  and the reference torque is given by Equation 

3.32.  

                                                              𝑇𝑒 = 
2

3
∙
P

2
∙
𝐿𝑚
2

𝐿𝑟
𝑖𝑑𝑠𝑖𝑞𝑠                                        (3.32)                                                 

The control of output torque of the SCIM requires the following conditions to be met 

• The 𝑖𝑞𝑠   and 𝑖𝑑𝑠  are in quadrature (at 90 degrees) 

• The  𝑖𝑞𝑠  can be controlled instantaneously  

• The 𝑖𝑞𝑠   and 𝑖𝑑𝑠 can controlled separately 

The PI controller sets the speed of the rotor closer to the reference speed and calculates 

the reference value of torque (𝑇𝑒
∗). The gains of the PI controller reduce the error 

between measured speed (𝜔𝑚) and reference speed and help the PI controller to follow 

reference and track the reference speed value. The reference value of the torque will 

set the reference value for machine to generate required electromagnetic torque (𝑇𝑒) 

to overcome the load torque (𝑇𝐿) in order to follow the reference speed value. 

The proportional (𝐾𝑝𝑡) and integral (𝐾𝑖𝑡) gains of the torque controller are given by 

Equations 3.33 and 3.34 respectively. The gains of the controller are the function of 

bandwidth and machine parameters such as inductance and resistance.  

                                                        𝐾𝑝𝑡= 𝐿𝑠𝜔𝑐𝑏                                                              (3.33) 

                                                         𝐾𝑖𝑡= 𝑅𝑠𝜔𝑐𝑏                                                             (3.34) 

3.3.3 Voltage Controller 

The DC link voltage varies during exchange of power between the FESS and microgrid 

during charge and discharge operations of the FESS. Therefore, the voltage controller 

is implemented to stabilise and maintain the DC link voltage close as possible to the 

reference value.  The DC link voltage is regulated to adjust the active power at the DC 
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link from AC source. The three phase currents from the microgrid are transformed 

into the d-q rotating reference frame using the transformation technique. The q-axis 

current is called active power current and d-axis current is termed as reactive power 

current and is related to reactive power of the system. Assuming a unity power factor 

and minimum loss, the d-axis current will be zero. The DC current (from GSC) as a 

function of q-axis current is represented by Equation 3.35. The liner relationship 

between active power current (𝐼𝑞,𝑔) and DC link current (𝐼𝐷𝐶,𝑔) constitutes the transfer 

function and PI gains for voltage controller. 

                                                        𝐼𝐷𝐶,𝑔 =
3

2
(
𝑉𝑔,𝑞𝐼𝑞,𝑔

𝑉𝐷𝐶
)                                                    (3.35) 

The voltage controller contains two cascaded current loops, the reference quadrature 

current (𝐼𝑞
∗) is generated by the outer current loop for the inner control loop. The q-axis 

current control loop in shown in Figure 3.10. 

 

Figure 3-10 Current control loop of the voltage controller  

The transfer function of the current control loop is given by Equation 3.36  

                                            𝑀(𝑠) = (
𝐾𝑝,𝑖𝑞𝑆+𝐾𝑖,𝑖𝑞

𝑠
)𝑇(𝑠)                                                   (3.36) 

where 𝑇(𝑠) represents the first order function and it represented by Equation 3.37. 

                                                       𝑇(𝑠) =  
𝐶𝑠+𝑅

𝐿𝐶𝑠2+𝑅𝐿𝑠+𝐿
                                                   (3.37) 

For the full bridge voltage source converter having capacitance C, resistance R and 

inductance L, the schematic diagram of voltage controller is represented in Figure 3.11. 

The closed loop transfer function between reference DC link voltage and measured 

DC voltage can be written as follows: 

                                       𝐺(𝑠)  =  (
𝐾𝑝𝑆+𝐾𝑖

𝑠
)(

3

2

𝑉𝑔,𝑞𝐼𝑔,𝑞

𝑉𝐷𝐶
)(

1

𝐶𝑠+𝑅
)                                           (3.38) 
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The gains of the PI controller 𝐾𝑝 and 𝐾𝑖 are time dependent and they are functions of 

inductance and resistance and they can be obtained by using Equation 3.39 

                                                                        {
𝐾𝑝 =

𝐿

𝜏

𝐾𝑖 =
𝑅

𝜏

                                                                    (3.39) 

 

Figure 3-11 Schematic diagram of DC link voltage controller  

During the charging and discharging states of the FESS, the gains of the PI-controller 

can be determined by using the equations presented in the chapter. The gains are a 

function of parameters of the SCIM and the power electronics converters. The PI 

controllers are further tuned in the MATLAB environment for compensation of any 

possible error and to achieve the better accuracy.  

3.4 Validation of FESS and its Control System in MATLAB/Simulink  

In reference to the dynamic equations and control structure presented in the above 

sections, the model of SCIM-FESS was developed in MATLAB/Simulink environment. 

The SCIM-FESS was set to run for 24min as sufficient length of time for testing the 

simulation and also because this was the maximum run time which could be afforded 

until a solution was found for later simulation runs. The dynamics of the FESS during 

acceleration and deceleration states were tested within the design operating speed 

range of 10–20 krpm. In these initial simulations, the FESS is directly connected to the 

electric grid and exchange of power takes place between the grid and the FESS. During 

the acceleration state, the flywheel receives electric power from the grid and based on 

the magnitude of the power, a positive torque is generated to charge the FESS. During 

the deceleration mode, when demand of power from electric grid arises, power is 

delivered to the grid from the FESS, based on power demand, a negative torque is 
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produced by the controller to convert stored kinetic energy into electricity and the 

FESS delivers energy to the electric grid. The SCIM-FESS is designed to deliver 5kWh 

of useable energy during which the DC-link voltage is set to 600V and maintained by 

the GSC and MSC during different states of operation. The results are presented in 

next sections to show different modes of operation of the flywheel. 

Acceleration-Standby Mode 

The performance of the FESS under the condition of acceleration to maximum speed 

followed by standby is presented in Figure 3.12. During this acceleration mode, a 

power of 50kW (half of maximum) is injected into the flywheel from the electric grid 

and a positive torque is generated which charges the flywheel. It takes 6 mins for the 

FESS to reach 100% of charge (20krpm speed). At t = 6 min the FESS goes into standby 

mode of a type which allows rundown as opposed to sustaining a constant speed by 

means of a small power injection. In this way, the small fall in speed could be detected 

to ensure windage and bearing losses were being captured correctly. 

 

Figure 3-12 a) Energy stored by the flywheel; b) Flywheel speed 

During this form of standby mode, the flywheel speed and SoC decrease gradually 

due to the system losses including the aerodynamic and bearing friction losses. The 

copper losses are zero because currents stop flowing in the stator of the SCIM during 

the standby mode due to the rotor being de-energised. During standby mode, the 
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flywheel state of charge drops to 95.8% due to self-discharge giving about 258Wh of 

energy loss in 18 minutes which is 5.16% of maximum stored energy. The total power 

loss (p.u.) in standby mode is calculated from the ratio of the change in kinetic energy 

of the flywheel (∆𝐾𝐸𝑓𝑙𝑦𝑤ℎ𝑒𝑒𝑙) in Joules over the period of (∆𝑡) in second, with respect 

to the rated kinetic energy of the flywheel (𝐾𝐸𝑟𝑎𝑡𝑒𝑑 𝐹𝐸𝑆𝑆) in Joules, as expressed by 

Equation (3.40) [287]. Calculation of power loss gives 9.5% of total power loss over the 

period of 24m. A detailed description on electrical and mechanical losses of the 

flywheel is given in section 3.5. 

%𝑃𝑙𝑜𝑠𝑠 =
(∆𝐾𝐸𝐹𝐸𝑆𝑆)

∆𝑡 ×𝐾𝐸𝑟𝑎𝑡𝑒𝑑 𝐹𝐸𝑆𝑆
× 100       

           

(3.40) 

Figure 3.13 shows the torque curve of the flywheel, it can be seen that the torque of 

the flywheel decreases as flywheel approaches its nominal speed (20krpm) because 

the torque applied to the shaft of the flywheel is function of its speed and power. The 

DC link voltage presented in Figure 3.14 shows stability during entire operation of 24 

mins and at remains at nominal value of 600V. 

 

Figure 3-13 a) Torque of the flywheel; b) Zoomed in view of the torque curve  
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Figure 3-14 a) DC link voltage; b) Magnified view of DC voltage 

Deceleration-Acceleration Mode  

To analyse the flywheel performance during acceleration and deceleration states, 

different charge-discharge operations were performed during a period of 24 min to 

show the system responsiveness due to torque variations corresponding to load 

variations in real life situations. The flywheel is initially charged for 6 min, then 

switched to standby mode for approximately 5 min before its discharge operation.  

At t = 11 min the flywheel is discharged and the stored kinetic energy is converted into 

electrical energy which is supplied to the electric grid. At t=1.44 min, the flywheel 

starts charging for 1.5 min and the flywheel again reaches to 100% SoC. At t = 16 min 

the flywheel is discharged at higher rate compared to its first charging cycle this is 

due to high power demand and higher torque experienced by the FESS. The flywheel 

is completely discharged and reaches to 0% SoC t =18.4 min and goes into standby 

mode. During standby mode at 0% SoC the flywheel is spinning at 10krpm and no 

usable kinetic energy is available since this is the minimum operating speed. Speed 

and torque curves for the flywheel are shown in Figure 3.15 for the different charging 

and discharging states of the flywheel. Magnified images of phase stator currents and 

torque are shown in Figure 3.16 where it can be seen that the SCIM smoothly switches 

from generating to motoring mode without any major spikes or transients in the 
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current waveforms showing the compliance and better performance of the machine 

side control system (MSC). 

 

Figure 3-15 a) Flywheel Speed; b) Electromagnetic torque of flywheel 

 

Figure 3-16 a) Stator phase currents of flywheel; b) Magnified image of the currents  

3.5 Modelling of System Losses  

The aerodynamic drag and bearing friction are main sources of loss in the FESS.  

Although they are small compared to losses in the electrical machine, when operated, 

they are present all the time so the energy losses can mount up. To reduce the drag 

loss, the flywheel rotor is contained in a vacuum containment. Despite the setup of a 

vacuum environment in the containment, the drag loss still accounts for major portion 

of total power losses of flywheel system but this could be reviewed and losses reduced 

by reducing the pressure further.  The pressure was chosen to be 0.01mbar, a pressure 



108 

 

 

not too low since higher vacuum would require a more sophisticated vacuum pump. 

As mentioned, in this research, the considered flywheel system is a cylindrical rotor 

type made of steel laminates and operated in low to medium pressure vacuum 

running between a speed range of 10–20 krpm. The type of bearings used are single 

row radial ball bearings with micro drip type of lubrication. The detailed calculation 

and analysis of the switching and conduction losses in power electronics converters 

were not carried out here but assumed with a fixed value not to exceed more than 2% 

of the total energy produced in one cycle. This is added to the electrical and 

mechanical losses when the total system losses are calculated. 

3.5.1 Electrical Losses 

The electrical losses in FESS are mainly due to the stator and rotor losses in the 

motor/generator set whilst energy is being withdrawn or supplied. The stator 

electrical losses are the combination of copper losses (𝑃𝑠𝑐𝑙) in the stator winding and 

core losses (𝑃𝑐𝑜𝑟𝑒) in the stator core. The stator copper losses are proportional to the 

square of the RMS magnitude of stator currents 𝐼𝑠 and are dependent on the value of 

the stator resistance 𝑅𝑠. Core losses (eddy current and hysteresis losses) are a function 

of electrical angular frequency 𝑓𝑒 and maximum magnetic flux density  𝐵𝑚. Equation 

3.40 presents the general relation of core losses in the electrical machine while the total 

electrical losses in the stator of IM are given by Equation 3.41.  

𝑃𝑐𝑜𝑟𝑒 = (𝐾ℎ𝑦𝑠𝑓𝑒 +𝐾𝑒𝑓𝑒
2)𝐵𝑚

2  (3.40) 

𝑃𝑠𝑡𝑎𝑡𝑜𝑟 = 3𝐼𝑠
2𝑅𝑠 + (𝐾ℎ𝑦𝑠𝑓𝑒 + 𝐾𝑒𝑓𝑒

2)𝐵𝑚
2    (3.41) 

where 𝐾ℎ𝑦𝑠 is the Steinmetz co-efficient, 𝐵𝑚 is peak magnetic flux density and 𝐾𝑒 is a 

constant factor as given by Equation 3.42 [288] 

𝐾𝑒 =
𝜋2𝑡2𝜎

6𝜌
   (3.42) 

where 𝑡 is the thickness of laminations, 𝜎 is electrical conductivity and 𝜌 is the density 

of the electrical steel. The rotor copper losses (𝑃𝑟𝑐𝑙) are also a combination of copper 

and rotor iron losses (𝑃𝑐𝑜𝑟𝑒) and are given by Equation 3.43. 
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𝑃𝑟𝑜𝑡𝑜𝑟 = 3𝐼𝑟
2𝑅𝑟 + (𝐾ℎ𝑦𝑠𝑓𝑠𝑙 +𝐾𝑒𝑓𝑠𝑙

2)𝐵𝑚
2       (3.43) 

where, 𝑓𝑠𝑙 = 𝑠𝑓𝑒, 𝑠 is the slip, 𝑅𝑟 is rotor resistance and 𝐼𝑟 is the RMS magnitude of 

rotor currents in one phase of the rotor. 

For calculation of Steinmetz coefficient (𝐾ℎ𝑦𝑠), Equation 3.44 is divided by the term 

𝑓𝑒𝐵𝑚
2  to create a linear relationship. 

𝑃𝑐𝑜𝑟𝑒
𝑓𝑒𝐵2

𝑚
= (𝑥 + 𝑦𝑓𝑒) (3.44) 

where, 𝑥 = 𝐾ℎ𝑦𝑠 and 𝑦 = 𝐾𝑒 which can be simply calculated by substituting the values 

of parameters (t, 𝜌 and 𝜎) into Equation 3.43 , giving 𝑦 = 3.34 × 10−3 Hz. The value of 

𝑥 can be calculated by linear fitting of Equation 3.44 for the best approximation of the 

data. The iron loss varies in an identical pattern when temperature of the laminations 

is 40 0C and 100 0C, however, at iron losses vary on different pattern when flux density 

and frequency are same. Figure 3-17 shows the B-H curves of the stator and rotor core 

at different temperatures. It can be seen temperature affects iron losses significantly. 

Different models on iron losses are discussed and presented in [289], [290]. 

 

Figure 3-17. B-H loops at different temperatures [291]. 

The stator and rotor core of the SCIM are assumed to be made of electric steel M470-

50HP. Manufacturer’s core loss data for M470-50HP is shown in Table 3.1 where the 

core loss data for specific electrical frequencies of 50 Hz, 100 Hz, 200 Hz and 400 Hz is 

provided. The electrical frequency of SCIM-FESS presented in this paper at 20 krpm 

is 333 Hz that lies between 200 Hz and 400 Hz. Therefore, the values of 𝐵𝑚 at 333 Hz 
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is approximated between 0.6–0.7 Tesla as calculated based on the methodology 

discussed in [292]. Electrical parameters of rotor and stator core material are provided 

in Appendix F. The flux density curves adopted from ref [292] are shown in Figure 

3.18. 

 

Figure 3-18. a) Magnetic flux density; b) Hysteresis coefficient curve of the material  

 

Table 3-1 Manufacturer’s loss data for M470-50HP electrical steel.  

Adapted with permission from [293] Cogent Power Inc., 2019. 

𝑩𝒎 (T) W/kg at 50 Hz W/kg at 100 Hz W/kg at 200 Hz W/kg at 400 Hz 

0.1 0.03 0.07 0.23 0.58 

0.2 0.13 0.29 0.84 2.14 

0.3 0.26 0.61 1.71 4.37 

0.4 0.43 1.00 2.78 7.17 

0.5 0.63 1.46 4.03 10.6 

0.6 0.85 1.98 5.48 14.7 

0.7 1.09 2.55 7.12 19.6 

0.8 1.34 3.19 9.02 25.4 

0.9 1.62 3.91 11.2 32.4 

1 1.94 4.71 13.7 40.6 

Substituting the values of 𝑥 and 𝑦 in Equation 3.45, the relation of 𝑃𝑐𝑜𝑟𝑒 can be written 

as: 

𝑃𝑐𝑜𝑟𝑒  = (0.0487𝑓𝑒 + 1.4 × 10−3𝑓𝑒) (3.45) 

Using Equation 3.45 and substituting the values of resistances into Equations 3.41 and 

3.43, the total electrical losses of the stator and rotor are given by: 

𝑃𝑠𝑡𝑎𝑡𝑜𝑟 = (0.099𝐼𝑠
2) + (0.048𝑓𝑒 + 1.4 × 10−3𝑓𝑒) (3.46) 

𝑃𝑟𝑜𝑡𝑜𝑟 = (0.027𝐼𝑟
2) + (9.6 × 10−4𝑓𝑒 + 2.8 × 10−4𝑓𝑒) (3.47) 
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Figure 3-19 Specific core losses of SCIM-FESS: (a) Stator core losses; (b) Rotor core losses.  

