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Abstract

Efficient energy storage is one of the future aspect where research communities are
focussing their attention due to green and sustainable environment while minimizing the
pollution and factors affecting global warming potential. International Energy Agency
(IEA) has reported that major causes of pollutions are associated with the electricity
production using coal and oil products. Thus, almost all countries are willing to opt
renewable energy production using solar and wind power plants. The challenges associated
with such technologies is that their output power is intermittent and needs some secondary
or supportive power source that can handle the load efficiently at the time of uneven plant’s
output. The other issue that needs attention is power blackouts which can affect the daily
lives of many peoples and even the overall GDP of any country. This implies, for both the
situations energy storage systems will be the only possible and immediate solution. Among
various available energy storage systems, it has been found that Superconducting Magnetic
Energy Storage (SMES) systems have merits over the others as they can provide much
higher power densities and response time is also better than other bulk energy storage
systems like hydro and CAES.

Therefore, in this dissertation, the possible designs of SMES has been studied where the
previous development related to the SMES design has been classified nationally and
internationally. The high temperature superconducting tape has been identified on the basis
of available manufacturers and current carrying capacity. Tape chosen for the present study
has non-magnetic substrate material. Further, mechanical design of the 1 MJ of SMES at
77 K temperature has been studied thoroughly where all design parameters have been
identified along with the constraints and input parameters involved. Solenoidal
configuration of the magnet has been selected for the study where reference field of 3 Tesla
has been chosen for the design. Effect of operating currents or different load factors,
solenoid thickness and operating temperature on the magnet topology has been studied.

Effect of self-field on the critical current of the superconducting tape wounded as a coil
has been studied. 2D model has been developed where the stacked tapes along with the



number of turns has been modelled using COMSOL MultiPhysics software. For the
validation of the model, previous studies done by Grilli et al. has been reproduced. The gap
among the adjacent tapes has also been considered while modelling and its effect on the
critical current of the tape and the magnetic flux density has been studied. It has been found
that self-field can affect the critical current of the coil significantly and this aspect cannot

be ignored while designing the SMES system for large scale applications.

AC loss analysis for a 2D homogenous model has been studied for different operating
currents and number of turns around the pancake coil. Certain assumptions have been made
in order to reduce the complexities. H-formulation modelling has been used in order to
evaluate the AC losses. Mapped meshes has been incorporated in order to capture the AC
loss variations smoothly. For the validation of the model, previous studies done by
Zermeno et al. has been reproduced. It has been found that with the increase in the load
factor or operating current and number of turns around the pancake coil for a particular
tape at 77 K temperature, the average AC losses are found to increase exponentially.
Further, it has been found that with the increase in the substrate layer thickness, the AC

losses can be controlled however one has to sacrifice with the magnetic flux density.

Quench analysis on the tape has been performed however, in this study model has been
developed for the straight superconductor of length 10 cm. Effect of interfacial resistance
on the Normal Zone Propagation Velocity (NZPV) has been studied and it has been found
that with the increase in the resistance, the NZPV is increasing thus tape can be prevented
from the quench if the interfacial resistance among the stabilizer and superconducting layer

is kept more and this system can act as flux flow diverter.

At last overall conclusions from the present study has been presented along with the future

scope available with this study.
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Chapter-1

Introduction

This chapter aims to present a concise preface to energy and energy storage systems
and its significance into the modernization of the societies. The critical challenges
related to energy production from primary sources have been identified and it has
been found that coal along with oil products are widely employed in electrical energy
generation which again contribute to excessive CO: emissions. The solution of this
problem has been found in installing renewable and green energy generation plants.
The other challenges like power blackouts have been identified as other major
concern for the society and in this chapter, all possible situations of such blackouts
have been identified. Energy storage systems will be the only solution for such
outages and many of them has been compared on the basis of energy/power density,
response time, efficiency and disposal effects. It has been found that Superconducting
Magnetic Energy Storage is one of the finest technology that can handle all

aforementioned power grids problems.

Keywords: Energy storage, power grid, renewable energy, global warming, power

blackouts.



1.1.  Basic Introduction to Energy

Energy can neither be created nor be destroyed it only transforms from one state to
another however it can be stored in various forms. Energy is the basic need of the life
and it becomes essential commodity of modern world’s development. Energy can be
classified in many ways however, in broader sense it can be classified in major two
categories: primary and secondary forms of energy. Primary energy sources are those
which are in existence naturally like coal, biomass, crude oil, solar, tidal, wind,
geothermal, water springs, uranium, natural gas etc. On the other hand, secondary
energy sources are generally extracted from the primary sources using various energy
conversion technologies. Figure 1.1 shows the flow diagram that consists the

association among the primary and secondary energy sources.

Secondary sources of energy are directly consumed by the society as they are easily
available which includes diesel, gasoline, electricity, butanol, ethanol, hydrogen and
heat. Table 1.1 illustrate the secondary energy forms that are extracted from primary

energy sources along with the corresponding technology of conversion.

Besides energy conversion, energy consumption has been growing significantly over
the years due to the population growth. Conferring to International Energy Agency
(IEA), energy demand has been increased by 2.3% in 2018 which is the highest in last
decades [1]. India, China and United States are responsible for nearly 70% of energy
demand throughout the world. Demand of all type of fuels has been increased
worldwide and fossil fuels alone reached 70% growth for the second year since 2017.
Renewable energy supply resources like Solar has increased by 31% along with wind
energy generation which is grew at double-digit pace [1]. However, these growths are
not enough to match the world’s energy needs and due to this, usage of coal has been
increased by 0.3% globally and the developing countries like Asian continental are
contributing maximum into it. As a result, CO2 emissions has increased by 1.7% to 33
Gigatonnes which is the main contender in increasing global warming potential [1].
Figure 1.2 shows the CO» emissions by sector World statistics for year 1990-2017 and
it can be observed that CO; emissions are huge for electricity and heat production
followed by transport and industry which is has to be controlled in coming years in

order to avoid drastic climate change.
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Figure 1.1 Association among the primary and secondary energy sources

Table 1.1 Conversion from Primary energy sources

Primary Energy Conversion Process Secondary Energy Sources

Sources

Coal Thermal Power Plant Work, Heat, Electricity

Natural Uranium Nuclear Power Plant Work, Heat, Electricity

Crude Oil Oil Refinery Diesel, Gasoline

Wind Energy Wind Turbine Farm Work, Electricity

Tidal Energy Tidal Power Plant Work, Electricity

Solar Energy Photovoltaic Plant Heat, Electricity

Falling or Flowing Water ~ Hydro-power plant Work, Electricity

Solar Energy Solar Power Plant Work, Heat, Electricity

Geothermal Energy Geothermal Power Plant ~ Work, Heat, Electricity

Biomass Bio-refinery Work, Heat, Electricity,
biofuel

These emissions are produced due to the use of coal and oil (Figure 1.3) in energy
supply and developing Asian countries are contributing maximum in such emissions.
The various statistics for the year 1990-2017 has been reported by IEA [2] and
presented in Figure 1.2 to Figure 1.8. According to International Energy Agency
(IEA) World Energy Balances 2019 report, total primary energy supply by source
(1990-2017) in India is coal and oil products (Figure 1.4) both of which are
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responsible for the pollution and global warming thus climate change due to the CO2

emission.
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IEA reports that the CO2 emissions by energy source in India is due to coal and oil
usage and these are increasing further day-by-day (Figure 1.5). Also, it has been
reported by IEA that CO; emissions by sector in India is found to highest for
electricity and heat production followed by industry and transport sector as described
in Figure 1.6. Therefore, in order to avoid pollution challenges, there are two
solutions, either there is a need to increase renewable energy resources so that
electrical energy can be produced through such green innovative technologies such as
wind, solar etc. to avoid pollution or there is a need to implement electric vehicles for
the transportation which further adds to electrical energy consumption which

automatically lower the emissions.
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Figure 1.6 CO, emissions by sector, India 1990-2017
Energy consumption has reached to its all-time highest level and it is expected to
increase further with faster rates due to the digitalization and automation of daily use
products. Figure 1.7 illustrate the total energy consumption (1990-2017) by sector in
India and it can be observed that the most of the energy reserves are consumed by

industry and residential followed by transport. IEA has reported that the total energy



consumption (1990-2017) by source (Figure 1.8) is dominated by the oil products and

biofuels and waste followed by electricity and coal [2].
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Electricity endures to place itself as “future fuel” as it has potential to limit global
CO; emission reduction. The global electricity demand growing with a pace of 4% in
2018 [1] to more than 23000 TWh and the energy consumption through electricity is
expected to increase due to the inclusion of electrical vehicle into the transport sector.
This implies that constant energy input is required for such vehicles and which can

only be possible if energy storage systems work efficiently.

Also, charging stations are required to develop for the energy unit charging like oil
pumps in case of conventional gasoline or diesel vehicles. Thus, for charging
purposes the energy/power bank must have high energy/power density and fast

response properties in order to save dwell time while vehicle charging.

In order to avoid pollution and meeting energy demands, renewable energy resources
can be considered for electrical energy production. Pollution issues can also be
controlled by lowering the CO> emissions through limiting the usage of fossil fuels in
the transport sector using electrical vehicles for transportation. Presently, Indian
government is taking serious measures on this issue and already electrical motorbikes
and cars has been launched in Indian market under Zero Emission Vehicles (ZEVs)
program. However, energy production using renewable energy resources like wind
and solar strongly depends upon the weather conditions and the overall output from
such plants is intermittent. The other issue is with wind plants as such plants are
effective if they have been installed at the remote locations near coastal regions to get
better output thus it becomes clumsy to transmit or even distribute the power to the
other grids. Recently, superconducting wind turbine generator of capacity 3.6 MW
has been installed in Denmark and it has been reported that this superconducting
machine delivered same power as that of conventional wind turbine generators with
having half of the weight and volume [3]. The integration of wind power generation

with SMES has been studied by many researchers and can be found in [4].

The other issue is with solar power plants and output for such plants is significantly
depends upon the weather conditions thus in order to make up the power shortage,
SMES system can be used as they consist high power and energy densities and can be
used for micro-grid scale level. Highlighted region in Figure 1.9 shows the integration

of the renewable energy power sources with SMES in order to get smoother



operation. The possible major factors behind increase in the energy demand and
pollution have been identified and corresponding possible alternate has also been

suggested in Figure 1.9.
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Figure 1.9 Integration of intermittent power grid with SMES

1.2. Power Blackouts

The other serious problem faced by the world’s population is power blackouts. In this
digital economy world, blackouts can damage the GDP of any country to a greater
extent and leads to massive economic losses. They can appear due to the natural
climate disasters like tsunami, earthquake or un-natural reasons like power
interruptions due to power shortages at peak hours, voltage fluctuations, technical or
human errors. Out of which damage done by natural phenomenon cannot be
repairable easily and it need time and effort to resume lives of people to normalcy.
However, un-natural facts of blackouts can be avoidable as they occur for smaller
durations minutes to few hours. Figure 1.10 shows the number of blackouts
worldwide per year and average duration of each blackout for the year 2009.

It can be noticed that most number of blackouts were happened in South Asia region
and both India and China contributed the maximum in such blackouts [5]. Average
duration of blackout is found to near 2.5 hours and the ultimate solution for

controlling such happenings is to have an efficient, economical and environment



friendly energy storage backup that can be used in such situations thus economic

losses can be avoided.
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Figure 1.10 Worldwide Blackouts per year and average duration [5]

Figure 1.11 illustrate the possible reasons of power blackouts, where all catastrophic
events have been enlisted that can result to blackout. Table 1.2 illustrate the ten major
blackouts in terms of people affected and economic loss and it can be observe that the
more common among all is happen due to the technical faults, human errors, heavy
rains and power shortage problems causing overloading on the grid. In order to meet
the demand, energy capacities should be enhanced to a higher level where renewable
energy resources can be used as clean energy production however, one of the issue
with such technologies is that the renewable energy plants are located very far from
the demand centres and provide intermittent power output. Therefore, it becomes
economically problematic to connect those remote areas with the power grid thus it
would be beneficial if portable energy storage systems like SMES can be charged

over there and transferred the same stored energy to the other locations.

Industry needs continuous power supply whether load is more or less, thus separate
grids are always installed to meet their power requirements. Sometimes, due to power

shortages or maintenance issues, power of the household or domestic consumer has
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been deducted in order meet industry load requirement which is again leads to

blackout for the common people.
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Figure 1.11 Probable reasons of Power Blackouts

Table 1.2 Ten most severe blackouts concerning affected population and duration

Population Time of  Economic

Country Reason Affected Blackout Loss
New Zealand Due to technical failure of
20-02-1998 the grid 70,000 4 weeks

Due to lightning strike on
electricity sub-station in
Bauru causing tripping of
almost all 440kV circuits. 97,000,000 5 hours -
People faced heavy traffic
jam and trains were out of
running.
Due to human error,
maintenance ignorance and
equipment failures caused
USA & Canada an electricity outage for 4 USD 6
14-08-2003 days that influenced a larger 50,000,000 4 days billion
area of Midwest and
Northeast US and Ontario,
Canada.

Brazil
11-03-1999

Due to technical failure of
the system led Italian
28-09-2003 system separate from rest
part of Europe.

Italy

56,000,000 18 hours

Due to technical failure of
the electrical system led
18-08-2005 power cuts in Java, Bali and
Madura.

Indonesia
100,000,000 7 hours -
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Spain Due to overloading of 5

transmission line caused 2,000,000 blackouts -
29-11-2004 severe technical failure in 5 days
South West Due to human error lead to
Europe instabilities of frequency in )
P the grid and overloading of 15,000,000 2 hours
04-11-2006 the lines.
Due to natural event caused
by strong winds and heavy
Brazil rains lead to short circuit in 25 min t
10-11-2009 three main transformers and 87,000,000 7 ho rso -
shut down of 20 turbines of |
world’s 2" largest
hydroelectric dam.
Brazil . .
System’s technical failure
04-02-2011 of electronic components. 53,000,000 16 hours )
Failure of sub-station in
Uttar Pradesh leads to a
blackout of 12 hours where
India electric trains got affected
and resulted in longer USD 110
02-01-2001 traffic jams in Delhi. 226,000,000 12 hours million

Airlines also got affected
and reserve generators were
used to avoid interruptions
among the flights.

1.3.  Power supply as potential terrorism and military target

Power supply industry is the backbone for the military of any country in order to keep
normalcy in the society. In modern era, due to the digitalization, all military bases are
interconnected through wireless communication to have fast and accurate data or
information transfer. Use of surveillance cameras have been increased due to the
scarcity in the border regions which may be due to geographical locations or climate
change. Other most important area on which earth, marine or air force of any country
rely is the satellite communication systems like Global Positioning System (GPS),
Radar etc. and such systems need continuous power supply at any cost. Minor failure
of such systems can lead to an insecurity among the society and nations has to face

drastic consequences.

Due to these reasons, power systems have always been on the targets in case of war
and it is always desirable to protect such systems from terrorist attacks. In past many

situations have been reported where terrorist groups or at war time, nations have

12



damaged the power supply, affected dams, thermal power plants, high voltage

transmission line and substations. Some of them are briefed below:

e During 1952, U.S.- North Korean war, U.S. military has targeted many power
plants and dams to wipe out the 90% power generation.

e In 2005, in Georgia, terrorists have damaged the high voltage transmission
line.

e Since 9/11, many terrorist’s groups have threatened U.S. to destroy their dams
as a result U.S. has increased the security on some prone dams and some of
them has been closed due to safety measures.

e As from last two decades, due to the expansion in computer and internet
technology, it has been found that cyber-attacks increased where hackers have
tried to attack the power systems. In 2007, hackers hacked the Idaho National
Laboratory’s USD 1 m diesel-electric generator remotely and destroyed it.

e Other type of threats has also been appeared due to the technological
advancements. High altitude electromagnetic pulse (HEMP) and International
Electro Magnetic Interference (IEMI) attacks can lead to entire power supply
system failure as they can generate a voltage of 100s to 1000s V and have

potential to destroy all electronic chips.

Aforementioned attacks damaged the power supply systems to a large extent and no
country has any answer to such blackouts however, energy storage systems can help
in emergency situations. Therefore, efficient energy storage systems are always

desirable in such situations to ensure enough power backup.

1.4. Future transmission grid challenges

In order to achieve excellent energy management, usually conventional power grids
are going to be interconnected through artificial intelligence where grid will work
smartly in order have efficient production, transmission and distribution of power to
the load and excess power can be made available to the other synchronized grids.
However, such conventional grids have to be modernized globally and following are

the few challenges that may face by the communities.
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1.4.1. 1In other countries

German Energy Agency (Dena) [5] has published a study where agency has pointed
out the critical issues (Figure 1.12) that should be taken into account while planning
any future transmission grid that retorts to the sustainable energy/power supply and
future needs of the smart power grid and increased ratio of renewable energy

production.
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( Availability & Economic Efficiency )

( Innovative Transmission Technologies )
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( Voltage Support & Short-Circuit Power ) Power Storage
( Islanding & System Restoration ) ( Demand Side Management )

Figure 1.12 Future transmission grid challenges

The agency report concluded that for a reliable and healthy grid, Germany has to
invest in bulk to extend the coverage of transmission lines to about 3600 km of 380
kV lines by near 2020. Report has also commented on the status of European Union
grids that they have to invest about USD 23-28bn in coming five years. IEA has
reported that an investment of USD 13.6 trillion is required by 2030 in order meet the
demand of the modern world. Agency has also reported that 50% of total amount
needs to be invested in the electricity generation and other part of 50% should be

invested on transmission and distribution.

1.4.2. 1In Indian Context

Being an under-development country, India has still much to do in its power sector as
energy/power supply demand is more than it is required as plotted in Figure 1.13 and
Figure 1.14 [6]. It can be noticed that the demand is higher than the supply for both

energy and power supply.
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Figure 1.14 Power Supply Scenario (Load)

Government of India is still busy in electrifying the villages/houses of common
people and it further adds to develop new smart power grid infrastructure for
continuous power supply as all communication will be two-way. Another major
programs like smart cities, 100 metro cities, and one nation one grid, initiated by
government needs capital investment in installing new power plants based on green

energy concept in order to meet the power requirements in future.

One nation one grid is another vibrant step in meeting the power supply demands and
it will assist in maximum utilization of limited natural resources through transmission
of power at various transmitting voltages of 765kV, 400 kV, 220kV, 132kV AC and
+500kV DC, and 400kV AC transmission lines from Resource centric grids to Load
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centric grids thus need of energy storage systems will be increased to achieve
continuous power supply. Figure 1.15 shows the one nation one grid concept where
all five grids namely, north grid, northwest grid, east grid, west grid and south grid are

synchronized to each other in order to use excess energy available at one grid at the

other grid.
North Grid ﬁ Northeast Grid
[ East Grid
Synchronous Area
West Grid (New Grid)

{ South Grid

Figure 1.15 One Nation One Grid synchronization

1.5. Importance of energy storage systems

Continuous power supply becomes an essential element at present as almost every
device is interconnected through electronic gadgets including electrical appliances,
communication systems, data servers and many more. The primary source of energy
1s the power grid that distributes electricity from generation end to consumption end.
Modern electrical power generation, transmission and distribution industry has to
ensure continuous/uninterrupted power supply in order to achieve smart city concept
in India, to avoid power blackout losses and to meet the increased power demand.
Sometimes, there may be situations where power grid gets failed then there should be
a secondary power system is required that can take the instantaneous load to keep a
continuous power supply. Also, renewable power resources like solar, wind etc. are

intermittent and they can produce power only as per the favorable climate conditions,
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and thus interruptible at time without high density energy storage provisions. This
implies it cannot supply continuous power to the grid and thus secondary power
system is required to attain uninterruptible power supply. The work considered here
“Superconducting Magnetic Energy Storage (SMES) Systems” is a small step towards

achieving that technology in India.
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Figure 1.16 Various Storage System’s Power Rating

The available options are very straight forward “store enormous energy’ to be used
upon requirement without depleting it instantaneously or store it fast. This storage
‘the secondary power supply’ is currently based on battery technology where
electrical energy is converted and stored as chemical energy. Figure 1.16 shows the
various energy storage systems along with their power ratings. From the Figure 1.16,
it can be noticed that the battery storage systems are limited to low rate capability

(how fast you can store and extract power). So for higher storage capacities one has
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to choose between Pump hydro, (CAES) systems and super conducting magnetic
energy storage (SMES) systems. However, implementing CAES and pumped hydro
storage systems need large capital investment and require large area for installation.
Whereas, SMES systems are flexible as they can be transported from one place to
other and thus finds many applications like in charging of electrical vehicles, aircrafts,

ship propulsion, electromagnetic launchers, Maglev trains etc.

Air Force Research Laboratory (AFRL), USA [7] have reported (Figure 1.17) the
comparison between battery and SMES storage systems and they have concluded that
SMES has more storage capacity per kg than battery storage systems, and hence in the
present work, we consider a theoretical approach first “Computational Studies on
Superconducting Magnetic Energy Storage (SMES) Systems for Power Grid

Applications” to understand the right configuration to implement it for the practical

application.
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Figure 1.17 Storage Device Weight vs Power Storage [7]

Air Force Research Laboratory (AFRL), USA [7] (Figure 1.18) have done extensive
studies and concluded that the Yttrium Barium Copper oxide (YBCO)
superconducting tape can store energy in the range 10-200Wh/kg with specific
power of 1-200kW/kg which is found to be much higher than battery storage systems,
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Niobium-Titanium (Ni-Ti) based Low Temperature Superconductors and Bismuth

Strontium  Calcium Copper oxide (BSCCO) based High Temperature
Superconductors.
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Figure 1.18 Specific Power vs Specific Energy [7]
Table 1.3 Different Energy Storage Systems
Mechanical Electrical Electrochemical
CAES + Capacitors Flow Batteries
Fireless Locomotive + Superconducting Rechargeable Batteries
Flywheel Energy Storage Magnetic Energy Supercapacitors
Gravitational Potential Energy Storage (SMES) Ultra Batteries
Hydraulic Accumulator
Hydroelectric Energy Storage
Liquid Nitrogen
Pumped storage Hydroelectricity
Thermal Chemical Biological
Brick Storage Heater + Bio-fuels Glycogen
Cryogenic Liquid Air/Nitrogen * Hydrated Salts Starch
Eutectic System * Hydrogen
Ice Storage * Hydrogen Peroxide
Molten Salt + Power to Gas
Phase Change Materials + Vanadium Pentoxide
Seasonal Thermal Energy Storage
Solar Pond
Steam Accumulator
Thermal Energy Storage
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This implies it would be beneficial to use YBCO tapes (2" Generation) in the
construction of SMES systems as they possess excellent power handling capabilities

than Low and High (1% Generation) Temperature Superconductors.

1.5.1. Need of energy storage in other major disciplines

In future, this aspect of energy storage will decide the future of electrical vehicle
technology where only portable energy/power banks will be used for the charging of
the electric cars and other vehicles. Also, from Figure 1.4 by source, it can be noticed

that energy supply using hydro power plants is very less compared to coal and oil

products.
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Figure 1.19 Energy storage across the power sector

Hydro-electrical grids are generally connected with the domestic power grids where
power distribution to the public is done using step transformers and due to two-way
communication, the electricity production will be done as per the requirement only.
Sometimes, excess electrical power is distributed among the other grids synchronized
with the parent grid. However, there are some situations where production can be
increased to peak level during the rainy seasons and the excess energy can be stored

using power banks that can store energy without or minimal losses. Such power banks
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can be used in remote areas where transmission lines cannot install like military areas.
Also, such power banks can be installed for the electrical vehicle charging, MaglLev
trains where such systems can be embedded with high temperature superconducting
motors to achieve required traction force or can be used for electric aircraft take-off or
landing situations. Figure 1.19 represents the energy storage technologies and
applications at various levels of the power grid including generation, transmission,

distribution and consumers level.

