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1. Abstract
The modern world runs on electric power, from heating systems to electric vehicles. Yet,
despite the prominence of electricity, inefficient conversions between AC and DC power by
silicon-based transistors dissipate around 60% of the power that is generated.[5.0.1] These
traditional silicon (Si) transistors have high loss in switching (turning on and off) and result
in complex maintenance, high costs and energy losses. Wide BandGap transistors (WBGs)
have properties such as higher charge carrier mobilities, critical electric fields, and thermal
conductivities that can minimize losses in power grid applications such as DC-to-DC
converters, rectifiers and inverters. The employment of WBG devices can help solve a
significant problem in the existing power grid, improving efficiency and reliability. This
paper aims to explore the history and losses of the current power transmission system while
identifying areas that can benefit from WBG device implementation. The paper also uses
LTSpice to model circuits and explore how characteristics of WBG devices, such as silicon
carbide (SiC), can reduce losses compared to traditional Si devices. By extracting data from
existing sets and LTSpice, this study analyzes the power factor along with other variables and
uses machine learning to statistically prove that a power grid using WBG devices is more
efficient than existing ones.

2. Introduction

2.1 History of Silicon Semiconductors and the Switch to WBG Devices
Semiconductors first appeared in the early 1900s, when properties of materials including
selenium and copper oxides were discovered. Early investigations into the electrical
properties of these materials led to the development of crystal detectors. In 1947, three
researchers John Bardeen, Walt Brattain, and Willian Shockley, Bell Labs researchers,
invented the transistor. Their invention marked a crucial turning point: the birth of modern
semiconductor technology. At the beginning of this new, innovative period, germanium was
the primary material used for transistors. However, it was quickly discovered that
germanium posed several limitations including thermal instability and high leakage. Silicon
soon became the popular choice, having better electrical properties than its predecessor. In
1954, Texas Instruments produced the first commercial transistor made out of silicon. The
material’s superior thermal conductivity and ability to form stable oxides, a need for creating
integrated circuits, made it the ideal choice for customer purchase. Silicon devices thus
helped instigate a series of technological advancements and are still used to this day in
devices included in modern power grids. However, starting in the late 20th century, the
limitations of silicon in high-power, high-frequency, and high-temperature applications



became evident. Silicon-based devices struggle with high power losses and inefficiencies
under extreme conditions, limiting their use in certain applications.

Developments in material science led to the discovery of Wide BandGap Semiconductors.
WBG compounds such as gallium nitride (GaN) and silicon carbide (SiC) have a much wider
band gap than normal silicon, which is important in cases where higher voltages,
temperatures, or frequencies are needed. For example, the operation of power electronics that
are used in the converters and inverters that facilitate the flow of electricity between the
battery, electric motor, and charging system in modern-day electric vehicles can benefit from
WBG devices’ implementation due to their large voltage requirements. Furthermore, as
opposed to silicon devices which require cooling systems to manage heat, WBG devices can
operate at increased temperatures without significant change in output. Their thermal energy
systems are able to manage internal temperatures with more ease, making them better for
usage in extreme temperatures. Additionally, their integration significantly lowers the energy
that is lost during power transmission, especially at high frequencies This can be useful in
limiting inefficiencies in wireless transmitters and radio-frequency (RF) amplifiers, which
make use of high frequencies to enable communicationThese examples illustrate the wide
scale advantages that WBG devices introduce upon being utilized.

The goal of this research project is to show the differences in energy loss via the integration
of silicon semiconductors versus WBG devices (semiconductors and photoconductive
semiconductor switches) to ultimately construct a new power grid that loses less and
transmits more. This is to prove that using WBG devices can lead to decreased power loss
and thereby more efficient power transmission throughout the existing electric grid. By
exploring semiconductor origins, modeling circuits on the platform LTSpice, conducting data
analysis, and creating a rough blueprint of an evolved electric grid, the superiority of WBG
devices will be seen and exploited to improve the technological interface that connects the
world today.

2.2 Physics of Semiconductor Materials
Semiconductors are materials that are less electrically conductive than conductors and more
electrically conductive than insulators. In order to conduct research into wide bandgap
semiconductors, the concept of bandgap in conductive, semiconductive, and insulative solids
must be understood.

