A International Conference on Global, Engineering &  International Journal of Science,

!‘i! Management Trends Engineering and Technology

Article On Electromagnetism

Sk Samsul Hoda
Opjs University,Churu, Rajasthan

Abstract- Electromagnetism is one of the fundamental forces of nature that explains the interaction between
electric charges and magnetic fields. It plays a crucial role in modern science and technology, forming the
foundation of electrical systems, communication devices, transportation, and medical equipment. The study of
electromagnetism combines the principles of electricity and magnetism into a unified theory, primarily
explained through Maxwell’s equations and electromagnetic wave propagation. This article discusses the basic
concepts, historical development, and major applications of electromagnetism in everyday life and industrial
systems. It also highlights the significance of electromagnetic waves in wireless communication and
technological advancement. Understanding electromagnetism is essential for the development of innovative

technologies and scientific progress in the modern world.
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I. INTRODUCTION

Electromagnetic systems are really important for industry, energy and information technology. From the
days of Oersted and Faraday to todays smart grid, electric vehicles and 5G communications
electromagnetic systems have always helped us push the limits of what is possible. This thesis is about
studying the principles, materials, problems and possibilities of electromagnetic resource development.
The introduction chapter sets the stage by explaining the theories of electromagnetism, types of
materials key challenges and a plan for future studies. The main idea is that choosing and developing
the materials for modern electromagnetic devices is crucial for their performance, efficiency and
sustainability. With the worlds increasing energy needs and stricter environmental rules optimized
electromagnetic systems are more important than ever.

This chapter presents the six research goals and related testable hypotheses. In the following chapters
these hypotheses will be tested with data and analysis. This thesis is new because it uses a -criteria
decision-making framework that combines lifecycle assessment and experimental verification, which
has not been reported in the literature before.

Describe the fundamental concepts of electromagnetic systems.

The principle behind systems is the interaction of electric and magnetic fields as described by Maxwells
equations. These systems are used to transform energy into mechanical work, magnetic storage or
radiation and vice versa. To understand their fundamentals we need to examine field behavior, material
responses and energy flow mechanisms. This section develops Maxwells equations in differential forms
and introduces the conservation of electromagnetic energy through the Poynting vector.

Distinguish between energy cells and systems.

A smallest functional unit in a system that can store, transfer or transform electromagnetic energy is
called an electromagnetic cell. Examples of these cells are elements, capacitive elements or resonant
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cavities. Energy systems however combine cells to create real-world systems such as transformers,
motors and generators. The energy density, power density and efficiency of these systems are controlled
by the properties of the materials used.

Materials and sets are categorized based on the concepts introduced.

Electromagnetic materials can be classified according to their behavior under the action of magnetic
fields. The main categories are materials, magnetic materials, semiconductor materials and dielectric
materials. These materials are used in combination in a set designed to perform a function, such as a
motor stator.

The classification tree of materials is described in the following text.

. Level 1: materials, such as metals and alloys

. Level 1: Magnetic materials, such as soft and hard magnetic materials
. Level 1: materials, such as elemental and compound semiconductors
. Level 1: Dielectric materials, such as ceramics and polymers

Purpose of Electromagnetic Resource Selection in Modern Systems

electromagnetic resource selection is crucial to achieve the optimum balance of performance, cost,
reliability and sustainability. In systems, such as magnetic resonance imaging machines and high-
frequency power converters, materials with carefully controlled properties are needed. For instance in
electric vehicle traction motors, grade non-oriented silicon steel can help minimize core losses and rare-
earth magnets can offer high remanence for smaller designs. The selection criteria include operating
frequency, temperature range, mechanical stress and environmental impact. Efficiency is crucial and low
efficiency can lead to failure and higher lifecycle costs. 1.4 Examination of Available Electromagnetic
Materials and Components [EXPANDED — now ~7 pages]

A thorough examination of existing electromagnetic materials is essential for informed development.
Each category offers distinct advantages and limitations. [NEW] This section now includes detailed
material datasheets (tabular form), comparative performance metrics, and emerging material
candidates.

Conductive Materials [EXPANDED]

Copper remains the gold standard due to its high conductivity (58 x 10° S/m at 20°C), ductility
(elongation > 30%), and thermal conductivity (401 W/m-K). Aluminum (37 x 10° S/m) is lighter (density
2.70 vs. 8.96 g/cm?) and cheaper (typically 2-3/kgvs.2-3/kgvs.8-10/kg for Cu) but suffers from lower
conductivity and creep under thermal cycling (coefficient of thermal expansion CTE: Al = 23 ppm/K, Cu
= 17 ppm/K). Emerging alternatives include graphene-based conductors (ballistic transport, > 100 x
10% S/m in monolayer but difficult to scale) and carbon nanotubes (CNTs, o up to 107 S/m in aligned
arrays, but high contact resistance). In high-frequency applications (>100 kHz), the skin effect forces the
use of Litz wire—multiple insulated strands twisted to reduce AC resistance. [NEW] The skin depth & is
given by 6 = V(2/(wpo)). For copper at 100 kHz, 6 = 0.21 mm, requiring strand diameters < 0.2 mm for
Litz wire. Table 1.2 summarizes key conductive materials:

[NEW] Table 1.2: Comparative Properties of Conductive Materials

Material o(x10° |Density [CTE Relative [Skin Depth @100A lications
S/m) (g/cm®)  [ppm/K) [Cost  kHz (mm) PP
Cu (pure) 58.0 8.96 17 1.0 0.21 General windings
U Py ’ ’ (baseline) | 9
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Material o (x10® |Density [CTE Relative [Skin Depth @100A lications

S/m) (9/cm®)  lppm/K) [Cost  [kHz (mm) PP
Al (pure) 37.0 >.70 03 03 0.26 Overhead lines,

low-cost

Effective High-frequency
Cu-clad Al ~50 5.20 20 0.6 0.22 (skin effect)
Graphene | 50, pa7 1 1000 |<0.1 Future .
(ideal) nanoelectronics
CNT array 5-10 1.30 ~0 >500 0.5-0.7 Flexible conductors

Magnetic Materials [EXPANDED]

These are divided into soft magnetic materials (easily magnetized/demagnetized, low coercivity Hc <
100 A/m, e.g., silicon steel, amorphous alloys) and hard magnetic materials (high coercivity Hc > 10
kA/m, e.g., alnico, ferrite, NdFeB). Soft materials are used in transformer cores and motor stators; hard
materials in permanent magnet machines. Nanocrystalline alloys (e.g., Vitroperm 500, Finemet) offer
ultra-low core loss at high frequencies (P_cv < 50 kW/m? at 100 kHz, 0.2 T), while soft ferrites (MnZn for
<1 MHz, NiZn for >1 MHz) dominate switch-mode power supply (SMPS) applications up to several MHz.
[NEW] Table 1.3 provides a detailed comparison:

[NEW] Table 1.3: Performance Matrix of Soft Magnetic Materials

Material B_sat |ur Hc Core loss @50  |Core loss @10 Max Relative
M (initial) |(A/m) Hz1 T (W/kg) kHz,0.2 T (W/kg) [temp (°C)|cost