Stator and rotor specific core losses of the SCIM-FESS are shown in Figure 3.19. The 

core losses occur in largest fraction in the stator of the SCIM because at low slip, the 

SCIM operates at synchronous speed and the relative speed of magnetic fields over 

the rotor surface are slow, therefore, rotor core losses are very small compared to 

stator core losses [294]. 

As shown in Figure 3.19a, the specific core losses increase exponentially with increase 

in speed and magnetic flux density. The stator specific core losses are not significant 

for values of magnetic flux density up to 1 Tesla and 3krpm speed. However, the 

specific core losses in the stator of the SCIM increase significantly above 3krpm and 

even at 0.648 Tesla, the power losses due to hysteresis and eddy currents in stator core 

of SCIM operating at 20krpm are 16.48W/kg. Rotor specific core losses of the SCIM are 

shown in Figure 3.19b and it can be seen that rotor specific core losses increases 

exponentially with increase in maximum magnetic flux density.  

Stray Losses 

Eddy current loss, core loss and losses in other metallic parts of the machine are called 

stray losses. They are caused due to the flux leakages and of the machine. Stray losses 

in SCIM can be categorised as stator and rotor stray losses. Stray losses in rotor of a 

(a) (b) 
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SCIM depend on the rotor slip as they are function of frequency. According to the 

IEEE standard 112, stray load loss for different power outputs of typical SCIM are 

given in Table 3.2. An Equation 3.49 is general equation for stray loss of the machine 

according to the IEEE standards. Figure 3.20 shows the stray loss curve of a SCIM at 

different range of speed. 

Table 3-2 Values of stray load losses for different power outputs [295] 

Rate output power (kW) Ps/Pout (%) 

1-90 1.8 

91-375 1.5 

376-1850 1.2 

1851 and greater 0.9 

 

𝑃𝑠𝑡𝑟𝑎𝑦 = 0.005
𝑃𝑔
2

𝑃𝑟
    (3.49) 

Where 𝑃𝑔 is generated power and 𝑃𝑟 is rated power. 

 

Figure 3-20 Stray load loss at different speeds 

3.5.2 Mechanical Losses 

Windage Loss   

The windage losses in a FESS are due to the friction between the rotating surfaces and 

the surrounding medium, which is air in most cases. The windage loss increases with 

increase of the flywheel speed and is proportional to the cube of the flywheel angular 

velocity [296]. In order to reduce the windage loss, the pressure around the flywheel 

needs to be reduced. With decrease in air pressure in the containment the behaviour 
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of the air flow changes from turbulent to laminar and to molecular at low pressures 

(<0.1Pa) [297]. 

 There are different types of air flows depending on the degree of rarefaction and can 

be classified based on Knudsen number (𝐾𝑛), the air flows are classified as molecular 

flow (𝐾𝑛 > 0.01), continuum flow(𝐾𝑛 < 0.01), transition flow (𝐾𝑛 > 0.1), slip flow 

(𝐾𝑛 > 0.01) and free molecule flow (𝐾𝑛 > 10). The Knudsen number is dimensionless 

parameter and it is defined as ratio between mean free path of a molecule (𝜆) to length 

of the presented object (𝑙) [298]. The mathematical expression of Knudsen number is 

given by Equation 3.50. 

                                                            𝐾𝑛 =
𝜆

𝑙
= √

𝜋𝛾

2
∙
𝑀𝑎

𝑅𝑒
                                                         (3.50) 

where: 

𝛾 : ratio of specific heats 

𝑀𝑎 : Mach number 

𝑅𝑒 : Reynolds number 

The expressions for Mach and Reynolds numbers are given by Equation 3.51 and 3.52 

respectively. 

                                                                  𝑀𝑎 =
𝑉

√𝛾𝑅𝑇
                                                                   (3.51)  

                                                                     𝑅𝑒 =
𝜌𝑑𝑉

𝜇
                                                                  (3.52) 

where: 

𝜌 : coolant density (air) 

µ : dynamic viscosity of air 

R : universal gas constant 

V : velocity 

d : flywheel rotor air gap 

T : temperature 
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The drag or skin friction coefficient is function of geometry of the object (rotor) and 

speed. The expression of drag coefficient as a function of shear stress(𝜏𝑠) cylindrical 

rotor is given by Equation 3.53. 

                                                              𝐶𝑑 =
𝜏𝑎𝑏

1

2
𝜌𝑈2

                                                                             (3.53) 

According to Beck calculations [299], the mathematical expression for shear stress 

between two plates a and b with the medium having molecular mass (m) and number 

density (n) is given by Equation 3.54. 

                                               𝜏𝑎𝑏 =
1

2
(

4𝐾𝑛

1+2𝐾𝑛
)(𝑚𝑛𝑉√

𝑅𝑇

2𝜋
)                                              (3.54) 

Substituting Equation 3.51 in 3.52 the Beck expression for drag coefficient is given by 

Equation 3.55. 

                                                      𝐶𝑑 = (
4𝐾𝑛

1+2𝐾𝑛
) (

1

(√2𝜋𝛾)𝑀𝑎
)                                           (3.55) 

Using Equation 3.55 the expression of shear stress in terms of Mach and Reynolds 

number is expressed by the following Equation. 

                                                         𝜏𝑎𝑏 = 𝜌𝑉2 (
1

𝑀𝑎√(2𝜋𝛾)+𝑅𝑒
)                                        (3.56) 

Using Equation 3.56 and 3.57 the equation of power loss due to windage is given by 

the following expressions. 

                                                        𝑃𝑤𝑑 = (
2𝜋𝑙𝑟2𝜔

𝑀𝑎√(2𝜋𝛾)+𝑅𝑒
)                                                (3.57) 

After the manipulation, Equation 3.57 can be expressed as follows: 

                                                          𝑃𝑤𝑑 = (
2𝜋𝑙𝜌𝑟4

𝑀𝑎√(2𝜋𝛾)+𝑅𝑒
)𝜔3                                        (3.58) 

The windage losses of the FESS were estimated based on the derived equations and 

the methods described. The windage loss mainly depends on friction between the 

flywheel rotor and the gas or air in the containment. The windage loss is proportional 

to cubic value of speed and the surrounding pressure. The windage loss is 
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uncontrollable if containment pressure is not maintained. The windage loss reduces if 

low pressures levels are maintained in the containment. The pressure level below 

atmospheric pressure creates rarefied condition for surrounding gas due to sufficient 

space between molecules of the gas. Figure 3.21 presents the windage loss at 0.01Pa 

and 0.1Pa, each loss curve presents the loss for different speed levels. The loss curves 

show that the windage loss increases exponentially. The lowest pressure of 1Pa is 

assumed in the presented system, the windage loss at 1Pa for the flywheel running at 

20krpm is 100W, whereas the windage power loss at 0.1Pa is 12W for same speed. It 

can be seen in Figure 3.22 the windage loss becomes unacceptable when pressure is 

increased to 10Pa, the loss increases to 0.6kW when FESS operates at 20krpm, it can 

increase 10 times higher when pressure is increased to 100Pa which is undesirable.  

 

Figure 3-21 Windage loss vs speed at 0.01Pa and 0.1Pa 
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Figure 3-22 Windage loss vs speed at 1Pa and 10Pa 

Bearing Losses 

Bearing losses are usually calculated using the empirical methods as recommended 

by the bearing manufacturers. Considering the rotating contacts, the bearing losses in 

FESS can be defined by Equation 3.59 [300]. 

𝑡𝑏 = 𝑡𝑙 + 𝑡𝑣 + 𝑡𝑓          (3.59) 

where, 𝑡𝑙 is the torque due to an applied load and depends on the type of the load and 

design of bearing, 𝑡𝑓 is end flange friction torque which is only applicable in roller 

type bearings and is negligible in ball bearings, and 𝑡𝑣 is the torque due to viscous 

friction that is dependent on the speed and property of the lubricant used. The values 

for 𝑡𝑙 and 𝑡𝑣 can be calculated using Equations 3.60 and 3.61, respectively [301]. 

                                                                𝑡𝑙 = 𝑓𝑙𝐹𝑏𝐷𝑝                                                                (3.60) 

                                              
𝑡𝑣 = 10−7𝑓0(𝑣0𝑛)

2

3𝐷𝑝
3                 𝑣0𝑛 ≥ 2000

𝑡𝑣 = 160 × 10−7𝑓0(𝑣0𝑛)
2

3𝐷𝑝
3           𝑣0𝑛 < 2000

}             (3.61) 

where 𝑓𝑙 is the design dependent factor and is defined by Equation 3.62.  

                                                                𝑓𝑙 = 𝑧 (
𝐹𝑠

𝐶𝑠
)
𝑦
                                                           (3.62) 
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where : 

 𝐶𝑠 : static load rating defined by the manufacturer’s datasheets 

 𝐹𝑠 :  static equivalent load.  

𝐹𝑏 : load on the bearing 

 𝐷𝑝 : is the pitch circle diameter (m) 

 𝑛 : bearing speed (rpm)  

𝑣0 : kinematic oil viscosity (centistokes)  

𝑓0 : lubrication factor which depends on type of bearing and lubrication. 

 The values of z and y depend on the type and contact angle of the bearing as given in 

Table 3.2. 

Table 3-3 Values of z and y. Adapted with permission from [300].  

Taylor and Francis Group LLC, 2019. 

Bearing Type Nominal Contact Angle (Degrees) z y 

Radial deep-groove 0 0.0004–0.0006 0.55 

Thrust 90 0.0008 0.33 

Double-row self-aligning 10 0.0003 0.4 

Angular-contact 30–40 0.001 0.33 

The power losses of a rolling element ball bearing can be simply defined in terms of 

the bearing torque and speed as presented in Equation 3.63 [302]. 

𝑃𝑏𝑒𝑎𝑟𝑖𝑛𝑔 = (𝑡𝑙 + 𝑡𝑣)𝜔  (3.63) 

Substituting the values of the parameters from Table 3.2, Equation 3.64 can be 

simplified as: 

𝑃𝑏𝑒𝑎𝑟𝑖𝑛𝑔 = 8.489𝜔 + 0.174𝜔1.66 (3.64) 

The bearing loss of the flywheel system as a function of the rotational speed is shown 

in Figure 3.23. Since the bearing loss is a function of the speed and the load on the 

bearing, for the maximum rated speed of 20,000 rpm, the bearing friction loss is 

calculated to be 760W. However, the system losses need to be kept at a minimum and 

particularly the standby losses, which is directly affected by the aerodynamic and 

bearing losses. 
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Figure 3-23 Bearing losses of FESS at different speeds 
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Modelling of PV Hybrid Microgrid System  

For electrification of remote isolated grids, a diesel generator (DGen) has typically 

been chosen as the source of power. However, consumers cannot forecast how much 

power they need to generate at any given time so consumers using a DGen to meet 

their energy demand are unlikely to utilise full power capacity of the DGen. This leads 

to poor energy efficiency since the DGen is often operating at part load, increasing 

emissions, and this is also not good for the engine in terms of degradation. Adding a 

renewable energy source can contribute highly to reducing emissions. However, as 

explained previously, adding an energy storage device is essential to assure a secure 

and stable microgrid energy system. This allows the DGen to be used as little as 

possible and operate much of the time at higher loads when it is more efficient. Stable 

operation of the microgrid does, however, face some technical challenges such as 

bidirectional power flows, low inertia of energy sources, stability and modelling. The 

capability of a microgrid operating in isolated mode, including withstanding the 

impacts of faults, requires reliable communication and control models. Modelling of 

a microgrid is not a simple process since it includes the matching of unpredictable 

renewables with uncertain energy demand profiles. The type of model used for 

modelling a microgrid depends on the types of components used and their integration 

at point of connection. A dynamic model of a stand-alone microgrid is presented in 

[303], the stand-alone microgrid includes the distributed source and load. In [304], 

Sanchez et al. have presented an information model of a microgrid based on logical 

nodes of IEC standards. The presented model has an interoperability feature for a 

quick response to maintain the balance of power in the network. An optimization 

model based on the demand response mechanism for microgrid energy scheduling 

with loads and distributed generation is presented in reference [305]. The proposed 

model of the microgrid uses a Genetic Algorithm (GA) to formulate an optimal 
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scheduling strategy to reduce operational of cost of the microgrid and maximise use 

of clean energy. Hu et al in [306] have presented an autonomous microgrid with 

controlled loads. In this study, an optimal reduction method technique is used to 

achieve error minimization by using a particle swarm optimization (PSO) algorithm. 

A fixed-point algorithm for simplified modelling of three phase microgrids is 

presented in [307], where  the load flow algorithm determines the equilibrium points 

by reducing the state variables, differential equations and computational time. Sen and 

Kumar  [308] have categorised the modelling of microgrids into component-wise 

modelling leading to an aggregate, lumped or single entity model, dynamic 

equivalent modelling and stochastic/predictive modelling. Here, component-wise 

modelling of microgrids has a separate model of each energy source and loads along 

with network parameters to form an aggregate model of a microgrid. For the work 

described in this thesis, component-wise modelling is discussed and implemented, 

the description of rest of the modelling techniques are similar to reference [308] should 

the reader require more background information to supplement the model description 

given in this chapter.   

In this research operation of the microgrid is considered in islanded mode, it is 

assumed that the microgrid is located in a remote area where there is either a very 

weak grid or no grid since an extension of transmission lines is not an economically 

feasible option. A PV hybrid microgrid system (PVHMS) is considered for study using 

a flywheel as an energy storage device. The components in operation of the PVHMS 

include a DGen, PV system , residential load and a FESS  with their necessary control 

systems and power electronics interfaces. A concept diagram of the PVHMS studied 

in this research is shown in Figure 4.1.  
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Figure 4-1 PVHMS system with FESS 

In this chapter, mathematical modelling of the PV system is presented in section 4.1, 

section 4.2 presents the modelling of the DGen, modelling of residential loads is 

presented in 4.3. Simulink modelling of PV, DGen, PVHMS and load models are 

presented by sections 4.4, 4.5, 4.6 and 4.8 respectively. In section 4.8 validation of the 

MATLAB model is presented where results are discussed and analysed.   

4.1 Modelling of Solar PV System 

A typical configuration of the PV array, as used for power system application to feed 

the loads, is formed by connecting PV cells in series and parallel. Detailed modelling 

of PV arrays has been discussed in [309] - [310]. Parallel connection of PV cells affects 

the overall current for the PV module therefore the output current of a PV module 

(𝐼𝑃𝑉 𝑎𝑟𝑟𝑎𝑦) depends on number of PV panels (𝑁𝑃𝑉) connected in parallel. The overall 

current is given by Equation 4.1. 

                                             𝐼𝑃𝑉 𝑎𝑟𝑟𝑎𝑦 = 𝐼𝑃𝑉 𝑝𝑎𝑛𝑒𝑙 × 𝑁𝑃𝑉                                                     (4.1) 

where: 

 𝐼𝑃𝑉 𝑝𝑎𝑛𝑒𝑙  : total current of each panel connected in parallel. 

The equivalent circuit diagram of the solar PV cell is shown in Figure 4.2. The model 

of the PV cells consists of ideal current sources which represents the optical 
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irradiations in parallel with a diode and a shunt resistor (𝑅𝑠ℎ). The combination of 

diode and shunt resistor is then connected with a series resistor (𝑅𝑠) [311].  

.Current 
source

𝐼𝑝ℎ  

+ 

𝑅𝑠ℎ  

𝑅𝑠𝑒  

 

𝐼𝑑  

− 

𝐼𝑝  
𝑉 

𝐼 

 

Figure 4-2 Schematic diagram of a PV cell 

The parameters of 𝑅𝑠ℎ and 𝑅𝑠 are mainly determined by the panel power output and 

efficiency respectively. The voltage-current (V-I) characteristics of the PV cell can be 

expressed by Equations 4.2 and 4.3.  