1.5.2. Immediate Need of Technology

Power grid instability is a serious concern all over the world as it results in voltage
fluctuations, undesirable harmonics, momentary interruptions and voltage sags in the
power system. Such instances would result in the instability of the power grid and it
further adds to the drastic economic losses to any country of the world. In 2013, it has
been reported that USA has suffered with a drastic economic loss of USD 220 billion
due to power interruptions [8] as shown in Figure 1.20. Thus, high power quality and
density along with fast response time to minimize interruptions are the two desirable

characteristics required in the power grid stabilization.

I Industrial and Digital Business Losses
Il Power Quality Losses
I Business Losses due to Short Time Blackouts

Yo

Total Lossiyear
220 Eillion Dollars {USD

68

11%

21%
Power Interruption Losses

Figure 1.20 Power Interruption Losses in USA [8]
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The other demand of this technology is coming from aviation and commercial
transport sector as aviation sector is about to include electric aircrafts in the
commercial flights in order to lower the pollution rates, on the other hand, transport
sector is ready to deploy electric vehicles like buses, cars and motorbikes. These both
technologies required high power density and high quality energy storage systems that
can accomplish the targets of such industries. Figure 1.21 shows the all possible

applications of SMES near future.

Grid
Stability
Application

Electrical
Aircrafts

Ship
Propulsion

. SMES

Electrical
Vehicle
Charging

High Speed
Trains

Electro-
magnetic
Launchers

Figure 1.21 Possible applications of SMES in near future

There are numerous commercial storage systems such as mechanical, electro-
chemical, thermal, electrical and chemical that can be used to mitigate above
challenges. However, these energy storage systems have their own limitations related
to cost, storage capacity, power density and response time. Figure 1.22 shows the

technology maturity for grid storage applications and it can be noticed that SMES
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technology is still under demonstration phase and not being deployed yet thus needs

more research in order to lower the economic constraints.

SMES based technology has load leveling, dynamic stability, transient stability,
voltage stability, frequency regulation, transmission capability enhancement, power
quality improvement, automatic generation control, uninterruptible power supplies
capabilities. In short, development of Superconducting Magnetic Energy Storage

(SMES) technology as an electrical storage is considered due to:
a) SMES has the capability to store large amount of energy for longer periods.

b) Improves power quality for critical loads and provides carry over energy

during momentary voltage sags and power outages.
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Figure 1.22 Technology Maturity for Grid Storage Applications

c) Improves load leveling between renewable energy sources (wind, solar) and

the transmission and distribution network.

d) Environmentally beneficial as compared to batteries; superconductivity does

not rely on a chemical reaction and no toxins are produced in the process.

e) Enhances transmission line capacity and performance — SMES features a high
dynamic range, an almost infinite cycling capability, and an energy recovery

rate close to 100%.
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f) Discharges large amounts of power for a small period of time
g) Unlimited number of charging and discharging cycles.

Superconducting technology and power electronics development in recent years
enhanced power systems performances by realizing high temperature superconducting
magnetic energy storage systems (SMES) with rapid response (millisecond), high
power (multi-MW), high efficiency, and four-quadrant control. The present work
entitled “Computational Studies on Superconducting Magnetic Energy Storage
(SMES) Systems for power grid applications” is about the design innovation of
electrical energy storage with superconducting materials and simulation studies to
know about the pre-requisites required before the development of actual prototype of
SMES.
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Figure 1.23 Energy storage technology comparison

A comparison among the designated power ratings, storage duration, self-discharge,
power density and response time has been shown in Figure 1.23 for the various

electrical, mechanical, electrochemical and chemical energy storage technologies. It
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can be noticed that SMES has much faster response time with lesser self-discharge
rates. This means it can respond very fast whenever there is any voltage fluctuation or
blackout situation. Also, the energy remains stored inside magnet for longer durations

as self-discharge rating is low compared to other competitive technologies.

1.6.  Historical Development of SMES

Many SMES systems have been employed in various power grid stability situations
worldwide and now SMES is in its demonstration phase and all possible combinations
have been tried to lower the overall cost of the system. However, many organizations
have developed their prototype and demonstrated its working worldwide. Few of them
related to power grid and pulse power applications have been discussed in the

following sub-sections.

1.6.1. In Power Grids

Since the first idea to develop such systems, SMES systems have extensively studied
from 1970. In 1970, the need is inspired from the fact that French scientists wanted to
level the load in the electrical network [9]. However, this idea got failed due to large

power requirements which can be achieved through pumped hydroelectric plants.

SMES systems have been evolved as Flexible AC Transmission System (FACTS)
which is a static system which are generally installed in the electric grid to provide
better control and power transfer capabilities. SMES as FACTS was the first device
that has been operated in the power grid for the smooth operation. In 1980s,
Bonneville Power Authority, USA [10] has implemented 30 MJ SMES in order to
control the low-frequency power oscillations and this system was the first successful
setup that has demonstrated the large SMES working in real power grid applications.
This system was operated for one year in the real grid conditions for approximately
1200 hours of energy transfer. This system was shut down due to the problems
occurred in power converter and cryogenic unit. No problems have been identified in
the superconducting coil. Therefore, alternate solutions have been identified before

the shutdown of the SMES system.

In 2000, American Superconductor Ltd. has installed six SMES units to increase the

stability of the power grid in northern Wisconsin, USA [9]. This power grid has
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experienced extensive voltage fluctuations with very large momentary voltage
depressions. SMES units installed at different six locations in the power grid have
injected reactive and real power when it was required to balance the grid and it was
found that 15% of the transmission capabilities have been increased. Trailers have

been employed for easy and rapid deployment.

1.6.2. In local power conditioning applications

Many MW rating SMES systems have been and still in operation for uninterruptible
power supply applications. These are used locally for compensating critical loads
required in highly sensitive applications like semiconductor chip fabrication or
research and military based applications. American Superconductors have installed

about 35 units of such systems after 2000 [9].

Many SMES systems has been built in Japan whose main focus was to protect the
grids from voltage dips. In 2003, one liquid crystal manufacturing facility has been
protected from voltage dips using a 5 MW-7 MJ SMES built in NbTi solenoidal
configuration [11]. For load fluctuation compensations, a national program has been
carried out in Japan where SMES systems have been built with high temperature
superconducting tapes and tested a 1 MVA SMES made up with Bi-2212 1%
generation tape constructed through Powder-in-Tube methodology and cooled at 4 K

temperature [12].

In order to provide high quality power to synchrotron source to avoid beam loss due
to voltage sags and momentary fluctuations, a 2.4 MJ SMES system has been
installed at Brookhaven National Laboratory (BNL), USA [9]. SMES has protected
Owens Corning’s extrusion and production lines in North Carolina from voltage sags
[13]. Similarly, a SMES system has protected a paper machine in South Africa,
against 72 dips in 11 months [9].

Other category of SMES is among the pulse power sources where very high power is
required for short durations like in magnetic forming and electromagnetic launchers.
Due to higher power densities of SMES, these are used in electromagnetic launchers.
SMES is a current driven device which is far better for such applications than
capacitors which are usually voltage driven and thus can achieve very high

efficiencies than capacitive systems. These systems can be used as railgun to launch
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projectiles with a velocity of 2000 m/s and these are very useful in military
applications. Also, such launchers can be employed to launch small payloads into
lower earth orbital [9]. In Russia [14][15], such launching systems have been studied

where pulse power SMES source using toroidal coil magnets are used.

1.6.3. Conclusions

From the earlier discussions, it has been concluded that energy storage is much
needed technology to minimize power shortages or blackout challenges and SMES is
one of the novel technological contender that will be going to contribute a lot in
conquering such challenges. Thus, in the present work, study of SMES design has
been performed where mechanical, electrical, magnetic and thermal aspects of SMES

design has been addressed.

1.7.  Research Gap

From the literature, it is found that there is a need for the development of large scale
SMES for smart grid applications. The surges and spikes in the power generation and

transmission can be balanced using the developed SMES.

v Research groups have not shared technical information among them in order
to capture the global market and thus, the knowledge has not been shared
properly. Also, design of 1 MJ of HT-SMES has not been identified in the
literature properly.

v’ Effect of self-fields on the coil’s critical current have been studied rarely for
SMES systems. It has not been clearly found about the impact of self-fields on
magnet topology.

v' As varying magnetic fields are involved while charging and discharging of the
magnet which can produce heat thus it becomes imperative to know the heat
loads available. To our knowledge, detailed information on AC loss
estimations in coils computationally has not been published.

v Design of thermal system is not studied properly till date and quenching of the
superconducting tape is not well understood till date. Also, computational
strategies that can be implemented for quench protection have not been found

in literature.
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1.8.  Principle of Superconducting Magnetic Energy Storage

Superconducting Magnetic Energy Storage (SMES) systems store energy in the
magnetic field when a direct current is allowing to flow through the superconducting
coil which has been cryogenically cooled to a temperature below the critical
temperature of the material used to form superconducting coil. The basic principal of
the SMES is illustrated in the schematic drawn in Figure 1.24. Energy storage
technology using superconducting coil mainly consists of a superconducting coil,

power conversion unit, currents leads to transmit power and cryogenic cooling

system.
Power Conditioning Unit
+ - Low/High Temperature Superconducting Tape
=T
P
Liquid
Helium . .
- Cryogenic Helium
Nitrogen Refrigerator Ni;;gen
Pump
Cryostat

Figure 1.24 Basic Schematic of Superconducting Magnet
The energy stored inside the coil can be estimated using the same formula used for
inductor given in Equation 1-1 where ‘L’ is inductance of the coil and ‘i’ is the current
flowing the coil and ‘B’ is the magnetic field density associated with the coil due to

the circulation of current.

Y AR | 2
Energy stored within coil= ELZ = Z j I j B dxdyd-z 1.1

0 Space
Once the superconducting coil gets charged, energy can be stored in the SMES device
for longer time periods as current will not going to decay as superconductor has zero
resistance. Power conversion/Conversion unit uses an inverter/rectifier to transform

AC to DC or vice-versa. The losses associated with the SMES device are generally
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occur during this conversion and from the literature study, it has been found that these

losses limit to 2-3% in each direction.

Cryogenic refrigerator/Cryocooler is installed within the SMES unit in order to re-
liquefy the boiled off cryogen. Depending upon the type of superconductor (low
temperature or high temperature superconductor) used in the development of SMES;

the cooling strategies are adopted.

The first step of present study is to identify the application of the SMES device.
Comprehensive literature survey reveals that the device can be employed in the
various energy sector applications including power grid systems, wind power energy
storage, propulsion systems (Electromagnetic Launch Systems, Ship Propulsion etc.)
and transmission systems (Magnetic Levitation Trains, Electric Trams, electrical

aircrafts etc.).

Possible applications include load leveling, dynamic stability, transient stability,
voltage stability, frequency regulation, transmission capability enhancement, power
quality improvement, automatic generation control, uninterruptible power supplies,
etc. as indicated in Figure 1.25. The one major advantage of the SMES coil is that it
can discharge large amounts of power for a small period of time. Also, unlimited

number of charging and discharging cycles can be carried out.
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Grid Scale Energy Storage Applications

High Power High Energy

Power Quality Energy Management

Improved Grid Resilience Decoupled Generation form demand

Discharge Duration

Voltage Regulation Synchronous Reserve Load Levelling
Frequency Regulation Uninterruptible Power Supply Peak Shaving
Transient Smoothing Black Start Energy Trading
Reactive Power Control Integration of Renewable

- J

Figure 1.25 Grid Scale Energy Storage Applications

1.9.  Objectives of the Present Study

Keeping the future challenges in mind, in the present work, mechanical, electrical,
magnetic and thermal characteristics of the high temperature superconducting
magnetic energy storage systems used in power applications have been studied. As
whole SMES system design consist many sub-systems within however, in the present
study attention is focused on the solenoidal magnet design parameters, self-field
impacts on critical current of the HTS tape, AC losses estimation among the pancake
coils to evaluate the heat load and thermal quench of the HTS tape. Therefore, the

central objectives of the present proposed research work are enlisted as follows:

1. Mechanical design of 1 MJ superconducting magnet.
2. Investigation on the critical current due to self —field.
3. Estimation of AC losses to evaluate the heat load.
4

. Quench analysis on the superconducting tape.

1.10. Structure of the Thesis Work

Present work is classified in 7 chapters, in chapter 1, energy crisis has been explained

where it has been concluded that it is better to store energy in order to avoid blackouts

30



and thus heavy economic losses. Then, various energy storage technologies have been
discussed on the basis of their energy density and power quality characteristics. It has
been found that SMES has all the required capabilities such that it can be used for

various applications as discussed earlier.

In chapter 2, the fundamental concepts on superconductivity has been explained,
where discussions have been done on the principle of superconductivity along with
the type of superconductors. In order to model the resistivity of superconducting,
various critical state models have been explained including Bean’s model and E-J
power law. Mechanical, electrical and thermal properties of the coated conductors

have been discussed.

Chapter 3 includes the mechanical design of the superconducting magnet where first
of all criterion for the tape selection has been decided followed by the identification of
design variables and constraints. Then, through design procedure for electromagnet
has been discussed where numerous analytical relations have been used for the
solenoidal magnet design. Then, effect of current, solenoidal thickness and operating

temperature has been discussed.

In Chapter 4, effect of self-field on the critical current of the tape has been studied.
Numerical scheme has been developed under some assumptions. Then, selection
criteria for the critical current of the tape has been finalized. Effect of self-field on the

various magnet design parameters has been discussed.

AC losses have been studied in chapter 5 where H-formulation model has been used
for the AC loss evaluation. To evaluate the AC losses among the superconducting
tape, various conceptual models like Norris, Brandt and H-formulations have been
discussed. Certain assumptions have been made in order to minimize the geometrical
complexities and computational time. Geometric modelling of homogenized domain
has been performed in COMSOL MultiPhysics where AC/DC module has been
incorporated to solve the partial differential equations. Effect of operating current
magnitude and number of turns has been studied. In order to minimize the losses,

effect of substrate layer thickness on AC losses has been studied.
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In chapter 6, thermal quench analysis on the superconducting tape has been studied
where effect of varying interfacial resistance on the normal zone propagation velocity

has been studied.

Chapter 7 includes the overall conclusions and future scope of the present work

followed by the appendix and references.
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Chapter-2

Superconductivity and Theoretical Overview

This chapter is aims to present a concise preface to superconductivity along with its
applications including low and high temperature superconducting systems. Further,
the concepts related to the superconductors and superconducting systems have been
presented. The critical state models have been studied in order to model the
resistance of the high temperature superconductor. The theoretical principles and
analytical techniques for modelling the electromagnetic behavior of HTS materials
have been presented. Mechanical, electrical and thermal properties of the

superconductors have been studied along with the applications of such tapes.

Keywords: Superconductivity, Meissner effect, high temperature superconductors,

critical state models, Type-I and Type-II superconductors,
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2.1. Introduction to Superconductivity

Superconductivity is an electronic phenomenon which comes into existence when a
particular metal or alloy is cooled below its critical temperature and at this
temperature the resistivity of the metal or alloy falls down to zero. Such materials
oppose magnetic lines of forces and do not let them pass through and generates equal
and opposite induced magnetic flux inside themselves. Before introducing this

concept thoroughly, let us discuss about the resistivity of metal.

Two properties are directly related to the superconductivity;

1. Resistivity, which is found to approximate zero at transition temperature of the

metal or alloy 1.e. critical temperature,
p=finitearT>1, and p=0atT <T,  =Thermal Conductivity — o
ii. At the same point of time, the magnetic susceptibility, y, is found to change

from slightly positive value (paramagnetic) to -1 i.e. perfect diamagnetism

below T..

Non-superconductor
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e~ =
= >
¥os] =
= Super- o
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(p B |
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Temperature T’ Temperature T

Figure 2.1 Resistivity of normal conductor and superconductor
Figure 2.1 illustrates the two basic characteristics of the superconductor where Figure
2.1 (a) describes the transition from normal phase to superconducting phase with
0 — 0and Figure 2.1 (b) defines the diamagnetic nature of the superconductor below

T.. Let us discuss the first property in this section. Figure 2.2 describes the transition
temperature for Tl-Ba-Ca-Cu-O superconductor and it can be seen that at 7c, the

resistivity is nearly becomes zero.
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Figure 2.2 Resistance of superconductor above and below critical temperature
The conventional method to evaluate the resistance of any wire is by balancing a
Wheatstone bridge where unknown resistance chosen as a sample resistance. Once it
is balanced, the accuracy and precision of the measurement is as fine as that of the
resistors present in the circuit or conceivably bounded by the galvanometer’s zero-
readout accuracy using balancing the bridge. Moreover, there is a limit on the
measurement of the lower value of resistance; as zero resistance can never be
measured or achievable with direct measurement. One can record the change in
resistance to a certain order of magnitudes however, absolute resistance of any metal

or wire can never be calculated in rea world.

If one can attempt to measure the resistance through inverse quantity i.e. conductivity
o =1/ p, even with this one cannot evaluate resistance or conductivity as no method
is available that can measure infinite physical quantity. At the time of invention of
Superconductivity, this was the only dilemma among the researchers. Even,
Kamerlingh Onnes has faith on the “micro-resistance” which remains below 7c. This

implies it can be concluded like p —O0or 0 —> 0.
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In order to understand the concept and upper bound to resistivity of the material, an
analysis has been performed where lower bound on decay of current has also been

estimated for a closed loop coil as shown in Figure 2.3.

R, L
Figure 2.3 Closed loop coil

Let us assume a with diameter ‘a’, loop radius ‘7’, resistance ‘R’, inductance ‘L’ and a
circulating current /(¢). Let us assume that a current /y is getting setup by induction in
the superconducting closed loop coil at =0, at a temperature below 7.. Thus, energy

conservation equation for this closed loop coil can be written as:

i(llej+R12:O 2.1
de\ 2

Solution of above equation is:

I(t)=1,e """ 2.2
where /y 1s the initial current at time # = 0. The decay time constant can be calculated

"W Tet B be the corresponding magnetic induction which

using I(t)=1,e
surrounds the closed loop coil and if it found to same after one year i.e. at #; then /
(/=1 year) = I (¢t = 0) = Iy, and similar results can be applicable for corresponding B-
field. Since B-field, which is a result 7 (¢), is measured through the instruments which
further depends on the precision of the instrument. Let the resolution of the instrument

to measure change in B-field is SB/B,=10", where SBis decay in B-field
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corresponding decay of current o/ . This implies that the measuring instruments can
determine the maximum change in current / and field B and in actual situations, decay

may have been lower as measured by the instrument. Thus,

81> 1,—1(4)=1,(1-e" ") 2.3
and
6B > B,—B(t)) = B,(1-e" """ 2.4

Above expression can also be written as

ﬁ — @ > l_e—(R/L)t1

2.5
]0 BO
After solving the equation for resistance, R, the expression is modified to
R<—£1n 1—ﬁ =—£1n 1—ﬁ 2.6
[1 BO [1 IO

If all quantities of right side known then resistance, R, of the sample can be
calculated.

If r >> a, then inductance formula for a single loop can be written as:
L= pyrin(r/a) 2.7

Thus expression for B-field upper bound can be described as;

R<_Mm(l_5ﬁj ) g
tl BO

For a loop radius of 50 mm and wire diameter 1 mm, the resistance, R<10""° Q, when

1 year is chosen for the observations i.e. #, 3x10’s. Resistivity can be calculated as;
4 25
p<R(7jz2.5x10 Qm

This implies it is a fairly justified in treating superconducting state as a state zero
resistivity. This value of resistivity of Al below 7. drops about 10!® than the normal
state. For =L/ R, using the aforementioned values, 7 =L/R> 5.8 x10'3 5. Thus,
the lower bound on the decay time is about 2 million years. All these calculations are

strongly affected by the instrument resolution and it may or may not happen that we
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have over-estimated the values. Since, present work 1is only dealing with

computational studies thus such aspects have not been taken into account.

2.2. Meissner Effect

In 1911, Kamerlingh Onnes has discovered that below 7¢, the resistivity of Mercury
(Hg) is approach to zero. Meissner and Ochsenfeld has found after 22 years from the
discovery of Superconductivity that such materials possesses perfect diamagnetism
property in the superconducting state. Meissner and Ochsenfeld observed that when a
magnetic field was applied to the material (above T¢), it expelled all the magnetic
lines of force (Figure 2.4) as it becomes superconductor when it was cooled below T-.
This implies that the magnetic field inside the superconductor is zero for such

situations. Let us apply conservative laws for a magnetic system such that:
B=u,(H+M)=0 2.9
This implies that within the superconductor, M =—H

Thus, the magnetic susceptibility is given by

_aMm _
Y=l

This showed that the magnetic susceptibility for a superconducting material is —ve

-1 2.10

which means the material is perfect diamagnetic. It happens due to the presence of
screening currents inside the superconductor’s surface. Generally, current create a
field on both sides, inside and outside of the superconductor, such that the induced
field cancels the effect of the externally applied field (Figure 2.4), however on outside
it adds to the total field. On the other hand, for normal conductor when temperature is
greater than 7¢, the magnetic lines of force or Faraday lines would pass straight
through the metal. Near the equator, highest flux density can be found as magnetic
lines are being expelled by the superconductor. Also, low flux zone can be found near

poles compared to the normal conductor.

A superconductor can be characterized by its critical temperature, critical magnetic
field and critical current density. These three components define the upper limits for
the superconductivity in any material and represents the state of a superconductor for

a given set of conditions as shown in Figure 2.5.
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Figure 2.4 Process of Meissner effect
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Figure 2.5 Characteristic curve of superconductor

2.3. Type-I and Type-II Superconductors

The superconductors are broadly classified into two categories namely; Type-1 and
type-1I superconductors. This classification is based on the fact that how the
resistivity of the superconducting material is going to behave in the presence of
magnetic field. Any superconductor that has a tendency to have zero resistivity below
the critical magnetic field (H.), are characterized as Type-I superconductors.
Moreover, if the field exceeds critical magnetic field, the superconducting nature of

the material is abruptly destroyed by a first order phase transition. There is only one
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upper bound is available for the Type-I superconductors and beyond this bound the

superconductor changes to normal conductor.

However, for type-II superconductors, two critical magnetic field bounds (H.; and
H.>) are there. The magnetic flux starts penetrating the superconducting material
when magnetic field exceeds the lower critical field, H.;, without disturbing the
superconductivity of the bulk material. With the increase in the magnetic field, more
magnetic flux lines start penetrating the superconductor until the normal state is
reached at the upper critical field (H.>), as shown in Figure 2.6 and Figure 2.7. Figure
2.7 represents the variation among critical field as a function of temperature. Figure
2.7 (a) represents Type-I superconductors and Figure 2.7 (b) represents Type-II
superconductors thus the later has larger area under the curve which indicates such

superconductors can holds superconductivity in the presence of larger fields than

Type-I superconductors.