M-19 Si steel 2.03 1500 40 2.5 N/A (too high) 200 1.0
Amorphous
(Metglas 2605) 1.56 5000 4 0.25 5 150 2.5
Nanocrystalline

. 1.23 20000 2 0.10 2 120 3.0
(Finemet)
MnZn ferrite (TDK
PCI5) 0.49 2000 |15 N/A 3 220 1.2
NiZn ferrite 0.36 500 50 N/A 3 300 1.5

Semiconductor Materials [EXPANDED]

Silicon (Si) has been the workhorse, but wide-bandgap semiconductors—silicon carbide (SiC, bandgap
3.26 eV) and gallium nitride (GaN, bandgap 3.4 eV)—enable higher voltage, frequency, and temperature
operation. SiC MOSFETs (e.g., Cree C3M series) reduce switching losses in traction inverters (E_oss < 50
W at 800 V), while GaN HEMTs (e.g., GaN Systems GS66508T) allow compact, efficient power adapters
(switching freq > 1 MHz). The selection involves balancing switching speed (dV/dt > 100 V/ns for GaN),
gate drive complexity (negative gate voltage required for SiC), and cost (SiC and GaN currently 3-5x
Si). [NEW] Table 1.4 summarizes semiconductor figures of merit:
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[NEW] Table 1.4: Semiconductor Material Comparison

Material Bandgap Max operating Critical field Electron mobility FOM Relative cost
(eV) temp (°C) (MV/cm) (cm?/V-s) (Baliga) (S/cm?)

Si 1.12 150 0.3 1500 1 1.0

SiC (4H) 3.26 300 2.2 1000 340 5.0

GaN 3.40 250 3.3 2000 870 6.0

Diamond | 5.47 600 10 2200 24600 >100 (lab)

Dielectric Materials [EXPANDED]expands dielectric properties:

Capacitors, insulation and field control all rely on the use of dielectrics. Multilayer ceramic capacitors
(MLCCs) are made of high-permittivity ceramics (_r>3000, X7R; €_r<100, COG with stable). For AC
filtering, polymer films (e_r ~2.2, tan 6<0.0005 in case of polypropylene PP; £_r ~3.3, tan 6<0.0005 in
case of polyester PET) are suitable to obtain low loss. The most common insulators for high voltage are
crosslinked polyethylene (XLPE) and epoxy resins (EP) which have a dielectric strength of 20-40 kV/mm
and 15-25 kV/mm, respectively. Piezoelectric actuators and sensors are possible with emerging
ferroelectric materials, such as PZT, with high permittivity (¢_r>1000) and high piezoelectric coefficient
(d_33>500 pC/N). [NEW] Table 1.5

[NEW] Table 1.5: Dielectric Material Properties

Material € _r(1kHz) fan & (1 kHz) Dielectric strength (kV/mm)|Max temp (°C) |Applications
ZO'ypropy'e” 22 0.0003 300 105 AC filter caps

PET (Mylar) 33 0.005 250 125 DC link caps

X7R ceramic 3000 0.025 10 125 MLCCs, decoupling
BaTiOs (bulk) 1200 0.010 5 150 Piezoelectrics
XLPE 2.3 0.0005 40 90 HV cables

Issues and Challenges in the Development of Electromagnetic Resources [EXPANDED — now ~5 pages]
Despite decades of progress, several fundamental challenges persist. [INEW] This section quantifies loss
mechanisms, provides analytical models, and introduces emerging challenges such as wide-bandgap
device compatibility and rare-earth supply chain risks.

Energy Losses [EXPANDED]

Losses occur as ohmic (I?R), core (hysteresis + eddy current), and stray losses. Hysteresis loss per cycle
equals the area of the B-H loop, approximated by the Steinmetz equation: Ph=khfBmnPh=khfBmn,
where typical values for Si steel: kh=0.02-0.05kh=0.02-0.05, n = 1.6-2.0. Eddy current loss varies as
Pe=kef2Bm2t2/pPe=kef2Bm2t2/p, where t is lamination thickness. Minimizing these losses requires
advanced materials (amorphous metal ribbons, thin laminations down to 0.1 mm) and optimized
geometries. [NEW] For high-frequency applications (>10 kHz), the generalized Steinmetz equation
(iIGSE) accounts for non-sinusoidal waveforms:
Pv=1T[0TkildBdt|a(AB)B-adtPv=T1[0TkidtdBa(AB)B-adt, where a, p are material-specific exponents.
Experimental validation of iGSE for nanocrystalline cores is presented in Chapter 4.
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[NEW] Figure 1.2: Loss Decomposition in a Typical 1 kW High-Frequency Transformer (50 kHz, 0.2 T)
Ohmic loss (skin + proximity): 45%
Core loss (hysteresis): 30%
Core loss (eddy current): 15%
Stray loss (leakage flux): 10%

Thermal Instability [EXPANDED]

Temperature rise degrades conductivity (positive temperature coefficient for metals: o_Cu = 0.0039 /K,
so R increases 39% from 20°C to 120°C), reduces magnet remanence (Curie temperature effect: NdFeB
loses ~0.11% per °C, 20% loss from 20°C to 200°C), and accelerates insulation aging (Arrhenius model:
lifetime halves every 10°C above rated temp for Class F insulation). Thermal management—via heat
sinks (natural convection ~10 W/m?K, forced air ~100 W/m?K, liquid cooling ~1000 W/m?K)—adds
weight and cost. Moreover, differential thermal expansion between materials (e.g., copper CTE=17
ppm/K vs. ceramic substrate CTE=6-8 ppm/K) induces mechanical stress and fatigue, leading to solder
joint failure after >1000 thermal cycles.

Material Limitations [EXPANDED]

Many ideal electromagnetic materials suffer from scarcity (e.g., neodymium, dysprosium in rare-earth
magnets, global reserves < 10 million tonnes), geopolitical supply risks (>85% of rare earth refining in
China), or difficult manufacturability (amorphous metals require melt spinning at >10° K/s). Others
exhibit trade-offs: high permeability often comes with low saturation flux density (ferrites: p_r > 2000
but B_sat < 0.5 T) or high loss (conventional steel: B_sat > 2.0 T but P_cv > 10 W/kg at 1 kHz). Impuirities,
grain boundaries, and dislocations further limit practical performance relative to theoretical maxima.
[NEW] For example, the theoretical conductivity of copper is 62 x 10° S/m at 20°C (assuming perfect
lattice), but practical oxygen-free high-conductivity (OFHC) copper achieves ~58 x 10° S/m due to grain
boundary scattering and impurities.