                                     𝐼 = 𝐼𝑝ℎ − 𝐼0 {𝑒
𝑞(𝑉+𝐼𝑅𝑠)

𝑛𝑘𝑇
 − 1} −

𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
                                             (4.2) 

                                        𝐼𝑝ℎ = (𝐶0 + 𝐶1𝑇) ×  𝐺                                                            (4.3) 

where: 

𝐶0 : empirical constant 

𝐶1 : empirical constant 

𝑘 : Boltzmann’s constant 

q : electric charge 

T : temperature in Kelvin 

G : irradiation in W/m2 

𝐼0 : Saturation current 

4.2 Modelling of Diesel Generator 

A diesel generator (DGen) is used for back-up energy support if the load demand is 

not satisfied by the energy storage device and solar PV system. The DGen is able to 

provide a constant supply of power regardless of weather conditions and during 

night-time unlike the PV system. A DGen is simply a power source coupled to an 
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electrical machine operating as a generator. A schematic diagram of a DGen circuit 

model is shown in Figure 4.3. Input to the engine is given by a governor which controls 

speed of the engine by controlling fuel intake [312]. The energy generated by diesel 

generator is expressed by Equation 4.4 

                                                       𝐸𝐷𝐺 = 𝑃𝐷𝐺 × ƞ𝐷𝐺 × 𝑡                                                              (4.4) 

Engine
Input

Internal 
Resistor

Alternator

Field 
Current

Load𝑉𝑎  

𝐼 

𝑉𝑜𝑢𝑡  

 

Figure 4-3 Schematic diagram of synchronous generator.  

The stator voltage and currents equation of synchronous generator are expressed by 

Equations 4.5 and 4.6 

                                               𝑉𝑞 = 𝑅𝑠𝐼𝑞 + 𝐿𝑞
𝑑𝐼𝑞

𝑑𝑡
+𝜔𝑒𝐿𝑑𝐼𝑑 +𝜔𝑒𝜆𝑚                                (4.5) 

                                                  𝑉𝑑 = 𝑅𝑠𝐼𝑑 + 𝐿𝑑
𝑑𝐼𝑑

𝑑𝑡
+𝜔𝑒𝐿𝑞𝐼𝑞                                           (4.6) 

Similarly, the electromagnetic torque developed by the synchronous machine in the  

dq reference frame is given by Equation 4.7 

                                                   𝑇𝑒 = 
3𝑃

4
(𝜆𝑚𝐼𝑞 + (𝐿𝑑 − 𝐿𝑞)𝐼𝑑𝐼𝑞)                                           (4.7) 

where : 

𝐿𝑑 : Direct axis inductance (H)  

𝐿𝑞 : Quadrature axis inductance (H)  

𝐼𝑑 : Direct axis stator current (A)  

𝐼𝑞 : Quadrature axis stator current (A)  

𝜆𝑚 : Rotor field flux (V/rad/s) 
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P : Number of poles  

𝑇𝑒 : Electromagnetic torque (N·m)  

𝜔𝑒 : Rotor’s electrical speed (rad/s) 

4.3 Modelling of Loads in the Microgrid 

There are different types of load which may be connected into microgrids including 

residential, commercial and industrial. Continuity of the power supply is ensured 

based on the sensitivity of whether loads are critical or non-critical. In this research 

residential load models were considered; the demand models being created by using 

stochastic models of energy demand over periods of 24 hours.  

The Centre of Renewable Energy Systems and Technology (CREST) at University of 

Loughborough has developed an integrated thermal-electrical demand model based 

on a bottom-up methodology [313]. Their model uses stochastic techniques to 

represent thermal and electrical demand models. The bottom-up approach used 

effectively captures the spikiness which occurs when switching appliances on and off. 

The energy consumption trends of residents are determined as based on UK and 

Indian survey data. This considers the activity of residents in dwellings considering 

that they can be at home or away and also active or asleep. The activity-based model 

considers the activities performed by individuals, firms and households during the 

day [313].  

Stochastic demand models as recommended for use by [314] are the best input models 

for consumption trend simulations since they are able to match the disordered 

consumption of electricity whilst keeping the aggregate trend intact.  They produce 

data sets which have similar probability distributions compared to those found in real 

world. Therefore, in this research, a high-resolution stochastic model was created and 

developed using the stochastic methodology [315]. The data for the load profile is 

generated by defining the type of day of the week, month of the year and number of 

dwellings. Switching events of lighting, appliances and water-fixtures are calculated 

on the basis of stochastic sequences of occupancy for each dwelling which determines 
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electricity demands of dwellings.  The CREST model also allows creation of solar PV 

supply for typical weather conditions as affected by cloud cover.  Examples of 

electricity demand profiles as generated by the model for typical days in April and 

August on a weekday and weekend are shown in Figure 3.8. and Figure 3.9 

respectively. Further research work on residential demand models has been presented 

and discussed in [313] - [316]. 

 

Figure 4-4 Energy consumption profile of UK residents for the month of April over 24 hours (100 

dwellings) 

Figure 4.4 represents the load demand of 100 UK dwellings of a weekday in the month 

of April (UK-April-WD). It can be seen that the electricity consumption starts 

increasing from 6:00 to 10:00 with peak demand of 78 kW in the morning. The demand 

decreases after 10:00 this can be due to the fewer activities of occupants as most of the 

consumers leave houses in the morning for work. This lower consumption prevails 

for 6 hours between 10:00 to 16:00. The demand again starts increasing after 16:00 in 

the evening. Between 18:00 to 20:00, the demand rises to a peak of 100 kW. The 

consumption trend shows that maximum electricity demand occurs between 16:00 

and 21:00 and 6:00 to 10:00. Given PV output is greatest around noon, a system sized 

to provide a suitable average power level may not be enough to meet load demand 

during these times.  
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Figure 4-5 Energy consumption profile of UK residents on weekend for the month of August over 24 

hours (100 dwellings) 

Figure 4.5 shows the load profile of UK consumers for the month of August for 

weekend (UK-Aug-WND). It can be seen that electricity usage is very low from 

midnight until 6:00, it increases exponentially after 6:00 due to increased activity of 

the residents. The electricity consumption remains high throughout the day, except 

between 2:00 am  to 6:00 pm when dip in the consumption is seen. Average electricity 

demand during the day on weekend is higher than on weekday because of increased 

activity of inhabitant in houses.  It can be seen from Figure 4.4 and Figure 4.5 that the 

demand on weekdays follows a trend of energy consumption related to daily routine 

activities and occupancy in home, whereas the consumption on weekend depicts the 

different trend of energy consumption showing higher demand during afternoons 

and less peaks and spikes in the morning (between 6am to 10am). The operation of 

FESS in this research is tested and analysed for both weekday and weekend load 

demands. The load models selected for the analysis of the results are presented in next 

section. Figure 4.6 and 4.7 represent energy demand cure based on Indian 

consumption trend, the Figures show energy consumption trend for both weekdays 

and weekends for the month of April and August. 
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Figure 4-6 Energy consumption profile of Indian residents on weekend for the month of August over 24 

hours (100 dwellings) 

 

Figure 4-7 Energy consumption profile of Indian residents on weekend for the month of April over 24 

hours (100 dwellings) 

The energy consumption trend on a weekday is similar in the UK and India, the 

demand remains very low in both cases before 6am. However, on weekends the 

demand profile of UK consumers is peaky and higher than the Indian residents. The 

weekday demand profile for the month of April in Mumbai has more variations 

compared to the demand on weekend which is steady. The demand profile of August 

on weekday in Mumbai shows an obvious variation when compared to the energy 

consumption on weekend. For Indian data, in both cases the demand on the weekend 

starts increasing after 8am in the morning and remains high till 16hrs. Whereas, the 
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consumption on weekdays reaches to the peak before 8am representing a typical 

working days and regular morning activities of the residents. 

As explained earlier, this system utilized a FESS as an alternative to battery technology 

to support the PV system and meet the peak demand of a small residential town with 

100 dwellings. The diesel generator (DGen) is used in the islanded system as a 

spinning reserve to maintain the stability of the islanded system when the PV system 

and flywheel storage cannot meet the load demand. The stand-alone system consisted 

of PV system, diesel generator, FESS and a dynamic variable residential load has been 

modelled in MATLAB/Simulink environment and detailed results are presented and 

analysed.  A schematic diagram of PVHMS studied is shown in Figure 4.8. The FESS 

and the PV system are connected to the same bus (DC-link) therefore the proposed 

network topology does not require a DC-AC grid inverter for the FESS which reduces 

the cost of the system and reduces the power electronics losses.  
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Figure 4-8 Schematic design of proposed PVHMS  

The PV system, FESS and DGen are connected to the DC bus which all supply the AC 

dynamic load. The load demand profiles were generated by using a high-resolution 

CREST methodology [315]. The data for the load profile is generated by defining the 

type of the day of the week, month of the year and number of dwellings. 

4.4 Simulink Model of Solar PV System 

The built in Simulink model of the PV system requires the cell temperature in 0C and 

solar irradiance in Watt/m2 as an input parameter, the output parameters of the PV 
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model are PV dc voltage (V_PV) and dc current (I_PV). The PV array is connected to 

DC link via DC-DC boost converter which controls the power produced by PV system. 

The Simulink model of the PV system is shown in Figure 4.9.  

 

Figure 4-9 Model of PV array in MATLAB/Simulink environment  

The PV system model was obtained from the library of National Renewable Energy 

Laboratory (NREL) System Advisor [317]. The parameters of the model are user 

defined and can be selected by defining number of parallel built-in strings, specified 

irradiances and temperature. Each string of PV array consists of series connected PV 

modules. The voltage- power (V-P) and voltage-current (V-I) characteristics of the PV 

system for 57 parallel strings each with 5 series connected modules are plotted in 

Simulink  based on the specified temperature and irradiance level is shown in Figure 

4.10.  

The V-P characteristics of the selected PV array at 250, 500 and 1000 W/m were at a 

constant temperature of 25 ℃. The V-P and V-I characteristics plots provide the 

information required to configure the PV arrays so that it can operate close to 

maximum peak power point. The peak power is the point where PV arrays produces 

the maximum power when exposed to solar radiation equivalent to 1000W/m2 . 
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Figure 4-10 Characteristics of PV array for specified irradiances at 25℃ 

It can be seen in Figure 4.10 that the current of the PV module remains constant until 

maximum voltage is reached and maximum power is also produced. The PV array 

based on 250 modules (5x57) produces a maximum power of 90kW at a maximum 

voltage of 290V, whereas each module produces 305W. The V-P and V-I characteristics 

of the PV system can also be generated at constant solar irradiances and at specified 

temperatures. The characteristics plots based on variable temperatures of 0, 25 and 

50℃ are shown in Figure 4.11. It can be seen in Figure 4.11 that power produced is the 

same at all different temperatures before the maximum voltage is reached (i.e. 290V) 

which is due to maximum power point tracking (MPPT) technique used to control the 

power output of the PV system.  

The MPPT technique is used to regulate the voltage at DC bus and provides gating 

signals for DC-DC boost converter. The MPPT controller measures the current and 

voltage of PV module and reduces the error by using integral regulator. The output of 

the regulator produces the duty cycle which is then compared with its reference value. 

The duty cycle is inputted to PWM generator in order to produce the switching pulse 

for the boost converter.  
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Figure 4-11 V-P and V-I plots of 285 PV arrays at 1000W/m2 at different temperatures  

4.5 Simulink model of Diesel Generator 

The diesel generator model was developed in Simulink by using Simulink blocks in 

the MATLAB environment. Figure 4.12 shows the Simulink model of diesel generator. 

The synchronous diesel generator is connected to AC bus in the network rather than 

DC bus for minimising the complexity, cost and components of the system. The diesel 

generator is connected to the bus via three phase circuit breakers in order to take 

generator on and off the network according to the need. The switching of circuit 

breaker is controlled by the external signal generated by the controller based on the 

load demand, PV output power and %SoC of the flywheel. 

 

Figure 4-12 Simulink model of diesel generator 

The input parameters of the synchronous machine are field voltage (𝑉𝑓) and reference 

mechanical power (𝑃𝑚). The output of the diesel generator can be chosen by using the 
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bus selector. Figure 4.13 shows the list of outputs available at the terminals of the 

machine.  

 

Figure 4-13 List of outputs at terminals of synchronous machine diesel generator  

The engine control system of the diesel generator is composed of speed control and 

voltage/excitation control systems. The measured speed of the synchronous machine 

is fed back to speed controller via feedback loop, the controller calculates the 

difference between the reference and measured speed based on the calculation of 

mechanical power required from the diesel generator which then results in adjustment 

of engine fuel.  The control system of the speed controller is shown in Figure 4.14.  

 

Figure 4-14 Control system of speed controller 
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The excitation voltage control system shown in figure 4.12 acts as an alternator which 

drives the diode rectifier to produce the field voltage which is required by the 

synchronous machine. The voltage regulator provides voltage in per unit (p.u) with 

lower limit imposed by the diode rectifier. Input parameters of excitation system are 

reference voltage, terminal voltage and stabilizer voltage. Output of the excitation 

system is the field voltage (Efd) and stator field current (Ifd). The detailed diagram of 

excitation system is shown in Figure 4.15. 

 

Figure 4-15. Excitation and voltage control system of DGen  

The voltage of the diesel generator varies with load at the terminals of the machine, 

with increase in the load, the flow of current increases hence the voltage reduces. 

Therefore, it is vital to keep output voltage of the diesel generator stable under all load 

conditions. The excitation system controls the output of diesel generator and regulates 

the magnetic field of the machine (by varying its field current) in order to maintain 

required output voltage by comparing the measured output voltage with the reference 

voltage. The error signal produced by the controller is used to change the excitation 

of the generator. The ratings of the generator selected in the research are presented in 

Table 4.1 The specification sheet of the diesel generator is provided in Appendix B. 

The proposed DGen operates on high voltage ratings in order to accommodate 

MATLAB model configuration and discreet time settings. Therefore, the step down 

transformer is used to provide low voltage to control FESS and other control circuits. 
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 Table 4-1 General ratings of the diesel generator 

Parameter Standby mode Prime mode 

Power 90 kW 100 kW 

Voltage 25 kV 23 kV 

Power factor 0.8 0.8 

4.6 Modelling of photovoltaic hybrid mini-grid system (PVHMS) 

The photo-voltaic (PV) hybrid mini grid system consists of a PV system, diesel 

generator (DGen), the dynamic residential load and the flywheel energy storage 

system (FESS). The FESS is now connected to the PV system instead of an electrical 

grid (see Figure 4.2) The PVHMS is developed in MATLAB/Simulink environment 

based on the control schemes for the PV, FESS and DGen presented in previous 

sections. The PCC for residential load and diesel generator is an AC bus whereas the 

PV system and the flywheel are connected at the DC bus. An AC-DC converter is used 

to facilitate power flow at the DC-link from and to the residential load.  The Simulink 

model of PVHM is shown in Figure 4.16 and the parameters of all the power sources 

used in the model are presented in Table 4.2. 

 

Figure 4-16 MATLAB/Simulink  model of PVHMS 

The load connected to the AC bus is a dynamic residential load. The varying dynamic 

load is updated at every second from the lookup table. A detailed description of the 

dynamic load is provided in the next section.                            
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 Table 4-2 Parameters of all sources used in microgrid.  

Source Type Specification Value/Description 

Synchronous 

Diesel Generator 

Nominal Power 100 (kW) 

Nominal Frequency 50 (Hz) 

Power Factor                           0.8 

 
% 

Load 
liter/hr. 

Fuel Consumption 

100 26.7 

75 20.2 

50 14.1 

Model SD100 

Engine Speed 1800 (rpm) 

Engine Make Generac 

Solar 

Photovoltaic 

System 

Model 
SunPower SPR-305E-

WHT-D 

Maximum power 305.226 (W) 

Temperature 40 (0C) 

Maximum irradiance 1200 (W/m2) 

Maximum power point current 5.58 (A) 

Maximum power point voltage 54.7 (V) 

Parallel strings 50 

Series connected strings 5 

SCIM-FESS 

Stator Resistance (𝑅𝑠) 11.85 mΩ 

Rotor Resistance(𝑅𝑟) 9.29 mΩ 

Stator leakage inductance(𝐿𝑙𝑠) 0.2027 mH 

Rotor leakage inductance(𝐿𝑙𝑟) 0.2027 mH 

Mutual Inductance(𝐿𝑚) 9.295 mH 

Rated magnetic flux (𝜆𝑚) 0.75 Weber 

Power rating 100 kW 

Maximum speed 20 krpm 

Minimum speed 10 krpm 

Switching frequency 20 kHz 

SCIM stator outer diameter 0.85m 

SCIM rotor outer diameter 0.4m 

Stack length 1m 

DC bus voltage 600 V 

Flywheel rotor inertia 10.95 kgm2 

Shaft diameter 0.025m 

Flywheel rotor height 0.5m 

Flywheel rotor outer diameter 0.4m 

Rotor mass 500kg 

4.7 Modelling of Residential Loads 

The Centre of Renewable Energy Systems and Technology (CREST) at the University 

of Loughborough [51] has developed an integrated thermal-electrical demand model 
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based on bottom-up methodology as explained before. The stochastic approach 

represents the thermal and electrical demand models.  Based on UK and Indian data 

survey  which considers the activity of the residents in dwellings such as residents can 

be at home or away and active or asleep. The activity-based model considers the 

activities performed by individuals, firms and households during the day [313].  