M 4 -
H H Magnetic field [A/m] %
el 2
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Figure 2.6 Magnetization curve for Type-I and Type-II superconductors
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Figure 2.7 Critical magnetic field vs temperature
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All low temperature superconductors (LTS) exhibit the properties of Type-I
superconductors which are generally pure metals. However, all high temperature
superconductors’ (HTS) falls under type-II superconductors those are further divided
into 1% generation and 2™ generation superconductors. The detailed information on

superconductors is given in the upcoming sub-sections in this chapter.

It has been found that for type-I superconductors, the critical current density ( /) is

usually less than 1 Tesla even near the 0 K temperature and due to this reason these
are less used for the practical applications. Whereas for type-II superconductors, the
upper critical fields generally much higher which leads to high energy densities in
case of superconducting magnetic energy storage systems and capable of producing

large fields magnet.

2.3.1. Flux Vortices in Type-II Superconductors

In case of type-II superconductors, the magnetic flux starts penetrating the surface of
the superconductor when the magnetic field exceeds lower critical fields (Hc;) in
discrete flux fluxons/quanta whose value can be calculated as

@, =£ ~2.07x107"° Wb
2e

A cylindrical shaped vortex or fluxon can penetrate the superconductor whose axis is
usually parallel to the applied field. The vortex/fluxon radius is related with a
parameter coherence length & which was introduced in the Landau-Ginzburg theory
[16]. Generally, the fluxon core is not superconducting though the neighbouring
material has superconducting nature. The model has been designed in such a way that
the magnetic field should decay within the superconductor with a characteristic length
of 4. Figure 2.8 illustrates the isolated flux lines, flux density distribution B(r) and
Cooper pair’s density n(r). The decay can be achieved through circulating current
around each fluxon (Figure 2.8). Abrikosov [17] firstly estimated from Landau-
Ginzburg equations the outcomes of that the flux lines form a regular hexagonal
lattice due to the presence of mutual repulsion in pure or defect free superconductors.
A Lorentz force (F) per unit volume has been experienced by flux lines when a

current is passed through the superconductor.
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Figure 2.8 (a) Isolated flux line [18], Flux line lattice (green) in Type-II superconductors
shielded by circulating currents

F, =Jxn¢g, =JxB 2.12

where ‘n’ is the flux line density. The changing magnetic flux can produce electric
field whose direction is same as that of transport current, which results in to heat
dissipation Q without changing superconductor into normal state and that can be

calculated using following equations:

VXE=—CZ;—f 2.13
O=E.J 2.14

This implies that at a field above the H.;, the superconductors with defect free crystals
cannot transport a current without heat dissipation. However, due to the presence of
defects, flux lines can be pinned in the crystal lattice. Figure 2.9 illustrated that in
order to minimize free energy, the flux lines preferentially fix up themselves on pre-
existing defects. Therefore, this implies that flux pinning plays essential role in

getting current transport with zero loss above lower critical field bound which the
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basic assumption of Bean’s critical state model as explained later in this chapter

(Section 2.4.1, Page-46).

Figure 2.9 (a) Magnetic force microscopy image of flux lines in a neutron irradiated sample,
(b) defect free BSCCO sample showing hexagonal arrangement
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Figure 2.10 Magnetic phase diagram of Type-II superconductor [18].
The pinned flux lines are said to be in a vortex glass phase when pinning force f, is
lower than the Lorentz force F7. A situation may arise when f, is more than F; due to
the increase in magnetic field and as a result superconductor no longer can hold a

current transport without losses. This magnetic field bound is known as irreversibility
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field Hi such that H.; < Hir <Hc2. This implies above this field the flux lines are free
to move thus altering from vortex glass to vortex fluid (Figure 2.10). Therefore, it

concludes that H;, is the limiting factor for the practical applications instead of H..

2.4. Critical State Models

High temperature superconductors are coming under type-II category of
superconducting materials and thus magnetic flux enters type-II superconductor in the
form of vortices (discrete fluxons). In order to shield the fluxons from
superconducting matrix, usually Cooper pairs flow around it. It has been found that
such fluxons penetrate through the sample from the edges of the material. As
discussed earlier, the pinning sites like lattice defects, grain boundaries, non-
superconducting precipitates and dislocations hindered the fluxons inward motion
[19]. These pinning sites actually assist to trap the magnetic field within type-II
superconductor otherwise the magnetization of such superconductors would be
reversible in the absence of pinning sites and no magnetic field would be trapped
inside superconductor. Interaction forces among the fluxons from the pinning sites
would result in magnetic flux trapping and the force is given by Lorentz force. If
pinning force is lesser than the Lorentz force only then the fluxon can pass the
pinning site otherwise it remains locked. In order to predict this interactional
behaviour of fluxons, generally Critical State Model (CSM) is often used which
predicts the different operating modes for different operating conditions. As discussed
in the previous section as magnetic field increases, the flux lines are starting
penetrating the superconducting sample and they experience a force on them as a
result flux lines reorganize themselves until f, balances Fi. If Ampere’s Law and

Lorentz force equations combined, then;

F, =Jxn¢g,=IxB 2.15

VxB=p,J 2.16

FL=JXB=L(VXB)XB=fP 2.17
Hy

For instance, if applied field is in z-direction and the current transport is in y-direction

such that
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This implies that the maximum current that can be transported through the
superconductor for a known pinning force f, with zero loss is called the critical

current density J.. This means;

8832 =— u,J, ,withinregions penetrated by magnetic field
x

B
% =0, for no magnetic field

X

CSMs are worked on the macroscopic behavior of superconducting materials,
resulting from experimental findings of the association among magnetic field and
current density. In such models, the superficial layer is assumed to be in “critical
state” for low applied magnetic field /or current. The critical state exists when the
applied magnetic field surpasses the type-1I superconductor’s lower critical magnetic
field Hc;. Magnetic flux fluxons/vortices with circulating supercritical screening
currents pierce the material to shield the interior of the material from applied
field/current. In the crystal lattice of the superconducting material, vortices are
generally pinned at the defects locations and the applied current/field decides the
depth of penetration. In order to trap the magnetic field within the superconductor,
these defects are deliberately initiated inside superconducting domains e. g secondary

phase Y211 in YBCO tape.

For normal conductors, electric field and current density are related by Ohm’s law,
however for superconductors, different expressions have been proposed in literature.
For type-1I superconductors, Bean’s studies of ferromagnetic materials come up with
classical CSM that successfully relate the critical current density (J.) with electric
field. This model is significant in two ways: as domain-like structure implemented for
current density that can be resumed for modified models thus allow J. to depend on
magnetic field, and it has been found that it simplify the loss estimation. For type-1I

superconductors, CSM model is employed to evaluate J. from magnetic hysteresis
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curves as it results in appropriate solutions for simple problems and even for those

where J.is a function of magnetic field [20].

The Maxwell’s equations (displacement term omitted) used to solve CSM model is as

follows:

VxH=J 2.20

VxE:—d—B 2.21
dt

where B =p H, this is found to be an excellent approximation for realistic problems
where He; < H < Hc2, and V.J=0which implies there is no time dependent free
charge allotments. A Lorentz force of F=Jx Bis experienced by the magnetic field
vortices if a current is flowing through superconductor. The vortices become de-
pinned if large Lorentz forces appear and they start moving in the direction of force
with a velocity v. Due to this vortex motion, induced electric field is generated,
E=Bxv, and E is parallel to B x(JxB). If B is perpendicular to J, which is always

true for 2D models, then E is parallel to J. Thus,
E=p(J)J
where p(J)is the resistivity function depends upon current density J and highly non-

linear in nature and J =|J | . The equation above is similar to the Ohm’s law for normal

conductor except in this equation resistivity is a non-linear function of J. All critical
state models are stated that the current density in the superconductor should not

exceed critical current density.

2.4.1. Bean Model

It is the simplest model among available all CSMs and it states that the current density
magnitude for a superconductor is either ‘0’ or ‘J.” which is critical current density. It
assumes a non-vanishing electric field with current density in the direction of the
electric field. Moreover, it also assumes that the current density is equal to zero in the
regimes within the superconductor which have never experienced an electric field.
The model describes that the superconductor is considered to be in critical state when

entire superconductor is penetrated with £7J .
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The field starts penetrating the boundary of superconductor when an external field is
applied on it. The value of J. and external field decides the penetration depth.
According to the Bean’s model, external field can penetrate through superconductor
in the form of moving vortices without vortex or fluxon pinning and in this situation
critical current density, J. is zero. A gradient of vortex density is preserved by the
pinning using vortex pinning and resulted gradient density is defining by J.. This

implies Bean’s model consists following assumptions:

1. The electric field E is parallel to the current density J.
2. The superconductor is considered to be in critical state when =*J  flows
through it.

Jx)=%J_ if |E(x)[=0
Jx)= 0 if [E)|=0
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Figure 2.11 Superconducting slab in externally applied field

If AC current is flowing through the superconductor, then the current distribution at
the peak AC current is same as that of occurs for DC current. When the shielding

current produced by the transport current or external field, is large enough then the
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current ‘sheath’ reaches the centre of the superconductor and it is called as ‘full
penetration’. Losses depend on the direction of applied fields and the values above

and below full penetration.

For example, an external field is applied on a superconducting slab having a thickness
2L’ as shown in Figure 2.11. The slab is orientated in y-z plane where an external
magnetic field By has been applied in z-direction. Inside back and front faces, the

induced shielding current density, J, flows in y-direction.

a) ) b) i c)
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Figure 2.12 Dependence of the internal magnetic field B.(x), current density Jy(x), and
pinning force Fp(x) on strength of applied magnetic field By for normalized applied fields.
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The corresponding Bean’s model for this case for different conditions is represented
in Figure 2.12. From Figure 2.12, B" is the full-penetration field and for a wire of
radius ‘@’ it is given by B” = woJca. this model can be applied to transport current, and
for both transport current and magnetic field and the individual results for transport
current and screening current can be superposed. Kim [21] and Anderson [22] have
proposed a modified model where the dependency of critical current density on local
magnetic field has been considered. In the upcoming sections, these models are

discussed in detail.

2.4.2. Superconducting Strip Model

Brandt [23][24] has realised that Bean’s model was only appropriate to long length
superconductors in parallel field where demagnetization effects were insignificant,
nearly all realistic researches used flat superconductors in a perpendicular field, for
which demagnetizing effects are critical. Brandt done analysis on superconducting
strips in the presence of perpendicular magnetic fields and/or transport currents and
brief results are presented below. For coated conductors, superconducting strip is a
fine estimation for the superconducting layer. Results obtained from this analysis are
generally used to compare the results of finite element models and these are explained

later in this chapter.

For a magnetic field perpendicular to tape width with magnitude Hy, Brandt illustrates
that the flux penetrates from the edges of the tape having width 2a’ (x-axis) and
thickness ‘d’ (y-axis) such that

2], a’-b’ (x
Ix)= - arctan( P (;j} for |x|< b
=Jd for b< |x|< a
b= &
cosh nH,
Jd

where ‘b’ is penetration depth and the magnetic field strength along the tape can be

calculated from the following relation, where H. is the characteristic field.
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H(x) =0 for |x| <b

2 1.2
=H, arctan[ % (in for b<|x|<a
a’-b”  |x|

and He= Jd
T

The results obtained are found to significantly different from that of Bean’s model for
slab where magnetic flux penetration is linear while for superconducting strip, the
flux penetration is quadratic. Moreover, the penetrating flux front has a vertical slope
for superconducting strip; however, for Bean model it is constant and finite. When a
critical state with J = J. has established near the edges of the strip and the flux has
somewhat penetrated, then the current flow is over the entire width of the strip to
shield the central flux-free region, however in the Bean’s model the flux-free region is
current free. When a critical state with J = J. has achieved, the screening current
density is a continuous function with a vertical slope at the flux front, however for

Bean’s model it is a piecewise constant function.

Current density for a transport current /y is given by

2] d a’-b’
J(x)=—2—arctan for [x| < b
(x)== [ bz_sz [x|
=Jd for b<|x|<a

[

where o and penetration depth (b) is given by

I,=2J dva’-b’

I 2
b=a l—(—oj
IC

Critical current, I = 2aJ.d and Magnetic field strength along the tape is given by

Hx)=0 for |x| <b

2 2
= I-|I°|X arctanh( X—J for b< |X| <a
X
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d
T

where H. is the characteristic field, H~ , AC loss calculations will be discussed

in the coming sections on AC loss.

2.4.3. E-J Power Law

A step liaison among the electric field and current density in a superconductor
assumed by Bean’s model, based on the known well-defined values J. as a function of
magnetic field. Bean’s critical state model works very well for to low temperature
superconductors and somewhat to high temperature superconductors too [25].
However, there are few HTS materials where critical current is ill-defined. A flux
creep theory has been proposed by Anderson [22], which illustrate that the association
among current density and electric field is not discontinuous. This theory tells that due
to thermal activation, flux moves slowly at currents lower than the critical value
which results losses as an electric field appears. A non-linear relationship proposed by

Rhyner [25] known as E-J power law;

E=E, (iJ 2.22
JO

where n is the index of the relationship and its magnitude is dependent on the material
properties and microstructure. Rhyner [25] found that this non-linear relationship fits
well with the /-V experimental findings for DC input and for most of the HTS
materials. For the extreme values of ‘n’, we have [26],

if n=1, then E=p] — Ohm's Law

if n=oo, then JiseitherzeroorJ — Bean's Model

if n=5, — StrongFlux Creep

if n=15, - Weak Flux Creep

if n=50, - Limiting Value between HTS and LTS values

For n> 20, it turns out to be a fine approximation of Bean’s CSM model. Figure 2.13

shows the n-value variations from Ohm’s law (n=1) to Bean’s model (n=).

2.4.4. Kim Model (magnetic field dependency of J.)
The internal factors like type of material concentrations of defects, twinning, and
granularity and so on will decide the magnitude of the critical current density for a

particular superconductor. As we know, critical current density is a function of
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temperature and magnetic field. It has been found that /-} characteristics of few type-
IT superconductors are strongly depends upon strain that may arise due to twisting or
bending of the superconductor for example in case of HTS cables, motor/generator
coils and so on. therefore the factor like magnetic field temperature and strain 7’
important while modelling superconductors handset factors and such factors are
referred as external factors in order to get the better performance material scientist are
trying their best to optimize internal factors whilst peoples from engineering
background are trying to optimize external factors in this dissertation magnetic field
dependency of critical current density has been considered by assuming temperature
of the coil as constant that is the rate at which heat is generated due to losses is
exactly balanced by the rate at which heat is rejecting from the system. It has also
been assumed that the superconductor does not quenched for the applied current and

its properties are not affected due to strain.

2

n'1
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E/E,
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Figure 2.13 Power law model representation

Kim [21] and Anderson [22] found that for type-II superconductors critical current
density has strong dependency on field and temperature. The empirical relation is

given by
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o(T) _ T, (T) 2.23

B+B [, B

J.(B)=

<T

C

5, =40 =2 (abT),
B, d

where B0 is a constant and its magnitude depends upon the material used and d is
significantly affected by the microstructure of the material. The magnetic field

dependency of ‘n’ and critical current density is given by [27],

J.B)=— 2.24
1+
BO

n(B)= n‘co ‘ 225
1+~

where B, is the y-component of magnetic field as this component contributes to AC
losses more than the parallel/transverse component [28]. Jep and nep are the critical
current density and power index in self-field implies in the absence of applied
magnetic field. By can be calculated from /I-Bpc experimental curve. HTS
electromagnetic behavior can be modelled accurately with this formulation
particularly for the models in which both magnetic field and applied current exist.
Kim model [29][30] can be extended to simulate the electromagnetic behavior of high
temperature superconductor where critical current density is significantly depending

on parallel and perpendicular magnetic field components.

I (

JcO

2.26

BX

B,[)=

b

k2

B, [ +\By
BO

‘2

1+

This model has been extended recently [31][32] where angular and field dependency
has also been considered two models are electromagnetic behavior of superconducting
tape. In this dissertation, only the dependency of perpendicular magnetic field
component has been considered and angular variations of critical current density are

not taking into account.
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2.5. Technical details of low and high temperature
superconductors

2.5.1. NbTi, Nb3Sn

NbTi is one of the widely used superconductors for various high field magnetic
applications such as magnetic resonance imaging (MRI) magnets and particle
accelerators Large Hadron Collider (LHC) [33]. NbTi is an alloy of Niobium and
Titanium, where it is used as fibres in copper matrix. The critical temperature for this
superconductor is 9.2 K and the upper critical field is ~ 15 T. Its superconducting
nature was confirmed in year 1962 and due to the easy manufacturing it is well known

as the workhorse of the superconducting magnet industry.

Nb3Sn is an alloy of Niobium (Nb) and Tin (Sn) and it has a critical temperature of
18.3 K which is quite higher than NbTi. The upper critical field for Nb3Sn is ~30 T
which is twice as that of NbTi. The magnets are needed to be wound with insulating
materials to avoid reaction with precursor materials as Nb3Sn is a brittle inter-metallic
compound and also it is more expensive than NbTi. Due to high upper critical fields
such superconductors are used in high magnetic field applications like fusion plasma
confinement in International Thermonuclear Experimental Reactor (ITER) and
Nuclear Magnetic Resonance (NMR). Generally, Powder-in-Tube (PiT)
manufacturing is used to develop such superconductors [34]. The major challenge in
using such low temperature superconductors is that they have to be cooled around

liquid helium temperatures that make the operation relatively expensive.

2.5.2. MgB:

Akimitsu et al. [35] have confirmed the superconducting nature of magnesium
diboride in 2001; however, the compound was synthesized in 1953. Critical
temperature of this superconductor is ~39 K astonishingly high for a binary
compound. The merits of MgB> superconductors are notable due to following reasons:
MgB: is more isotropic than 1% and 2" Generation superconductors with longer
coherence length that eliminates the requirement of textured materials and the
precursor materials are cheap and widely available. The other advantage with such
superconductors is that they can be manufactured through various processes like wires

using PiT techniques [36], Magnesium diffusion method [37] or infiltration to
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produce bulk samples having arbitrary shapes. As the critical temperature is quite
higher this implies liquid hydrogen (20.3 K) can also be employed along with the
helium cooled commercial cryocoolers for the cooling of such superconductors. A
comprehensive review on the properties and fabrication methods of MgB: can be

searched from article by Buzea et al. [38].

2.5.3. Bismuth Strontium Calcium Copper Oxide (BSCCO)
Bismuth Strontium Calcium Copper (BSCCO) is a category of cuprate
superconducting compounds having two compounds; BSCCO-2212 and BSCCO-

2223. The general formula for such compounds is Bi,Sr,Ca, ,Cu,O,, ., .. The critical

n+4+x

temperature is found to increase with ‘n’ [39];

For
n=2=Bi2212 5T, =93K
n=3=Bi2223 T =108K

It has been found that both critical temperature and irreversibility field line are
significantly depending upon oxygen content for BSCCO superconductors. Also, the
coherence length is found to small (of the order 1.6 nm in ab plane at 0 K) for these
superconductors which results in grain alignment to permit the route of supercurrents.
However, the critical temperature of BSCCO superconductors is high; they are
infrequently employed at temperatures more than 77 K since the irreversibility field
line is low due to the decoupling of the flux lines [40]. Figure 2.14 illustrates the
different pinning situations where (a) indicates negligible pinning as vortices are
forming hexagonal lattice, (b) illustrates strong pinning as vortices are separated into
pancakes which are further joined through Josephson vortices between layers, and (c)
shows strong pinning with small anisotropy unlike case (b) where anisotropy is
higher, here vortices are forming distorted lattice in order to accommodate the bulk
pinning sites they bend slightly. Due to this, 2™ generation (RE)BCO coated
conductors are prominently preferred over BSCCO tapes as the former show better

performance at high magnetic fields and temperatures.
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Figure 2.14 Possible flux pinning situations

2.54. (RE)BCO coated conductor

(RE)Ba,Cu,0,; are the ceramic compounds where (RE) signifies the rare-earth

elements, having perovskite structures and exhibits superconductivity at relatively
high temperatures. The most extensively studied and manufactured compound of

(RE)BCO family is YBCO, Yttrium Barium Copper Oxide or Y123 or RE123.

. [
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Figure 2.15 (a) YBCO (Y123)-Orthorhombic unit cell (b) Transition temperature of YBCO
for different oxygen content

It has a critical temperature of 92 K, thus can be cooled using liquid nitrogen (77 K).
The structural details of the Y123 unit cell are given in Figure 2.15. It can be seen
from the Figure 2.15 that the crystal structure is exceedingly anisotropic as the

majority of the current transport is allied with Cu-O planes this implies that the
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critical current is found to higher in crystallographic ab plane than ¢ direction.
Coherence length is also a measure of the anisotropy and for YCBO crystal structures,
it is about 2nm in ab plane and 0.4nm in ¢ plane at 0 K temperatures [18]. The ratio

I'=¢&,/¢& is known as anisotropy parameter. The properties of the Y123 vary

significantly with oxygen stoichiometry. It has been seen that for 6 >0.6, it shows
semiconducting behavior at low temperatures whereas at o~0.07, optimal

superconducting properties have attained (Figure 2.15).

In case of low temperature superconductors, the grain boundaries act as pinning
centers whereas for HTS it severely reduces the current carrying capacities. Also, the
magnitude of coherence length is small for HTS than LTS. Therefore, in order to have
useful engineering current densities, usually grain boundaries with lower angle can be
considered or a disorientation of 4° can be tolerated [41]. Thus is the reason for the
texturing of such superconductors either by deposition on textured substrate or top
seeded melting growth method. Although, YBCO superconductors is still having few

challenges however it is being manufactured in coated conductors and bulk form.

2.5.4.1. (RE)BCO coated conductor manufacturing

2" generation superconductors are widely employed in various applications including
transmission cables, generators, transformers, flywheels, motors, magnetic energy
storage etc. The operating temperatures may also vary between liquid helium to liquid
nitrogen temperatures depending upon the applications required. It has been found
that at lower temperatures, the irreversibility field line shows better performance for
YBCO superconductor [42]. (RE)BCO can be manufactured as bulk or a thin film on
metallic substrate. Bulk superconductors can be used in levitation applications, motors
or generators and coated conductors are mainly employed in current transport
applications. Many researchers have shown that YBCO tape can be employed in

trapped field applications [43]-[45] at liquid helium and nitrogen temperatures.

Many manufacturing companies have evolved from past few years where the coated
conductors are being manufactured using various processes intended to improving the
overall performance of the YBCO superconductor [46]. There are two ways to
manufacture a trapped field magnet either by using bulk superconductor or a stack of

coated conductors. Magnets using bulk sample are older technique and a concept of
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stack of tapes is relatively new and thus needs more investigation in order to
understand the constructional and computational challenges involved with this

technology [47].

2.5.4.2. Bulk Superconducting Magnets

There are generally two ways through which (RE)BCO bulk superconductor can be
manufactured either top seeded infiltration and melt growth [48] or top seeded melt
growth [49]. In both the situations, texture is incorporated through a small (RE)BCO
seed among rare-earth metal which has to be chosen in such a way that the peritectic
temperature should be higher than that of (RE)BCO compound that is being grown.
The seed materials used for YBCO are; SmBa,Cu,0O, ; or NdBa,Cu,O,; . (RE)BCO

bulk superconductors have no-uniform properties because of the processing methods.
Figure 2.16 represents the growth sector boundaries and regions for GdABCO bulk
sample. Due to large pinning, the critical current density (Jc) is found to higher at
grain growth boundaries and the texture declines going away from the seed. Using
pulse field magnetization, such irregularities can be established in the trapped field
performance. It has been concluded form the studies [50][51] that throughout pulse
field magnetization, localized heat is generated at the growth sector regions where

critical current density, J. is lower.