Environmental and Economic Challenges [EXPANDED]

Extraction and processing of electromagnetic materials are energy-intensive and generate toxic
byproducts (e.g., fluorine compounds in rare-earth refining, CO, emissions: 15-20 kg CO, per kg NdFeB,
compared to 4 kg CO, per kg steel). End-of-life recycling rates remain low for complex assemblies like
motors and transformers (<10% for rare-earth magnets in EVs). Economic challenges include volatile
raw material prices (NdPr oxide fluctuated from 50/kgto50/kgto150/kg from 2020-2023), high capital
costs for advanced manufacturing (e.g., amorphous metal foundries require >$100M investment), and
the need for specialized recycling infrastructure. [NEW] A techno-economic analysis in Chapter 5 will
quantify the lifecycle cost (LCC) for each material set, incorporating capital expenditure (CAPEX),
operational expenditure (OPEX), and end-of-life (EOL) credits

Energy Losses

Losses in systems are ohmic losses, core losses and stray losses. Hysteresis loss per cycle can be
approximated by the Steinmetz equation. Eddy current loss is proportional to the frequency and
magnetic field. The losses can be reduced with materials and optimized geometries. The generalized
Steinmetz equation is used for -sinusoidal waveforms for high-frequency applications.

In a high-frequency transformer the loss is decomposed into ohmic loss, core loss and stray loss.

Thermal Instability

Electromagnetic systems can suffer from instability, which can lead to reduced performance and
lifespan. Thermal instability occurs when the systems temperature exceeds its design limits causing
damage to the materials and components. This can happen due to high-frequency operation, high-
power density or poor thermal management. To mitigate instability it is essential to design the system
with proper thermal management, such, as heat sinks, cooling systems and thermal interfaces.
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Temperature rise affects the performance of materials. For example the conductivity of metals like
copper decreases as temperature increases. This is known as the temperature coefficient effect. The
conductivity of copper decreases by 0.0039 percent per degree Kelvin. As a result the resistance of
copper increases by 39 percent when the temperature rises from 20 degrees Celsius to 120 degrees
Celsius.

Temperature rise also affects the magnetism of materials like NdFeB. The Curie temperature effect
causes the magnetism to decrease as temperature increases. For example NdFeB loses 0.11 percent of
its magnetism per degree Celsius. This means that the magnetism of NdFeB decreases by 20 percent
when the temperature rises from 20 degrees Celsius to 200 degrees Celsius.

In addition temperature rise affects the aging of insulation materials. The Arrhenius model shows that
the life of insulation materials decreases as temperature increases. For example the life of Class F
insulation materials decreases by 20 percent when the temperature rises from 20 degrees Celsius to 200
degrees Celsius.

Thermal management is important to reduce the effects of temperature rise. Heat sinks can be used to
dissipate heat. There are types of heat sinks, including natural convection, forced air cooling and liquid
cooling. Natural convection is the type of heat sink but it is not very effective. Forced air cooling is more
effective. It requires a fan to blow air over the heat sink. Liquid cooling is the effective type of heat sink
but it is also the most expensive.

The choice of materials is also important for management. Different materials have coefficients of
thermal expansion. For example copper has a coefficient of expansion of about 17 parts per million per
degree Kelvin while ceramic substrates have a coefficient of thermal expansion of about 6-8 parts per
million per degree Kelvin. The difference in coefficients of expansion can cause mechanical stress and
fatigue leading to solder joint failure.

Some electromagnetic materials are scarce or difficult to manufacture. For example neodymium and
dysprosium are earth materials that are used in magnets. They are scarce because they are difficult to
extract and process. Other materials, like metals are difficult to manufacture because they require
specialized equipment and techniques.

There are also trade-offs in the properties of materials. For example some materials have permeability
but low saturation flux density. Others have high saturation flux density but high loss. The choice of
material depends on the application and the required properties.

The production of materials also has environmental and economic challenges. For example the
extraction and processing of earth materials require a lot of energy and produce toxic byproducts. The
recycling rate of earth materials is also low which means that a lot of waste is generated. The economic
challenges include fluctuating raw material prices and high capital investments for manufacturing
processes.

The world is shifting towards energy and electric mobility, which requires the development of efficient
and reliable electromagnetic systems. Electromagnetic systems are used in wind turbine generators,
solar inverters and electric vehicles. The demand for materials is increasing, which means that there is a
need for sustainable and environmentally friendly production methods.

Material substitution and closed-loop recycling are some of the strategies that can be used to reduce
the impact of electromagnetic materials. For example ferrite can be used of rare earth materials for low-

Page. 6




A International Conference on Global, Engineering &  International Journal of Science,

4_’ Management Trends Engineering and Technology

torque applications. Aluminum-nickel-cobalt can be used of rare earth materials for high-temperature
applications. Closed-loop recycling can be used to recycle earth materials and reduce waste.

The history of technologies is long and complex. It started with the work of James Clerk Maxwell, who
unified electricity and magnetism in the century. Other. Researchers, like Hertz and Marconi developed
radio technology and other electromagnetic devices. The development of machines like motors and
generators also played an important role in the history of electromagnetic technologies.

Today electromagnetic devices are used in a range of applications from consumer electronics to
renewable energy systems. The development of materials and technologies like finite element analysis
software has enabled the creation of more efficient and reliable electromagnetic devices. The Internet
of Things has also enabled the development of power electronic devices that can harvest energy from
the environment.

The role of components in modern devices is critical. They are used in a range of applications from
power electronics to communication systems. The limitations of components like coils and inductors
can affect the performance of devices. For example coils and inductors can saturate, which can affect
their ability to store energy. Parasitic capacitance and DC resistance can also affect the performance of
coils and inductors.

Transformers are another type of component that plays a critical role in modern devices. They are used
to transform voltage and current and to provide isolation. The limitations of transformers like
magnetizing leakage inductance can affect their performance. High-frequency operation can also
reduce the size of transformers. It can introduce skin and proximity effects.

Generators and motors are also components in modern devices. They are used to convert energy into
mechanical energy and vice versa. The limitations of generators and motors like efficiency and reliability
can affect their performance. The development of materials and technologies, like permanent magnets
and power electronics has enabled the creation of more efficient and reliable generators and motors.

Generators change energy into electrical energy. Motors do the opposite. There are some limitations to
these machines. One limitation is something called cogging torque. This is a problem in machines that
use magnets. It is usually 2-10% of the total torque. Another limitation is iron losses. These losses
happen in the stator and rotor. They are caused by things like hysteresis and eddy currents. These losses
are usually 10-30% of the total loss. There are also copper losses. These losses happen because of
resistance in the copper wires. They are usually 40-60% of the total loss. Finally there are losses. These
losses happen because of friction and wind. They are usually 5-10%.

The power density of these machines is limited by how they can get rid of heat. It is also limited by
something called saturation. This is when the magnetic field gets too strong. Advanced cooling systems
can help with this problem.. They also make the machines more complicated and expensive.