The selection of load models was based on availability of data and locations having 

good solar potential. Therefore, for better analysis and demonstration, the electricity 

demand model present energy consumption trends of Indian cities of Mumbai, 

Kolkata and Mumbai. For further reference the load profiles of New Delhi city for 

entire year is presented in Appendix C. The operational scenarios were created based 

on the three location load profiles, each for day and night-time. The correct 

functionality of the FESS operation is demonstrated according to the activity of the 

residents and their inhabitancy. The load profiles are selected based on worst case 

scenarios considering electricity demand on weekday and weekends. 

Load model of New Delhi for the month of July on Weekday (ND-July-WD)  

Load Model ND-July-WD represents total electricity demand for 100 dwellings in 

rural areas on a weekday for the month of July. The demand model has been 

considered for New Delhi, a major city in India (Figure 4.17). The morning peak of 100 

kW appears around 6 am and it spreads over 2 hours, there is low electricity 

consumption demand between 10 am and 5 pm due to reduced occupancy in homes. 

The demand starts to increase and reaches approximately 85 kW during late evening 

which is second peak in 24 hrs. The electricity consumption decreases after 10 pm in 

the evening due to lessened activities of residents in the dwellings.  
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Figure 4-17 Load demand profile n weekend in New Delhi for the month of July 

Figure 4.18 shows the total irradiance of a weekday for the month of July associated 

with the demand model shown in Figure 4.17 , it can be seen that there are fluctuations 

in the irradiance which represents a cloudy day. The peak PV output power is 

expected to be generated between 12 pm and 4 pm during which the demand is low, 

this creates an opportunity to store excessive power in the hybrid system and use it 

during the evening when demand is high (Figure 4.17). The irradiance before 5am is 

zero hence no power will be generated by solar PV system, therefore the power 

interchange is expected to only happen between the DGen, the FESS and the loads. 

During the night-time (before 6 am) the DGen can be turned on to meet the electricity 

demand of the dwellings and charge the flywheel until it is 100% charged. The DGen 

can be turned off and energy stored in the flywheel can be utilized to meet the 

electricity demand until it is fully discharged.  It is particularly important to analyse 

the dynamic performance of the PVHMS between 10am to 12pm and 4pm to 6pm 

when there are significant fluctuations in PV power output. 
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Figure 4-18 Solar irradiance in Delhi of a typical cloudy weekday for the month of July 

The average demand for Load Model ND-July-WD is about 60kW but the diesel 

engine and the PV system should be designed for the maximum load of 100kW even 

though the maximum demand of 100kW lasts for only a small period of time. This is 

when application of the storage system becomes important and the flywheel is best 

suitable for such conditions providing high power for a short duration with a quick 

response. 

Load Model for the month of July in Mumbai on Weekday (MB-July-WD) 

The load Model MB-July-WD of the electricity demand represents the electricity 

consumption trend for 100 dwellings for the month of July in Mumbai, the city in India 

(Figure 4.19). In this model, the morning peak lasts for a longer compared to Load 

Model ND-July-WD. The morning peak appears at 6 am and last till 10am. The power 

demand again starts to rise from 4 pm and decreases from 10pm during this time the 

load profile experiences more fluctuations compared to the morning peak. During 

afternoon (10am – 4pm) the load demand is low except few spikes after 12am. There 

are more spikes and fluctuations in this model compared to Load Model ND-July-WD. 
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Figure 4-19 Load demand profile on weekday in Mumbai for the month of June 

Figure 4.20 shows the solar irradiance of a typical cloudy day on a weekend for the 

month of June. The solar output power is relatively different than for ND-July-WD. 

   

Figure 4-20 Solar irradiance in Mumbai of a typical cloudy weekday for the month of June  

There are significant fluctuations in the solar irradiance during entire day and very 

less power is expected to be produced by PV system except between 12am to 2pm 

when PV panels receive maximum solar radiations. From 12 midnight to 12 noon there 

is very less solar irradiance with few spikes appear after 2pm which also do not last 

for longer time. With the presented load model and solar irradiance data it is expected 

that any of the energy sources, whether DGen, PV system, FESS or a combination of 

all three will be hardly resting over 24hrs of their operation. 
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Load Model of Kolkata for the month of June on Weekend (KT-June-WND) 

The load model KT-June-WND presented in Figure 4.21 is different from the load 

model ND-July-WD and MB-June-WD. There are two significant peaks during the 

morning and evening respectively. The load demand profile (Figure 4.20) represents 

the energy consumption trend on a weekend. The peak demand in the morning 

appears between 8am to 10am (average 60kW) is less than the peak demand in the 

evening (average 80kW) due to less activity during the morning compared to the 

evening due to the fact majority of the people not going out for the work in the 

morning. The second peak appears in the evening between 6pm to 10pm, because 

people are expected to retire to sleep later at night on weekends. Between 12am to 

4pm there is a dip in energy consumption with some spikes in the demand. Depending 

on the PV system output, energy can be stored and then used to flatten the next peak 

in the evening which could represent the significance of energy storage device in 

proposed PVHMS. 

 

Figure 4-21 Load demand profile n weekend in Kolkata for the month of June 

The solar irradiance for the corresponding load model KT-June-WND is presented in 

Figure 4.22. The solar irradiance curve represents a typical cloudy day. It can be seen 

that the irradiance model is challenging for the PV system to meet the load demand 

alone during entire day except between 11am to 12am in the afternoon when there 

could be the maximum power produced by the PV system. There are many highs and 
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lows in the irradiances due to cloud passing. After 12 am there is significant dip in the 

solar irradiance making difficult for the PV system to meet the demand alone. 

Depending on the state of charge of the FESS, the FESS can be used to share the 

demand with PV system avoiding the need of DGen. Comparing the peaks of load 

demand and solar irradiance (Figure 4.21 and 4.22) it can be seen that when the 

demand is high, the PV output power is expected to produce less than what is required 

therefore it is interesting to test the operation and dynamic performance PVHMS in 

supplying energy to the load.  

 

Figure 4-22 Solar irradiance in Kolkata of a typical cloudy day for the month of  June on weekend 

4.8 Validation of Solar PV and Diesel Generator Model 

In this section, a description of how the Simulink model of the PV system and DGen 

were integrated and tested is given. The solar irradiance was changed in steps to test 

the responsiveness of the PV system to a sudden change in solar irradiance. A variable 

load demand was selected which changes irrespective of power output of the PV 

system. The DGen is used as a back-up power source, it is called when PV power is 

not sufficient to meet the load demand. Figure 4.23 shows the power curves of PV 

system along with DGen and load demand. The load demand profile has many peaks 

and spikes, the highest peak demand is close to 100kW and the maximum power 

generated by the PV system is approximately 80kW.  Therefore, the need of operating 

the DGen for many periods is obvious. At t =3 min the power produced by the PV 
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declines to zero due to cloud passing.  The DGen is called to provide power support 

to the system and entire peak load demand is supplied by the DGen. Between 4 and 6 

mins the DGen is called to shave off the peak that is greater than PV output power. 

 

Figure 4-23 a) PV power; b) DGen power; c)Load demand; d) Combined power curves of load, DGen and 

PV system 

The DGen is turned off between t=5 and t=6 mins when solar PV produces power more 

than the load demand and the DGen remains off for the rest of the operation. The 

events of solar irradiance are user defined, they are combination of different 

magnitudes, they have been defined regardless of DGen output and load demand. 

Figure 4.24 shows the DC link and PV system output voltage. The DC link voltage 

remains stable with some spikes which are due to switching of energy sources (DGen 

and PV). Figure 4.25 shows the currents of DGen conforming with its power 

variations.  The validation results show the conformity with power fluctuations and 

input commands. The PV output voltage shows little spikes which appear due to 

switching effects of power sources. The coordination between power sources is based 

on logical control system based on the power outputs of each sources. The control 

system compares the power levels of load demand with output power of PV system 

which decides the on/off state of the DGen.   
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Figure 4-24 a) DC link voltage; b) Magnified view of DC link voltage; c) PV output voltage; d) Magnified 

view of PV voltage 

 

Figure 4-25 a) DGen stator currents; b) Magnified view of DGen three phase currents  
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Results and Analysis 

In this chapter results from the analysis of the hybrid model in this research are 

presented. Results of analysis of the hybrid system demonstrate that flywheel energy 

storage technology of appropriate size offers a viable solution to support the operation 

of the standalone PV system. The reduction in CO2 emissions and fuel consumption 

has been quantified as compared with the case without flywheel energy storage under 

which the diesel generator but always be operating. Testing of this hypothesis is 

presented in terms of energy saving, performance of the flywheel compared to battery 

system and the control strategy. Also, it will be demonstrated with supporting results 

that FESS could be a feasible technology for providing back-up power which leads to 

reduced operation of a Diesel Generator (DGen) resulting in reduced fuel burn and 

lower emissions. The storage capacity of the flywheel technology is independent of 

temperature fluctuations, therefore, contrary to batteries, it would be a suitable 

alternative for the isolated grid system in  countries with high temperatures [318]. 

By considering the generated load models presented in chapter 4, where the flywheel 

is connected to the DC bus between the DGen and PV system, the dynamic 

performance of the flywheel has been analysed for providing the energy support to 

the system by two different operational scenarios, described in next sections. 

In this chapter, sections 5.1 and 5.2 present the description and methodology of 

operation scenarios and 5.3 and 5.4 present the results and their analysis of the 

standalone hybrid PV system. DGen fuel cost and consumption analysis is presented 

in 5.5. The chapter then concludes with a summary at the end. 
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5.1 Operation Scenario 1 

In this scenario the load demand is shared between the PV system and DGen with no 

storage system connected to the system. In order to make realistic analysis, for the PV 

system it is assumed that the days are not clear and sunny, outside disturbances such 

as temperature changes, cloud passing, and system failure (zero PV power) are also 

considered so the output of the PV system will not be constant. The DGen must 

operate continually as a backup, given that it must be on standby to guarantee meeting 

the load since the PV system cannot be entirely relied upon on cloudy days and 

residents may experience power outages. The DGen is designed to provide a 

maximum power of 100kW in order to meet maximum load demand in all load 

models and PV system is designed supply the average load at a rating of its maximum 

power. Any sharp peaks in load demand above the power produced by PV system 

will be covered by the backup DGen. During some instances during the day, the PV 

system generates more power than the demand which leads to imbalance between 

demand and supply. Here, excess power must be dissipated in dump load resistors in 

order to keep the system stable. However, it is not an efficient solution since energy is 

wasted. 

A diesel engine operates efficiently near full load whereas at partial load, the efficiency 

of the engine is poor and it leads to increased fuel cost as well as the environmental 

issues due to greater CO2 emissions. There is also greater wear and tear on the engine.  

5.2 Operation Scenario 2 

In this operational scenario, the FESS is integrated into the hybrid PV microgrid as a 

storage system and its impact on the DGen and PV system is investigated. The 

introduction of FESS will fill the gaps between supply and demand and maintain 

system stability.  It will increase the reliability of the system by allowing the DGen to 

be turned off without causing power outages. In this case the system supplies power 

to the load through PV system and FESS and the DGen will be turned on only when 

FESS and PV are not able to supply the load demand. When the FESS is almost 
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discharged and the PV system is not able to meet the demand alone then the three-

phase circuit breaker will a receive signal from the controller which will restart and 

connect DGen with the system. Considering operation scenario 2, the storage device 

will frequently come off and on multiple times during the day, which is not a problem 

for FESS given its very high cycle life. 

The proposed PVHMS is a standalone model consists of a DGen, PV system and FESS. 

The PV system is interfaced to DC-link through DC-DC boost converter it extracts the 

maximum power from PV modules under all load conditions. The DGen and the 

residential load are connected to an AC bus. The power flow from AC bus to DC-link 

takes place through AC-DC bi-directional converter.  

The output power of the PV system is proportional to input solar irradiance (W/m2). 

When PV output reduces, the machine side converter (MSC) allows the FESS to 

provide the power back to DC bus. The output of the PV system is zero because of the 

zero-input solar irradiance during night time and during early hours of the day as 

shown in all three irradiance curves presented in chapter 4.  During the night-time 

there is much less total electricity demand due to reduced activities in the dwellings. 

Therefore, at night-time, the DGen can be used to meet the load demand and, at the 

same time, charge the flywheel. The DGen can operate until the flywheel is fully 

charged and then leaving the flywheel to meet the load demand. During the day when 

there is maximum solar irradiance and the PV produces more power than the required 

power, the excess power can be used to charge the flywheel in order to store the kinetic 

energy. The stored energy can be converted into the electrical energy which can be 

used to feed the residential load when the power generated by PV system is not 

sufficient. 

The proposed flywheel system is a C20 rating type with 100kW squirrel cage induction 

machine (SCIM) capable of storing 5kWh at speed range of 10 – 20 krpm. The power 

ratings of SCIM-FESS are suitable for total load demand of remotely located village 

and the C rating was chosen to making the flywheels too large. Stable operation of the 
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PVHMS is achieved by reliable coordination of the DGen, the FESS and the PV system. 

The flywheel is assumed to be charged 50% initially. The control scheme compares the 

%SoC of the flywheel with the difference of load demand and the PV output power. 

When the PV output is not enough to meet load demand and the FESS is charged 

enough then power is provided by discharging the FESS. Just before the FESS 

discharges to 0% and PV output is still not able to meet the load demand then the 

DGen is turned on to ensure continuity of power flow in the system in order to keep 

the system stable and running. The torque for charge-discharge cycles of the flywheel 

is generated based on the power demand expressed by Equation 5.1  

        𝑇𝑜𝑟𝑞𝑢𝑒 = {
Charge cycle =

(DGen/PV−Load demand)kW

(FlywheelSpeed)rpm
 N.m ,   DGen/PV power >  Load demand 

Discharge cycle =
(PV−Load demand)kW

(FlywheelSpeed)rpm
 N.m,        PV power <  Load demand

                       (5.1)  

If the load demand is greater than the PV output power, the FESS (if charged) will 

share the power with PV system and start discharging. In case when there is enough 

supply of power from PV then the flywheel goes into standby mode. The DGen will 

go on standby mode as soon as power is available from FESS or PV system 

Figure 5.1 represents logic control scheme of power flow in PVHMS. The coordination 

of DGen, FESS and the PV system takes place according to logic-based decisions based 

on availability of electric power from PV system and DGen and state of charge of the 

flywheel. 
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Figure 5-1 Logical power flow chart of PVHMS 

5.3 Results and Analysis 

In this section the simulated results of PVHM model integrated with residential load 

are presented and analysed. The dynamic behaviour of the system and power 

exchange between different power sources (FESS, DGen and PV) is studied. The 

performance of the system for load profiles of different patterns is tested by analysing 

power outputs of the DGen, the FESS and solar PV system.  In order to analyse the 

role of the FESS in the model, first, the operation of DGen and solar PV is analysed 

without the FESS while supplying the load. This is helpful in allowing calculation of 

fuel consumption and amount of CO2 emissions produced due to running of DGen. In 

order to ensure stability of the system, the DGen must be operated all the time when 
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there is no storage since the PV power can fall away at any time with cloud passing. 

If the DGen was switched off, it would take several seconds to start up and come back 

on line. 

5.3.1 Operation Scenario 1 

In this operation scenario, the electrical demand of the residential load is supplied by 

the DGen and solar PV system only. The maximum output power of the PV system is 

approximately 100kW, the electrical demand greater than maximum PV output power 

is supplied by the DGen. The DGen is designed for a maximum power of 100kW in 

order to meet the peak demand. In case of excess power in the system, when load 

demand is less than PV output, excess power generated by the PV system is dissipated 

in the dump resistor load to keep the system voltage and frequency stable. The results 

of the simulation are described in the following section. 