A material’s bandgap is the energy difference between the top of the valence band - the
highest range of energy in which electrons are found - and the bottom of the conduction band,
where electrons are still able to move and conduct electricity but belong to a range of lower
energies. In conductors, the valence band and the conduction band overlap allowing for
electrons to jump up to the material’s valence shell without requiring additional energy.
Insulators are materials that have large band gaps, usually exceeding 4 electron-Volts (eV),
meaning electrons must acquire a significant amount of energy in order to bridge the energy
gap thereby limiting the number of charge carriers present in the conduction band.



Semiconductors have a moderate bandgap, typically smaller than that of insulators, ranging
from 1 to 2 eV and their variable ability to conduct makes them especially useful in
applications that require materials to be able to switch between conductive and
non-conductive states.

Wide bandgap semiconductors have larger band gaps than regular semiconductors such as
silicon. Common examples include silicon carbide (SiC) and gallium nitride (GaN) - SiC for
instance, has a bandgap of around 3.3 eV whereas traditional silicon has a bandgap of
approximately 1.1 eV. This difference accounts for several characteristics that are unique to
wide bandgap semiconductors.

Fig. 2.2.A Energy Bandgaps in Crystalline Solids

The large gap between the conduction and valence bands means these devices uphold in
much higher temperatures without degrading. SiC, for example, is able to function at 600℃
and sometimes in even hotter environments. Wide bandgap compounds also dissipate heat
efficiently, meaning they conduct thermal energy well and are able to withstand these
temperatures while maintaining resistance. Excess charge carriers don’t hinder the current
flow and as a result, these devices continue to operate. SiC and GaN devices switch on and
off much quicker than their silicon counterparts because of properties such as high electron
mobility. The crystalline structure of these chemical compounds are made up of strong
covalent bonds, meaning electrons are not able to scatter as much due to the bonds’ strength.
This results in fewer instances of electron scattering, a phenomenon that refers to electrons
being deflected from their original path as they pass through a solid (in this case
semiconductor structures). This allows the particles to move through the lattice structures
with reduced difficulty, resulting in lower resistances and typically higher switching speeds.

Wide bandgap devices are also able to handle powerful electric fields, fields that are up to 10
times greater than those silicon is able to withstand, without breaking down. These electric
properties altogether make the on-resistance in SiC and GaN devices theoretically much
lower for the same breakdown voltage than Si device counterparts, meaning less power is lost
as thermal energy during operation, even for high power devices.



The unique properties of wide bandgap semiconductors make them ideal for countless
applications in the current electrical world and many of them entail significant environmental
benefit. Both SiC and GaN materials are more efficient at reducing conduction and switching
losses than silicon, which helps to improve overall energy efficiency in power conversion
processes. Inverters are used in photovoltaic solar panels to convert direct current (DC)
power into grid-compatible alternative current (AC) power. Wide bandgap-based inverters
would therefore improve system operations while minimizing energy loss.

Fig. 2.2.B On-Resistance v.s. Breakdown Voltage[2.2.4] Fig. 2.2.C Energy Bandgaps in Crystalline Solids[2.2.5]

These devices’ ability to withstand harsh environmental conditions will also pave the way for
further implementation around the globe, in various climates (e.g. offshore wind farms and
desert solar panels). Systems such as electric vehicles (EVs) would also stand to benefit from
wide bandgap devices’ integration to help make charging faster and more efficient.

As wide bandgap semiconductors begin to be used more and consequently are made more
cost-effective, their impact on the sustainable energy field will advance technology toward
the goal of creating an environmentally friendly planet.

2.3 Three Phase Power
For many years, the foundation of commercial and industrial electrical infrastructure has been
three-phase power systems. Three-phase systems use three waveforms, each of which is 120
degrees out of phase with the others, as opposed to single-phase systems, which use a single
alternating current wave.[2.3.1]

However, three-phase power systems are not without their inefficiencies. One of the primary
challenges is the complex and high cost associated with the infrastructure required to
generate and transmit three-phase power. Most importantly, energy losses during
long-distance transmission are significant.[2.3.2] These losses are exacerbated by the resistance
in transmission lines, which causes a reduction in voltage and power quality over distance.