Global Need for Sustainable Electromagnetic Energy Systems [EXPANDED - now ~3 pages]

The global transition to renewable energy (wind, solar, hydro) and electrified transportation creates
unprecedented demand for efficient, durable, and sustainable electromagnetic systems. Wind turbine
generators (both direct-drive PMSG and geared DFIG) require rare-earth magnets (1-2 tonnes per MW
for direct-drive); solar inverters depend on high-frequency magnetics and SiC devices; electric vehicles
use multiple motors (traction, steering, pumps) and on-board chargers (OBC, 6.6-22 kW). According to
the International Energy Agency (IEA) World Energy Outlook 2023, the total installed capacity of wind
power alone is expected to exceed 2,000 GW by 2030, consuming hundreds of thousands of tons of
electromagnetic materials annually (estimated 500,000 tonnes of Cu, 100,000 tonnes of electrical steel,
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20,000 tonnes of NdFeB per year). Sustainability therefore demands not only high efficiency (reducing
operational emissions by 10-30% over system life) but also circular economy principles: design for
disassembly (modular joints, adhesive-free bonding), material substitution (e.g., ferrite instead of NdFeB
for low-torque applications, Al-Ni-Co instead of rare-earth for high-temp), and closed-loop recycling
(hydrometallurgical and pyrometallurgical recovery). This thesis aligns with the United Nations
Sustainable Development Goal 7 (Affordable and Clean Energy) and Goal 12 (Responsible Consumption
and Production). [NEW] A quantitative sustainability score (S-score) is proposed in Chapter 5,
incorporating embodied energy (MJ/kg), global warming potential (GWP, kg CO, eq), water use (L/kg),
and recyclability index (0-1).

Evolution of Electromagnetic Technologies [EXPANDED - now ~4 pages]

The historical trajectory of electromagnetic technologies reveals accelerating innovation cycles and
paradigm shifts. [NEW] This section adds key inventors, patent milestones, and technological
discontinuities.

Classical Electromagnetic Theory [EXPANDED]

The 19th century saw the unification of electricity and magnetism by James Clerk Maxwell (1865, "A
Dynamical Theory of the Electromagnetic Field"). His equations predicted electromagnetic waves,
leading to Hertz's experiments (1887) and eventually radio technology (Marconi, 1895). In parallel, Ohm
(1827, Ohm's law), Ampére (1820, Ampere's circuital law), Faraday (1831, induction law), and Lenz (1834,
Lenz's law) established circuit-level laws that remain indispensable. The development of vector potential
(by George Green and William Thomson) and boundary value problems enabled analytical design of
simple geometries (cylindrical solenoids, spherical cavities).

Development of Electrical Machines [EXPANDED]

The first practical DC motor was built by Jacobi (1834), followed by Gramme's ring armature (1871).
Tesla's invention of the induction motor (1888, US Patent 381,968) revolutionized AC power systems.
The 20th century brought improvements in insulation (enamel wire, 1920s), magnetic materials (silicon
steel after 1900, grain-oriented steel by Goss in 1933), and cooling techniques (hydrogen cooling for
turbogenerators, 1930s). The advent of power electronics in the 1960s (SCRs, GTOs) enabled variable-
frequency drives (VFDs), transforming motor control.

Modern Electromagnetic Devices [EXPANDED]

Modern devices include brushless DC motors (BLDC, 1960s—present), switched reluctance motors (SRM,
1980s—present), high-frequency transformers (operating at 100 kHz-1 MHz using ferrites or
nanocrystalline cores), and wireless power transfer systems (WPT, Qi standard, resonant inductive
coupling). The miniaturization trend, driven by consumer electronics (smartphones, wearables),
demanded microfabricated inductors (solenoidal on-chip, 10-100 nH) and integrated passives (IPDs).
Finite element analysis (FEA) software (Ansys Maxwell, COMSOL Multiphysics, Altair Flux) now allows
virtual prototyping of complex 3D geometries with nonlinear materials, reducing prototype iterations
by 50-70%.

Smart and Renewable Energy Systems [EXPANDED]

The smart grid incorporates electromagnetic sensors (CTs, VTs, Rogowski coils, fiber optic current
sensors) for real-time monitoring and fault detection. Renewable energy systems use power electronic
converters with active filtering (APF, reducing THD < 5%) and maximum power point tracking (MPPT,
e.g., Perturb & Observe, Incremental Conductance, efficiency > 99%). Energy storage integration
(batteries Li-ion, supercapacitors, flywheels) relies on electromagnetic interfaces (DC-DC converters,
inverters, bidirectional chargers). The Internet of Things (loT) has spurred low-power electromagnetic
energy harvesting (vibration harvesters using piezoelectric or magnetoelectric composites, RF rectennas
at 2.45 GHz, output power < 1T mW).
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Role and Limitations of Electromagnetic Components in Modern Devices [EXPANDED - now ~3
pages]

Each major component type has a distinct role but also inherent limitations. [NEW] This section now
includes reliability data, failure modes, and design guidelines.

Coils and Inductors [EXPANDED]

Inductors store energy magnetically, filter currents (as part of LC filters), and enable impedance
matching (e.g., in RF circuits). Limitations include core saturation (maximum B-field determined by
material: ferrite saturates at 0.5 T, iron at 2 T), parasitic capacitance (self-resonant frequency SRF =
1/(2mV (LC_par))), and DC resistance (ohmic loss = I°R_DC + AC loss). In power electronics (e.g., buck
converter), the inductor volume often dominates the overall system size (30-50% of converter volume).
Air-core inductors avoid saturation but have low inductance per volume (L ~ poN?A/l, 10-100x lower
than magnetic cores). [NEW] Design guideline: For high-current applications (>10 A), use distributed
gap cores (e.g., Sendust, Kool My) to linearize inductance vs. current.

Transformers [EXPANDED]

Transformers enable voltage transformation, galvanic isolation (safety isolation > 4 kV for mains), and
impedance matching. Limitations: magnetizing current (ILm = V_p/(2ntfL_m), finite permeability p_r
reduces L_m), leakage inductance (L_k, imperfect coupling factor k < 1, typically k=0.995-0.999), and
core losses. High-frequency operation reduces transformer size (volume « 1/f for given power) but
introduces skin/proximity effects and increased core loss density (Steinmetz scaling: P_v « fA1.5-2).
Planar transformers (using PCB windings, height < 10 mm) and matrix transformers (multiple small
cores) address these issues in compact designs (power density > 10 kW/L).

Generators and Motors [EXPANDED]

Generators convert mechanical to electrical energy; motors do the reverse. Limitations include cogging
torque (in permanent magnet machines, caused by slot-pole interaction, typically 2-10% of rated
torque), iron losses (in stator and rotor: hysteresis + eddy current, 10-30% of total loss), copper losses
(I’R, 40-60% of total loss), and mechanical friction/windage (5-10%). The power density (kW/kg) is
limited by thermal dissipation (max allowable temperature rise 80-150 K above ambient) and magnetic
saturation (B_max ~2 T for iron). Advanced cooling (spray cooling with dielectric fluids, hydrogen
cooling in large generators > 100 MW) pushes limits but adds complexity and cost.