Operation scenario 1 – Load demand ND-July-WD 

Figure 5.2 presents the power curves of PV system, Load demand, DGen and dump 

load. There are several occasions then PV output is higher than the load demand, the 

excess power is dissipated into the dump resistor. From t = 0 to t = 8hrs, the load 

demand is supplied by the DGen only due to zero irradiance.  Solar PV power starts 

to appear at t = 8hrs which is also not sufficient to meet the demand and the morning 

peak demand is almost entirely supplied by the DGen. Between t = 10hrs to t = 16hrs 

there is significant power produced by the PV and on some occasions the DGen 

reduces to zero so is operating at idle. Here, the PV system alone can meet the load 

demand because the load demand is lower but excessive power produced by the PV 

system is not utilised but rather must be wasted in dump resistor. After t = 16hrs the 

PV power starts to decrease and the electricity demand starts to increase. In order to 

keep system stable and running, the load demand is shared with the DGen and after 

t = 18hrs the entire load is shifted to the DGen for rest of the duration.  
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        Figure 5-2 Power curves a) Load demand model ; b) PV output power; c) DGen power; d) Combined 

power curves 

 

Figure 5-3 a) Phase current of DGen; b) Zoomed in view of current; c) DC link voltage; d) Zoomed in 

view of voltage 

Figure 5.3 presents the DC link voltage and phase current of DGen, it can be seen that 

the current waveforms of the DGen comply with the variations in the power curve. In 

order to ensure stability of the system during power exchange between different 

sources (DGen, PV and FESS) the stability of the DC link voltage in the microgrid is 

very important. Also, the regulation of DC link voltage for successful interface of 

power sources with power electronics converters. The DC link voltage shown in 
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Figure 5.3 presents some spikes this is mainly during the time when PV system as well 

DGen are involved in supplying the power to the load (between 8hrs to 18hrs), the DC 

link voltage stays stable at the magnitude of 600V  during entire operation of 24hrs. 

However, the voltage spikes and fluctuations are within acceptable limit of 5%. The 

analysis of dc link voltage switching ripple in three phase PWM inverters is been 

presented in [319] Authors in reference, have presented a control scheme to improve 

fluctuations in DC link voltage which occur during sudden load changes in AC 

microgrid. In ref. [320] and [321] The authors have presented a detailed analysis on 

DC link voltage fluctuations where voltage fluctuations under 5% threshold have been 

categorised as an acceptable limit. The value of DC link capacitance was determined 

by using equation 𝐶𝐷𝐶 = 𝐼0/2𝜔𝑣𝐷𝐶,𝑝𝑝, considering the ripple as 5% . Where 𝐼0 is 

capacitor current, 𝜔  is angular frequency and 𝑣𝐷𝐶,𝑝𝑝is ripple in capacitor voltage. The 

value of the capacitance was calculated to be 24000µF. 

Operation scenario 1 - Load Model MB-July-WD 

Figure 5.4 shows the power curves of PV, DGen for Load Model MB-July-WD. The 

power produced by the PV system is not sufficient enough to meet the load demand 

during entire day except for very few occasions for very less time span at t = 14hrs and 

t = 16 hrs where few spikes in PV power are seen.  
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Figure 5-4 Power curves a) DGen power; b) PV output power; c) Load demand model 1; d) Combined 

power curves 

The power curve of DGen is almost the mirror image of electricity demand and for 

most of the time the DGen is partially loaded except while supplying the morning 

peak at t=8hrs. The solar PV system is not receiving enough solar irradiance on the 

day due to cloud passing which makes operation of PV system very challenging to 

supply power to the residents alone. Integration of fast acting energy storage system 

in stand alone will not only reduce the dependency on DGen but also reduce cost and 

CO2 emissions.  

 

Figure 5-5 a) DGen phase current; b) zoomed in view of currents; c) DC link voltage; d) zoomed in view 

of DC link voltage 



153 

 

 

Figure 5.5 represents the DC voltage and phase currents of DGen. It can be seen that 

the DC link voltage remains stable during entire operation except some spikes due to 

transfer of power from one source to another which is not seen in case of load model 

MB-July-WD. The currents of the DGen can be seen to comply with power variations 

which justifies the stability of and smooth running of the model. 

Operation scenario 1 - Load Model KT-Jun-WND 

Power curves of all sources for Load Model KT-June-WND are presented in Figure 

5.6, the morning peak of electricity demand is significantly shared with DGen by PV 

system. However, before t = 6hrs and after t = 18hrs, the DGen alone is supplying load 

demand due to zero power produced by PV system. There is only one occasion when 

PV power is slightly greater than demand and dump resistor receives very little power 

(Figure 5.6). The maximum power demand is 100kW which appears between t = 18 – 

20 hrs which is supplied by the DGen. In this scenario, the DGen is generating power 

for almost all its entire operation, so no idling.  

 

Figure 5-6 Power curves a) DGen power; b) PV output power; c) Load demand model 1; d) Combined 

power curves 
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Figure 5-7 a) Phase currents of DGen; b) zoomed in view of currents; c) DC link voltage; d) Zoom in view 

of DC link voltage. 

Figure 5.7 shows the DC link and phase currents of DGen showing compliance with 

power fluctuations and stability of the system. Some spikes in DC link voltage can be 

seen which was due to switching of three phase circuit breaker and power transfer 

from one source to another. Also, it can be seen that the DC link voltage does not have 

any spikes when only one source is operating,  DGen, the spikes start appearing when 

the PV system and DGen start to share the load demand. 

5.3.2 Operation Scenario 2 

In this operation scenario the FESS is integrated into the microgrid as an energy 

storage device. The performance of DGen, PV system and the FESS is analysed. The 

object of the FESS in this scenario is to reduce the number of operating hours of DGen 

and provide backup energy support when PV system cannot meet the energy demand 

due to low irradiance or cloud passing. The operation of the PVHMS in this scenario 

will be based on the strategy that, DGen will operate when there is insufficient power 

available from FESS and PV system. The DGen will not only operate to provide energy 

support for PV system but also its net power will be utilised to charge the flywheel, 

this will keep DGen at its maximum loading capacity. Also, when there is excess 

power produced by PV system, the DGen will be turned off and this excess power will 
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be used to charge the FESS to store the kinetic energy. The results and analysis of all 

three load models for operation scenario 2 are presented in following sections. 

Operation scenario 2- Load model ND-July-WD 

PV output power, FESS power and DGen power are shown in Figure 5.8 for Load 

Model ND-July-WD. The PV output power in this case is not very close to ideal 

output, it can be seen that there is no PV output before t = 8hrs and after t = 20hrs due 

to no solar irradiance during these timings. It is unfortunate but unavoidable that 

there is no PV power generated when there is high demand after 20hrs. However, this 

compares to the demand before 8hrs in the morning when there are reduced activities 

with residents sleeping and there is only lightning loads on the system. The average 

load demand during night is 25kW which relies on DGen power, the DGen operates 

at its maximum capacity (100kW), the rest of the 75% of its power is utilised for 

charging the flywheel system. Therefore, between midnight and 6hrs in the morning, 

the flywheel performs many charge and discharge cycles since it charges quickly by 

getting more power from DGen. On the other hand, the load demand after 20hrs in 

the evening is high and the second peak demand of 100kW within the 24hrs cycle 

appears in the evening just minutes before 22hrs. The average demand after 20hrs is 

60kW therefore the flywheel gets less power share for charging purposes and it can 

perform less charge-discharge cycles between 20hrs to 24hrs compared to the cycles 

between midnight and 8hrs. 
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Figure 5-8 a) Load Demand; b) PV output power; c) Flywheel Power; d) DGen Power  

The solar irradiance starts to appear just before t = 8hrs, and the PV system shares 

some load demand with DGen. Since the solar irradiance is fluctuating between 8hrs 

and 10hrs, the PV system is struggling produce enough power and catch up with load 

demand at stand-alone conditions. Therefore, between 8hrs to 10hrs DGen has to be 

involved and share the load demand with the PV system, however, the flywheel plays 

its part to meet the load demand by discharging its energy into the system by its fast 

response and numerous charge-discharge cycles. After t = 10hrs it can be seen that the 

PV system generates reasonably enough power to meet the load demand and during 

this period the demand is low due to reduced activities at home since residents leave 

their homes for work by 9 - 10hrs. The demand remains low from 10hrs to 15hrs and 

during this low demand period, ample PV power is  produced hence the flywheel and 

the PV system only are engaged to supply power to the load. Figure 5.9 shows the 

charge-discharge cycles of the flywheel system. 
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Figure 5-9 a) %SoC of flywheel; b)Flywheel energy 

It can be seen from Figures 5.8 and 5.9 that the flywheel performs fewer charge-

discharge cycles between 10hrs and 16hrs and it can be seen that the flywheel has gone 

into standby mode on several occasions, during these events the PV system is able to 

provide power to the load on its own. However, the flywheel has shared the load with 

the PV system by discharging its stored energy on some occasions between 10hrs to 

16hrs. The maximum power produced by the PV system is 60kW between 12 to 14hrs 

it is when the demand is lowest and he flywheel is fully charged, still there is an excess 

power in the system which is dissipated in the dump resistor. The excess power can 

also be used to charge any other storage device such as BESS although this would add 

cost to the system.  The magnified view of %SoC and energy cycles along with power 

curves between 10hrs to 16hrs are presented in Figure 5.10 and Figure 5.11 

respectively. In order to aid examination of system operation during low/zero PV 

output in the morning period, the magnified view of power curves and the %SoC are 

presented in Figure 5.12 and 5.13 respectively. From Figure 5.12 it can be seen that 

there is no PV power output and the flywheel gets charged from DGen power. It can 

also be observed that the flywheel takes more time to discharge compared to its 

charging cycle, it is because while discharging the demand is very low whereas during 

the charging cycle the flywheel gets ample power to charge from the DGen since the 

demand is still low. Here, the controller generates more torque during charging cycle 

which leads to higher acceleration of flywheel rotor.  
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Figure 5-10. Magnified view of power curves between 10am to 4pm. a) Load Demand; b) PV output 

power; c) Flywheel Power; d) DGen Power 

 

Figure 5-11 Magnified view of charge-discharge cycles between 10am to 4pm 
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Figure 5-12 Magnified view of power curves between 7am to 9am. a) Load Demand; b) PV output power; 

c) Flywheel Power; d) DGen Power 

 

Figure 5-13. Magnified view of %SoC of the flywheel and energy between 6hrs to 8hrs  

The DC-link voltage and phase currents of the DGen and are shown in Figure 5.14 and 

5.15 respectively. It can be seen that the there are many spikes which are related to the 

switching of power sources and frequent charge discharge cycles of the flywheel. 

However, the DC link stays stable during 24hrs operation. The DGen currents in 

Figure 5.15 show conformity with power curves of the DGen as well. The magnified 

view of the DGen currents is also shown in Figure 5.15b, it can be seen the currents 

waveform stays stable despite frequent switching of the load from DGen. 
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Figure 5-14 a) DC link voltage; b) zoomed in view of DC link voltage  

 

Figure 5-15 a) DGen phase current; b) Zoomed in view of currents 

In the results discussed above, the DGen was operated at 100% loading conditions 

which made DGen perform many on/off cycles after every 5-7 minutes this switching 

may not be good for the engine.  The alternative is for the DGen has to be turned on 

for 24hrs and remain on standby mode when not supplying load to the system. In 

order to improve running time of the DGen and reduce switching events, the DGen 

was made to run at base load of 75kW, however, when the demand is above 75kW 

and the flywheel is also not charged enough to brush off the demand above 75kW the 

DGen is then switched to 100% loading capacity. The power curves of the flywheel, 

DGen, PV system and the load demand are presented in Figure 5.15 representing the 

impact when DGen is made to operate at 75% of its loading capacity. Comparing to 

the results presented in Figure 5.8, it can be seen that the DGen performs fewer 
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standby cycles and after 16hrs the switching cycles of DGen are reduced and operating 

time of DGen is increased. The DGen has remained at load for longer period of time 

compared to when operating at 100% of loading capacity. This leads to the better fuel 

efficiency and health of the engine. In this case the DGen has ramped up its %Loading 

capacity at few occasions the demand is higher than 75kW. The flywheel can be seen 

performing its charging-discharging cycles, at  t= 8hrs during the morning the peak 

has been shared by the flywheel power for few minutes.  

 

Figure 5-16 Power curves at 75% of DGen operation: a) Load Demand; b) PV output power; c) Flywheel 

Power; d) DGen Power 

Figure 5.17 shows the comparison of  flywheel power curves at 75% and 100% capacity 

operation of DGen. In this case the flywheel takes more time to charge since its power 

share from DGen is cut by 25% therefore after supplying the load demand the net 

power available for charging cycle is less compared to when DGen was operating at 

100% loading capacity.  
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Figure 5-17 a) Flywheel power curves at 100% loading; b) Flywheel operation at 75% DGen loading  

Operation Scenario 2 – Load model MB-July-WD 

The power curves of flywheel, DGen, PV for operation of load model MB-July-WD are 

presented in Figure 5.18 and corresponding %SoC and energy curves are presented in 

Figure 5.19. The operation of all three sources is different in this case compared to load 

model ND-July-WD. The power curve of the PV system is very challenging in this case 

as there are many drastic variations in solar irradiance. In addition, the PV power 

output is low for the entire 24hrs except for a peak of 55kW between 12hr and 14hrs. 

Here, the demand is very low and the DGen is engaged more in this case as compared 

to load model ND-July-WD as represented by many switching cycles in Figure 5.18. 

The power curves and charge-discharge cycles remain almost same compared to the 

operation in case of ND-July-WD, since the load demand is low and an average load 

demand in this case too is 25kW.  

The electricity demand starts to ramp up from t = 6hrs and reaches to 100kW around 

8hrs. At the time of peak demand, the flywheel is fully charged and it is discharged to 

meet the load demand for few minutes, at this time there is some power available from 

the PV system as well and the load is taken off from the DGen. The power curves of 

the flywheel follow the variations in the power demand, when there is high demand 

the discharge power of the flywheel increases. The PV system power remains low until 

12hrs and it starts to ramp up after 12hrs. Between 12hrs and 16hrs, good PV power is 

generated but with some fluctuations.  However, it appears when there is very low 
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demand similar to the demand curve before t = 6hrs, for the span of 4hrs (between 12 

to 16hrs) so the flywheel and PV system are much involved to meet the load demand 

and supply power to the load.   

 

Figure 5-18 a) Load Demand; b) PV output power; c) Flywheel Power; d) DGen Power  

 

Figure 5-19 a)%SoC of flywheel; b)Flywheel energy 

The DGen is also turned on for few times when power from the flywheel and the PV 

is not enough to meet the load demand. The magnified view of power curves between  

t= 10hrs to t = 14hrs is presented in Figure 5.20 and its corresponding charge-discharge 

cycles representing %SoC and energy are presented in Figure 5.21. The load demand 

in the evening time (after 18hrs) start to increase and remains high until t = 22hrs and 

the PV power is zero due to no solar irradiance. During the period between 18hrs to 
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24hrs, the flywheel and DGen together meet the load demand. The load is taken on 

and off several times during this period (Figure 5.20d).   

 

Figure 5-20 Magnified view of power curves between 10am to 2pm. a) Load Demand; b) PV output 

power; c) Flywheel Power; d) DGen Power 

 

Figure 5-21 Magnified view of power curves between 10am to 2pm. a) Flywheel state of charge; b) 

Flywheel electrical energy 

Because the flywheel discharges very quickly by operation in times of high demand, 

the torque generated by the controller is high which causes the flywheel energy to be 

depleted more quickly. The flywheel and DGen are taking turns after minutes of time 

to supply the load demand between t = 18hrs and t = 24hrs. It can be seen that during 

operation over 24hrs, the flywheel barely is resting and it continuously supplies the 
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load demand by its fast response. For greater clarity, separate views of power curves 

for flywheel under charging and discharging states are presented in Figure 5.22. 

 

Figure 5-22 Power curves of the flywheel system during charging and discharging states  

Figure 5.23 and Figure 5.24 show the phase currents of the DGen and DC-link voltage 

respectively. The involvement of the DGen can be visualised from the current 

waveforms shown in Figure 5.23, the DGen is more involved in the power supply in 

periods 6hrs to 8hrs and between 18hr to 22hrs. During these periods as mentioned 

earlier, the load demand is high and all peak demands appeared during these time 

periods. The DC-link voltage remains stable with multiple small spikes, it can be seen 

that there are more and higher spikes between 12hrs to 14hrs. During this time period, 

all three power sources (flywheel, DGen and PV) are contributing to the supply which 

leads to switching effects and spikes in the voltage. However, the spikes are within 

the acceptable limit and do not cause instability in the voltage magnitude. 