Growth sector
boundaries

Seed

Growth sector
regions

Figure 2.16 GABCO Bulk Magnet

Due to this, trapped field profiles get distorted which leads to large diminution in the

trapped field magnitude. This process also neglects supplementary defects such as
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pores, cracks inside the bulk superconductors which are generally formed during the
manufacturing [52]. Also, the weakening of the texture away from the seed locates a
bound on the size of bulk and it is not going to contribute to the trapped field
considerably as the distance between material and seed is large. However,

manufacturers have fabricated the bulks of 10-15 cm size successfully.

On the other hand, researchers have suggested to use multi-seeding in bulk (RE)BCO,
conversely, due to low quality of interfaces, the current transfer amongst the domains
cultivated by the two seeds remains poor. However, for the large bulks fabricated
using coated conductors (RE)BCO, it does not essentially result in higher trapped
fields due to poor mechanical properties of ceramic materials. Furthermore, batch
processes are involved in the fabrication of bulk (RE)BCO, which makes it less
efficient. Also, to get optimum superconducting properties, there is a need to diffuse
oxygen into large bulk samples to maintain its stoichiometry which is found to a

longer process thus limits the practical implementations.

2.6. Coated conductors

In the present study, a coated conductor manufactured by SuperPower has been used
as its substrate material (Ni based super-alloy) is non-magnetic whose structure is
shown in Figure 2.17. By using ion beam assisted deposition (IBAD), a stack of buffer
layers is deposited after the electro-polishing of Hastelloy. Buffer layers have biaxial
texture which is used as a template for growing (RE)BCO. Then by incorporating
either pulsed laser deposition (PLD) or metal organic chemical vapor deposition
(MOCVD), (RE)BCO layer is deposited epitaxially. Texture of the superconducting
layer is getting affected with the increase in thickness. Therefore, the thickness is
typically kept to several microns to maintain the healthy texture of the layer. In order
to provide the chemical protection, stabilization and electrical contact to the
superconducting layer generally a silver over-layer is deposited using sputtering
technique. Sometimes, to provide more protection generally, an extra layer of copper
is deposited through electro-deposition. There are various methods through which
these depositions can be achieved depending upon the manufacturer. One of them is

to introduce the texture directly by the substrate. The texture is established on the
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substrate using thermo-mechanical methods and then it is transported to the (RE)

BCO layer through intermediate buffer layers.

Copper Stabilizer

Silver Overlayer

(RE)BCO - HTS (epitaxial)

Buffer Stack

N0t t6 seajer Cre
e SCS40 20 pm

Figure 2.17 HTS tape with non-magnetic substrate

Due to their perovskite structure involved in such tapes, their behavior is highly
anisotropic which leads to 2-dimentionality in its physical properties. YBCO exhibits
comparatively low anisotropy compared to other HTS materials like Yb, Tm, Er, Ho,
Dy, Gd, Eu, Sm, and Nd (in order of ionic size — smaller to larger), thus widely used

in superconducting applications commercially.

In order to get better quality and uniform (RE)BCO coatings, generally, thin film
deposition methods are employed which further results in high critical current
densities, J. that even of the order of 2-6x10° A/cm?. The critical density scales
obtained in coated conductors are one order higher than bulks (RE)BCO at 77 K in
self-field. Although, this comparison is not that much simple as inconsistency is still
there as for tapes, critical current density is limited by the weakest sector in the tape
tested, whereas J. is evaluated from the small cut sections in case of bulks. In
actuality, the J. may be lower for bulk material as they are having macroscopic
inhomogeneities like pores and other defects discussed earlier. The engineering
current density, J. most significant parameter for trapped field applications and it
involves the total volume of the superconductor. In general, the superconductor
volume in a SC tape is of 1-6% of the total volume which further depends upon the
thicknesses of silver, substrate and copper (if any) layers. For the tape used in this

study, there is no additional copper layer and the other specifications are given in
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Table 2.1. Due to small thicknesses, the engineering current density is found to higher

in coated conductors.

Table 2.1 Parameters of HTS tape

Articles Values

Tape width 12 mm

Bare Conductor Tape thickness 0.1 mm
Substrate thickness 50 pm

Stabilizer thickness 2 um
Critical Current 77K, Self-field 330 A

Unlike bulk (RE)BCO conductors, manufacturing of coated conducting tape is a
continuous (reel-to-reel) process which can be scaled to any level. Though, the
manufacturing and application challenges for tapped field purposes are associated
with the small width of the tape. Almost all the manufacturers have standardized the
tape width to 12 mm for trapped field applications. Manufacturers have developed
tapes with width 46 mm; however, the performance of this tape is not as good as 12
mm width tape. Also, many commercial manufacturers are developing
superconducting tape with 100 mm width for scale-up purposes. Moreover, there are
various configurations available which have different thicknesses and lengths of the
tapes. Stacked tapes with zig-zag configurations (Roebel) are also being employed in

various applications including power transmission, motors and trapped field magnets.

2.6.1. Mechanical Properties

(RE)BCO bulk superconductors are brittle materials which consist lower fracture
strength due to the presence of pores and micro-cracks those acts as stress
concentration sites. For YBCO superconductors, the tensile strength is about 25 MPa
and fracture strength is in the range of 1.4-2.2 MPa [18]. There may be a situation
arise when magnetic tensile stress exceeds tensile strength which may lead to direct
failure of the superconducting tape. In the remanent state, the center of the sample has
experienced maximum tensile stress [53] and is given by:

BZ

0=0.354—"
Hy
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Where is o tensile stress in ‘Pa’ and By is trapped flux density in Tesla. From the
equation, it can be concluded that during magnetization, the stresses developed in
bulk superconductor are much larger if the magnitude of external magnetic field
exceeds By. It has shown in study [54] that the tensile stresses can be reduced or
controlled by introducing compressive stress using metal ring around the bulk. By
impregnating resins in the bulk YBCO, it has improved the tensile stress from 12 to
18 MPa. The fractural toughness is also found to increase as resins filled the open
cracks and voids in the sample. Further, the fractural stresses were improved to 29
MPa by impregnating resins and wrapping the bulk sample in carbon fibres [55].
Using a shrink-fit steel band, a record of 17.6 T field was setup in pre-stressed bulk

sample.

However, in HTS tapes, the mechanical properties are dominated by the metallic
substrate layer whose volume fraction is about 90% of the tape in the absence of
additional copper stabilized layer. Generally, Hastelloy C-276 is used as a non-
magnetic substrate in YBCO tape manufactured by SuperPower and the yield stress is

670 MPa at 77 K which is far greater than bulk superconductor.

2.6.2. Thermal Properties

Table 2.2 shows the properties of YBCO and it can be noticed that the thermal
conductivity of YBCO is much lower than most metals. The applications like current
leads require low thermal conductivity however it can result to thermo-magnetic
instabilities like flux jumps at low temperatures. Due to localized heating, the flux

avalanches/jumps happen as a result of movement of individual flux lines.

Table 2.2 Properties of YBCO tape

Parameter Hastelloy Silver over-layer= Bulk YBCO
Density (kgm™) 8890 10490 5900
Thermal Conductivity 6-20 ab-plane 1-4
3-7.5 ~500-1500 )
(Wm'K" c-axis
Heat Capacity
2-200 2-155 ~1-200
(J kg' K™
Tensile Strength (MPa)  670-760 (yield) =60 (yield) ~30 (fracture)
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Conversely, in superconducting tapes, (RE)BCO is composed with silver over-layer
and copper layers (sometimes) which has high thermal conductivity and can rapidly
homogenize the temperature stifling flux avalanches/jumps. In addition, the thicker
substrate materials are generally employed as heat sink comparatively thinner

materials [43].

2.7.  Applications of trapped/high field cryomagnets

Such cryomagnets are cooled through liquid nitrogen mostly, due to the economic
viability of the cryogen. There are various situations where stacks of the YBCO or
(RE)BCO tape are employed in high field magnetic applications as that of bulk

superconductors. The applications of such magnets are classified as follows:

1. Power Grid Stabilization
2. Medical Applications

3. Transportation Services
4

Energy Storage Applications

1. Power Grid Stabilization

Due to the increase in power demand, a network of power grids can be found all
around on this planet where overhead high voltage transmission cables are
employed for power transportation from one power station to other. All power
generation units are combined to one common grid locally so that operations like
load shifting or unit maintenance can be handled easily. Large currents and
voltages are associated with such power grids and small interruption or faults may
cause power instability or even failure of the grid. Power grid instability is a
serious concern all over the world as it results in voltage fluctuations, undesirable
harmonics, momentary interruptions and voltage sags in the power system. Such
instances would result in the capital economic loss. To get rid of from such faults
usually Superconducting Fault Current Limiters (SFCL) are employed which are

installed within the grid to protect the grid from catastrophic events.

In order to match voltage fluctuations generally capacitors are employed at
present however their capacity to handle such events is much low due to less

response time and large specific weights of the unit for higher power ratings.
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Superconducting Magnetic Energy Storage (SMES) systems are capable of not
only handling such fluctuations but also the load shifting sequences. SMES
systems have large response time and higher power densities and they can respond
within few milliseconds to few minutes. Many countries have developed/tested

both SFCL [56]-[59] and SMES [60]-[62] systems for power grid stabilization.

As discussed earlier in chapter-1, the other advantage of SMES system is that it
can be used as a bridged energy reservoir among the distribution power grid and
renewable energy plant like solar and wind as output of such plants is
considerably intermittent. This device can be used to power blackouts and thus

economic loss can be prevented.
2. Medical Applications

Advancement in medical science becomes possible after the discovery of
superconducting machines like Magnetic Resonance Imaging (MRI) and Nuclear
Magnetic Resonance (NMR). High magnetic fields are involved in MRI devices to
capture the image of various parts of the body through recording hydrogen spin

available in our body in the form of water.

3. Transportation Applications

Modern transportation sector is seeking for electric driven technology in order to
avoid pollution and global warming challenges. Sectors like automobile and
aviation are shifting their energy resources from conventional fossil fuels to
electrically driven green technology. Already automobile sector has started their
production on the basis of electrical technology and few of vehicles have been
deployed recently in India under Zero Emission Vehicles (ZEVs). In aviation
sector, research on electric aircraft concept has been started few years back and till
now research is going on related to energy storage technologies. As discussed
earlier, for such technologies superconducting energy storage systems are one of

the strong and significant contender.
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Chapter-3

Mechanical Design of Superconducting Coil

In this chapter, design of superconducting magnet has been studied at a temperature
of 77 K and 14 K. Configuration of the superconducting tape has been identified
among I°' and 2" generation. The selection of the tape is done on the basis of large
current carrying capacity or the critical current of the tape at 77 K and 14 K. Effect
of operating temperatures has also been addressed in this chapter. In literature, many
configurations are available for the magnet design however the configuration has
been chosen which require less surface area and has an ability to minimize the length
of superconductor used to store energy. The design, input and constraint variables
have been identified for the electromagnetic design of superconducting magnet.
Analytical correlations have been employed to evaluate the geometrical details like
bore diameter, height of the magnet, thickness and number of turns around the
pancake coil of the magnet. Effect of current and solenoid thickness on the topology
of the magnet has been examined. A comparison has been done for the magnet design
at 14 K and 77 K and it has been concluded that it is beneficial to cool magnet at low

temperatures as it reduces the total length of the superconducting tape.

Keywords: Superconducting Magnet, Solenoid Magnet, Superconducting tape,
Pancake Coil, Energy Storage.
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3.1. Introduction

A superconducting magnet involved many sub-systems like main superconducting
coil, current leads, cryogenic setup and supporting structure. Many research institutes
have worked on the structural, thermal and magnetic design of the SMES.
International and National status of superconducting magnet has been elaborated in

the following sections.

3.1.1. Literature Survey (International Status)

Since superconducting magnetic energy storage technology is under development
phase due to economic constraints it is not being commercialized yet. The most well-
known experiment of superconducting magnet (NbTi superconductor) is installed in
CERN, Geneva, where the magnet is being cooled at 1.9 K using superfluid Helium
(Helium-3) [63]-[66]. Low Temperature Superconductors (LTS) (NbTi and Nb3Sn)
have been widely employed in the construction of the magnets [63]—[73]. After the
discovery of High Temperature Superconductors (HTS), the research communities
have employed HTS materials for the energy storage applications as these are found
to be economical than LTS and also generate stable magnetic fields with high energy
densities and compact size compared to LTS [74]. Many researchers have simulated
the structural aspects of HTS SMES including shape or configuration of the magnet
[75]-[78]. Various configurations like solenoidal [19], [20]-[27], toroidal
[75][78]1[88][89]-192][93][94]-[103][104], D-shaped [92] and race track coils [105],
[106] have been employed in the design and development of the HTS magnet.

In the HTS technology, basically two types of HTS tapes are being employed in the
development of the SMES viz. 1% Generation (1G) HTS Tapes (BSCCO-2212 and
BSCCO0-2223) [107]-[113] and 2™ Generation (2G) HTS tapes Yttrium Barium
Copper Oxide (YBCO) [77], [114]-[121]. Literature showed that both tapes have
been employed in the design of HTS magnet however 2G tapes are found to be better
than 1G as they can carry more currents and provides excellent mechanical strength
[122]. Many studies are devoted to the computational development of HTS SMES.
Some of the research institutes have successfully developed their prototypes also viz.

Korea Electro-Technological Research Institute, (KERI) Korea [123]-[128], Kyushu
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Electric Power (KEP), Japan [129]-[132] and China Electric Power Research Institute
(CEPRI) China [133]-[135].

3.1.2. Literature Survey (National Status)

In India, attempts have been made to develop such systems by using Low
Temperature Superconducting technology (below 10K) at IIT Kharagpur [136] and
Variable Energy Cyclotron Centre (VECC) (at Liquid Helium temperatures), Kolkata
[98]. Very less work has been reported other than our previous work [121][137]
where high temperature superconducting tapes have been incorporated in the
development of SMES devices in India. Table 3.1 and Table 3.2 describes the
computational and experimental studies performed on SMES having various energy

capacities.

In this chapter, only design of superconducting coil has been focussed where HTS
tape’s design and constraints parameters have been identified before the actual start of
the design procedure. The detailed procedure of electromagnetic design of magnet

coil has been explained in the coming sections.

3.2.  Selection of High Temperature Superconducting Tape

As discussed in chapter 2, HTS tapes can be specified into two categories a) 1%
generation and b) 2™ generation tapes. Among these two, 2™ generation HTS tapes
can carry more current densities under high magnetic field and possess higher critical
currents than 1% generation tapes at 77 K. Yttrium Barium Copper Oxide (YBCO) is
one of the widely used 2" generation tapes where Yttrium (Y) is a rare earth metal
due its advantages over 1G tapes. HTS tape manufactured by SuperPower (SCS
12050) [138] has been selected for the present study as it is basically designed for
high magnetic field applications like magnets and is having non-magnetic substrate.
The tape configurations are enlisted in Table 3.3 and schematic is given in Figure 3.1.
Proposed HTS tape is 12 mm wide and 0.1 mm thick and is composed with non-
magnetic substrate material (Hastelloy), YBCO layer, and stabilizer (silver) layer. The
manufacturing details of such tapes have been explained earlier in Chapter 2 (page-

54).
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The tape is having a critical current of 330 A at 77 K and 0 T self-field and in case of
higher transport currents, more than one tapes can be stacked to achieve the required
power requirements. As in the present study, six tapes have been stacked one over the

other which results in a maximum current of 1620 A with 82% load factor.

Table 3.3 HTS tape parameters for mechanical design

Articles Values
Tape width 12 mm
Bare Conductor Tape thickness 0.1 mm

Substrate thickness 50 um
Stabilizer thickness 2 um
Critical Current 77K, Self-field 330 A

Copper Stabilizer

Silver Overlayer

(RE)BCO - HTS (epitaxial)

Buffer Stack

20 pm

Figure 3.1 Schematic of HTS tape (manufactured by SuperPower)

3.3. Selection of Magnet Configuration

Selection of the SMES magnet cross-section is very important step while designing
the magnet. The strength, space and robustness of the device are the preliminary
requirements as large forces are associated with such devices. In the literature,
various combinations have been employed till date in order to get efficient design for
the HTS SMES device to store energy. Beginning with the Low Temperature
Superconductors (LTS) namely Nb-Ti1, NbsSn etc. various attempts have been made
to develop an economical and environmentally sound SMES magnets in past [62].
After the discovery of high temperature superconductors, researchers have preferred

HTS technology over LTS in the development of superconducting magnets due to
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economic issues and robustness. In the earlier stages, First Generation (1G) tapes
(Bismuth Strontium Calcium Copper Oxide- BSCCO-2212 and 2223) are being
utilized in the design and construction of magnets. These superconductors are
manufactured by using “Powder-in-Tube” technology. However, it has been
discovered that coated conductors (Yttrium Barium Copper Oxide-YBCO) i.e. Second
Generation (2G) HTS tapes can carry more currents than 1G tape. Thus, in this study,
YBCO tapes (manufactured by SuperPower® SCS12050) has been used for the design

of superconducting magnet.

There are two geometrical configurations are available for the SMES- solenoid and
toroid as shown in Figure 3.2. From literature, it has been found that the solenoidal
arrangement 1s simpler to manufacture and allows an easier handling of the
mechanical stress. Moreover, for isotropic superconductors, the solenoid
configuration allows minimum wire consumption and signifies most economical
solution [152]. However, 2G HTS coated conductors are anisotropic therefore in this
work only isotropic properties have been considered. Despite the drawback of the
high stray field, solenoidal geometry has been exploited in the past for the
development of real-scale SMES systems based on low temperature superconductors
[166]. More recently solenoidal geometries have also been used for the development
of SMES based on first generation HTS wires [164]. However, when 2G HTS
materials are considered, toroidal geometry is generally assumed [152], [77], [117],
[167]. Since toroidal geometry reduces the perpendicular component of the magnetic
field on the conductor, a lower material requirement can be expected due to the
drastic dependence of its J. vs. B performance on the orientation of the field. A
presumably lower level of AC losses can also be expected due to the lower
perpendicular field. However, a larger overall size of the toroidal SMES would result
in larger external heat loads due to radiation. In fact, the area of the toroidal shaped
magnet is about 300% that of the solenoidal [78]. Furthermore, a more complex
support structure is also needed for holding the pancakes which in turn increase the
overall manufacturing cost. Therefore, in the proposed work solenoidal magnet has

been selected for energy storage.
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\/;
a) Solenoidal Magnet b) Toroidal Magnet

Figure 3.2 Schematic of Solenoidal and toroidal magnet

N

3.4. Design Variables and Constraints

In the design of superconducting magnet, various variables have been involved that
can affect geometrical configuration of the magnet. For solenoidal magnet, the
important geometrical parameters are bore diameter, aspect ratio, number of
turns/thickness of the coil and supporting structure. Considering the design variables
(bore diameter, number of single or double pancake coils, number of winding turns of
superconductor etc.) and constraints (stray magnetic field, critical magnetic field, total
length of superconductor etc.) into account, HTS tape having /. 330 A has been
chosen to store energy and higher load factors have been considered for maintaining
the length of the HTS tape as minimum as possible so that maximum energy can be
stored within the defined design constraints. The purpose of choosing minimum
length is related to the cost of the superconductor which further strike on the

economic constraints.

An optimum design for the storage of energy can be achieved choosing design
constraints and variables cautiously. However, in the present study optimization of the
magnet parameters has not been considered. The different types of design variables,

constraints and input parameters are listed in Table 3.4 and Table 3.5.
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Table 3.4 Design Variables and Design Constraints for the SMES design

Solenoidal

Design Variables Design Constraints

Operating Current Length of the Superconductor

Number of single or double pancake coils
(SPC/DPC)

Bore diameter of the solenoid Max. Perpendicular Magnetic Field

Space for installation

Number of Turns of Single Pancake Coils  Critical Current and temperature

3.5. Assumptions
1. Gap among the adjacent single pancake coil (SPC) is assumed to be zero.
2. Reference magnetic field for the study is assumed to 3 T.
3. Optimization of the design variables has not been considered in the present

work.

3.6. Electromagnetic Design of HTS Magnet

A solenoidal geometry has been considered for the design of 1 MJ HTS magnet. The
solenoid is composed with multiple pancake coils piled up one top of the other in the
axial direction as shown in Figure 3.3. A complete SMES system is having many sub-
systems like pancake coil arrangement, current leads, supporting structure, vacuum
shell, non-metallic structure and cryocooler ports for cooling operations or liquid
nitrogen inlet/outlet ports. Generally, 2G HTS magnets are cooled with liquid
nitrogen as the critical temperature of ReBCO tapes is higher than 77 K.

Table 3.5 Input Parameters for the design of SC coil

Parameter Description

Aspect Ratio of the solenoid, a Length to diameter ratio

J/J. ratio of the SC conductor, ¢ | Safety Factor

Operating temperature of the

system, T Useful in deciding the operating currents

Approximate field which is intended to be
produced in the solenoid at the maximum
current during normal operation

Reference field for the solenoid,
Bref

Distance between two SPC/DPC | For the cooling purposes
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However, as discussed earlier, the current carrying capacity of HTS tapes is less at 77
K compared to 50 K or 20 K or liquid helium temperatures. Thus, to work at a
temperature lower than 77 K generally liquid hydrogen (20 K), liquid neon (27 K),
liquid helium (4.2 K) or cryocooler based cooling has been employed. For the present
study, it has been considered that the magnet is cooled at 77 K using liquid nitrogen.
The input parameters that are required for the design of superconducting magnet are

enlisted in Table 3.5.

In the present work, operating temperature is assumed to 77 K, reference field is 3 T,
J/J. ratio is 0.9 and the distance among the SPCs is assumed to zero. All such
parameters are crucial while magnet design and these are depending on each other in

some or other way through the analytical relations discussed in the following section.

1. Cryocooler Port; 2. Shell; 3. Supporting Structure; 4. HTS Coil;
5. Vacuum; 6. Current Leads: 7. Non-Metallic Spacers

Figure 3.3 Components of Typical Solenoidal HTS Superconducting Magnetic
Energy Storage Device.

The design of Solenoidal HT-SMES can be achieved using the following analytical

relations:
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The volume of the bore Vpore of the solenoid can be obtained based on the energy
AFE to be delivered and the energy density € = Brzef /2 M, corresponding to the
reference field (B,¢) by using following relation [168].

13

Vbore = ZIUOAE /Brzef’. Dsol :(4Vbore / aﬂ-) ’
H_  =aD

sol sol

3.1

Where a is aspect ratio, Dso 1s the bore diameter and Hios is the height of the

7
solenoid. 24, is the magnetic permeability of free space 47 x 10" Hm.

The maximum allowable current density of the SC conductor is obtained as Jiax
=c J., where c is the allowable J/J. ratio. The maximum allowable field By at the
center of the solenoid is deduced based on Jua. The maximum energy Emax

storable by the solenoid is also deduced based on Jiuqx.