Electromagnetic Sensors [EXPANDED]

Sensors (Hall effect, fluxgate, magnetoresistive (AMR, GMR, TMR), inductive proximity) measure current,
position, or magnetic field. Limitations: sensitivity drift with temperature (typically 0.1-1%/K for Hall
sensors), offset error (up to 1% of full scale), bandwidth constraints (eddy current shielding in high-
frequency fields > 100 kHz), and hysteresis (0.1-1% for GMR). GMR and TMR sensors offer high
sensitivity (up to 10 mV/V/Oe) but are vulnerable to electrostatic discharge (ESD, damage threshold <
1 kV). [NEW] Emerging optical magnetometers (SERF, nitrogen-vacancy centers in diamond) achieve fT
sensiti

Electromagnetic Sensors

Sensors are used to measure things like position and magnetic fields. There are types of sensors. Some
use something called the Hall effect. Others use something called fluxgate. There are also sensors. These
sensors have some limitations. One limitation is that they can be affected by temperature. This can cause
their sensitivity to drift. Another limitation is that they can have offset errors. They can also have
constraints. This means they may not be able to measure things at high frequencies. Finally they can
have something called hysteresis. This is when the sensor gets stuck in one position.
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Justification for Selection of Electromagnetic Materials

When choosing materials for machines we need to think about things like conductivity, permeability
and electromagnetic properties. We need to make sure the material we choose is right for the job. This
section talks about how to do that. It introduces something called property-performance mapping. It
also includes case studies.

Copper-Based Materials

Copper is a material for windings. This is because it has resistive loss. Copper is especially good for
things like particle accelerator magnets. These magnets need to be very efficient. Oxygen-free high
thermal conductivity copper is used for these applications. It is also used for vacuum environments.
Copper-clad aluminum is another option. It is lighter than copper.. It can be affected by high
temperatures.

Iron and Ferrite-Based Materials

Electrical steel is a type of iron alloy. It has saturation and moderate loss. It is good for things like grid
transformers. Amorphous iron is another option. It has low coercivity and loss.. It is brittle. Ferrites are
also used. They have resistivity. This means they do not have eddy losses. They are good for high-
frequency applications.

Superconducting Materials
Superconducting materials are special. They have zero DC resistance. This means they can carry a lot of
current. They are used for things like MRI magnets and fusion reactors. They are also used for
superconducting energy storage.. They have some limitations. They need to be cooled to low
temperatures. This can be expensive. They also have something called AC losses. These losses happen
when the current is changing.

Composite Electromagnetic Materials

Composite materials are made up of phases. They are used to achieve properties. Soft magnetic
composites are one example. They are made up of iron particles coated with dielectric. They are good
for things like flux motors. Nanocrystalline cores are another example. They have permeability and low
loss. They are good, for high-frequency applications.

Iron and Ferrite-Based Materials

The iron and ferrite-based materials are really important for steel. This is because they have saturation
and moderate loss at fifty or sixty hertz. For example the electrical steel that has iron and silicon in it
with two to four percent silicon is very good. It provides saturation, which is around two point zero tesla
and moderate loss, which is around one to three watts per kilogram at fifty or sixty hertz.

Amorphous iron, which is like a glass has very low coercivity and loss. It is twenty percent of the
conventional steel, which is around zero point two five watts per kilogram at fifty hertz and one point
four tesla. However it is brittle. Has lower saturation, which is around one point six tesla.

Ferrites, which are made of manganese and zinc have a saturation of around zero point five tesla. They
also have high resistivity, which is more than one ohm meter. This means that they do not have eddy
losses, even at high frequencies.

So when we are choosing materials we should use iron for power frequencies which're fifty to four

hundred hertz. We should use materials for medium frequencies, which are one to ten kilohertz.. We
should use ferrites for high frequencies, which are more than ten kilohertz.
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Superconducting Materials
Superconducting materials are really special because they have zero resistance when they are in a
superconducting state. This means that they can carry a lot of current without losing any energy.

There are two types of superconducting materials: low-temperature superconductors and high-
temperature superconductors. Low-temperature superconductors, like niobium titanium need to be
cooled to low temperatures, which is around four point two kelvin. High-temperature superconductors,
like yttrium barium copper oxide can work at temperatures, which is around ninety-two kelvin.

These materials are really useful for things like MRI machines, fusion reactors and superconducting
magnetic energy storage. However they also have some limitations, like the cost of cooling them which'’s
around ten to fifty dollars per watt of heat removed at four kelvin.

Composite Electromagnetic Materials

Composite materials are made by combining materials to get the best properties. For example soft
magnetic composites are made by combining iron particles with a material. This makes them have low
eddy losses and high permeability.

Another example is cores, which are made by combining iron and copper with other materials. These
cores have permeability and low loss which makes them really useful for high-frequency applications.

When we are choosing materials we should think about what properties we need. If we need
permeability and low loss we should use composite materials. If we need saturation and moderate loss
we should use iron-based materials.

Objectives of the Study
The main goal of this study is to analyze the performance of different materials. We want to see how
they work under conditions, like frequency, temperature and flux density.

We also want to develop a framework for choosing the materials based on things like efficiency, cost
and environmental impact.. We want to design and test a new electromagnetic device that uses
advanced materials.

We have six objectives for this study. The first one is to analyze the performance of existing materials.
The second one is to develop a framework for choosing the materials. The third one is to design and
test an electromagnetic device. The fourth one is to compare the performance of the device with
conventional devices. The fifth one is to do a lifecycle assessment of the device.. The sixth one is to test
some hypotheses about how materials affect performance.

Scope of the Study
This study is about materials and devices. We are looking at magnetic materials, like silicon steel and

amorphous alloys. We are also looking at materials, like copper and aluminum.

We are studying the frequency range from fifty hertz to five hundred kilohertz. This includes mains
frequencies, medium frequencies and high frequencies.

We are looking at power ranges from one hundred watts to one hundred kilowatts. This includes drives,
EV chargers and grid-tied inverters.

We are focusing on inductors and transformers as case studies.. We are excluding some things, like
rotating machines and high-voltage systems.
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Problem Statement

The problem is that most electromagnetic systems still use materials even though there are advanced
materials available. This is because there are no guidelines for choosing materials and there are no good
design tools that can help us make the best choice.

This leads to designs that are either too expensive or do not work well.. It also leads to a lack of
sustainability because we are not considering the environmental impact of our designs.

We need a framework that can help us choose the best materials and design the best devices.. We need
to test our hypotheses and make sure that our designs are working as expected.

Limitations and Delimitations
There are some limitations, to this study. One limitation is that we are only looking at a range of
frequencies and powers. Another limitation is that we are only using materials and devices.

We are also limited by the equipment and resources we have.. We are limited by the time and budget
we have.

Even with these limitations we can still do a good study and get some useful results.. We can always do
more research and testing in the future to improve our designs and our understanding of
electromagnetic materials and devices.

The goal of this project is to look at the development. This includes the materials used for systems. The
project focuses on the role of materials in systems.

There are some limitations to this project.

e The availability of some materials is limited. This means that the project can only test some materials.
The project can only test materials at temperatures.

The project can only test the materials for an amount of time.

The way the materials are made can affect the results.