 

Figure 5-23 a) DGen phase current; b) Zoomed in view of currents  
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Figure 5-24 a) DC link voltage; b) zoomed in view of DC link voltage  

The case of operation of the DGen at 75% loading capacity was also analysed for load 

model MB-July-WD, an interesting case since the corresponding irradiance profile for 

load demand MB-July-WD is very challenging due to frequent variations in solar 

irradiance. Here, the PV could not produce enough power for most of the time over 

the course of 24hrs therefore the DGen has to come on and off more frequently to 

provide backup power to the load and charge the flywheel. When the DGen was run 

at 75% of it loading capacity in this case, the switching events were significantly 

reduced and the operating timings DGen were increased. The DGen was continuously 

running at 75kW, however, during the peak demand hours the DGen was switched to 

its 100% loading capacity as shown in Figure 5.25.  

 The peak demand of 100kW morning peak demand is shared by the flywheel and the 

DGen with some slight power contributed by the PV system. The DGen steps up its 

loading capacity only during morning time when the demand is more than 75kW. 

After 16hrs it can be seen that the standby time of the DGen has greatly reduced and 

the power to the flywheel for charging purpose is diverted very less. The comparison 

of charge-discharge cycles of the flywheel operating at loading capacities of DGen is 

shown in Figure 5.26. It can be seen that utilisation of PV power in the system is more 

when DGen operates at 75% loading capacity since the flywheel goes into standby 

mode for less time as compared to the case with the DGen operating at 100% of loading 
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capacity. The comparison of DGen operation at 100% and 75% capacity is presented 

in Figure 5.27. 

 

Figure 5-25 Power curves at 75% of DGen operation: a) Load Demand; b) PV output power; c) Flywheel 

Power; d) DGen Power 

 

Figure 5-26 %SoC of the flywheel at 75% and 100% loading capacity of DGen  

 

Figure 5-27 DGen operation at 100% and 75% Loading capacity 
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Operation Scenario 2 – Load model KT-June-WND 

The load model KT-June-WND is different than the load model MB-July-WD and ND-

July-WD discussed in the earlier sections. In this case the electricity consumption 

trend represents the load demand on the weekend.  In the case of the load demands 

model MB-July-WD and ND-July-WD, the power consumption started to ramp up in 

early morning from t=6hrs and the peak demand occurred around 8hrs in the 

morning, since those trends represented the electricity consumption on a normal 

working day (weekday). For weekend, load model KT-June-WND, the demand 

remains low from midnight to t=8hrs in the morning and it starts to ramp up after 

t=8hrs in the morning.  The first peak occurs between 8hrs and 10hrs which is also not 

a maximum demand during 24hrs, on the other hand the PV power output starts to 

appear around 6hrs in the morning which cause less switching of DGen as shown in 

Figure 5.28.   

 

Figure 5-28 a) Load Demand; b) PV output power; c) Flywheel Power; d) DGen Power  

The demand from midnight to 2am is slightly higher since residents sleep later due to 

weekend. The flywheel and DGen share the load demand from midnight to 6am, the 

PV system starts to share the load demand from t=6hrs, the PV output power increases 

and there is a significant power produced by the PV system until 9am. Before reaching 
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a power of 65kW, the power production of the PV system decreases to 20kW, it 

happens when the load demand touches the morning peak of 80kW, during which 

time the flywheel provides backup power support by performing fast charge-

discharge cycles and the DGen providing power for charging cycles and supplying 

the load demand. Figure 5.29 shows the charge-discharge cycles of the flywheel 

representing %SoC and flywheel energy. 

 

Figure 5-29 a)%SoC of flywheel; b)Flywheel energy  

At t=11am, there is a sudden dip in PV power which discharges the flywheel very 

quickly and the load is shifted to the DGen which then also charges the flywheel. 

Followed by the sudden dip, the PV system reaches to its maximum power production 

during the entire 24hrs which is 70kW, at this stage the PV system can supply power 

to the load at standalone condition, the flywheel gets fully charged from PV power 

and goes into the standby more for few minutes (Figure 5.28). The power production 

from PV system remains steady around 12 noon and starts to decline at t=12hrs.  The 

load demand during this time takes on a belly type shape and starts to increase after 

t=16hrs. Magnified views of the power curves between 11hrs to 13hrs when PV 

generates its maximum power is shown in Figure 5.30 and the corresponding charge 

discharge cycles representing the flywheel energy and %SoC are shown in Figure 5.31. 

The flywheel plays its part to supply power to the load during load demand period 

between 12hrs and 14hrs when PV power is very low. After t=16hrs, the operating 

time of DGen increases and it performs  power on cycles for greater time as compared 
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to the cycles before 6am since the load demand remains continuously above 80kW due 

to increased activities of the residents on weekend night. Also, the flywheel performs 

its discharges cycles to cover some portions of maximum demand in the evening by 

its fast response. Since the load demand is higher, the discharge cycles do not last as 

long and the flywheel gets much less power for its charging cycles. Therefore, the 

flywheel takes more time to fully charge whereas it takes less time to discharge due to 

high demand. 

 

Figure 5-30 Magnified view of power curves between 11am to 13pm. a) Load Demand; b) PV output 

power; c) Flywheel Power; d) DGen Power 

 

Figure 5-31 Magnified view of %SoC of the flywheel and energy between 11am to 1pm  
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The DGen currents and DC-link voltage are shown in Figure 5.32 and Figure 5.33 

respectively. A magnified view of the DGen currents is shown in Figure 32b which 

shows the stability of the current waveforms. The DC-link voltage remains stable 

despite sudden and frequent switching events during the operation, however, the 

spikes are not significantly large. 

 

Figure 5-32 a) DGen phase current; b) Zoomed in view of currents  

 

Figure 5-33 a) DC link voltage; b) zoomed in view of DC link voltage  

Figure 5.34 represents the % SoC and energy cycles of the flywheel at 75% of DGen 

operation. The power diagram of the flywheel , PV system and the load demand are 

presented in Figure 5.35. In this case the DGen has operated at 75% before evening 

(before 18hrs), the load demand after 18hrs remains above 75kW except at very few 

occasions it falls below 75kW for few minutes which causes DGen to switch its % 
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loading capacity from 75% to 100% several times. However, the DGen has operated at 

100% of its capacity for most of the time period after 18hrs till 23hrs. The loading 

capacity of DGen is decided by the controller based on the load demand and power 

generated by PV system. In this case the flywheel and PV system are involved to 

supply the load demand when there is maximum power generated by the PV system 

and for few minutes PV system alone has met the load demand while leaving the 

flywheel in standby model.  

 

Figure 5-34 a)%SoC of flywheel; b)Flywheel energy  

 

Figure 5-35 a) Load Demand; b) PV output power; c) Flywheel Power; d) DGen Power  
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5.4 Analysis of generator fuel consumption 

Operation of the DGen in each load model scenario presented above has been 

dependent on %SoC of the flywheel and contribution of PV system. On some 

occasions it was seen that the demand was fully supplied by combined operation of 

PV system and the flywheel while DGen remained off. On the other hand, the DGen 

was involved in supplying demand for most of the time during entire course of 

operation ( all load models in operation scenario 1). The consumption diesel fuel and 

the fuel cost savings were calculated for all 3 load profiles including operations with 

and without the FESS and results are presented and discussed in this section. The 

manufacturer’s data sheet of the DGen is presented in Appendix B, where full 

specifications are provided. The DGen fuel consumption (Fc) is calculated using 

Equation 5.2 

                                                          𝐹𝑐 = 𝐶1𝑃𝐺𝑛 + 𝐶2𝑃𝐺𝑜𝑢𝑡                                                           (5.2) 

where: 

𝐶1 : Fuel curve coefficient (L/hr/kW) at rated power 

𝐶2 : Generator fuel curve slop (L/hr/kW) at output power 

𝑃𝐺𝑛 : Rated power of DGen (kW) 

𝑃𝐺𝑜𝑢𝑡 : Output power of DGen (kW) 

The fuel coefficients are calculated from manufacturer’s data specification, therefore 

for the DGen considered in this thesis, the values of 𝐶1 and 𝐶2 are estimated as 0.232  

and 0.014 respectively. Further details on calculation of fuel consumption and fuel 

coefficient is provided in [322, 323, 324]. 

Figure 5.36 shows the fuel consumption of the DGen considered in this study. The red 

dotted line represents the fuel consumption at no load conditions calculated as based 

on extrapolation of Equation 5.2. Unfortunately, the idle fuel consumption was not 

available so extrapolation had to be used as the next best alternative.  
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Figure 5-36 Fuel Consumption Curve for the Diesel Generator 

The DGen cannot go on standby mode during 24hrs of operation when it is operating 

without a flywheel when there is not enough power production by the PV system. 

When operating without flywheel the output of DGen follows the load curves and 

specifically during night time and in the morning when PV output is zero. The DGen 

remains partially loaded since the load demand as well PV output are not constant. 

The fuel consumption of DGen when operating with the flywheel is found by taking 

% loading during its on states. Table 5.1 shows the % involvement of DGen in the cases 

of flywheel and without flywheel integrated in the system. 

Table 5-1 DGen fuel consumption calculations for all three presented load models  
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1 

 0% 25% 50% 75% 100% 0% 25% 50% 75% 100% 

ND-July-WD 4.1 29.1 41.6 16.6 8.3 1.4 50.4 130 69.6 47.2 

MB-July-WD 2.08 35.4 25 12.5 25 0 61.2 78 52.2 141.6 

KT-June-WND 2.08 38.9 22.1 11 19.4 0.7 67.32 95.03 46.28 109.9 

2  

100% of DGen loading 

ND-July-WD 67.7 0 0   0 32.3 22.7 0 0 0 179.4 

MB-July-WD 63.4 0 0 0 36.6 21.3 0 0 0 207.3 

KT-June-WND 59.6 0 0 0 40.3 17.1 0 0 0 228.2 

75% of DGen loading 

ND-July-WD 64.5 0 0 29.4 6.2 21.7 0 0 122.9 35.4 

MB-July-WD 32.2 0 0 63.5 4.1 10.8 0 0 265.35 23.6 

KT-June-WND 39.7 0 0 47.7 12.5 13.3 0 0 199.23 70.8 
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The fuel consumption of DGen when operating without flywheel is calculated based 

on its average % loading condition during in each hour. The DGen operates at constant 

output conditions when it is operating along with flywheel, since the flywheel acts as 

a load on terminals of DGen when it is in charging state. During discharging state of 

the flywheel, the DGen goes into standby mode. The involvement of the DGen for 

supplying power to meet the load is more when operating without the flywheel since 

the flywheel is available at all times so can avoid any imbalance between supply and 

demand.  In case of load model ND-July-WD, the DGen is operating more at 50% 

loading condition, the % loading on the DGen increases during morning and evening 

times.  Similar results are obtained in case load model MB-July-WD since both load 

profiles represent consumption trend of typical work day (weekday). On the other 

hand, load mode KT-June-WND represents the consumption trend on a weekend 

which is different. In this case the DGen, when operating without the flywheel, 

operates more at 25% of load conditions compared to when it operates at other loading 

conditions which is due to the peak demand on weekend occurred later in the day and 

which were being supplied more by the PV system. The DGen, when operating with 

the flywheel, operates only at no load or 100% loading conditions. Since the flywheel 

system proposed in this study is for energy management applications in a microgrid, 

the DGen is used to charge the flywheel, the flywheel discharges its energy back into 

the system by allowing DGen to be unloaded for more time. Since the rating of the 

proposed flywheel system is 100kW (C20 type), it takes less time to charge and spends 

more time in discharging state during the low demand period which reduces the fuel 

consumption of the DGen. The DGen still consumes fuel at no load condition to 

overcome friction losses and supply power to its other auxiliary mechanical parts. The 

comparison of fuel consumption of the DGen at different load conditions and when 

operating with and without flywheel is presented in Figure 5.37. 
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Figure 5-37 Diesel Fuel Consumption Comparison with and without Flywheel Operation  

The diesel fuel consumption of DGen at 75% loading capacity is less in case of load 

model ND-July-WD when operating with flywheel, the PV power curve for ND-July-

WD represented less fluctuations which caused to operate less at loading compared 

to no loading conditions, the PV system was more involved to supply the load 

demand which caused flywheel to go on standby mode as well. In case of MB-July-

WD the fuel consumption at 75% is more compared to the fuel consumption at 100%, 

the PV power curve in this case was not consistent and represented very low power 

except at few occasions, since the DGen was operating at 75%, less power was sent to 

the flywheel for charging purpose, which took more time to complete its charging 

cycle of the flywheel compared to when the DGen was operating at 100%. Without 

integration of the flywheel, the DGen remains partially loaded during its entire 

operation for all three load profiles which leads to the poor performance of the DGen, 

increased fuel cost and CO2 emissions. Therefore, adding energy storage along with 

RES in islanded system is the best solution to save cost and the environment, provided 

that the ESS is itself environmentally friendly such as the flywheel. The percentage 

loading of the DGen is categorized in different load levels in order to calculate the 

consumption according the manufacturer specifications.  
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The involvement of the flywheel in the microgrid operating together with DGen and 

PV has greatly reduced diesel consumption. Table 5.2 shows the fuel cost analysis with 

and without the flywheel operation. The current unit price1 of diesel fuel in India is 

considered for cost calculation. 

Table 5-2 Fuel cost comparison of DGen with and without flywheel  

Operation Scenario 
DGen Fuel Cost (£) over 24hrs 

Model ND-July-WD Model MB-July-WD Model KT-June-WND 

1  271.72 303.03 290.50 

2 
At 100% 183.91 208.02 223.22 

At 75% 163.82 254.83 257.83 

Fuel saving (%) 32.6 31.2 24.1 

Daily saving (£) 80 86 61.22 

Annual saving (£) 24090 26008 18434 
1Diesel fuel price in GBP = 0.91 

The cost analysis presented above is based on the operation of DGen as per the load 

demand and solar irradiance curves presented. The daily savings on diesel fuel is for 

the day when the flywheel and DGen were operating by responding variations in the 

solar PV output. However, over the course of 365 days, solar irradiance would not be 

of the same pattern, therefore, the error of 25% is introduced in the annual savings in 

order to incorporate changes in solar irradiance over 365 day. The impact of the 

flywheel in scenario 2 has been important as can be seen from analysis presented in 

Table 5.2. In operation scenario 1 the DGen is 50% loaded most of the time during 

operation which leads to less efficient operation of the DGen and extra fuel cost. In 

operation scenario 2 it can be seen that the flywheel has hugely reduced the 

involvement of the DGen in the system has led DGen to be nearly 100% loaded in all 

three load models. Table 5.2 summarises the impact of the flywheel in reducing cost 

and fuel consumption. 

It can be seen from the analysis presented in Table 5.2, in the case of load model ND-

July-WD, the impact of the  flywheel is significant compared to the other 2 load 

models. It is due to the availability of PV power and pattern of solar irradiance and 
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the consumption pattern. The irradiance model associated with load model ND-July-

WD represents a less cloudy day therefore the PV output power is sufficient to meet 

the load demand alone at most of the time in case of operation scenario 1. Whereas in 

case of load model MB-July-WD and KT-June-WND the solar irradiance represents 

high fluctuations as mentioned before, which affects the PV output power therefore 

the contribution of DGen in case of load model MB-July-WD and KT-June-WND was 

more compared to load model ND-July-WD and the DGen was frequently used due 

to nature of the demand. 

Table 5.3 represents the analysis of CO2 emitted by DGen with and without the 

flywheel energy storage. The calculation of CO2 emission depends on the type of the 

fuel and amount of its consumption by DGen. The diesel fuel emits 2.7 kg of CO2 per 

litre. Different type of the fuels has different carbon contents however, an average 

carbon content in diesel fuel can be considered in order to estimate the CO2 [325]. 

Table 5-3 CO2 emission of DGen with and without FESS 

Operation Scenario 
DGen Carbon Emission Analysis 

Model ND-July-WD Model MB-July-WD Model KT-June-WND 

With flywheel (kg) 545.67 617.22 661.5 

Without flywheel (kg) 806.22 900.99 861.3 

 Reduction (%) 33 32 24.7 

The results of analysis show that the flywheel has a huge impact on amount carbon 

emission of DGen. The carbon emissions depend upon the operating hours of the 

DGen, interestingly the flywheel can reduce approximately 94,900 kg/year of carbon 

emissions in the case of load model ND-July-WD, which is a significant reduction. It can 

be seen that the operation of FESS and DGen is linked with the power output available 

from the PV system. Therefore, the FESS can prove to be a viable solution developing 

countries where there is great potential of renewable sources (PV and Wind) such as 

Pakistan, India, Nigeria etc.  