The length of the SC conductor needed to build up the solenoid with thickness

o,,, is given by Equation 3-2, where Ssc is the cross section of the conductor and

Ry is the average radius of the solenoid (R = Dso/2 + O, /2), packing factor (b)

is assumed to unity.

lengthy. = 2R H

sol

o

oo 7 Ssc 3.2

. A Lorentz force arises in the coil due to the magnetic field. This produces a stress
distribution which must be withstood by the superconductor. The maximum
tensile stress occurring on the superconductor in the case of a thick solenoid can
be estimated by means of Equation 3-3, where r is the ratio between the outer
and the inner diameter of the solenoid, that is (» = 1 + 2d50/Dsor). For the designed

coil to be acceptable from a mechanical point of view the maximum stress should

be well below the critical tensile stress of the superconductors.

2
O-max:£JmameaxDsol L)z +V+])_i(2,,2+,,_fj 33
2 1| or+l) 12 5

. The last step for the design of the solenoid is the choice of the number of turns

(N). This is a crucial parameter in estimating the inductance ‘L’, and hence the
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performance of the solenoid. The maximum current /.. and the deliverable
energy AE of the solenoid are given by Equation 3-4 and Equation 3-5 [168]. Both
these quantities depend on the thickness ds, and the number of turns N of the
solenoid. Note that, as expected, the maximum storable energy Emax = %2 L Prax
does not depend on N since L increases as N?. Given a solenoid with assigned
thickness dso; and maximum storable energy En.x a high number of turns, which
leads to a high inductance L, is desirable since it implies a smaller maximum
current /nq With reduced size and the heat load of current leads. A more relaxed
sizing of the switches of the DC/DC converter is also obtained with a smaller

maximum current.

]max = Jmastolé‘sol / N 3.4
1

AE==L(I;,.-1,) 3.5
2

Deliverable energy can also be calculated by using following relation:

AE~7R. H_ B’

sol™~ sol = ref

/2u, 3.6

In the following sections, effect of current, solenoid thickness and operating
temperature on the magnet topology has been studied where aforementioned

analytical relations have been used.

3.6.1. Effect of Current on the Magnet Topology

Effect of current on the magnet topological parameters like inductance, thickness of
solenoid, number of turns around pancake coils and length of superconductor has
been evaluated in this section. Operating current through single tape has been varied

from 170 A to 270 A and its effect on the magnet design parameters has been studied.

Figure 3.4 shows the inductance variation with operating current varies from 170 A to
270 A. As six tapes are stacked one top of the other in order to increase the maximum
current (/n.) and reduce the superconductor’s length used to store 1 MJ of energy.
The minimum transport current of tape has been varied from 170 A to 270 A

simultaneously 7.« also changed with respect to I, from 1020 A to 1620 A.
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Inductance of the coil is found to decrease with the increase in operating current to

keep deliverable ( AE') and maximum (Enax) energy constant.

T T T T T T T T T
2.0_ [

18- ®— Inductance ]

1.6 - =

=
A
]

/

Inductance (H)

/
/

0.6 —
160 180

: : . . , .
260 280

| | |
200 220 240
Operating Current (A)

Figure 3.4 Operating current effects on Inductance

For a constant deliverable (AE) energy, maximum (En.) energy and number of
pancake coils, the solenoid thickness is found to decrease with increase in the
operating current as explained in Figure 3.5. Similarly, the superconductor’s length is
found to decrease with increase in operating current (Figure 3.6). Solenoid thickness
plays an imperative role as it is indirectly related to the bore diameter thus solenoid
height which further affect the size of the magnet. As per the space requirement, many
solenoid magnets can be designed where bore diameter and height of magnet can be

controlled when it is required.

Figure 3.7 indicates the total number of turns around SPCs variation with operating
current and it has been observed that with increase in minimum operating current, the
number of turns are found to decrease for constant 1 MJ deliverable energy and 49
pancake coils (as zero gap among the adjacent pancakes has been considered thus

there is a need of 49 pancake coils to match the solenoid height with 0.8 aspect ratio).
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Figure 3.5 Operating current effects on solenoid thickness
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This implies that with the increase in the minimum operating current flowing through
HTS tape the inductance, solenoid thickness, total number of turns and length of
superconducting tape is found to decrease which further indicate that as SC tape
contributes maximum part in the economic cost of the system thus with the increase in
the minimum operating current magnitude the overall cost of the system can be

controlled.

1400 A
= —m— Total Number of turns around SPC

N _'

1300 \
1200 - \ il

1100 8

1000 '\

900 - T

Total Number of turns around SPC

800

T T : T : T : T L 1 L
160 180 200 220 240 260 280
Operating Current (A)

Figure 3.7 Operating current effects on number of turns around SPC

3.6.2. Effect of Solenoid Thickness on Magnet Topology

In this section, the effect of various solenoid thicknesses (5 mm to 35 mm) on the
magnet design parameters like bore diameter, height of solenoid, number of
turns/SPC, number of SPCs and length of superconductor. For a deliverable energy of
1 MJ and fixed maximum energy, in order to evaluate the effect of solenoid thickness
on the magnet design parameters have been studied for a fixed minimum operating

current of 270 A flowing through single HTS tape.

It can be observed from Figure 3.8 that the bore diameter is found to decrease
drastically with thickness up to 20 mm and after this thickness the decline slope is

lesser than the former. Bore diameter can affect the rest of the magnet topology alone
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as it is related to all other design parameters directly or indirectly Equation 3-4 and

Equation 3-6. Similar trend has been noticed for solenoid height Figure 3.9.
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Figure 3.8 Effect of solenoid thickness on bore diameter

Number of SPCs and turns around single SPCs can also get affected by the solenoid
thickness as described in Figure 3.10 and Figure 3.11. As the height of solenoid is
varying with solenoid thickness thus number SPC required also varies. It can be
noticed from Figure 3.11 that with increase in the solenoid thickness, number of SPC
required to match the height of the magnet decreases as overall height of magnet
decreases. With the increase in solenoid thickness from 5 mm to 35 mm, number of
turns around the SPCs found to increase as described in Figure 3.11 as height is
decreasing. Similar to bore diameter and solenoid height, the length of the
superconductor is found to decrease rapidly up to 20 mm thickness and after that the
decline slope is less steep than thickness varies from 5 mm to 20 mm (Figure 3.12).
This implies that for thicker solenoid, less superconducting tape is required to store 1

MJ of energy than thinner magnet.
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3.6.3. Effect of Operating Temperature

In the present work, the magnet is assumed to be cool at 77 K however when the
characteristic curve B-T has been drawn (Figure 3.13) for the tape at 14 K
temperature, it has been found that perpendicular magnetic field has strong effect on
the critical temperature of the tape which is around 330 A for 77 K at 0 T self-field.
At 0 T self-field, the critical temperature of the tape is more than 10 times than that of
at 77 K. In order to acquire the ratio for the critical currents (14K/77K) at different
perpendicular magnetic flux densities, an attempt has been made to fit this curve with
polynomial fit 3.7 and the coefficients of this fit are given in Table 3.6 with the

standard errors done in estimating the correlation coefficients.

. 2 3 4
I Ratio(14K /77K )=¢,+$,B+$,B +$,B° +¢B* 37
Where B is the perpendicular magnetic flux density evaluated in Tesla (7), ¢, ¢, ¢,

9, and ¢, are the correlation coefficients whose values are available in Table 2.

Table 3.6 Correlation Coefficients for Polynomial fit

Coefficients Values Standard Error
P, 10.30866 0.07595
9, -5.50355 0.16249
/3 1.51155 0.08952
9, -0.1916 0.01723
9s 0.00896 0.00107

It has been found that at 14 K, the critical current of tape is 3390 A which is 10.27
times more than that of what is available at 77 K @0 T self-field. If a load factor of
82% is used here which is equal to that has been used for 77 K @ 0 T, then, the
minimum operating current that can be send through one tape at 14 K is 2780 A
which is greater than the maximum current flowing through 6 stacked tapes at 77 K

1e. 1620 A.

This means 1.72 times current can be sent through single tape at 14 K thus there is no
need of stacking of tapes to achieve higher currents. This implies, it is better to cool

the magnet to lower temperatures as much as possible however this depends upon the
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overall economic cost of the SMES system. Only after economic survey, the energy

storage ratings can be finalized.
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Figure 3.13 Critical current dependence on perpendicular magnetic flux density at 14K.

3.7. Conclusions

In this chapter, mechanical design aspects of the solenoid magnet have been studied
where input, design and constraints parameters have been evaluated and the effect of
operating current, solenoid thickness and operating temperature on the magnet
topology has been examined. From the study, it can be concluded that higher currents
have significant effect on the length of the superconductor used for energy storage
which implies less superconducting tape is required for energy storage if the operating
temperatures are low. Secondly, if large solenoid thicknesses used for magnet design
then the overall height and bore diameter is found to decrease for same total number

of turns.
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Chapter-4
Effect of Self-field on Critical Current

In this section, effect of self-field on the critical current of the superconducting tapes,
wounded on pancake coils, due to transport current has been evaluated using finite
element methods. To compute the effective critical current (1) of the high temperature
superconducting devices like magnets, it has been identified that there is a need to
understand the critical current density (J.) dependence on magnetic field (B) and
orientation among the current direction and local magnetic field components i.e. J.
(B, 6). A 2D numerical model has been developed using critical state models (CSM)
where the magnetic field dependency of critical current density (J.) is considered. In
the present model, the self-field developed due to current circulation through the
superconducting tapes has been taken into account whereas the effect of orientation
has not been considered in the present work. Since multi-turned pancake coils are
involved in the design of solenoidal superconducting magnet this implies that the
stacked tapes are interacting electromagnetically with each other thus the magnetic
field dependency of J. cannot be ignored. Mapped meshes are used within the

superconducting tapes to achieve higher accuracies.

Keywords: Critical State Models, Self-field, Critical Current, Pancake Coils,
Solenoidal Magnet.
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4.1. Introduction

As discussed earlier, high temperature superconducting tapes are widely employed in
various applications including high voltage power transmission, generators, motors,
energy storage, and transformers etc. These superconducting systems can be
implemented in various engineering fields like electric power transmission, power
grid stabilization, ship propulsion, Maglev trains propulsion, electric aircrafts, solar

and wind energy storage systems.

4.1.1. Literature Survey

Coated conductors can be used as long cables, single pancake coils and double
pancake coils having circular or race-track configuration [78], [97], [99], [121],
[169]-[174]. Coated conductors are frequently used due to their capability to handle
large currents (helpful in power transmission cables) and magnetic fields (energy
storage systems like SMES). Pancake coils are used in various applications including
motor winding [175]-[177], magnets (solenoidal or toroidal) [121][128], [137], [178]
where these are piled up one top of the other to generate the required field. In order to
retain the superconducting nature of the tape, it has to be cooled below critical
temperature which limits the amount of current (termed as critical current of the tape)
that can carry by the tape. It has been found that this current is significantly affected
due to the presence of either external magnetic fields or self-fields [170][179]-[182].
Thus, it becomes essential to know about the critical current (/) dependency on the
magnetic field (B) as /. magnitude can directly affect the design and optimization of
the superconducting systems. Though, almost all superconducting tape manufacturers
have defined the /. characteristics with 0 T self-field. Also, there is lack of
information on the effect of external field to the /. of the tape. Moreover, the effect of
neighboring tapes or coils has not been considered in the general information
catalogue as the /. can vary depending on the temperature and type of engineering
applications. As large currents are involved in the magnet design, self-field can affect
the /. of the tape thus in the present work, a multi-turned pancake coil has been
considered to evaluate such effects and /. variations are evaluated for each strand.
Magnets are generally designed to work near critical currents and thus, /. can

influence its geometrical parameters like height, bore diameter, thickness of magnet,
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number of turns, inductance and length of the superconductor, an analysis has been
done on solenoidal magnet in order to have a feel how significantly /. can affect

topology of superconducting magnet.

Many models and strategies have been tried in the past to evaluate the critical current
of the single or multi superconducting tape’s arrangement which can be found in [32],
[179]-181], [183]-[186]. Most of these studies considered power cables with low
aspect ratios or having small circular cross-sectional area. Few studies have been
performed where cable consisting superconducting tapes with high aspect ratios
where critical current of Roebel cables (used in transformer windings) have been
estimated [179][181]. These models have provided fair results however, they need
comparative and iterative processes to evaluate the /. and there is a need to consider
uniform current distribution within each superconductor. A detailed report on ITER’s
solenoid coil is available in [187] where effect of self-field and current non-
uniformity on the voltage-temperature relation of the ITER’s central solenoid insert
coil through numerical calculations has been studied. A more accurate way to
estimate critical current of the tape formed as a coil or cable is to incorporate the
critical current dependency of the superconducting tape or coil on the local flux
density J. (B). Kim model [188] is usually used to describe the critical current density
dependency on the local magnetic flux density J. (B). This model is also employed to
estimate the AC losses among superconducting devices using various formulations
[189]-[191]. In order to model the resistivity of the superconducting material,
generally E-J power law is used. For the detailed description, one can refer to [31],
[192] where three different numerical approaches have been explained. Few models
[32][184] have considered numerous conductors to evaluate the current distribution
however for this one needed to solve non-linear E-J power law relationship or an
iterative estimation of the /. which again required large computing time to get the

numerical solution of the problem.

Therefore, in this work, a novel dc model has been introduced that can be
implemented to estimate the critical current among the multi-turned pancake coil used
to store 1 MJ of energy. Only inductance of the coil has been considered and no effect

of mutual inductance taken into account. Like study available in literature [181], in
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thus study a variable P has been developed in order to acknowledge the E-J
relationship. This parameter is assumed to be uniform in each domain and provides
simple, robust and fast numerical technique to evaluate the critical current of the

stacked superconductors.

In this chapter, firstly assumptions have been made prior to the mathematical
modelling of the superconducting tapes then the criteria required for the selection of /.
has been discussed. Further, the discussions on the critical current dependency on
temperature has been described. Computational analysis has been done on the multi-
turned pancake coil to evaluate the self-field critical current at 77 K. For the
validation, the developed model was tested with previous studies. Final section

provides the outcome of the study.

4.2. Assumptions

1. 2D model is considered for the study.

2. Time independent analysis has been performed.

3. Effect of mutual inductance has not been taken into account.

4. Analysis has been done on 2D model when viewed from the top and only one

pancake coil has been considered for the analysis.

9]

Tape bending effects have not considered.

6. Since current is flowing through the superconducting layer thus only this layer
has been modelled as a computational domain along with vacuum domain which
1s assumed to be air.

7. Voltage drop is assumed to uniform across the cross-section of each conductor as

infinitely long conductors have been considered.

4.3. Numerical Scheme

Figure 4.1 shows the 2D model of the stacked HTS tapes containing 108 tapes (18
turns and 6 stacked tape) of a pancake coil. Figure 4.1 (a) comprises air and
superconducting domain of the model and Figure 4.1 (b) shows the magnifying view
arrangement of the tapes. Only superconducting layer has been modelled among the
HTS tape as current is assumed to flow through it. Table 4.1 comprises the modelling

parameters used to evaluate the self-field effects on the critical current. Kim model
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[188] has been used in order to consider the local field effects of self-field whose

constant By and k values are tabulated in Table 4.1.
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Figure 4.1 Arrangement of 108 tapes (6 stacked tapes with 18 turns)

Table 4.1 Model Parameters

Parameters Data
Number of parallel tapes 108
Width of the tape 12 mm
Thickness of the tape I um
Inter-distance among tape 1t03x10*m
Index, n 30
Critical Electric field 10 V/m
Constant, £ 0.29515
Magnetic field, By 42.65 mT

The magnetic flux density B is expressed in terms of magnetic vector potential A thus
B=VxA and electric field can be represented as E=—-0A/or—VV where V is
electric potential. Since DC currents are involved in superconducting magnet
applications thus —9A / &r — 0 which means current density J has reached its steady

state and magnetic field inside the superconductor is time independent. As steady
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state conditions have been assumed which are identical to the practical DC current
flow situations for most of the applications and this method can be used all such
superconducting applications. This is apparently a simplified characterization of the
actual physics transpiring within the superconducting tape where due to flux flow in

flux percolation results in the dc voltage dispersed along the length of the tape.

Since the problem is 2D thus only one component of electric field which is parallel to
current flow is taken into account in the present study. As magnetic field inside the
superconducting tapes invariant with time —0A /ér — 0 thus electric field reduced to
E =—-V1, implies for the 2D problem, /" should be uniform over the cross-section of
each superconductor. Also, the voltage gradient V1~ is considered to be uniform
across the cross-section of each conductor as infinitely long conductors has been
assumed for the study which implicitly meaning that £ (voltage drop/length) is also
uniform within all superconducting tapes. Critical electric field (£¢) is the field value
where current density reaches its critical value J.(B) and its relationship with current

density is given in (Equation 4-1) [25].

B L L n—1
“1.B)|J.(B) il
J=J.(B)P 49
where
LI
_LEEY 43
EC EC .

As discussed earlier, for DC inputs, electric field £ is uniform over the cross section
of superconductor which implies P is also uniform. It can also be noticed that when
current reaches its critical value, J=J. (B) (Equation 4-2), P=1 (Equation 4-3) and
E=E. (Equation 4-1). As evaluation of P does not involve solution of non-linear
equation like E-J relationship thus problem can be solved in less time. As in the
solenoidal superconducting magnet, the 49 pancake coils are having 18 turns (108
tapes locally) on each pancake and the individual turn is carrying a same current

therefore a parameter P; has been considered that will be constant in each turn and
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which ensure that a current of /, 1s flowing through each conductor. For a current /,
flowing through i conductor, automatically its corresponding P; value will be chosen

for the calculations as described below:

1, = [ P.J.(B)dxdy 4.4
Q

As P is constant therefore,

P=1,/[J.(B)dxdy 4.5
Q

The electric field E; (voltage drop per unit length) in the i conductor can be estimated

as

n-1

E =E.R|F| 4.6
Ampere’s law (Equation 4-7) has been used in the form of magnetic vector potential

to estimate magnet field. The equations involved are given below:

VxH=J 4.7

B=VxA4 4.8

B=uH 4.9

ElJ["

Purs :TCTC 4.10
1 J

Vx—VxA=J=J (B)P— 4.11
7] J

For air/insulating domain P;=0 whereas for superconducting domain its value can be
found using (Equation 4-5). Thus the 2D problem is now reduced where the attention
will be focused on solving equation (Equation 4-5) and (Equation 4-11) and by
applying appropriate boundary conditions depending upon the number of turns;
magnitude of transport current etc. the computational model can be solved using

Comsol MultiPhysics.

4.4. Selection of the /. criteria
When the voltage reaches its critical value, E., which is generally 1 uV/cm for high
temperature superconductors, then the current is called as critical current (/c). For the

pancake coils usually critical current can be evaluated by measuring the coil’s end-to-
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end voltage known as coil critical current (/.°°"). In case of multi-turned coils, there
may be a situation when the innermost turn achieves critical current at a value lower
than 7., which is quite unsafe and can lead to over-critical situations, even at a
current lower than actual /.. Thus, it is much important to know this condition as
critical current is the maximum current that a superconducting system can carry

without quench, therefore it becomes imperative to define this criterion with accuracy.

Therefore, for the present study, where 6 stacked tapes are wounded on the pancake

coil having radius 7, and turn spacing s, the /. criteria is defined as follows:

1. I. is the current at which the voltage drops per unit length of the
superconductor E; ; has reached its critical value E. in at least one conductor of

the stacked tapes used to wind the coil, i.e. P; =1.

It is easy to evaluate electric field from P; by using (Equation 4-6) once the numerical
model gets solved. Besides the merits of the model, this approach has one limitation
also; present model describes the voltage drop ¥ near the critical current density and it
does not consider the real dynamics behind the voltage drop far from the critical

current density.

4.5. Validation

To validate the computational procedure, Roebel cable composed with 10 strands has
been considered from the literature [181]. Parameters used for the modelling are
tabulated in Table 4.2 and schematic of the Roebel cable’s strands is given in Figure

4.2.

The tested parameters are given in Table 4.3, where total 30 sets have been considered
in order to evaluate the self-field effect on the critical current of the Roebel cable and
Figure 4.3 represents the values obtained by the authors for more than 50,000 tests.
Analysis showed that the nearest /. achieved for Roebel cable is 534.83 A against 539
A with an error of 4.11 A for J.o (A/m?) = 4.75E10, B.= 35 mT, b= 0.6 and k=0.25.
The developed model has been tested for 30 different inputs and all obtained results

lying among the feasible range as shown in Figure 4.4.
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Figure 4.2 Tape arrangement

Table 4.2 Parameters for model validation

Parameters Value
Number of Strands in Cable 10
Strand Width 1.8 x10°m
Tape thickness 1 x10%m
Roebel Gap 1 %103 m
Roebel inter-strand gap 1 x10%m
Exponent of E-J power Law 21
Critical Electric field 1 x10*V/m

Table 4.3 Parameters used in computational validation

Parameters Tested Values

Jeo (A/m?) [4.25,4.5,4.75,5,5.25] x10"°
B.(mT) 25, 30, 35, 40

b 0.5,0.6,0.7

k 0.2,0.25,0.3

Mapped mesh has been used for the discretization of the superconducting domain and
it has been found that results are matching with Zermeno et al. [181] findings. All
calculated values are lying in the feasible region offered by the authors, thus this

model can be directly used to evaluate the objectives of this thesis work.
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4.6. Model Description

Figure 4.5 shows the 2D computational domain of the stacked tapes where 108
superconducting layers have been drawn one top of the other with a minute gap

among them in order to evaluate the effect of tight or loose winding.

To model the resistivity of superconducting layer E-J power law has been used with
index, »n=30. Time independent analysis has been performed using Comsol
Multiphysics. An additional parameter P has been developed which ensures that at the
critical current the voltage drop per unit length should reach its critical value E. in at

least one conductor.
maX, 5.4 £ =1 412

This model works very well for Zermeno and Grilli et al [181] and it is easy to
implement in order to estimate the critical current of the multi-turned pancake coils.
The methodology has been employed to evaluate the self-field effects on the critical

current, magnet topology.
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Figure 4.5 Geometrical representation of the 2D model

The transport current (Z,) flowing through the i* individual turn of the coil can be
calculated using (Equation 4-9). Using equation (Equation 4-10), the parameter P; can
be evaluated. The voltage drops per unit length E; in the i superconductor can be
calculated using (Equation 4-11). Ampere’s law can be rewritten (Equation 4-12) in

order to evaluate current densities and individual magnetic fields with the help of
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magnetic vector potential. It has been noticed that the time required to solve the
computational model is found to less than 90 seconds, this implies the model is quite
quick to solve the problem. More than 2e5 degree of freedoms have been solved for

each case.

4.6.1. Mesh Sensitivity Analysis

The computational domain is discretized by using mapped meshing where different
number of elements have been employed for the discritization. Number of elements
have been varied from 25 to 100 for the mesh sensitivity. Table 4.4 illustrate the
effect of mesh density or number of elements on the critical current and time elapsed
to solve the computational domain. Figure 4.6 represents the mesh density for six
different number of elements and it can be noticed from the Table 4.4 that for case-5
1.e. for 100 number of elements, the results are same as that of case-6, thus this mesh
has been used for the discritization of the superconducting domain and free triangular
meshing has been used for the air domain with fine meshing. Number of domain
elements, boundaries, degree of freedoms and time elapsed for computations are
enlisted in Table 4.4. The system configurations were as follows: Intel Core 15-8250

CPU @1.6GHz, 8GB RAM, 64-bit operating system with Window 10.