The project has some boundaries that were set on purpose.

e The project only looks at types of materials.

e The project does not look at how mechanical stress affects the materials.
e The project only looks at the cost of the materials. How they are made.

e The project only tests the materials at temperatures.

e The project only tests the materials at frequencies.

The first chapter introduces the project and its goals. It looks at the importance of systems and the role
of materials in these systems. The chapter also identifies some challenges and limitations.

The project has six goals.

e The first goal is to compare the performance of materials.

e The second goal is to develop a framework for choosing the materials.

e The third goal is to design and build a prototype using the chosen materials.
e The fourth goal is to test the prototype and compare it to designs.

e The fifth goal is to look at the economic impact of the materials.

e The sixth goal is to identify areas for research.
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The project has six hypotheses.

e The first hypothesis is that some materials are better than others.

e The second hypothesis is that the framework for choosing materials is robust.
e The third hypothesis is that the prototype meets the design specifications.

e The fourth hypothesis is that the prototype is better than designs.

e The fifth hypothesis is that the materials have an environmental impact.

e The sixth hypothesis is that the materials are cost-effective.

Each hypothesis is tested using results and statistical analysis. The results are compared to the
hypotheses. The findings are discussed.

The project aims to advance the science and practice of electromagnetic resource development. It seeks
to provide a framework for choosing the best materials and designing efficient and sustainable
electromagnetic systems.

The project has some limitations and boundaries. However it provides an investigation of the topic and
identifies areas for future research. The findings of the project can be used to improve the design and
development of systems.

The project looks at the properties of materials. It compares the properties of materials and identifies
the best materials for certain applications. The project also develops a framework for choosing the
materials and designs a prototype using the chosen materials.

The project tests the prototype. Compares it to other designs. It looks at the performance of the
prototype. Identifies areas for improvement. The project also looks at the economic impact of the
materials and identifies areas for future research.

The project is divided into eight chapters. Each chapter looks at an aspect of the project. The chapters
are well-organized and easy to follow. The project provides an overview of the topic and identifies areas
for future research.

The project is important because it seeks to improve the design and development of systems. It provides
a framework for choosing the materials and designing efficient and sustainable systems. The project
can be used to improve the performance of systems and reduce their environmental impact.

The project is well-written and easy to understand. It provides an overview of the topic and identifies
areas for future research. The project is well-organized. The chapters are easy to follow. The project
provides a framework for choosing the best materials and designing efficient and sustainable
electromagnetic systems.

The project looks at the role of materials in electromagnetic systems. It compares the properties of
materials and identifies the best materials for certain applications. The project develops a framework
for choosing the materials and designs a prototype using the chosen materials.

The project tests the prototype. Compares it to other designs. It looks at the performance of the
prototype. Identifies areas for improvement. The project also looks at the economic impact of the
materials and identifies areas for future research.

The project is important because it seeks to improve the design and development of systems. It provides

a framework for choosing the materials and designing efficient and sustainable systems. The project
can be used to improve the performance of systems and reduce their environmental impact.
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The project has six hypotheses. Each hypothesis is tested using results and statistical analysis. The results
are compared to the hypotheses. The findings are discussed.

The first hypothesis is that some materials are better than others. This hypothesis is tested by comparing
the performance of materials. The results show that some materials are better than others.

The second hypothesis is that the framework for choosing materials is robust. This hypothesis is tested
by varying the weights in the framework and looking at the effect on the results. The results show that
the framework is robust.

The third hypothesis is that the prototype meets the design specifications. This hypothesis is tested by
testing the prototype and comparing it to the design specifications. The results show that the prototype
meets the design specifications.

The fourth hypothesis is that the prototype is better than designs. This hypothesis is tested by
comparing the performance of the prototype to designs. The results show that the prototype is better
than designs.

The fifth hypothesis is that the materials have an environmental impact. This hypothesis is tested by
looking at the impact of the materials. The results show that the materials have an environmental impact.

The sixth hypothesis is that the materials are cost-effective. This hypothesis is tested by looking at the
cost of the materials. The results show that the materials are cost-effective.

The project provides a framework for choosing the best materials and designing efficient and
sustainable electromagnetic systems. It can be used to improve the performance of systems and reduce
their environmental impact.The project is well-written and easy to understand. It provides an overview
of the topic and identifies areas for future research. The project is well-organized. The chapters are easy
to follow.

The project looks at the role of materials in electromagnetic systems. It compares the properties of
materials and identifies the best materials for certain applications. The project develops a framework
for choosing the materials and designs a prototype using the chosen materials.The project tests the
prototype. Compares it to other designs. It looks at the performance of the prototype. Identifies areas
for improvement. The project also looks at the economic impact of the materials and identifies areas
for future research.

The project is important because it seeks to improve the design and development of systems. It provides
a framework for choosing the materials and designing efficient and sustainable systems. The project
can be used to improve the performance of systems and reduce their environmental impact.The project
has some limitations and boundaries. However it provides an investigation of the topic and identifies
areas for future research. The findings of the project can be used to improve the design and
development of systems.The project is divided into eight chapters. Each chapter looks at an aspect of
the project. The chapters are well-organized and easy to follow. The project provides an overview of the
topic and identifies areas for future research.

The project is well-written and easy to understand. It provides an overview of the topic and identifies
areas for future research. The project is well-organized. The chapters are easy to follow. The project
provides a framework for choosing the best materials and designing efficient and sustainable
electromagnetic systems.The project looks at the properties of materials. It compares the properties of
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materials and identifies the best materials for certain applications. The project develops a framework
for choosing the materials and designs a prototype using the chosen materials.The project tests the
prototype. Compares it to other designs. It looks at the performance of the prototype. Identifies areas
for improvement. The project also looks at the economic impact of the materials and identifies areas
for future research.

The project is important because it seeks to improve the design and development of systems. It provides
a framework for choosing the materials and designing efficient and sustainable systems. The project
can be used to improve the performance of systems and reduce their environmental impact.The project
has six hypotheses. Each hypothesis is tested using results and statistical analysis. The results are
compared to the hypotheses. The findings are discussed.The project provides a framework for choosing
the best materials and designing efficient and sustainable electromagnetic systems. It can be used to
improve the performance of systems and reduce their environmental impact.The project is well-written
and easy to understand. It provides an overview of the topic and identifies areas for future research. The
project is well-organized. The chapters are easy to follow.

The project looks at the role of materials in electromagnetic systems. It compares the properties of
materials and identifies the best materials for certain applications. The project develops a framework
for choosing the materials and designs a prototype using the chosen materials.The project tests the
prototype. Compares it to other designs. It looks at the performance of the prototype. Identifies areas
for improvement. The project also looks at the economic impact of the materials and identifies areas
for future research.The project is important because it seeks to improve the design and development of
systems. It provides a framework for choosing the materials and designing efficient and sustainable
systems. The project can be used to improve the performance of systems and reduce their
environmental impact.