The introduction of FESS as a backup storage system not only provides carbon and 

fuel savings but also increases the efficiency and lifetime of the diesel engine. It adds 
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stability to the system and it can withstand with sudden and unpredictable changes 

in load demand by its fast response. Moreover, by reducing the operating time of the 

DGen, greenhouse gases are reduced due to reduced CO2 emissions. The life 

expectancy of the diesel generator depends on the number of hours it runs every year. 

However, the life of a diesel generator also depends on many other factors such as its 

sizing and maintenance practices [326]. For a typical generator set running under 

normal conditions the life expectancy is 20 years with operating time of 50 – 100 hours 

per year [327]. The research has been carried out to improve diesel engine 

performance and its combustion characteristics by using biodiesel with carbon 

nanomaterials. Gad et al. in [328], have proposed a biodiesel blend fuel for diesel 

engine which is mixture of diesel oil and waste cooking oil, the fuel can reduce carbon 

emission by 27% along with improvements in engine performance. However, the 

process of making biodiesel increases the cost of the fuel and carbon emissions are not 

reduced as much as compared to adding FESS. In [329], a multi-walled carbon 

nanotube has been proposed to further reduce carbon emissions due to biodiesel, the 

results presented in the researchers claim to achieve significant reduction in carbon 

emissions, however, introduction of nanotubes further increases the complexity of the 

system and added cost.  Despite all this, the DGen is not termed as a clean source of 

energy. Further techniques for reduction of carbon emissions of diesel fuel are also 

discussed in [330] [331]. 
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5.5 Chapter Summary 

Frequent variations in solar irradiance due to cloud passing make it difficult for PV 

systems to meet the load demand alone in islanded mode operation, therefore a DGen 

must be used as a back-up power source to share the load demand with the PV system. 

Also, during the night time, power is still required and the PV system cannot meet 

this. More importantly, if reliable power is to be provided, even if the PV system can 

provide all the power demanded by the load, the DGen must always be available on 

standby should a cloud pass and unexpectedly reduce the PV output. During some 

instances during the day the PV system generates more power than the demand which 

leads to imbalance between demand and supply, dissipating the excess power in 

dump load can keep the system stable but is not an efficient solution. Therefore, 

storing the excess power in a storage device is a is a more sustainable option. 

This chapter explained the model of a PV hybrid microgrid system involving the 

addition of a flywheel storage system as well as the diesel generator to reliably meet 

the residential load demand of 100 dwellings assumed to be situated in a remote area 

which is not connected to the grid. The load model and DGen were connected to an 

AC bus and PV system and the flywheel connected to an DC bus. The dynamic 

residential load model was developed from high (minute-minute) resolution CREST 

demand model. The CREST model generated an electricity demand model for 

residential consumers of UK and India. Different load profiles were generated for 

large cities of India, Kolkata, Delhi and Mumbai. The load models were analysed and 

simulated under 2 strategies namely operation scenario 1 and operation scenario 2. In 

operation scenario 1, the load demand was supplied by PV system and the DGen 

whereas operation scenario 2 involved combination of all three sources. The 

individual models of the flywheel, PV system and the DGen modelled in 

MATLAB/Simulink environment was briefly discussed a and their combination as 

PVHMS was presented. 
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The dynamic performance and coordination between system components was 

analysed when supplying power to the load and results were presented. The 

compliance of the system with variations in load and fluctuations in solar irradiance 

was verified with help of output plots including power, currents, voltage, of DGen 

and the PV system, stator currents of SCIM-FESS, state of charge and power of curves 

of the flywheel and the DC-link voltage during transient and steady state conditions. 

The stable performance of proposed PVHMS generally depends on the contribution 

of PV system and consumption electricity duty cycle (load model).  It has been shown 

that at some instances, the PV system alone or FESS alone with a PV system can fully 

provide the power to the load, allowing the DGen to be turned off. However, for the 

case of not having the FESS in the system, the DGen must be left on idle just in case 

the PV output reduces due to a cloud pass. This is due to the start-up time of several 

seconds needed for a turned off DGen to become active.  In some periods, the DGen 

and FESS were seen fully engaged most of the time to supply power to the load due 

to highly fluctuating model of solar irradiance. The impact of the flywheel energy 

storage has been remarkable, it has been shown in all three load models the flywheel 

was engaged in supply backup power to the system without going into standby mode 

and making continuous charge-discharge cycles. The flywheel has significantly 

reduced the operating timings of DGen at load and has reduced loading of the DGen 

by 55% in case of load model ND-July-WD and 34% and 48% in case of load model 

MB-July-WD and KT-June-WND respectively.  

 Considering both case studies (with and without FESS) of which results and analysis 

was presented the maximum savings as a result of reduction in diesel fuel was 

calculated to be £24090 for load model ND-July-WD,  £26008 per annum for load 

model MB-July-WD and £18434 per annum for load model KT-June-WND. Flywheel 

energy storage in the stand-alone islanded system provides back-up storage, fuel 

savings and reduced greenhouse gasses. The performance of DGen is less efficient at 

partial loads which happens when PV system and DGen share the load demand. FESS 
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avoids the frequent variations in diesel generator output which leads to maximum 

loading of diesel generator.  

For PV residential applications, electrochemical batteries are an obvious choice for 

energy storage system, however, flywheel technology has not been widely tested and 

considered for this application. When it comes to numerous charge-discharge per day 

and lifetime, flywheels can be the viable option for energy storage despite batteries 

being mass-produced and cost effective compared to flywheels. The performance of 

batteries is temperature sensitive and can occupy more space for similar ratings 

compared to flywheels. Additionally, there is growing concern regarding disposing 

of used chemical batteries especially in less developed countries where there are very 

less battery recycling plants. During the course of 24 hours, it was seen that the 

flywheel was performing an average of 70 cycles.  If same ratio of cycles is assumed 

for each day of the year, the flywheel would reach approximately make 70 x 365 = 

25,550 cycles per year. The flywheel will come on and off multiple times which ideally 

suits the nature of operation of flywheels without affecting their lifetime. If 

operational duty is applied to batteries, this would reduce the amount of cycling . 

However, this will reduce their lifetime and degrade their performance while also 

considering high temperatures and maintenance. Hence, flywheels can be an 

alternative to batteries for applications requiring high charge-discharge cycles and 

longer life span regardless of weather conditions. Considering annual savings 

calculated in this chapter and impact of flywheels in providing backup storage, 

reducing carbon emissions and operating hours of DGen in standalone PV system the 

payback time can be quicker than expected apart from introduction of green 

technology with life span of 20 years. 
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Chapter 6 

Conclusions 

In this thesis, flywheel energy storage device with an induction type electrical 

machine was presented as a potential alternative to battery energy storage technology 

for microgrid application. A detailed literature review was conducted on different 

energy storage technologies giving comparisons from different technical aspects 

relevant to the application. In addition, a brief review on microgrids and their analysis 

was presented. In the main, it was found that the majority of research in the public 

domain had focussed on applications of battery energy storage technologies in 

microgrid applications. A detailed review of flywheel energy storage system was 

presented along with its components and applications. The structure of a flywheel 

energy storage system (FESS) was defined with explanation of its main components 

given. These included the flywheel rotor, power electronics, electric machines, types 

of electric machines and bearing systems. Applications of flywheel energy storage 

were described for power quality enhancement, transportation, renewable energy 

systems, uninterruptible power supply and energy storage systems. Also, a 

description of some commercially available flywheels along with their characteristics 

was presented. The demand for FESS is increasing noticeably given its unique 

attributes of very high cycles, instant response, ease of recycling and high calendar 

life. Though the cost of Li-ion batteries is reducing continuously, flywheel technology 

still remains competitive to battery technology for certain microgrid applications. 

In this research work, a small-scale flywheel energy storage system was presented for 

use in an isolated and weak microgrid. This was accomplished by modelling a 

microgrid system comprising of a solar photovoltaic (PV system), a backup diesel 

generator (DGen) and a FESS supplying the varying residential load of small town, 

assumed to be located remotely where extension of existing grid infrastructure was 

not a feasible option. The electricity demand of the residential load was met without 
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interruption by the combination of the DGen, PV system and FESS for different 

operational scenarios and control system strategies. The purpose of FESS was to keep 

operating time of DGen to the minimum possible, in particular to avoid idling and 

part load operation. The benefit of this is to reduce DGen fuel consumption, carbon 

emissions and increase the reliability of the system in comparison to a system 

operating without the FESS. Considering the large number of charge-discharge cycles 

needed, the application of battery energy storage in the system would lead to high 

cycle degradation unless it had a much larger capacity so could be operated in a 

different way. In addition, many microgrids are in countries with high temperature 

and this can cause additional degradation. It is therefore believed that the flywheel 

can off an alternative to battery technology as the energy storage device in microgrids. 

6.1 Summary of the thesis 

Increases in global temperatures due to greenhouse gas emissions from energy 

generation and other activities have led scientists and researchers around the world 

to find sustainable solutions which could help the world become less dependent on 

depleting fossil fuel resources. Global warming has left many destructive signs such 

as fire storms in Turkey, massive floods in Germany, China and India in June-2021 

plus record temperatures in California, Pakistan and across the Europe.  

Unpredictable and heavy rainy spells across the world indicate a worsening scenario 

for the future. The increase in the population is also the major contributor to increased 

energy demand in transport and the power sector. Much of this increased electricity 

demand must be met by renewables and the demand for renewables in microgrids 

together with distributed generation has resulted in their massive penetration into the 

microgrids. However, intermittent power generation by renewable energy sources 

creates uncontrollable imbalance between load demand and electricity production 

which can cause deviations in frequency within a microgrid. This poses a challenge to 

stability of the power system; therefore, it has been vital to have energy storage 

technologies installed in a microgrid in order for it to operate stably and avoid 
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overload scenarios. The duty of the energy storage system depends on its type and 

duration of storage.  For residential load applications at the distribution level, the 

energy storage device typically provides energy for longer duration than is required 

in keeping with the trend of using battery technology for these applications. This has 

generally hindered the advancement of other energy storage technology such as 

flywheels which operate in a very different way due to their characteristics. Major 

findings as to whether flywheel can be used as an alternative to electrochemical 

batteries for residential load applications were presented as follows: 

Chapter 1: This chapter provided an overview of energy demand and consumption 

trend across the world together with the global efforts to tackle global warming. The 

need of energy systems was broadly explained by addressing their benefits such as 

their impact on stability and power quality improvements, providing support to 

renewable sources and distributed generation, balance of supply and demand. 

Additionally, a comparison was made between the characteristics of Li-ion and 

flywheel technology for microgrid applications. Also, a brief discussion was presented 

to stress on importance of microgrids and distributed generation in today’s power 

systems. 

Chapter 2 provided an overview on characteristics of flywheel energy storage system, 

a detailed literature review covering the status of global energy storage capacity and 

importance of energy storage systems given increasing penetration of renewable 

sources in microgrids.  Integration of energy storage system in microgrids is a 

promising approach to increase penetration of renewable energy sources at 

distribution level, it was found that the development of microgrid was quicker than 

expansion of conventional electric network. However, microgrids require a robust 

control system for energy management system when operating in grid connected or 

islanded mode. From literature review of energy storage technologies, it was found 

that supercapacitors and superconducting magnetic energy storage have high capital 

cost ($/kWh) but they have highest maximum efficiency. Pumped hydro being mature 
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technology is widely implemented in the world, however, its construction is subjected 

to suitable geographical sites, similarly compressed air storage system provides high 

MWhs of energy at low cost but it is suitable to accessible sites requiring long 

transmission lines distance.  The battery energy storage system was found to be the 

strong competitor of flywheel energy storage system in power applications. Amongst 

all types of batteries, Li-ion battery technology has high efficiency and the highest 

energy density. However, the lifetime of the Li-Ion batteries is temperature dependent 

and they degrade faster at higher temperatures. The flywheel provides fast response, 

calendar life of more than 20 years, high charge and discharge cycles and high round 

trip efficiency. However, the drawback of flywheels is their high self-discharge rate 

and  safety issues when containment cannot withstand rotor failures. A detailed 

literature review on application of flywheels in different areas, according to the 

literature survey the flywheel is mainly used for UPS and power quality applications 

where high power for short duration of time is required. Also, flywheels are used in 

space satellites for altitude control, in military vehicles for providing high pulsed 

power and in transport vehicles for energy recovery systems. List of leading flywheel 

manufacturers and their flywheel products along with their characteristics was also 

given. 

In Chapter 3, a detailed mathematical model of the induction machine-based flywheel 

energy storage system was described with help of its circuit diagrams and equations. 

The converter used in flywheel model was a back to back AC-DC-AC  bidirectional 

converter that allowed power flow from microgrid to flywheel and vice versa with the 

help of its associated control system. The control systems for machine side converter 

and grid side converter used in flywheel model were discussed and analysed with 

help of diagrams and their related mathematical expressions together with voltage 

and torque controllers. Based on mathematical expressions, the flywheel model was 

implemented in MATLAB/Simulink and presented in the chapter with diagrams. The 

model of flywheel was validated and tested for charge-discharge cycles in 
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MATLAB/Simulink environment. The results showed that the flywheel model was 

responded as expected to different torque commands and providing quick response 

in milli seconds.  At the end of the chapter, the modelling of electrical and mechanical 

losses of flywheel energy storage system was presented with the help of mathematical 

expressions and graphs. The analysis of loss model showed that for the maximum 

rated speed of 20 krpm, the bearing friction loss is approximated as 110 W and the 

windage loss at the atmosphere pressure level is about 90 W, giving a total of 200 W 

for combined windage and bearing losses. However, the system losses need to be kept 

at a minimum and particularly the standby losses, which is directly affected by the 

aerodynamic and bearing losses. For the core loss of induction machine, it was seen 

that the stator core losses increased exponentially with increase in speed and magnetic 

flux density. The stator specific core losses were not significant for values of magnetic 

flux density up to 1 Tesla and 3krpm speed. However, the specific core losses in stator 

of the IM increase significantly above 3krpm and even at 0.648 Tesla, the power losses 

due to hysteresis and eddy currents in stator core of IM operating at 20krpm is 16.48 

W/kg. Rotor specific core losses of IM also increased exponentially with increase in 

maximum magnetic flux density. However, even at a high speed of 20krpm, the rotor 

specific core losses were 2W/kg which is not significant. 

Chapter 4 provided an overview of modelling of microgrids and the related research 

work on different energy storage systems considered for microgrid applications. This 

included an overview of modelling of microgrids and related research work on 

different energy storage system considered for microgrid applications.  

MATLAB/Simulink modelling of PV hybrid microgrid system for residential 

applications was discussed. The mathematical modelling of microgrid components 

used in proposed hybrid system was also presented along with their circuit diagrams 

and equations. The scholastic modelling for residential load models was discussed by 

using CREST model developed by University of Loughborough. The modelling of 

residential loads was based on occupancy and activities of the residents over the 
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weekends and weekdays with minute resolution. The electricity consumption trend 

of occupants was selected over 24 hours of time. The residential load models were 

selected for different cities of India, the load was assumed to be of a small remotely 

located village. In order to validate the model, Simulink models of flywheel, diesel 

generator and PV system were separately run in Simulink and their results were 

presented and discussed. The model of diesel generator and the PV system was tested 

under different load and solar irradiance conditions respectively. The results showed 

that the hybrid PV model was compliant with different switching events of energy 

sources in the microgrid.  

Results and analysis of developed PV hybrid microgrid system were presented in 

Chapter 5. The operation of the hybrid system was analysed for on two different 

operation scenarios to nearly match with real life conditions such as PV hybrid system 

with and without the flywheel energy storage system. The dynamic behaviour of the 

model and its response to load demand and communication between energy sources 

were analysed with the help of technical characteristics of the system such as power 

curves of PV system, the flywheel and diesel generator, their voltage and current 

waveforms and DC link voltage. The simulation of FESS based hybrid system was 

performed using 24 hours of data which is rarely found in the literature. The results 

were presented for the different operation scenarios showed that the flywheel greatly 

reduced fuel consumption of diesel generator thus carbon emissions. The maximum 

savings on fuel achieved was £24090 per annum along with 38% reduction in CO2 

emissions. However, if the number of flywheels were increased in the system, then 

more cost savings would likely be achieved over the same time span. Moreover, the 

performance of DGen is less efficient at partial loads which happens when a PV 

system and DGen share the load demand. The flywheel avoids the frequent variations 

in diesel generator output which allows maximum loading of diesel generator. Apart 

from cost savings, the use of flywheel in the hybrid system increases efficiency of 

diesel engine. The operation of the hybrid system was analysed at different loading 
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conditions of the DGen, it was seen that by operating DGen at 75% of loading capacity 

its switching time was greatly reduced. The integration of flywheel improved stability 

of the system, it was seen in the results that with its fast response the flywheel 

provided energy support to PV system with response to sudden power changes of PV 

system. 