Table 4.4 Mesh sensitivity studies

st Numberof NGO N DeEreeol g o oy
elements boundaries tapes

1. 20 11962 4584 28402 51 33229

2. 40 30488 8904 69774 56 33223
3. 60 45966 13224 105050 61 33223
4. 80 76814 17544 171066 66 33223
5. 100 95360 21864 212478 69 33222
6. 120 139450 26184 304978 78 33222
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4.7.  Effect of Self-field on Critical Current of Tape

The critical current for the tape is 330 A and as 108 tapes are stacked around the coil
thus the critical current for all tapes is equal to 35,640 A without considering self-
field effect. The self-field analysis on multi-turned coil has been done using Comsol
MultiPhysics software package. As multi-turns are involved thus the effect of

tightened and loosened windings around the coil has also been studied in this work.
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ey /' 32396
—m— Critical Current / 31531

@ s oo’ 30624
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= 27609
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2.6x10" 26488 7
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1.0x10™ 1.5x10° 2.0x10* 2.5x10* 3.0x10* 3.5x10™
Distance b/w Adjacent turns (m)

Figure 4.7 Critical current Vs inter-distance among tapes

The results showed that there is a significant drop in the critical current of tape
(highlighted with rectangular box) which is nearly equal to 275 A for 108 tapes with
0.2 mm inter-distance among the turns against 330 A with no self-field. To evaluate
the effect of tightened or loosened winding the analysis has been done by increasing

and decreasing 0.1 mm gap among 0.2 mm initial gap.

Figure 4.7 shows that with the increase or decrease in the inter-distance among tapes,
the critical current is found to increase or decrease respectively. However, the
magnetic flux density is found to decrease with the inter-distance among tapes which

results in less dense fields and vice versa as in Figure 4.8. The parallel and
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perpendicular magnetic flux density component’s (T) distribution for 108 turns is
represented in Figure 4.9 and Figure 4.10 respectively. This implies that one has to
sacrifice among the denser fields if the objective of the study is focused to achieve
more transport currents. However, for the SMES or MRI applications where the sole
motive is to have higher trapped fields, tapes are needed to be tightly wounded to

ensure denser fields.
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Figure 4.8 Magnetic flux density Vs inter-distance among tapes

Therefore, it has been concluded from here that the inter-distance among the tapes is a
crucial factor as it can affect the magnetic flux density significantly. Such situations
usually impact the performance of magnetic energy storage or MRI systems where

high density fields are generally required to have higher power densities.

Also, number of turns around the pancake coils may also affect the critical current and
magnetic flux densities due to self-field however in this work that aspect has not been

taken into account.
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Surface: Magnetic flux density, x component (T)
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Figure 4.9 Parallel magnetic flux density component (T)

Surface: Magnetic flux density, y component (T)
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4.8.  Self-field effects on Magnet topology for Single Pancake Coil

Superconducting magnetic energy storage can be achieved using superconducting
tapes in solenoidal or toroidal configuration. In the present study, solenoidal
configuration has been proposed and the effect of self-field on the energy storage
parameters has been evaluated. Maximum energy (Eqx) stored in an inductor when a
current Inax is flowing through it can be calculated using (Equation 4-13) and
deliverable energy can be estimated using (Equation 4-14). At 0 T self-field, the /. of
the tape is 330 A and the operating current is 270 A with 81% approximate load

factor.

Nano-Level gap among turns

I

Depending on degree of tightness

X

.
-

Figure 4.11 Tape arrangement
It has been assumed that the minimum current (/,:x) is the current that is flowing
through a single tape and minimum power requirement which also depends upon
critical current (/) and load factor considered for the study. For this case 270 A is the
minimum current flowing through a single tape and in order to achieve the minimum
power requirement /,q: should be 1.62 kA where six tapes are stacked together to
ensure the minimum deliverable energy 1 MJ and having 0.784 H inductance of the
coil. Figure 4.11 shows the arrangement of the tapes along with the adjacent gap

among the tapes.

102



E _ =—LI

max 2 max

4.13
AE==L(I},-1,) 4.14

23 v T . T ) T J T

22 - LN

21 —a— Without Self-field

] e With Self-field
20 4 g

o “ \\
18
17 -
16

15 -

Length of Superconductor (km)

14 -

13 -

12 ' | ' T ' T y | J T '
55 60 65 70 75 80 85

Load Factor (%)

Figure 4.12 Load factor Vs Length of Superconductor

For lower load factor as in Figure 4.12, the superconductor length is found to increase
for the same deliverable and maximum energy which implies it is better to operate
near the critical current (high load factor) as less superconducting tape is needed for
energy storage. Also, with decrease in transport current, the inductance (Figure 4.13)
is found to increase which tells more time is required for the current to achieve its
steady state. However, in this work, only steady state analysis has been performed

where magnetic vector potential is independent of time —6A / 6 — 0.

However, when self-field effects are taken into account, the /. of the tape has been
reduced to 275 A which is well below the /. (330 A) at 77 K @ 0 T self-field.

Keeping the load factor same as that of without self-field effect, the operating current
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through a single tape reduced to 225 A. After keeping Ema and AE constant, it has
been found that more superconductor is required to store same energy and the
variation of superconductor’s length with operating currents with and without self-
field has been plotted in Figure 4.14. Where 4 and A1 represents 0.81 load factor (LF)
and E and E/ represents 58% LF. It can be observed that the SC tape length required
for energy storage (1 MJ) is found to increase from 12.8 km (/=330 A) to 15.4 km
(I=275 A).
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Figure 4.13 Load factor Vs Inductance of the coil

Due to the self-field, current reduces significantly and thus, more number of turns are
needed to ensure the same stored energy capacity and this further results in increasing
the overall thickness of the magnet Figure 4.15. This implies that self-field can
influence the topology of the magnet to a great extent. However, in the present study
fixed bore diameter and aspect ratios have been considered. If such geometrical
parameters could also have considered under the influence of self-field, then it may

affect the magnet topological parameters to even a broader extent. Meanwhile from
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the present scenario, this is understood that the self-field contributions have to be

considered while designing the superconducting magnet.
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4.9. Conclusions

In this chapter, the self-field effects on critical current have been studied for the
magnet coils however in order to avoid the computational modelling difficulties
various approximations have been considered. In order to identify the self-field
effects, Kim model has been incorporated and a parameter P has been used to ensure
the critical current existence in at least one tape out of 108 tapes of a pancake coil. It
has been concluded that self-field has significant effect on the critical current of the
coil and thus it can influence the magnet topology to a great extent. Thus, this aspect

should be considered while designing the superconducting magnet.
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Chapter-5

AC Loss Modelling of Superconducting Magnet

In this chapter, modelling of superconducting magnet is described by using finite
element methods to evaluate the AC losses involved. As there are various methods are
available to evaluate the AC losses in the superconducting tapes, therefore the
selection of the method used in the present study is done on the basis of accuracy of
the solution and computational time required. After presenting the computational
domain of the magnet, the Maxwell’s equations are solved using Comsol Multiphysics
software package for 2D model implementing H-formulations. The assumptions are
made to model the coil cross-section as number of individual turns in order to reduce
the computational time. In order to further improve the accuracy and computational
time, mapped meshing is implemented for meshing the computational domain. Local
variations in the magnetic field have been considered by incorporating Kim model to
estimate the critical current density. During investigation some interesting points are
found for further analysis and a complete modelling of the stacked superconducting

tapes is done.
Keywords: H-formulations, Kim-model, Comsol MultiPhysics, AC Losses,

Superconducting magnet, Maxwell equations.
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5.1. AC Losses in HTS conductors

In most of the electric power applications, generally at low frequencies it has been
found that resistance arises in type-II superconductors due to flux flow and flux creep.
As type-II superconductors can carry more current in the presence of larger magnetic
field. However, losses may occur in type-II superconductors due to the appearance of
electric field. Next generation superconductors are going to replace the normal
conductors as the former produce negligible losses when compared with the later one.
However, before coming into real life applications superconductors have to various
requirements such as high critical current and low price. As superconducting devices
work at very low temperatures (nearly at 77 K temperature) thus one has to consider
economic aspects also while maintaining such low temperatures. Moreover, heat
generated due to AC losses put an extra investment on the overall cost of the system,

as this heating load has to be balanced by the cryogenic unit.

Therefore, before incorporating superconductors in the power devices financial
constraints has to be considered such as material cost, energy cost, cryogenic unit
cost, maintenance cost and the reliability of the system. As the resistance of the
superconductor is almost negligible compared to normal conductor implies AC losses
are found to be lower in superconducting systems then the conventional systems.
Therefore, it is important to calculate the AC losses precisely in order to remove the
heat load from the system economically and to retain the superconductivity of the
system. The cooling can be done in two ways, convection cooling and conduction
cooling. In the convection cooling, heat dissipation can be achieved by the
evaporation of the coolant (helium, nitrogen). On the other hand, in case of

conduction cooling a cryocooler is used to maintain the temperature of the system.

The detailed approach on the quenching of superconducting tape has been presented
in Chapter 6. For each electrical power application, the AC losses are needed to be
calculating as different time varying currents or magnetic fields are involved for
different systems. AC losses can be obtained in two ways; transport current loss and
magnetization loss. In the present study, attention has been focused on current losses

only.
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5.1.1. Types of AC loss

As discussed earlier, there are two types of AC losses; magnetization losses and
transport current losses. Both of these losses results in power dissipation which
increases superconductor's temperature. Due to this extra heat load, the cryogenic unit
has to maintain the temperature of the system in order to avoid quenching of the

superconductor.

Magnetization Loss (Qm) this loss arises due to the application of alternating
magnetic field to the superconductor. These losses are further classified into three
categories; hysteresis loss, coupling loss and Eddy current loss. The source of energy

for such losses is coming from the applied magnetic field.

Such losses are coming into picture due to the irreversibility caused by vortex pinning
[20]. due to the pinning, the flux entered to the superconductor is not found to same as
that of leaving it. The hysteresis loop is coming into existence when a plot between
magnetic induction, B and magnetic field, // is drawn. in the absence of transport
current, the energy loss per cycle is proportional to the area under the loop [193].
Such hysteresis losses will result into heat dissipation and thus increase the
temperature of superconductor. Losses are proportional to the pinning i.e. stronger the
pinning more will be the loss. This implies larger the critical current of the type-II

superconductor more hysteresis losses are associated with it [19].

Coupling Losses For multi-filamentary conductors such as BSCCO (Bi-Sr-Ca-Cu-0),
coupling losses are one of the challenges due to the presence of multiple
superconducting filaments within a silver sheath [193][194]. Such losses can also be
found in second generation superconductors (YBCO) if the tapes are striated into
filaments. These losses occur when an eddy current induced due to varying magnetic
field, flows partly through the silver and also through superconductor among the
filaments. It happens when current flows from one filament to another, then the
filament coupled together to form a single large magnetic system which offers
significant resistance to the flow of current through the Silver matrix. Such Ohmic

losses within the metal matrix are known as coupling losses [193].
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5.1.2. Eddy Current Losses

Induced time-varying electric field can lead to flow of current when time-varying
external magnetic field penetrates through a normal conductor [20]. This flow of
current is known as eddy current in the tape and these currents may result into
significant ohmic energy dissipation if the magnetic field is perpendicular to the tape
surface [20]. Eddy current losses are sensitive to frequencies thus at low frequencies
these losses can be calculated for many conductor geometries. By increasing the
effective resistivity of the matrix such losses can be minimized. The present study,

such losses have not been considered.

5.1.3. Transport Current Losses
Hysteresis Loss Such losses occur when AC current is flowing through the
superconducting tape. Due to the circulation of large currents induced self-field may

arise which plays an important role in such losses [193].

Flux Flow Loss With the increase in the transport current magnitude, the depinning
of the flux lines increases and these lines start moving in the superconductor. The heat

dissipation associated with such process is called flux flow loss [193].

5.1.4. Analytical Techniques to evaluate AC losses

Various studies have been available where magnetization and transport current AC
losses are calculated using analytical techniques. AC losses calculated using such
analytical equations can be used to compare the losses obtained through FEM

techniques.

5.1.4.1. Norris Model

Norris proposed a method to estimate AC loss for self-field [195]. This analytical
model is based on the idealized behavior of the superconductor which is equivalent to
London model [196]. It is based on the fact that if current exceeds the critical values
then the resistance of the superconductor is assumed to rise steeply and at constant
current density its value is such that the ohmic voltage drop exactly balances the
driving electromotive force (emf). This model assumed that the current density is not
depends upon the ambient magnetic field however it is well known fact that it

depends not only on the magnitude of the field but also on the direction of the field.
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In order to compute the AC losses among the superconducting strip carrying a
transport current, lo, Norris proposed the following equation:

2 2
Pstrip(W/m)=“0—ICf 1'1_0 ln l-I—O + 1+I—0 ln 1—|—I_0 - I_O 51
L I I, I, I, I,

C

For different load factors and frequencies, a plot has been drawn in order finds the

behavior of the AC losses. It has been found that the losses increase with frequency

and load factor.
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Figure 5.1 AC losses using Norris equation vs frequency of current

5.1.4.2. Brandt Model

Brandt proposed a model to estimate the AC losses in two dimensions where
Maxwell’s equations have been solved with E-J power law when a transport current is
flowing through the strip or a perpendicular external magnetic field is penetrating the
superconducting strip [23][24]. The involved equations (current and magnetic field
distributions) in superconducting strip model have been discussed earlier. The

magnetization loss for a strip of width ‘2a’and thickness ‘d’ for a perpendicular field

having Ho magnitude can be computed as follows:
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0 c c

P_(W/m)=4mpa’H H_f 2H, In cosh H, -tanh H, 5.2
H H H

For a transport current Iy, the above equation can be implemented to estimate the

transport AC losses:

2 2
Ptrans(W/m)=H0—ICf l'Ii 11’1 I-I—O + 1-|-Ii ln 1—|—Ii - Ii 53
T I, I, I, I, )1,

The above equation of transport AC losses is same as that of Norris equation.

5.1.4.3. The H-formulation

In order to solve the Maxwell equations for modelling the electromagnetic behaviour
of the HTS in 2D, H-formulation are widely used as they provide accurate solutions in
less computational time. Comsol Multiphysics 5.4 has been used to perform the
analysis where PDEs have been incorporated to do H-formulation analysis. H-
formulations are generally employed to evaluate the AC losses as it is easy to impose
boundary conditions related to the externally applied magnetic fields and flow of
current in superconductor and the solution is found to converge at faster rate than

other methods.

Computational domain is divided into two sub-domains: air and superconducting
domain. The inclusion of magnetic substrate materials has been not considered in the
analysis and the tape (SCS 12050) manufactured by the SuperPower has been
considered for the study. The same dependent variables are defined for both sub-

domains by incorporating a few PDEs. By assuming that B =z, His applicable in

both the superconducting and air sub-domains, the Maxwell’s equations can be

written as:
dB dH
VxE=—"—=—p — 5.4
* a0 g
VxH=J
R
E=E,| ——| — 5.5
JB)) I,
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The E-J power law is used to model the behaviour of superconducting material by

assuming;:

e The electric field E is always parallel to current density J
e In the E-J relation, Eo signify the threshold electric field which is generally

used to define the critical current density, Jc is equal to 10 V/m.

Exploiting power law while modeling superconducting behaviour is more appropriate
than that of original Bean model (I1—>%) with a threshold voltage E=14V/m.
The power index ‘n=30’ is assumed which is a usual value for melt-processed YBCO
tapes [63].

5.1.4.4. H-formulations in Cartesian Coordinates

In the 2D Cartesian coordinates, the space is considered to be infinite in z-direction
and the tape is supposed to have infinitely long rectangular cross-sectionwxd . The

current density J is flowing in z-direction only and magnetic flux lies in the x-y plane.

The schematic of the rectangular tape is shown in Figure 5.2.

Transport
Current

Thickness of the

l Tape, d

«————— Width of the Tape, w——mo— T

Figure 5.2 Schematic of the High Temperature Superconducting tape used for FEM model

Therefore, Maxwell’s equations in Cartesian coordinates can be written as:

- dHy _ dH,
©odx dy
dE, dH,
J— - l’l’O
dx dt
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dE, 3 dH
dy Ko

X

dt

Comsol Multiphysics is used to solve the PDEs mentioned above for two dependent
variables H. and H,. Appropriate boundary conditions can be applied to model to

solve PDEs. The non-linear PDEs can be written as

2
e, d—l;+da d—“+V.F=F
dt dt

h H,
where, u = H,

Where ‘e,’ is mass coefficient matrix, da. is the damping coefficient, u is a dependent
variables vector, I is a flux vector and F is a source term. These all can be functions
of spatial coordinates, space and time derivatives of u and the solution u. Thus,

Maxwell’s equations can be written as:

0 0|d%m | M, 0 |du 0 E, 0
—+ —+V. =
0 0]dt 0 L, | dt -E, O 0

For the case where only transport current is flowing and no external magnetic field is
there, a Dirichlet boundary condition can be applied at the infinity. At the interface

between superconductor and air, a continuity equation nx(H, —H,)=01is used. By

applying Neumann boundary condition at the superconducting tape surface, this
equation can be implemented in Comsol. In nutshell, it can be seen like that the
magnetic field intensity’s tangential components are conserved at either side of

material interface and can be represented as follows:

dH,

dn

dH,
dn

0

2

Where H,,and H, are the tangential components. Using these boundary conditions,

the PDEs are evaluated through Comsol. The scalar expressions like J, are defined by

J

C

n-1
E
"d(H,,x)-d(H_,y)", P aS—O(L—] . The expression p_.J: can be defined the

C

electric field E: for the superconductor and p, .J: can be used to define the electric
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field E: for air ( p,, =2E14 Q-m). By incorporating a sub-domain integration variable

lint, 1t has been ensured that the current is flowing through superconducting domain
only. The input current can be either of these; DC or AC. If ‘s’ is the cross-section of

the superconductor, then
I, =[[J, dxdy=[7,ds 5.6

This current value is imposed on the superconductor to ensure the current flow

t

through it i.e. Lins, sub-domain= ILapp. Lapp 1s then applied as I, (l—e(_fjjor I, sin(27zft) or
defined explicitly in the point/boundary setting.

5.2.  Finite Element Method for Modelling of the Coil

The analytical models used for simple geometries have been discussed earlier, and
many models have been proposed to evaluate the critical state of the superconductors.
However, to solve the complex geometries, numerical models are needed to be
developed. Usually, such numerical models (2D or 3D) are employed to solve the
Maxwell’s equations coupled with E-J power law by using finite element or finite
difference methods. Finite element methods are popular for solving partial differential
equations (PDEs). These models have been widely studied by many researchers
before such as T-Q (based on the current vector potential T) [197]-[201], A-V (based
on magnetic vector potential A) [202]-[204], and H- formulations (based on directly
solving the magnetic field components) [205]-[210]. While modelling, Maxwell’s
equations can be written using these formulations (having equivalent principles)
however the outcomes of the equivalent PDEs can be differing from each other. As in
the present work, H-formulations are used thus a detailed introduction to this

numerical technique is presented in the next section.

5.2.1. Assumptions
1. 2D model has been used for the study.
2. Analysis has been performed on single pancake coil.
3. A homogenized domain has been used instead of using multi-turned coil in

order to reduce computing time.
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4. The turns are assumed to be a bundle of parallel conductors which consists
both normal and superconducting materials.

5. External fields are not taking into consideration.

5.2.2. H-formulation modelling

The formulations using differential equations have been used earlier by Kajikawa et al
[211] and Pecher et al [212] where magnetic field H has been considered for
superconductor’s modeling. Brambilla et al [213] and Hong et al [207] used H-
formulations integrated with E-J power law where edge elements (explained in next
section) are employed for the discritization of the superconducting homogeneous
domain. In this research work, formulation used is same as that of Brambilla et al
[213] where integral constraints have been employed to impose discrete currents to
different conductors and no distinction has been made among the external and self-
fields. H-formulations have been used in the present study as it is easy to implement
and gives high degree of accuracy when zeroth-order edge elements have considered
for the discretization of the domain. In the next section, a detailed study related to
triangular and rectangular edge elements has been presented. Moreover, structured
meshes have been used for the meshing of thin rectangular shaped domains. In order
to model the stacked tapes or coils, its cross-section can be considered and that
consists both normal and superconducting domains as a bundle which are parallel to
each other. Dirichlet boundary condition can be used to impose the transport current
at the domain boundary which are coupled at the ends. The boundary can be set at a
distance of 8-10 times the maximum cross-sectional diameter of the conductor’s
bundle. Conversely, for a general case where current is known and it has to be
enforced in each conductor, Dirichlet boundary condition cannot serve the purpose
alone. For a cluster of n. parallel superconductors (which carry a defined current), one

integral constraint per conductor can ensure the transport current requirement.

As current density is considered in the direction out of x-y plane thus J =&, VxH

and where /i (t) is the transport current in the conductor (Cy). If all parallel conductors
or tapes carries same current, then /i (t)=/ (t). Thus, problem reduced to evaluate the

magnetic field H i.e. [172]
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OH
VxoVxH=—u——-
P H o

5.7
H=H, +H, 5.8
H,_ =H\|V.(uH,)=0
lk(z)=jc J dxdy Vke{l,2,..n) 5.9

To calculate magnetic field H, Equation 5-1 has been employed with a boundary
condition imposed on model as Equation 5-1

5.8. Magnitudes of J, E and B can be intended from H by using Ampere’s
Law J=VxHand the subsequent constitutive relations E =pJand B=uH

respectively. The resistivity of the HTS tape can be modeled by incorporating Power
Law ( 5.10).

Ec n—1
Purs = J_

c

J

J

c

5.10

Here, E~1uV/cm is the electric field which can be attained when current density
reached its critical value and »n represents the index of E-J relationship. A Kim like
model (Equation 5-5) for the J. (B) dependence of HTS tape at 77 K was incorporated
[188]. Instantaneous AC losses (W/m) can be estimated using following relation:

E= j E.J dxdy

Insidedomain

5.11

For periodic signals, average losses (#/m) can be evaluated using following relation:

Q:%jﬁrdszE.dedy 5.12

As zero initial condition has been chosen thus transient phase are expected. However,
such phases will fade out once maximum magnitude has reached for the transport
current or external fields if considered. Thus, second half of the cycle has been
considered where most of the transient field fade out and to ensure the computational

speeds, hence the integral changed to
11" wf EJava 5.13
Q_?J‘T/Z ZIQ o dxdy :
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5.2.3. Homogenization of the domain

As in the present study, six tapes have been stacked one over the other in order to
reach a maximum current of 1620 A and for 1 MJ energy storage 49 pancake coils are
required with having 18 turns each on single pancake. This implies there are total 108

conductors or tapes locally around one single pancake coil as shown in Figure 5.3.

Vs v

6 *18 turns= 108 tapes at 90 degree

cut-section J|, clockwise
0.0087
0.008°
0.007]
0,006
0.005 |
0.004|
0.0077]
0002
0001

Homogenization

of the Domain

-0.0017
-0.007 |
-0.007]

0008 -0006 -0.004 0002 0 0002 DOB4 0005

Figure 5.3 Details of the computation domain

Therefore, there is a need to draw 108 conductor’s cross-section those are stacked
over one another as shown in Figure 5.4 (b). Though, for practical situations, the
thickness of one-unit cell (D) varies throughout the stack however for the present

analysis it has been assumed to be constant and equal to 0.1mm.