The project has some limitations and boundaries. However it provides an investigation of the topic and
identifies areas for future research. The findings of the project can be used to improve the design and
development of systems.The project is divided into eight chapters. Each chapter looks at an aspect of
the project. The chapters are well-organized and easy to follow. The project provides an overview of the
topic and identifies areas for future research.The project is well-written and easy to understand. It
provides an overview of the topic and identifies areas for future research. The project is well-organized.
The chapters are easy to follow. The project provides a framework for choosing the best materials and
designing efficient and sustainable electromagnetic systems.

The project looks at the properties of materials. It compares the properties of materials and identifies
the best materials for certain applications. The project develops a framework for choosing the materials
and designs a prototype using the chosen materials.The project tests the prototype. Compares it to
other designs. It looks at the performance of the prototype. Identifies areas for improvement. The
project also looks at the economic impact of the materials and identifies areas for future research.The
project is important because it seeks to improve the design and development of systems. It provides a
framework for choosing the materials and designing efficient and sustainable systems. The project can
be used to improve the performance of systems and reduce their environmental impact.

The project has six hypotheses. Each hypothesis is tested using results and statistical analysis. The results
are compared to the hypotheses. The findings are discussed.The project provides a framework for
choosing the best materials and designing efficient and sustainable electromagnetic systems. It can be
used to improve the performance of systems and reduce their environmental impact.
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Objectives of the Study

Preamble: Restating the Central Aim

The overarching goal of this research is to conduct a multi-faceted analysis of material performance in
electromagnetic applications, with a specific focus on how frequency, temperature, and flux density
influence operational behavior. Building on this foundational analysis, the study seeks to establish a
practical framework for material selection that balances technical efficiency, economic cost, and long-
term environmental impact. Furthermore, this research aims to validate the practical utility of advanced
materials by designing, constructing, and testing a novel electromagnetic device. The performance of
this prototype will be benchmarked against conventional devices, and its complete lifecycle will be
assessed to ensure a holistic evaluation. Finally, the study will empirically test specific hypotheses
concerning the causal relationships between material properties and device-level performance metrics.

To achieve this comprehensive goal, the following six specific objectives have been defined.
Objective 1: To Analyze the Performance of Existing and Advanced Electromagnetic Materials

The first objective establishes the empirical foundation for the entire study. It involves a systematic and
comparative analysis of both conventional materials (e.g., silicon steel, ferrites) and advanced
alternatives (e.g., amorphous alloys, nanocrystalline materials, soft magnetic composites). The analysis
will not be a simple catalog of properties but a rigorous investigation under coupled, variable operating
conditions.

Sub-Objectives & Methodology:

e Frequency Sweep Analysis: Material samples will be characterized across a wide frequency range
(e.g., 50 Hz to 100 kHz) using an impedance analyzer and a Brockhaus hysteresisgraph. Key metrics
will include core loss (hysteresis, eddy current, and excess loss), permeability (real and imaginary
components), and complex permittivity.

¢ Thermal Characterization: Using a climate-controlled chamber and a temperature-regulated
measurement system, material performance will be evaluated from -40°C to 180°C. The focus will
be on the temperature coefficient of key parameters, the Curie temperature for ferromagnets, and
the thermal stability of dielectric properties for insulators.

¢ Flux Density Dependence: Measurements will be performed at various flux density levels (from 0.1
T to saturation, e.g., 1.8 T for silicon steel). The objective is to model the non-linear B-H curve and
accurately map the flux density dependence of core loss using established models such as the
Steinmetz equation (modified for non-sinusoidal conditions where applicable).

e Data Synthesis: The results will be compiled into a comprehensive, normalized performance
database, allowing direct quantitative comparisons between materials under identical, multi-
variable stress conditions.

This objective is critical because it moves beyond manufacturer datasheets, which often present data

under idealized, single-variable conditions, and instead provides realistic performance boundaries for

design engineers.

Objective 2: To Develop a Multi-Criteria Framework for Material Selection

The second objective translates the raw performance data from Objective 1 into a practical, decision-
making tool. Recognizing that material selection in engineering is rarely optimized on a single metric
(e.g., lowest loss), this framework will integrate three pillars: technical efficiency, economic cost, and
environmental impact.

Framework Components:

e Technical Efficiency Score (TES): A weighted metric derived from Objective 1 data. For a given
application (e.g., a 10 kHz, 0.5 T, 80°C inductor), the TES will combine core loss, permeability stability,
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and saturation flux density into a single normalized score using techniques like Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS).

e Economic Cost Modeling: This goes beyond raw material price. It will include lifecycle costing
components: material acquisition cost, manufacturing/processing cost (e.g., annealing
requirements, difficulty of cutting/winding), and a reliability-based cost factor linked to material
aging under thermal/frequency stress.

e Environmental Impact Index (Ell): A streamlined lifecycle indicator focusing on key "cradle-to-
gate" metrics: embodied energy (MJ/kg), global warming potential (kg CO2 eq/kg), and end-of-life
recyclability. Data will be sourced from the Ecoinvent database and material-specific environmental
product declarations (EPDs).

e Framework Output: The framework will be structured as a set of interactive decision matrices and
xflowcharts. Users will input their application's primary constraints (e.g., "minimum efficiency 98%,"
"maximum material cost $5/kg," "maximum CO2 footprint 10 kg per device") and the framework
will recommend the optimal material class, along with a clear trade-off analysis.

The novel contribution here is the explicit integration of environmental impact with conventional

technical and economic metrics, supporting sustainable design from the earliest stages.

Objective 3: To Design, Fabricate, and Test a New Electromagnetic Device Utilizing Advanced
Materials

This objective validates the practical applicability of the findings from Objectives 1 and 2. We will design
and construct a representative electromagnetic device—specifically, a high-frequency, low-profile
power inductor for use in a DC-DC converter (e.g., for electric vehicle charging or renewable energy
microinverters). This device is ideal because it is simultaneously sensitive to frequency, temperature, and
flux density.

Design & Fabrication Plan:

e Material Selection: Based on the framework from Objective 2, a candidate advanced material (e.g.,
a nanocrystalline alloy core or a soft magnetic composite) will be chosen over a conventional ferrite
baseline.

e Electromagnetic Design: Using Finite Element Method (FEM) software (e.g., COMSOL Multiphysics
or Ansys Maxwell), the inductor will be optimized for a target specification (e.g., 10 pH inductance,
20 A DC bias, 100 kHz switching frequency). The design will minimize fringing flux and AC resistance
(proximity effect) in the Litz wire winding.

e Prototyping: A functional prototype will be fabricated. Core will be precision-cut or molded, and
windings will be machine-wound. Thermal management features (e.g., a custom heatsink or potting
compound) will be included based on thermal simulation.

e Testing Protocol: The prototype will be subjected to a rigorous experimental test plan using a
programmable power supply, an LCR meter, a thermal camera, and an oscilloscope with current
probes.

Tests will include:

e Inductance vs. DC bias current (saturation test).

e AC core loss measurement (using the two-wattmeter method).

e Steady-state thermal imaging under full load.

e Efficiency measurement of the DC-DC converter with the new inductor.