6.1 Contributions of the research 

The use of flywheels in a standalone system integrated with renewable sources is 

limited and it has not been widely addressed in previous research. When it comes to 

numerous charge-discharge per day and lifetime, flywheels can be the viable option 

for energy storage despite batteries being mass-produced and cost effective compared 

to flywheels. This research work presented has contributed by demonstrating the 

effective use of FESS for stand-alone PV residential applications. The main 

contributions of the research work are presented as follows:  

• Development of the flywheel energy storage system and its associated control 

system incorporating an induction machine and power electronics interface. 

• Modelling of a high inertia flywheel storage system providing energy for 

longer duration of time to residential loads. 

• Development of a model of a PV hybrid microgrid system with backup diesel 

generator and flywheel as an energy storage device providing power to 

residential loads for 24 hours. 

• Performance of analytical calculations on fuel cost savings and carbon 

emissions due to integration of flywheel energy storage and its impact on 

efficiency of diesel generator. 

• Performance of simulations of the flywheel based microgrid for 24 hours of 

operation under various load demand conditions and, in particular, effects of 

cloud passing which affects PV output. 

• Analysis of mechanical and electrical losses for the flywheel energy storage 

system. 
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6.2 Future Research 

Currently, flywheel products marketed by manufacturers are targeted for power 

quality applications, however,  flywheels being environmentally friendly and having 

high cycle life alternative to battery can be used in other areas such grid stability, 

hybrid distributed energy generators and peak shaving. Higher energy density and 

lower cost are the desired factors for success of flywheels which can be achieved by 

development of low-cost designs. Higher capital cost and safety issues have been 

major challenges for emergence of the flywheel energy storage applications in 

microgrids so chemical batteries with low cost due to mass manufacture have been an 

obvious choice for such applications. The cost of the flywheel depends mainly on 

flywheel rotor since this part is not only quite expensive, it dominates the cost of the 

containment means. In addition, bearings, electric machines along with associated 

power electronics converters can also be expensive. The use of carbon composite 

rotors has made cost of the flywheel five times more than the steel rotor flywheels. 

However, the use of laminated steel rotor flywheel can further reduce the cost and 

safety matters.  Additionally, based on strength per unit cost ratio (MPa/$), steel rotors 

have 1400 MPa/$ whereas for carbon composite it is 200 MPa/$ which is a significant 

cost advantage when steel rotors are used [332]. Steel materials are easily recyclable 

compared to batteries and the recycling will not be needed for longer period of time 

as calendar life of the flywheel is more than 20 years. 

Standby losses are often considered as a major challenge for flywheel technology 

losses in bearings and electric machines. However, better quality of mechanical or 

fluid  bearings are  suitable for FESS of 20 – 40 krpm, at higher speeds the mechanical 

and fluid bearings are less suitable and superconducting and electromagnetic 

bearings can be used. 

This research addressed the application of flywheel in stand-alone PV system for 

residential applications, the results and analysis on impact of flywheel energy storage 

on improving system stability, reducing generator fuel consumption and carbon 
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emission was presented. The savings on fuel cost of the diesel generator due to 

flywheel energy storage presents the one aspect of an impact of flywheel on cost 

savings, however, the levelised cost of the flywheel is needed in order to calculate 

payback period of capital cost of the flywheel system. 

Further to the work presented in this thesis individual assessment of flywheel and 

battery storage for isolated grids using PV and diesel generator is recommended. 

Application of batteries for isolated grid applications have been widely reviewed in 

the literature, however, for the same application a like-for-like comparison for of 

storage systems can be an area of attention. Considering the multiple charge-discharge 

cycles in a day the analysis of battery technology for the same application will provide 

significantly clear picture about degradation of battery’s performances over the period 

of time when compared to flywheels. 

In this work the analysis of the flywheel performance was done by considering the 

peak demand and load fluctuations. The load demand challenged the operation of the 

flywheel for number of cycles and depth of discharge as flywheel was undergoing 

complete charge-discharge cycles which could not be feasible if battery was used on 

place of the flywheel. However, the battery storage could have been the feasible option 

compared to the flywheel if it was used for the loads which were reasonably 

fluctuating during off-peak demand. Additionally, research on combined operation 

of battery and flywheel in standalone PV system is recommended as this can improve 

efficiency of not only PV system but also the battery storage, the research can also help 

to reduce the environmental impact and cost reduction.    

The control system for DGen can be modified to operate it between 50% and 100% of 

its loading or energy ratings of the flywheel can be increased to get better assessment 

of fuel savings. The FESS model presented in this research can be improved by 

modelling its cooling systems, mechanical system (bearings) and life cycle can be 

assessed for better comparison to batteries.  
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The research could have been more improved and more results could have been 

produced, however, there were many challenges which affected the progress of the 

research such as compatibility of the software package to process large data. Initially, 

low resolution model was built which produced results in minutes resolution this was 

due to memory issues with MATLAB and the time taken by MATLAB to process 24hrs 

data. For each case of load demand MATLAB/Simulink took 3 days to finish the 

simulation and produce one output parameter (i.e. power curve of the flywheel). In 

order to overcome this issue, each load profile was analysed for 30 minutes, after the 

deep dive review, the 30 minutes results were not enough to get better assessment of 

flywheel performance and fuel consumption of DGen. The author of this thesis 

discovered a way to run the simulation for 24hrs, this happened at the time when 

deadline was very near, however, this was a major accomplishment and a 

breakthrough in the research, the author calls it a novel work due to the fact that 

literature review couldn’t show any research on flywheel based on its 24hrs operation 

in microgrid. If issue with compatibility of the software packages are resolved, the 

performance of the flywheel can be analysed for several years which can give a better 

assessment of life cycle, losses, cost and fuel cost savings.  Also, the development and 

testing of a physical system were initially a part of research objectives, efforts were 

also made to purchase a flywheel from dynamic boosting systems (DBS), 

unfortunately the flywheel rotor could not be delivered by the company due to 

COVID situation and testing couldn’t be possible due to lab closures at university. 

Therefore, building and testing a physical system of FESS is recommended for future 

research work. 
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Appendix A 

Reference Frame Transformation 
Conversion of abc variables of three phase AC quantities into dq-axes constant 

quantities is referred as  transformation. The dq variables are orthogonal to each other, 

the direction of d-axis (direct axis) component is chosen as direction of magnetic flux 

in an AC machine and the flux vector is normally aligned with d-axis. The q-axis 

variable is always at 90o ahead of d-axis and the torque producing vector component 

is aligned with q-axis. There are two types of reference frames depending on state of 

dq-axes whether they are stationary or rotating. In stationary reference frame the dq-

axes components do not rotate and in rotating reference frame the dq-axes components 

rotate at an angular speed of 𝜔. The Clark’s transformation and Park’s transformation 

are the mathematical tools used for transformation of three phase abc quantities to 

stationary and rotating reference frame respectively. The Clark’s and Park’s 

transformation are described in below sections. 

A.1 Clark’s Transformation 

The Clark’s transformation calculates three phase quantities abc into two phases 

orthogonal αβ quantities, the αβ quantities are transformed in stationary coordinate 

system. For three phase currents of an AC machine the Clark’s transformation is 

performed by following equations 

                                           𝑖𝛼 =
2

3
∙ 𝑖𝑎 −

1

3
(𝑖𝑏 − 𝑖𝑐)                                                         (A.1) 

                                             𝑖𝛽 =
2

√3
(𝑖𝑏 − 𝑖𝑐)                                                                 (A.2) 

                                          𝑖0 =
2

3
(𝑖𝑎 + 𝑖𝑏 + 𝑖𝑐)                                                              (A.3) 

Where, 𝑖𝛼 and 𝑖𝛽 are orthogonal components in stationary reference frame and 𝑖0 is 

homopolar component and it is zero for balanced three phase system. In order to 

transform orthogonal αβ quantities back to three phase abc variables then inverse 
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Clark’s transformation is applied, mathematical expressions for inverse 

transformation are given by following equations. 

                                             𝑖𝑎 = 𝑖𝛼                                                                                 (A.4) 
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                                         𝑖𝑐 = −
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A.2 Park’s Transformation 

The park’s transformation is used to transform two axis αβ quantities from stationary 

reference frame to dq rotating reference frame. The mathematical expressions are 

given as follows: 

                                           [
𝑖𝑑
𝑖𝑞
] = [

𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃
−𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃

] [
𝑖𝛼
𝑖𝛽
]                                                (A.7) 

The inverse Park transformation is given by Equation A.8 

                                           [
𝑖𝛼
𝑖𝛽
]  = [

𝑐𝑜𝑠 𝜃 − 𝑠𝑖𝑛 𝜃
𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃

] [
𝑖𝑑
𝑖𝑞
]                                               (A.8) 

Where 𝜃 = 𝜔𝑡 is an electrical angle. 

The three phase variable quantities can also be directly transformed to dq rotating 

reference frame by the following equations. 

                          [

𝑖𝑑
𝑖𝑞
𝑖0

] =
2

3
[

cos(𝜃) cos(𝜃 − 120°) cos(𝜃 + 120°)
sin(𝜃) sin(𝜃 − 120°) sin(𝜃 + 120°)
1/2 1/2 1/2

] [
𝑖𝑎
𝑖𝑏
𝑖𝑐

]                   (A.9) 

                            [
𝑖𝑎
𝑖𝑏
𝑖𝑐

] =
2

3
[

𝑐𝑜𝑠(𝜃) 𝑠𝑖𝑛 𝜃 1

𝑐𝑜𝑠(𝜃 − 120°) 𝑠𝑖𝑛(𝜃 − 120°) 1

𝑐𝑜𝑠(𝜃 + 120°) 𝑠𝑖𝑛(𝜃 + 120°) 1
] [

𝑖𝑑
𝑖𝑞
𝑖0

]                       (A.10) 
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Appendix B 

Manufacturer specifications of Generac diesel 

genset 
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Appendix C 1 

Load profiles for Delhi city over the period of 12 months 2 
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Appendix D 

Space Vector Pulse Width Modulation - SVPWM 
SVPWM is a technique used to in a final step of FOC to generate signals for inverter 

switches. SVPWM is driven from the concept of rotating magnetic field of IM. In 

SVPWM three phase voltage (Vabc) are represented as a space vector in space vector 

diagram, the voltage reference vector is modulated output voltage vectors of three 

phase inverter. For a two-level voltage source inverter (VSI), eight possible switching 

states represented by active and zero voltage vectors. The active vectors are the six 

modes of two-level inverter. The zero voltage vectors are obtained when all upper or 

all lower switches are closed on positive and negative DC rail respectively. A 

schematic diagram of SVPWM vectors is shown in Figure D.1.  

𝑉 2(110) 

𝑉 1(100) 

𝑉 6(101) 𝑉 5(001) 

𝑉 4(011) 

𝑉 3(010) 

d-axis

q-axis

𝑉 7(111) 

𝑉 0(000) 

 

Figure D.1 Eight space voltage vectors in space vector diagram. 

The six active voltage vectors V1(100), V2(110), V3(010), V4(011), V5(001), and V6(101) 

vectors make hexagonal star diagram with 60 degrees phase difference between 

adjacent vectors with magnitude of 2Vdc/3. The vectors V0(000) and V7(111) are called 

null vectors, they are plotted at the origin of the hexagonal structure and are either 



203 

 

 

positive or negative. The aim of SVPM is to generate a switching sequences 

corresponding to voltage vector during PWM to achieve rotating space vector. The 

output of SVPWM is mean vector which is equal to voltage vector (Vout) of any 

magnitude and at any position within the hexagon structure. The generation of 

voltage vector with any magnitude and direction is achieved by controlling the 

switching sequence and ON time duration of pulses between two nearest active and 

zero vectors. . The nearest active and zero vectors are stationary whereas the reference 

voltage vector (Vref)  is continuously rotating in within the hexagon at an angle (𝜃) and 

frequency (𝜔) . The 𝜔 is the desired output frequency of three phase two-level inverter 

and the amplitude of Vref is fundamental component of Vout. The eight switching states 

SVPWM for two-level inverter are shown in Table D.1 

Table D.1. Eight switching states of SVPWM 

State Turn-on 𝑉𝑎 𝑉𝑏 𝑉𝑐 Vector 

0 𝑆4𝑆5𝑆6 0 0 0 𝑉0̅(000) 

1 𝑆1𝑆5𝑆6 2𝑉𝑑𝑐/3 −𝑉𝑑𝑐/3 −𝑉𝑑𝑐/3 𝑉1̅(100) 

2 𝑆1𝑆2𝑆6 𝑉𝑑𝑐/3 𝑉𝑑𝑐/3 −2𝑉𝑑𝑐/3 𝑉2̅(110) 

3 𝑆4𝑆2𝑆6 −𝑉𝑑𝑐/3 2𝑉𝑑𝑐/3 −𝑉𝑑𝑐/3 𝑉3̅(010) 

4 𝑆4𝑆2𝑆3 −2𝑉𝑑𝑐/3 𝑉𝑑𝑐/3 𝑉𝑑𝑐/3 𝑉4̅(011) 

5 𝑆4𝑆5𝑆3 −𝑉𝑑𝑐/3 −𝑉𝑑𝑐/3 2𝑉𝑑𝑐/3 𝑉5̅(001) 

6 𝑆1𝑆5𝑆3 𝑉𝑑𝑐/3 −2𝑉𝑑𝑐/3 𝑉𝑑𝑐/3 𝑉6̅(101) 

7 𝑆1𝑆2𝑆3 0 0 0 𝑉7̅(111) 

The formation of Vref vector is assumed to be in the space vector diagram (hexagon), 

the hexagon is formed by six output voltage vectors of two-level three phase inverter. 

The alternative of the voltage vectors adjacent to reference vector, six active voltage 

vectors and a zero vector are used to generate the output voltage [279]. Figure D.2 

shows an example of Vref calculation, The output voltage is resolved into two 

components Va and Vb in direction of 𝑉 1(100) and 𝑉 2(110) respectively. 
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𝑉 2(110) 

𝑉 1(100) 

𝑉 6(101) 𝑉 5(001) 

𝑉 4(011) 

𝑉 3(010) 

d-axis

q-axis

𝑉 7(111) 

𝑉 0(000) 

𝜔 

𝑉 a  

𝑉 𝑏  

𝑉 𝑟𝑒𝑓  

 

Figure D.2 Formation of reference voltage in SVPWM  

Equations D.1 and D.2 represents the magnitude and time duration of 𝑉𝑎 and 𝑉𝑏 

                                                   {
𝑉𝑎 = 𝑉𝑟𝑒𝑓𝑐𝑜𝑠𝜔 − 

1

2
𝑉𝑏 

𝑉𝑏  = 𝑉𝑟𝑒𝑓
2

√3
𝑉𝑟𝑒𝑓𝑠𝑖𝑛𝜔 

                                                 (D.1) 

                                                   {
𝑇𝑎 =

𝑉𝑎

(2𝑉𝑑𝑐/3)
 ∙ 𝑇 

𝑇𝑏  =  
𝑉𝑏

(2𝑉𝑑𝑐/3)
 ∙ 𝑇

                                                           (D.2) 

Further, the switching time calculations of each sector are shown graphically in 

Figure D.3 [333]. 
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Figure D.3 Timing diagram of six sectors of SVPWM. 
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Appendix E  

Magnified Results  

E.1 Load Model ND-July-WD 

 

Operation of microgrid without Flywheel 
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Operation of Flywheel at 100% DGen capacity 
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Operation of Flywheel at 75% DGen capacity 
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Operation of Flywheel at 50% DGen capacity 
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Load Model MB-June-WD 

 

Operation of microgrid without Flywheel 
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Operation of Flywheel at 100% DGen capacity 
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Operation of Flywheel at 75% DGen capacity 
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Operation of Flywheel at 50% DGen capacity 
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Load Model KT-July-WND 

 

Operation of microgrid without Flywheel 
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Operation of Flywheel at 100% DGen capacity 
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Operation of Flywheel at 75% DGen capacity 
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Operation of Flywheel at 50% DGen capacity  
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Appendix F 

Electrical Properties of Rotor Material 
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