Figure 5.4 (a) shows the schematic of model coil with all individual domains and
Figure 5.4 (b) shows the exploded view of single tape. The superconducting tape is
composed of insulator (indicating the minute gap among the adjacent layers), copper
as substrate, silver as stabilizer, and YBCO tape whose geometrical details are
available in Table 5.1. A current of 210 A to 330 A has been fed through each tape at

a frequency of 50 Hz (assumed to be equal to AC current frequency).

The model shown in Figure 5.4 (c) describes the 2D representation of 108 turns where

6 stacked tapes roll one over the other for 18 turns. Figure 5.4 shows the periodic
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linear arrangement of superconducting tapes (YBCO) constructed using Ion Beam
Assisted Deposition (IBAD) [214][215] technique. Tapes manufactured with IBAD
technique do not contain magnetic substrates therefore, relative permeability of many

layers is considered to be equal to one.

Extended view Figure 5.4 (b) shows that a unit cell is composed with layers of copper,
substrate, superconducting film, silver and insulation that separate the tape from the
adjacent one. From the Table 5.1, it can be noticed that the resistivity of air and normal
conductors is much larger than the superconductor in the mixed state. Therefore, in
order to avoid complexities, homogenized model has been taken into account where
only superconducting material’s volume fraction is considered. In order to take care of
the local field’s J. (B) effects, Kim [21] like model has been used. For homogenized
bulk, the equivalent critical current density J., g5 (B) = Jc (B) furs 1s used; where furs is
the volume fraction of the superconducting material per unit cell. In order to avoid
complexities, in the present study, for the case of homogenized stacks, J. alone will be
referred to the equivalent critical current density and J. (B) for the superconducting

layers of a tape.

In order to model the 108 stacked tapes as shown in Figure 5.4 (d) where each tape is
carrying a predefined current equal to Equation 3 per conductor ensures the constraints
is achieved. This can be achieved by introducing n. Lagrange’s multipliers, basically
one for each conductor. Although, the present homogenized domain cannot be
discretized through the described constraints therefore new set of constraints are
required in order to assure the imposed transport current. For a special case of
infinitely thin conductors with tightly packed configuration, Clem et al. [216] has

expressed the condition as;
P(y,t)=JCJ(x,y,t)dx 5.14
Here P(J,f)represents the current density/height transported by the thin

superconductor at Y =Yin the homogenized bulk of stacked conductors. For a

situation when all stacked tapes carrying same current /(¢) then P(y,t)= I(z)/D will be

the constraint in y-direction. Therefore,
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Table 5.1 Parameters of the homogenized domain

Description Value

Cu cover height (each side) 20e-6 m

Air gap and insulator height 2e-4 m

Ag cover height 4e-6 m
Substrate height 50e-6 m

HTS layer height le-6 m

Tape height le-4 m

Tape width 12e-3m
Number of turns on pancake 108

n 30

Resistivity of Air I m*V/A
Resistivity of Ag 2.7¢-9 m*V/A
Resistivity of Cu 1.97¢-9 m*V/A
Resistivity of substrate 1.25¢-9 m*V/A
Frequency of transport current 50 Hz

Critical Current Density, Jc 2.8E10 A/m?

Figure 5.4 Computational Domain for the numerical model (a) Stacked HTS tapes, (b)
Detailed view of unit cell, (c) Actual arrangement of the tapes and (d) Homogenized domain

5.15

The above expression can be used to implement constraint numerically by making use

of only one Lagrange’s multiplier. As a result of which the computational time needed
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to solve this homogenized bulk problem is now only depending upon the mesh density
used to discretize the bulk computational domain and it completely independent of the

number of original stacked tapes or conductors.

5.2.4. Edge Elements and its Significance

Edge elements are generally employed to signify curl conforming fields while solving
rigorous PDEs with finite element methods. In order to evaluate AC losses, both
rectangular and triangular elements have been used. These elements help in reducing

computational time required to solve the problem.

5.2.4.1. Triangular Edge Elements

In order to discretize the magnetic field H= (Hx, H,), triangular edge elements can also
be used as shown in Figure 5.5. To solve this problem, area coordinates (L;, L2, L3)
has been considered which can be represented as follows:

1
Lj(x,y)=z(aj+bjx+cjy) 5.16

Where Ais the surface area of the triangular element and a ;»b;,c;are the coefficients

whose values are as follows:

1

A=5(xl(y2—y3)+x2 (J’3—)’1)+x3(yl_J’2))

-

"X

Figure 5.5 Triangular Edge Element
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A =X,)5+ VX5 b =y,-y, € =X;3— Xy,
a, =X, + 13X b,=y;—y C) =X — X3,
a; =Xy, t )X, by=y,-, C3 =X, —X;.

Let Ny, N2 and N; are arbitrary vector functions which can be represented as follows:

N, =(LVL,-L,VL)l,,
N, =(L,VL,—L,\VL,)l,,
N, =(L,VL - LVL,)L,,

Where /; 1s the length of edge joining the vertices i and j as represented in Figure 5.5.
If H; is the tangential component of the magnetic field on the i edge thus magnetic

field within the element is given by:

H=Y NH, 5.17
i=1

Also,

V.H =0

1S A
VxH==> Hlk

AT
Let the tangential components are space constants and thus by incorporating
Ampere’s law vV x H =.J, it can be obtained that current density J is constant within

the element, i.e.

oJ
A
o(x,y,2)
5.2.4.2. Rectangular Edge Elements

5.18

In order to discretize the magnetic field H = (H, H,), rectangular edge elements, as
shown in Figure 5.6, have been considered. An elements of side lengths /c and /, have
been drawn with its sides parallel to the coordinate axis in order to avoid complexity

and loss of generality. The center of the rectangular element is chosen to (xc, yc).

Magnetic field inside the element can be described as (considering tangential

components constant for each side of rectangular element):
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1 [ 1 L,
H =— +2 _yv|lH +=—| yv—vy +2|H 5.19
X l (yc 2 y) x1 l (y yc ZJ x2

y y

1 [ 1 [
Hy=l—(xc+3—xij3+l—(x—xc+Eij4 5.20
Here, for edges 1 and 2, H.; and H.. are the tangential components of magnetic field
H respectively. Similarly, for edges 3 and 4, Hy; and H,s are the tangential

components of magnetic field H respectively.

Using Equation 5-13 and Equation 5-14, we have

V.H =0
VXH:((HM_HJG)_'_(H;A_sz)]lg
[ [
x )
edge 2
e .
o =
Eb A b (,TC: :",c) AE‘* 11_,
@ @ .
A y
)_ r
edge |
4 ]x >

X
Figure 5.6 Rectangular Edge Element

Tangential components (H:, Hx2, Hy3 and H,4) are space constants and it can be

obtained from the Ampere’s Law V x /4 = .J that the current density is constant within

the element 1.e.
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oJ
o(x,,z2)

Therefore, it can be concluded that for both rectangular and triangular meshes,

=0 5.21

implementation of zeroth-order edge elements to discretize the magnetic field results

into following local properties:
V.H=0

VxH=J

and

_g
o(x,y,2)

Moreover, it can be concluded that use of zeroth-order edge elements provides direct

5.22

computational solution for the current density from the calculated magnetic field
components without the requirement of supplementary numerical differentiation, thus

high accuracies can be achieved.

The expression V.H = Orepresents the local divergence free of the magnetic field H,
which holds only within each element. Edge elements offer continuity for the
tangential component among the interfaces within elements, though for the normal
conductors’ discontinuities are permitted and due to this non-divergence free fields
can also be characterized. In the present study, magnetic substrate free tapes have
been considered for the AC loss calculations. For magnetic substrates, one can refer
[217] and [218] in order to identify the magnetic substrates’ influence on the AC
losses for YBCO (RABITS) coated conductors. Using non-linear B-H relation,
usually magnetic materials have been modelled which indicates that one cannot apply
Gauss law of magnetism V.B=0 as it cannot implement V.// =0as it can only

applicable for linear materials.

aJ

=0 indicates that the current density inside
o(x,y,z)

The expression Vx H =.J and

the element is uniform thus the equation %: ICJ (x, »,t)dx can be modified by

discretizing the bulk computational domain € to sub-domains of €2; through
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rectangular edge elements for structured meshing such that only one element is

enough to represent the thickness of the element. This implies;

oJ

— =0 and no such condition will be applicable for o

oy ox

Therefore, now homogenized bulk computational domain can be sub-divided into 7

sub-domains then imposed current can be evaluated using following relationship:

sub-domain. While expression 7.(¢)= IQ J(x,y,t)dxand I, (r)= IC Jdxdy are

similar however, ns < n. which represents that the number of constraints can be
reduced in order to speed up the computational calculations at the expense of

accuracy.

Table 5.2 Parameters used in validation

Description Value

Cu cover height (each side) 20e-6 m

Air gap and insulator height 2e-4 m

Ag cover height 4e-6 m
Substrate height 50e-6 m

HTS layer height le-6 m

Tape height le-4 m

Tape width 12e-3m
Number of tapes around pancake 32

n 38

Resistivity of Air I m*V/A
Resistivity of Ag 2.7e-9 m*V/A
Resistivity of Cu 1.97e-9 m*V/A
Resistivity of substrate 1.25¢-9 m*V/A
Frequency of transport current 50 Hz

Critical Current Density, Jc 2.8E10 A/m?
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5.3.  Validation of Computational Scheme

In order to verify the computational procedure, the results of Zermeno et al. [219] has
been reproduced for the instantaneous and average AC losses using H-formulation at
77 K. Authors used homogenized approach in order to estimate the AC losses for
coated conductors used for large scale applications where authors have performed
study on 16 tapes, 32 tapes and 64 tapes at a frequency of 50 Hz. The critical current
of the 4 mm wide tape used is 99.227 A and operating currents opted for the study
was 50 A, 60 A and 70 A.

In order to consider local field effects Kim model has been considered, the parameters
involved in their study are tabulated in Table 5.2. Computational analysis has been
performed for 32 stacked tapes through which 60 A current has been transported at 50

Hz frequency. The results obtained from the analysis has been plotted in Figure 5.7.
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0.005 0.01 0.015
Time (s)

Figure 5.7 Instantaneous Losses Plot using present model

In order to validate the obtained simulated results with the Zermeno et al. [219] work,
the instantaneous losses (W/m) have been identified through visual mapping using
metric scale from the graph available in their research article whose values are

tabulated in Table 5.3.
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Table 5.3 Mapped data from the article

Time Instantaneous Loss Time (ms) Instantaneous Loss
(ms) (W/m) (W/m)
0 0 - -
1 3.1 11 17
2 9.2 12 26.2
3 17.1 13 30
4 16.8 14 21.2
5 6 15 7
6 0.8 16 0.5
7 0.3 17 0.1
8 1 18 1
9 3.6 19 33
10 7 20 7

Data available in the Table 5.3 has been plotted in Origin 8.0 software and curve
fitting has been done and it has been found that one correlation has fitted the data with

more accuracy which is given by:

40 T T T T T | ! I
—>— Mapped Data with Interpolation (Zermeno et al)
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Figure 5.8 Instantaneous loss validation
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Loss=a+ _b-a 5.23
14104 '

Piecewise interpolation has been used in order to fit the curve whose coefficients are
tabulated in Table 5.4. The results obtained for mapped data interpolation and
simulated study has been plotted in Figure 5.8 and it can be observed that the
simulated results are closely matching with the mapped data. Average AC loss for
mapped data is 12.47 W/m and for simulated results it is 11.4 W/m which is showing
a deviation of 9 %. This deviation has been accepted and the same developed model

has been employed for the calculations of instantaneous and average AC losses of 1

MJ SMES.

Table 5.4 Correlation coefficients used to validate AC losses model

R? Correlation Coefficients
Time (ms)
0.9999 a b c d

-0.63941 20.10227 0.00206 777.8357

0-36 Error 0.12325 0.23464 1.48E-05 21.25464
0.10692 18.69893 0.0047 -1224.78

367 Error 0.06557 0.16544 9.87E-06 29.20861
0.26312 35.23689 0.01107 518.3564

7-126 Error 0.2634 1.1291 5.92E-05 28.29056
-0.3758 30.4145 0.01442 -948.354

12.6-20 Error 0.23215 0.54242 2.1E-05 37.81676

5.4. Geometric Modelling

Superconducting magnet is having 49 pancake coils (Figure 5.9) piled up one over the
other where a maximum current of 1.62 kA is flowing through the magnet to store 1
MJ of energy. The magnet is cooled at 77 K using convection cooling through liquid

nitrogen and the critical current of the tape is found to 330 A at 77 K @ OT self-field.

Equation 5-24 and Equation 5-25 are involved in finalizing the maximum current
flowing through the magnet. For instance, in the present study, 2D numerical
modeling has been performed in order to estimate the AC losses using H-formulation
where 6 tapes are stacked one over the other and total 18 turns are there for one
pancake coil. The actual arrangement of the stacked tapes and its turns around

pancake coil is presented in Figure 5.3.
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Figure 5.9 Schematic of Solenoidal Magnet consisting 49 pancakes

Table 5.5 Design Parameters of the Magnet

Description Value

Stored Energy 1 MJ
Maximum Current 1.62 kA

Bore Diameter 779 mm

Coil Inductance 0.783 H
Index, n 30

Total number of turns 862

Cu cover height (each side) 20e-6 m

Air gap and insulator height 2e-4 m

Ag cover height 4e-6 m
Substrate height 55e-6 m

HTS layer height le-6 m

Tape height le-4 m

Tape width 12e-3 m
Number of tapes around pancake 108

Coil height 0.018 m
Resistivity of Air 1 m*V/A
Resistivity of Ag 2.7e-9 m*V/A
Resistivity of Cu 1.97¢-9 m*V/A

Resistivity of substrate

1.25e¢-9 m*V/A

Frequency of transport current

50 Hz

Critical Current Density, J.

2.75E10 A/m?
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E, = %L I’ 5.24

AE:iL(]Z _J? 5.25
2

max min )

A Kim like model (Equation 5-20) for the J. (B) dependence of HTS tape at 77K was

incorporated where Bo=0.04265T, Jc (77K,SF)=2.75x10'" A/m% k=0.29515, & =0.7

and B, and B, are, respectively, the parallel and perpendicular components of

magnetic field density with respect to tape’s surface [188]. Here the J. is used at 77 K
(self-field) and the field dependence of parallel and perpendicular magnetic fields has

been considered (Equation 5-20).

J.(17K,SF) 5.26
{1+ K |BH|2 +|BJ_|2 J
BO

normB =|B; + B} 527

The analysis has been done in order to evaluate the effect of transient transport

J.(B)=

current, frequency of current, number of turns around the pancake and thickness of

stabilizer on the AC losses during unsteady phase.

5.5. Effect of operating current magnitude

At 77 K, YBCO coated conductor has a critical current of 330 A [138]. In order to
evaluate the transport current’s effect on the AC losses, a load factor of 63%, 69%,
75%, 81%, 87%, 93% and 100% has been considered. The magnetic flux and current
density (J/J.) distribution for all 7 load factors have been discussed in the upcoming

sections.

5.5.1. Magnetic Flux and Current Density
Figure 5.10 to Figure 5.16 shows the J/J. and normB distribution at 50Hz sinusoidal

frequency and for different operating currents ranging from 210 A to 330 A. it can be
noticed from the J/J. plot that the local over critical currents have been attained as the

E-J relationship specifying the superconducting behaviour of the tape.
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Figure 5.10 (a) J/J. and (b) normB distribution at 210 A operating current. Plots are captured
at time 0.02s and at 2x phase value.
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Figure 5.11 (a) J/J and (b) normB distribution at 230 A operating current. Plots are captured
at time 0.02s and at 2x phase value.
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Figure 5.12 (a) J/J. and (b) normB distribution at 250 A operating current. Plots are captured
at time 0.02s and at 2x phase value.
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Figure 5.13 (a) J/J. and (b) normB distribution at 270 A operating current. Plots are captured
at time 0.02s and at 2x phase value.
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Figure 5.14 (a) J/J. and (b) normB distribution at 290 A operating current. Plots are captured
at time 0.02s and at 2x phase value.
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Figure 5.15 (a) J/J. and (b) normB distribution at 310 A operating current. Plots are captured
at time 0.02s and at 2x phase value.
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Figure 5.16 (a) J/J. and (b) normB distribution at 330 A operating current. Plots are captured
at time 0.02s and at 27 phase value.

It can also be worth noticing that the width of the influenced zone is increased with

the increase in the operating current or load factor Figure 5.10 to Figure 5.16.

Also, normB distributions can also be observed among the stacked tapes Figure 5.10
to Figure 5.16 and it has been found that with the increase in the operating current or
load factor the magnetic flux density is increased from 0.22 T (at 210 A) to 0.35 T (at
330 A). Thus, it is concluded from here that by increasing the current magnitude high

dense fields can be achieved.

5.5.2. AC Losses

AC losses have been computed using Equation 5.5 where Figure 5.17 shows the
instantaneous AC losses for different operating currents. It can be observed that the
AC losses are found to higher at higher currents. It is also worth noting that the rate of
increase in AC loss is found to higher at higher operating currents (270 A to 330 A)
than at lower currents (210 A to 270 A).
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Figure 5.17 Instantaneous AC Losses (W/m) for different operating currents

Figure 5.18 shows the average loss variations with operating currents and the
variation has been found exponential after fitting the data whose constants are
tabulated in Table 5.6 along with standard errors, where I,, is the operating current.
This exponential function can be used to estimate the AC losses among the operating

current varying from 210 A to 330 A at 77 K temperature.

Table 5.6 Curve Fitting Parameters

Average AC Loss=exp (a + b*I,,+ c¢* o, *2)

Constants Values Standard Error
a 3.00049 0.68086

b 0.01156 0.00478

C 4.8495E-6  8.3043E-6

Average AC loss of 1.56 kW/m is found at 330 A operating and 268 W/m is at 210 A.
Thus, the overall average AC loss at 210 A 1s 70 kW and at 330 A is 0.4 MW which

means the losses are approximately 6 times more for 330 A. This implies that AC
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losses are very sensitive to operating currents and found to increase with faster rates

as operating current approaches to critical value.
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Figure 5.18 Average AC Loss at different operating currents

5.5.3. Mesh Sensitivity

In order to obtain the optimum mesh size, mesh sensitivity analysis has been
performed where different mesh densities are used to estimate the AC losses as shown
in Figure 5.19. It has been noticed that the horizontal mesh density (HMD) 500 and
vertical mesh density (VMD) equal to 5 estimated same results as HMD=500 and
VMD=10. The other parameters like degree of freedoms and computational time are
tabulated in Table 3. The system configurations were as follows: Intel Core 15-8250

CPU @1.6GHz, 8GB RAM, 64-bit operating system with Window 10.

Table 5.7 Mesh Sensitivity Parameters

HMD VMD  Degree of Freedoms Computational Time

200 5 18613 47min
300 5 27151 62min 30s
400 5 35035 93min 23s
500 5 43345 110min 21s
500 10 48845 125min 33s
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Figure 5.19 Mesh Sensitivity Analysis at different mesh sizes

5.6.  Effect of number of turns on the AC losses

For a solenoidal magnet, using analytical correlations as explained in section 3.5
page-74, there are two types magnet configuration can be obtained, either by
increasing the overall number of pancake coils (decreasing number of turns per
pancake) or by increasing the number of turns per pancake (decreasing the overall

number of pancake coils).

Table 5.8 Curve Fitting Parameters

Average AC Loss= exp (a + b*[,,+ c* [,, "2)

Constants Values Standard Error
a 4.6525 0.84643
b 0.0187 0.01604
c -1.40644E-5 7.54E-5

However, increasing number of turns per pancake coil is more feasible choice
theoretically, as denser magnetic field can be generated which is needed to have larger
energy densities (Equation 5-22) among the magnet. Thus, in this section, the effect of

number of turns on the magnetic flux density and AC losses have been evaluated.
2

Energy density = ZB_ 5.28

Ho
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Figure 5.20 Magnetic flux density distribution (a) for 15 turns, (b) 17 turns, (¢) 20 turns.
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Figure 5.21 Instantaneous AC Loss variations for full cycle

For 1 MJ capacity magnet, 108 tapes (6 stacked tapes with 18 turns) are there around
the pancake coil with 49 pancake coils mounted one over the other. In order to

evaluate the effect of number of tapes around the coil, the turns varied from 15 turns
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(15*6=90 tapes) to 20 turns (120 tapes). Figure 5.20 shows that with the increase in
turns, magnetic flux density increased. However, it is clear from Figure 5.21 that with
the increase in the number of turns instantaneous AC losses are also found to increase
which implies one has to sacrifice in either way.
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Figure 5.22 Average AC Loss variation with number of turns around the coil

Figure 5.22 shows the average AC loss variation with number of turns and this
behaviour is found to exponential whose parameters are tabulated in Table 5.8. It has
been concluded from this analysis that AC losses and magnetic flux density are found
to increase with higher number of turns. Therefore, if one needs dense fields then
compromise has to be make among losses and magnetic flux density. For the optimum
design other parameters like length of the superconductor, height of the solenoid,

stray fields, surface area etc. can also be taken into considerations.

5.7.  AC Loss Control Strategies

5.7.1. Effect of substrate layer thickness on the AC losses
Mark D Ainslie [220] has discussed that AC losses can be controlled by increasing the
substrate layer thickness thus overall thickness of the SC tape. Coated conductors

manufactured with iBAD technique is independent from the magnetic substrate.
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The thickness of the substrate material has been varied from 30pum to 90um and the
variation in J/J., magnetic flux density and AC losses has been evaluated and has

been presented in following sections.

5.7.1.1. Magnetic Flux and Current Density Distributions

Figure 5.23 and Figure 5.24 shows the J/J. and normB distribution for different
substrate thicknesses (30 to 90 um) at SOHz sinusoidal frequency respectively. It can
be noticed that the J/J. ratio is found to reduce with substrate thickness. Same trend is
repeated for magnetic flux density distribution which implies less dense magnetic flux

is available at the core.

5.7.1.2. AC losses

Figure 5.25 and Figure 5.26 shows the instantaneous and average AC loss variation
for various substrate thicknesses. It can be seen from Figure 5.25 that the losses are

found to decrease with increase in substrate’s thickness.
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Figure 5.25 Instantaneous AC Losses (W/m) for different substrate thicknesses

Figure 5.26 indicates the average losses which found to decrease with thickness
parabolically. To estimate the average losses within 30 to 90 um, a correlation has

been made whose parameters are given in Figure 5.26. Lower AC losses are always
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desired in the superconducting applications which are generally appears for few
fraction of seconds in the initial stages when current starts approaching to its steady
state magnitude. The effect of substrate’s thickness on the AC losses has been
examined and results showed that there is a significant reduction in the AC losses
with increase in thickness however at the cost of magnetic flux density which is also
found to decline with thickness. This implies compromise has to make while choosing
the substrate’s thickness which further depends upon the type of applications (motors,
energy storage, transformers, generators, fault current limiters etc.) where such

superconducting pancake coils are to be used.
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Figure 5.26 Average AC losses vs. substrate thickness

5.8. Conclusions

In this chapter, AC loss analysis on the multi-turned pancake coil has been performed.
Maxwell equations have been solved using H-formulation computational technique. It
has been observed that edge elements can reduce the computational complexities to a
greater extent and can be used in AC loss estimation. In order to avoid complexities,
2D model has been solved for homogeneous domain. It has been concluded that
number of turns has significant effect on the AC losses and such losses can be

controlled by increasing the substrate layer thickness at the cost of magnetic density.