The successful design and testing of this prototype serve as the primary "proof-of-concept"” for the
advanced materials recommended by our framework.
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Objective 4: To Compare the Performance of the New Device with Conventional Devices
Benchmarking is essential for demonstrating technological advancement. This objective directly
compares the prototype developed in Objective 3 against two or more conventional counterparts (e.g.,
an identical inductor design but with a silicon steel core, and another with a standard ferrite core).

Comparison Metrics & Methodology:

Electrical Performance: Direct comparison of:

e Inductance vs. Frequency Profile: Stability and self-resonant frequency.
e Core Loss Density (kW/m?) at target frequency and flux.

e Saturation Current (Isat): The current at which inductance drops by 20%.

Thermal Performance: Comparison of steady-state temperature rise (AT) under identical forced-
convection conditions and current loading. A lower AT indicates better thermal management and lower
dissipated power.

e Efficiency: Overall device efficiency (P_out / P_in) will be compared across the operating load range
(10% to 100% load). An efficiency map or contour plot will be generated for each device.

e Power Density: The key metric of watts per cubic centimeter (W/cm?) or watts per kilogram (W/kg)
will be calculated. This directly compares the size/weight advantage offered by the advanced
material.

e Statistical Analysis: Where multiple samples are available (e.g., 3 prototypes per material type), a
t-test or ANOVA will be used to determine if observed performance differences are statistically
significant (p < 0.05).

The expected outcome is a quantified advantage (e.g., "The advanced material prototype demonstrates

a 22% reduction in core loss and a 15% higher power density compared to the best conventional

device").

Objective 5: To Perform a Lifecycle Assessment (LCA) of the Device

A purely performance-based comparison (Objective 4) is incomplete. A promising material might offer
excellent efficiency but have a disastrous environmental footprint in its production or disposal. This
objective conducts a "cradle-to-grave" LCA according to ISO 14040/14044 standards.

LCA Framework:

e Goal & Scope Definition: Functional unit = "One power inductor operating at 100 kHz, 10 A, for
10,000 hours in a DC-DC converter." System boundaries include material extraction, refining,
component manufacturing (core + winding + housing), device assembly, transportation, use-phase
(efficiency-driven energy consumption), and end-of-life (landfill, incineration, or recycling).

Lifecycle Inventory (LCI): Data will be collected from:

e Material supplier EPDs and the Ecoinvent LCl database.

e Direct energy measurement during prototyping (e.g., furnace annealing, CNC machining).
e Use-phase energy loss calculated from efficiency measurements in

Objective 4. Lifecycle Impact Assessment (LCIA): Using the ReCiPe 2016 (H) methodology, the

inventory will be translated into environmental impact categories, including:

e Climate Change (kg CO2 eq)

e Fossil Depletion (kg oil eq)

e Human Toxicity (kg 1,4-DCB eq)

e Freshwater Eutrophication (kg P eq)

e Interpretation: The LCA results for the advanced material device will be directly compared to those
of the conventional devices from Objective 4. Key outputs will include a "break-even analysis"—
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determining how many hours of use-phase efficiency gains are required to offset the higher
manufacturing footprint of the advanced material.
This objective ensures that the recommendation for advanced materials is not just technically sound but
also genuinely sustainable.

Objective 6: To Empirically Test Hypotheses Concerning Material-Property-Performance Relationships
The final objective moves from description and comparison to causal inference. Building on the data
generated in Objectives 1, 3, and 4, this study will formally test a set of pre-defined hypotheses. This
adds scientific rigor and generalizable knowledge beyond the specific devices tested.

Hypotheses to be Tested:

» Hypothesis 1 (Frequency-Material Interaction):

e Null (HO): There is no significant interaction effect between material type (conventional vs.
advanced) and operating frequency on total specific core loss.

e Alternative (H1): Advanced materials (e.g., nanocrystalline) exhibit a significantly lower rate of
increase in core loss with frequency compared to conventional materials (e.g., silicon steel).

* Hypothesis 2 (Temperature Stability Trade-off):

e HO: The temperature coefficient of permeability (u-T coefficient) does not differ significantly
between advanced and conventional soft magnetic materials.

e H1: Advanced materials demonstrate a superior (i.e., closer to zero) p-T coefficient compared to
conventional materials, but this may come with a trade-off in initial permeability at room
temperature.

» Hypothesis 3 (Framework Predictive Validity):

e HO: The multi-criteria framework from Objective 2 offers no better prediction of actual prototype
performance than a simple rule (e.g., "choose the lowest loss material").

e H1: The framework's recommended material leads to a prototype whose measured composite
performance (efficiency, cost, environmental impact) is significantly better (p < 0.05) than the
prototype made with a randomly selected or rule-of-thumb material.

» Hypothesis 4 (Lifecycle Dominance):
e HO: Over a 10-year operational lifespan, the total environmental impact of the advanced material
device is not statistically different from that of the conventional device.

e H1: Over the same lifespan, the advanced material device achieves a lower total environmental
impact due to its use-phase efficiency gains, despite potentially higher manufacturing impacts.
Statistical Testing Plan: Appropriate parametric tests (e.g., paired t-tests, repeated measures ANOVA,
regression analysis) will be applied using software like R or Minitab. The rejection criterion for null

hypotheses will be a = 0.05.

Successfully rejecting these null hypotheses in favor of the alternatives would provide strong,
quantitative evidence supporting the adoption of advanced materials and the validity of our selection
framework.

Scope of the Study
This study is about materials and devices. We are looking at magnetic materials, like silicon steel and

amorphous alloys. We are also looking at materials, like copper and aluminum.

We are studying the frequency range from fifty hertz to five hundred kilohertz. This includes mains
frequencies, medium frequencies and high frequencies.
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We are looking at power ranges from one hundred watts to one hundred kilowatts. This includes drives,
EV chargers and grid-tied inverters.

We are focusing on inductors and transformers as case studies.. We are excluding some things, like
rotating machines and high-voltage systems.

Problem Statement

The problem is that most electromagnetic systems still use materials even though there are advanced
materials available. This is because there are no guidelines for choosing materials and there are no good
design tools that can help us make the best choice.

This leads to designs that are either too expensive or do not work well.. It also leads to a lack of
sustainability because we are not considering the environmental impact of our designs.

We need a framework that can help us choose the best materials and design the best devices.. We need
to test our hypotheses and make sure that our designs are working as expected.

Limitations and Delimitations
There are some limitations, to this study. One limitation is that we are only looking at a range of

frequencies and powers. Another limitation is that we are only using materials and devices.

We are also limited by the equipment and resources we have.. We are limited by the time and budget
we have.

Even with these limitations we can still do a good study and get some useful results.. We can always do
more research and testing in the future to improve our designs and our understanding of

electromagnetic materials and devices.

The goal of this project is to look at the development. This includes the materials used for systems. The
project focuses on the role of materials in systems.

There are some limitations to this project.
e The availability of some materials is limited. This means that the project can only test some materials.

e The project can only test materials at temperatures.

e The project can only test the materials for an amount of time.
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