143



Chapter-6

Thermal Quench of Superconducting Tape

In this chapter, the electro-thermal computational studies have been performed on
superconducting tape using COMSOL MultiPhysics software. The numerical model is
approximated as two dimensional as buffer layers and interfacial resistance layer are
approximated as infinitely thin domains which further implies that in-plane (Jx and Jy)
current densities are taken as negligible and only normal component of current
density (J;) has been considered. Heat flux equation has been modelled using simple
Fourier expression where temperature variation along z-axis has been considered. It
has been found that with the increase in the interfacial resistance, the normal zone
propagation velocity increases and thus in order to consider extra safety of the tape,

larger resistances can be imparted to the interface.

Keywords: HTS tape, normal zone propagation velocity, interfacial resistance,

quench, SMES, thermal analysis of HTS tape, electro-thermal studies of tape.
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6.1. Introduction

Coated conductors are extensively used for power applications due to their capability
to carry more currents and work efficiently near the critical currents. Almost in all
power applications like cables, motors, generators, transformers, MRIs, NMRs, fault
current limiters and magnetic energy storage systems coated conductors have replaced
copper conductors as they are more efficient in handling currents and need less space
than conventional devices. As fault current limiting and energy storage devices work
near the critical currents so there may be situation arises when hot spots may come
into existence which may lead to quench of the superconductor. The development of
HTS cables is also receiving attention these days where design of current carrying
cable is done with higher load factors in order to maximize its current carrying
capacity. However, large currents can create unbalance due to heat generation which
can lead to hot spots and further the thermal quench of the tape. This issue is still to
be addressed and many research groups are working on this aspect

theoretically/computer modeling [221]-[228] and experimentally [229][230].

Recently, second generation high temperature superconducting (HTS) tapes have been
widely employed in design and development of Superconducting Fault Current
Limiters (SFCL) and Superconducting Magnetic Energy Storage (SMES) systems.
These systems are generally operated near the critical currents of the coated
conductors to get the maximum energy and power densities thus there will be
situations when the hot spots may occur due to the heat generation that may lead to
quenching of the superconductor. Various studies have been proposed where attempts
have been made to increase the normal zone propagation velocity (NZPV) to avoid
such hot spots initiation. Large NZPV can be achieved by varying the interfacial

resistance among the superconductor and stabilizer layer.

When a current, ‘I’ is applied to such devices is found to near critical current /. then
there may be some locations where hot spots (due to thermal instabilities) can appear
in the weaker zones of the superconducting tape. Inhomogeneities in the
superconducting materials can be arises due to manufacturing defects at micro-scale
levels that can affect the /. of the tape or any other phenomena such as existence of

external magnetic field results into the arbitrary increase in the temperature of the
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superconducting tape locally which further leads to hot spots. Such hot spots can
damage the whole system if local temperature exceeds the critical value. Thus, it
becomes essential to avoid hot spots among the superconductors used for any

application in order to prevent the failure of the system.

Quenching is a phenomenon when temperature of superconducting tape exceeds
critical value (7¢) and as discussed earlier it may arise due to hot spots. Hot spot
concerns subsist in all superconducting devices however they are more prominent in
SMESs and SFCLs systems as in the former, the operating currents are generally
chosen as close as to /. to maximize the field generated [231] and in the later, their
main functionality is based on the quenching of superconductor [232][233]. Studies
reveal that for coated conductors, NZPVs are low which makes them prone to hot
spots and this result into the drastic increase in the temperature before sufficient
voltage drop develops and detecting the quench in case of superconducting magnets

[234].

Various strategies have been adopted to mitigate hot spot challenges and among them
increasing the thickness of stabilizer or substrate layer are commonly used in order to
increase the thermal mass [235]. However, only over-sizing the tape by increasing
copper’s thickness not serves the purpose and a marginal current (temperature) is
required to provide the enough time before the detection of the quench and to modify
or stop the input current before the system failure. Therefore, it is better to work near
80% of load factor which provide enough margins to take care such issues. However,
this margin obviously reduces the maximum attainable magnetic field inside the

magnet [231].

The other approach to diminish the temperature rise at hot spots is to increase NZPV;
however, it reduces the stability margin of the superconducting tape. This factor can
be enumerated by the minimum energy required to initiate a quench and this energy is
generally known as minimum quench energy (MQE) [236], [237]. Numerous methods
have been proposed by various researchers in order to enhance the NZPV in the
coated conductors. For illustration, researchers have suggested to use sapphire as a
substitute for Hastelloy whose electrical and thermal properties favors large NZPV

[238]. Recently, researchers have suggested to intentionally increasing the interfacial
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resistance among the stabilizer and superconductor to enhance the NZPV in coated
conductors [239]-[241]. This increases the current transfer length (CTL) among
stabilizer and superconductor. This concept is easy to implement and provides
attractive solutions, however, the critical challenges exist in increasing the interfacial
resistance is associated with the amount of heat generation at the interface of current
leads connections as at this location the temperature increased drastically such that it

may cause quenching of the superconductor.

In this work, keeping large interfacial resistances, simple superconducting tape
architecture has been used to increase NZPV. Here, it has been assumed that the
interfacial resistance is not uniform along the width of the tape, instead having a
segment of very low interfacial resistance and the other segment with very high
interfacial resistance. A 2D numerical model has been developed using Comsol
MultiPhysics and a comparison has been made for NZPV among different interfacial

resistances.

A slight modification has been done in the architecture of the tape (Figure 6.1) where
different interfacial resistances have been employed to estimate the temperature
distribution among HTS tape having 10 cm length. A numerical model has been
developed to evaluate the NZPV and it has been found that more velocities can
achieved with large interfacial resistances through which quenching of

superconducting tape can be prevented.

6.2. Numerical Modelling

2D model has been developed in the Comsol MultiPhysics 5.4 where Joule heating
module has been employed for the numerical solution of the model. Electro-thermal
behavior of the coated conductor has been examined where interfacial resistance
among the superconducting and stabilizer layer has been varied. The basic geometry

and methodology followed has been explained in the following sections.

6.2.1. Assumptions

e Effect of external magnetic field has not been considered.

147



e The interfacial resistance is not uniform along the width of the tape, instead
having a segment of very low interfacial resistance and the other segment with
very high interfacial resistance.

e The electrical conductivity of normal state while transition from
superconducting state can be modelled by assuming two resistances in
parallel.

e The temperature gradient at the both ends of the tape is zero.

6.2.2. Geometrical details

Coated conductors have been used for the present study whose geometry is given in
Figure 6.2 where length of the tape assumed to be 10 cm and other parameters are
tabulated in Table 6.1. The width of the tape is 12 mm and the thickness of
superconducting (SC) layer is 1 um. Generally, SC tape consists of four layers viz;
stabilizer, superconducting layer, substrate and buffer layers. For the tape that has
been chosen in the present study, the stabilizer layer is composed as silver (Ag),
superconducting layer as ReBaCuO, substrate as Hastelloy and buffer layer using
MgO. The architecture of the tape has been given in Figure 6.1 where longitudinal
arrangement of the different layers has been presented. The marked arrows represent
the virtual probe locations which are generally used to evaluate the electric field
variations with time those are separated by a distance of 1 mm. Multi-colors are used
to distinguish the different layers and Figure 6.1 represents that from left end current
has been supplied and the other end is grounded which consists low J. region at the
end of the superconducting tape. The highly resistive layer can be termed as current
flow diverter as it is responsible for diverting the current from SC region to stabilizer
in order to ensure the safety of the superconducting tape from quenching. most of the
tape's temperature dependent properties has been taken from [242]-[247]. A detailed
information is available on the properties like thermal conductivity, specific heat and
electrical resistivity/conductivity of buffer layer (MgO), stabilizer (Ag), Substrate
(Hastelloy) and SC tape (ReBCO for T>T.) is present in [242]-[247]. As the tape is
required to cool at 77 K thus all property data is extracted on this liquid nitrogen

temperature.
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A mathematical model with few modifications has been used as that of Lacroix et al.
[228] in the present study, current densities are considered 100 times greater than that
of Lacroix model and the tape width is considered to be 12 mm instead of 4 mm. Due
to the non-linear behavior of resistivity below T¢, electrical conductivity is also
behaving in the similar way thus power-law model is used to approximate the

electrical conductivity of (Re)BaCuO in the flux creep and flux flow regions (o, ).

I

X

®

I Highly Resistive Material [ Superconducting Layer ! | Buffer Layer

l Virtual Probe

s Low T Region [ Stabilizer s Substrate
Figure 6.1 Tape Architecture

However, the electrical conductivity of normal state while transition from
superconducting state can be modelled by assuming two resistances in parallel. The

following expressions has been used for the present simulations:

1-n(T)

E|) ™
GSC(T)zﬂ U 6.1
E, \ E,
I I.-1 JorT <T,
J()=1"*\1.-1, 6.2
0 JorT <T
T T 1/4
n(T) (no—l)(Tc_z)] +1 JorT <T, 63
1 JorT, <T
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Table 6.1 Modelling Parameters involved in quench analysis

Parameter Numerical Value
Length 10 cm
Width 12 mm
Substrate thickness 50 pm
Buffer layer thickness 150 nm
Superconducting layer thickness 1 pm
Interfacial layer between superconductor and stabilizer thickness 100 nm
Current flow diverter thickness 100 nm
Stabilizer thickness- top 2 um
Stabilizer thickness- sides and bottom 1 um
Substrate thickness 50 pm
Table 6.2 Nomenclature

Jeo Critical current density at 7y

Ty Liquid nitrogen temperature

|| E|| Norm electric field

T. Critical temperature

no Fitting parameter

d Width of the low J. region

A Amplitude of the low J. region

l Position of the low J. region

1) Applied transport current

Q Represents the surface at one end of the tape

n Local unit vector perpendicular to the external surfaces of the tape
o(T) Electrical conductivity

0, Mass density of the tape

C,(T) Heat capacity

k(T) Thermal conductivity

6.2.3. Electro-thermal modelling

In order to initiate the normal zone propagation, a low J. region has been incorporated

in the tape architecture highlighted by red area as mentioned in Figure 6.1. Same
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model as that of Lacroix et al. [228] has been imitated in the present study where

reduction in the critical current has considered by the following relation:

—(x=1)?
J.o =0 {I—Ae 2d } 6.4

It has been designed in such a way that whenever current density through the

superconducting tape exceeded J,,(1—A)then heat is generated at low Jc region
which further generates normal zone and that is expected to expand with time.
Potential V" and the temperature 7 are the variables for the electro-thermal model of

the superconducting tape. The governing equations used for electro-thermal modelling

are as follows:

Electrical part

V.(-o(T)VIV)=0 withinthetape 6.5

I —n.(—o(T)VV)dS = 1(¢) at left end of thetape 6.6

o

V=0 at the other end of thetape 6.7
nVJ/ =0 at the remaining boundaries of thetape 6.8
Thermal part

For the thermal analysis, heat equation can be written as
or :
meP(T)E +V.(=k(TVT) =0, in thetape 6.9
Joule heating losses can be evaluated using following coupled correlation:
0, =o(I)(-VV) inthetape 6.10

For the present study, it has been assumed that the temperature gradient at the both

ends of the tape is zero as described by following equation:

nVT =0 at theboth ends of thetape 6.11
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For the remaining boundaries, as superconducting tape is assumed to be through
liquid nitrogen at 77 K therefore, the cooling power required by the nitrogen can be

evaluated though the following relation:

n.(kVT)=hT-T) at the remaining boundaries 6.12

6.2.4. Numerical Approximations

For the 2D analysis, buffer layers and interfacial resistance layer are approximated as
infinitely thin domains which further implies that in-plane (Jx and J,) current densities
are taken as negligible and only normal component of current density (J:) has been

considered. Therefore, after such approximations Equation 6-6 becomes:

V,-V,
J_=O'(T)8—V:O'(T)(#j 6.13
) 0z t
V> and V; are the potentials on each side of the infinitely thin layer and ¢ is the

thickness of the layer. Similarly, the heat flux (Q:) flowing through infinitely thin

layers can be calculated using following equation:

0. =k(T>%=k(T)(#J 6.14

T and T; are the temperatures on each side of the infinitely thin layer and k(7) is the

layer thermal conductivity.

Lacroix et al. [228] found that in the infinitely thin layer, both electric potentials and
temperatures are discontinuous for such approximations and the values of the
potentials and temperatures are not same on the both sides of the layer. This jump in
the values can be handled using interface boundary conditions Equation 6-13 and
Equation 6-14 which is a representation of the lumped approximation in continuous
case and this significantly depends upon thin layer material properties i.e. electrical

conductivity, thermal conductivity and thickness of the layer.

6.3. Validation

In order to validate the opted computational methodology, an attempt has been made
to reproduce results of the research work done by Lacroix et al [228]. Parameters

involved for the validation are tabulated in Table 6-3 and the schematic of the model
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is given in Figure 6.2. The computational model used to validate the results is same as

explained earlier in this chapter.

Table 6.3 Parameters of the tape for validation of the model

Parameter Numerical Value
Length Scm
Width 1 cm
Substrate thickness 50 pm
Buffer layer thickness 150 nm
Superconducting layer thickness 1 um
Interfacial layer between superconductor and stabilizer thickness 100 nm
Current flow diverter thickness 100 nm
Stabilizer thickness- top 2 um
Stabilizer thickness- sides and bottom 1 um
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Figure 6.2 Electro-thermal model details

Normal zone propagation velocity (NZPV) has been evaluated in order to verify the

computational integrity of the present model. In order to evaluate NZPV, point plot
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for various probe locations have been captured for temperature distribution among the

tape as shown in Figure 6.3.
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Figure 6.3 Temperature profile for different time steps
From the Figure 6.3, this can be noticed that the different curves representing the
temperature distribution among the tape are almost parallel to each other and the
NZPV can be calculated by taking the ratio of the distance between adjacent virtual
probes to the time elapsed to reach the same temperature. Figure 6.4 shows that the
calculated NZPV for the validated model is 741 cm/s against the value obtained by
Lacroix et al as 736 cm/s. As the calculated value is very close to the other work thus
this model is used to evaluate the effect of interfacial resistance on the NZPV of the

superconducting tape.

6.4. Mesh Sensitivity Studies

The computational domain is discretized with mapped meshing where each layer of

the superconducting tape including stabilizer, substrate and superconducting layer is
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sub-divided into small sub-domains using mapped meshing technique.

Superconducting tape of 10 cm length is discretized in transverse direction using 100,

200, 300, 400 and 500 elements as shown in Figure 6.5.
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Figure 6.4 NZPV for model validation

It can be observed from Table 6.4 that for case-3, the maximum temperature rise

within the tape for electrical conductivity 1€9 S/m is equal to case-4 and case-5.
However, the computational time elapsed for analysis and degree of freedoms for
case-3 are found to less thus this meshing has been used for rest of the studies. The

system configurations were as follows: Intel Core 15-8250 CPU @1.6GHz, 8GB

RAM, 64-bit operating system with Window 10.

Figure 6.5 (a) shows that there is one partition till 0.1 mm length of the SC tape and 5
partitions can be noticed in Figure 6.5 (e). However, Figure 6.5 (c) has been selected

for the further studies due to the mesh density saturation has been found above this

value.
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Figure 6.5 Mesh density analysis for 0.1 mm length of tape (a) 1 partition, (b) 2 partitions, (c)
3 partitions, (d) 4 partitions and (e) 5 partitions.
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Table 6.4 Mesh sensitivity studies for electro-thermal analysis of the HTS tape

Number of Number of

Sr.  Number of domain domain Degree of Time (s) Max.
No. elements . freedom Temp. (K)
elements  boundaries

1. 100 3000 460 25327 22m 56s 95

2. 200 6000 860 50527 42m 47s 94.9

3. 300 9000 1260 75727 ]gjsm 94.7

4. 400 12000 1660 100927 lh;éim 94.7

5. 500 15000 2060 126127 1h3ggm 94.7

6.5. Results and Discussions

The parameters involved in the quench dynamics are tabulated in the Table 6-1 where
2G HTS coated conductors have been tested for various interfacial resistance among
the superconducting and stabilizer layer. For the modelling purposes, electrical
conductivity has been used as input material property instead of resistivity. The right
end of the tape is grounded and the effect of this has been tested for various electrical
conductivities of the interface. More NZPV is required which implies the information
regarding the fault has to dispersed uniformly to the left end so that uniform

temperature distribution can be obtained in order to avoid instant gradients.

In order to evaluate the effect of interfacial resistance on the normal zone propagation
velocity, a 2D model of a straight superconductor having length 10 cm has been
drawn in Figure 6.2. Table 6.4 represents the different NZPVs achieved for various
electrical conductivity input. To evaluate the NZPV, distance among the probes
(shown in Figure 6.1) 1.e. 1 mm is divided with the time elapsed to reach the same

temperature as shown in Figure 6.6 and Equation 6-15.

1
Normal zone propagation velocity = ——— 6.15
Timeelapsed

Figure 6.7 illustrate the temperature plots for different time steps and electrical
conductivity and it can clearly visualize that with the increase in the interfacial
resistance (from Figure 6.7 (a) to Figure 6.7 (f)), the NZPV is found to increase
(Table 6-4). Further, it can be observed that the temperature gradient is found to less

for higher resistances (Figure 6.7 (f)) compared to lower (Figure 6.7 (a)).
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Thus, it has been concluded that higher interfacial resistances can increase the NZPV

of the fault detection. It can further help in identifying the exact location of the fault.

Table 6.5 Normal Zone Propagation Velocity for various electrical conductivity

Electrical Conductivity (S/m) NZPYV (cm/s)

1e9 63.69
le7 90.9
le5 153.84
1e3 256.4
lel 312.5
1e0 666.67
18.32F X ' 1
783+
78.28
78,26
78.24}
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Figure 6.6 Temperature plot vs time
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6.6. Conclusions

From the electro-thermal analysis of the superconducting tape, it has been concluded
that with the increase in the interfacial resistance of the superconducting-stabilizer
layer, the NZPV can be enhanced and which can assist in controlling the quenching of
the tape. However, due to the increase in the interfacial resistance, the resistive losses

may increase and thus, further studies are required in this regard.
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Chapter-7

Conclusions and Future Scope

This dissertation is dedicated to the mechanical, electrical, magnetic and thermal
studies of the superconducting magnetic energy storage systems which can be used in
various applications like power/smart grid applications, power storage bank and
propulsion applications etc. In chapter 3 to chapter 6, detailed studies has been
presented related to mechanical design, self-field effects on critical current, AC loss
estimation and quench of SC tape. In this chapter, overall conclusions have been
made along with the future opportunities available in the further design and

development of the SMES systems.

7.1.  Overall conclusions

7.1.1. Mechanical Aspects

Mechanical design aspects of the solenoid magnet have been studied where input,
design and constraints parameters have been evaluated and the effect of operating
current, solenoid thickness and operating temperature on the magnet topology has
been examined. From the study, it can be concluded that higher currents have
significant effect on the length of the superconductor used for energy storage which
implies less superconducting tape is required for energy storage if the operating
temperatures are low. Secondly, if large solenoid thicknesses used for magnet design
then the overall height and bore diameter is found to decrease for same total number

of turns.

7.1.2.  Electrical and Magnetic Aspects

The self-field effects on critical current have been studied for the magnet coils
however in order to avoid the computational modelling difficulties various
approximations have been considered. In order to identify the self-field effects, Kim
model has been incorporated and a parameter P has been used to ensure the critical
current existence in at least one tape out of 108 tapes of a pancake coil. It has been
concluded that self-field has significant effect on the critical current of the coil and
thus it can influence the magnet topology to a great extent. Thus, this aspect should be

considered while designing the superconducting magnet.
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7.1.3. AC Losses Estimation

AC loss analysis on the multi-turned pancake coil has been performed. Maxwell
equations have been solved using H-formulation computational technique. It has been
observed that edge elements can reduce the computational complexities to a greater
extent and can be used in AC loss estimation. In order to avoid complexities, 2D
model has been solved for homogeneous domain. It has been concluded that number
of turns has significant effect on the AC losses and such losses can be controlled by

increasing the substrate layer thickness at the cost of magnetic density.

7.1.4. Thermal Aspects

From the electro-thermal analysis of the superconducting tape, it has been concluded
that with the increase in the interfacial resistance of the superconducting-stabilizer
layer, the NZPV can be enhanced and which can assist in controlling the quenching of
the tape. However, due to the increase in the interfacial resistance, the resistive losses

may increase and thus, further studies are required in this regard.

7.2.  Future Scope

In order to achieve the objectives of present study, many assumptions have been made
out of which few can be consider while the design and development of SMES
systems. Following are the further scopes of the present study that can be considered

for the more realistic and practical feel of the SMES systems.

7.2.1. Mechanical Studies

v In the present study for the mechanical studies, the gap among the pancake
coils has been assumed to zero however, in reality, for the cooling purposes
this gap is always maintained greater than zero.

v" The study is restricted to the design proposal only thus in future stress analysis
on the SMES system can be done where design of supporting structure can
also be included.

v’ A comparison among the operating temperature can also be performed
computationally in future.

v' A computational performance comparison can be done on solenoidal and

toroidal magnets.
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7.2.2.

7.2.3.

Since, in the present study optimization of design variables has not been
considered thus, in future, this aspect can also be considered for the full design

of SMES system.

Electrical and Magnetic Studies
Since, present study is restricted to 2D modelling thus, in future in order to
have more clear physical insights of the computational modelling, 3D models
can be used.
Effect of mutual inductances can also be taken into account in the further
studies related to the self-field effects on the critical current of the tape.

Tape bending effects can also be considered in the future studies.

AC loss Estimation
Since in the present work, 2D computational model has been studied,
however, 3D model can predict the AC losses with more accuracy. Thus, in
future attempts can be made in this regard.
This work dealt with the single pancake coil studies only, however, SMES is
having 49 pancake coils. Approach needs to develop that can -either
extrapolate or concisely predict the results for all 49 pancakes coils for more
clarity of AC loss behavior.
Study dealt with the homogeneous domain in order to avoid complexities
associated with multi-turned modelling, however, modelling of multi-turned
coils represents the actual arrangement of the coils. Thus, in future attempts
can be made to simulate such complex problems.
Effects of external magnetic fields have not taken into account, however, in
reality, there may be some situations where external field can impede SMES
performance. Thus, attempt can be made to model the problem with external
fields eftects.
H-formulation technique has been employed in this study which is one of the
simpler technique in evaluating the AC losses. In future, more advanced and
complex techniques such as A-V formulations, can also be used as they can

provide more generic results.
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7.2.4. Thermal studies
v' Effects of external fields can also be included in future studies.
v" 3D modelling can provide more generous insights thus attempts can be made
in future studies.
v This study only dealt with the quenching of straight tape however, in actual
pancake coils, the tape is wounded on circular pancake coil thus radial
components are required to be studied to reach physical insights of the

problem.
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