The non-linear loads commonly connected to three-phase systems can cause harmonic
distortion.[2.3.3]

Given these limitations, it is vital to find alternative technologies that can improve the
efficiency of power transmission. The integration of WBG devices into power grid systems
could address many of the inefficiencies present in traditional three-phase systems; this can
pave the way for a more sustainable energy future.

3. Circuits
In this section, 3 types of circuits are compared and their traditional use of silicon transistors
versus the application of Wide Band Gap semiconductors. In specific, a silicon carbide (SiC)
transistor is used as opposed to a gallium nitride transistor, as the SiC device is more suitable
for power applications. The Infineon IMLT65R015M2H was used for the SiC model and
Vishay IRFR220 for the silicon model.[3.0.1], [3.0.2] Figure 3.0.A shows how the power grid
works.

Fig. 3.0.A Diagram of the power grid [3.0.3]

A large majority of the loss due to conversion occurs in the generation step. Solar panels for
example use both DC-DC converters to control the voltage level and inverters to convert the
DC to AC. Another area where loss in conversion occurs is at distribution when AC voltage
needs to be converted back to DC to charge batteries, power EVs and other applications.

The following analysis and experiments examine the power factor (Pin / Pout), or the ratio of
power in (Pin) to power out (Pout).



3.1 DC-DC Converters
DC-DC converters mainly consist of boost converters, buck converters, cuk converters, and
buck-boost converters, all of which change the output voltage and current. Each typically
utilizes a transistor switching on and off at high frequencies in their circuits. Despite all of
them only making use of one transistor, due to their common use in energy regulation and in
many devices/appliances in this section they are considered in how more efficient versions of
these devices might impact the power grid. In this paper, the analysis will focus on the boost
converter.

In order to simulate how efficient a boost converter is when utilizing a silicon carbide (SiC)
transistor vs a silicon (Si) transistor, the boost converter circuit was modeled in the software
LTspice a total of four times, where two models were made for the SiC transistor and the
other two for the Si transistor. One of the two models made for each was one made by
importing an available model made for the software provided by the manufacturers of the
transistors, shown in Figure 3.1.A, and the other was made by applying some of the
properties of the transistors to an existing voltage-controlled switch part in LTspice.

Fig. 3.1.A Boost converter circuit in LTspice

Efficiency for this circuit can be measured as the ratio of the average power out to the
average power in. The power efficiency of the circuit allows for a direct comparison between
the efficiency of a boost converter when using a silicon transistor to when using a silicon
carbide transistor. In the analysis, the efficiency of the boost converter was measured across
varying switching speeds, where a constant input voltage (Vi) is maintained, load resistance
(R), and peak gate voltage and used the following formulas to determine the capacitance (C)
and inductance (L) for any given frequency, where VO is the average output voltage, T is the
time in one period, and ΔVO is the maximum number of volts the output voltage can vary
from the desired output voltage (set to 0.5 V in this scenario):
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An added value of was added to both C and L as the two formulas are for the25 · 10−6

minimum output capacitance and critical inductance for a boost converter operating at
continuous conduction mode (CCM). The capacitance and inductance values were calculated
for each switching frequency sample and not kept constant across all frequencies due to the
value of T changing the required values for C and L, and the magnitude of the difference
from the calculated L and C changing the shape of the output voltage wave.

Over the course of the 300 ms simulated, data was collected where the total simulation time t
met the condition 250 ms t 300 ms, and the different frequencies tested ranged from≤ ≤
1000 Hz to 30000 Hz with data samples taken every 1 kHz. Overall, there was a clear greater
efficiency in the switch model of the boost converter circuit that used the SiC transistor, with
the power efficiency ranging between 94-98% for most frequencies and the Si transistor
typically ranging from 80-83%. This is equivalent to a decrease in1 − 1−0.96

1−0.82 ≈ 77%

power lost. Recall that this is based on the lower resistance of the SiC transistor alone in the
switch model demonstrating a much greater efficiency than the switch model of the regular
silicon transistor.

The imported models from the manufacturers also shared a similar result (98-98.2%
efficiency for SiC, 86.1-87.7% for Si, decrease in power lost), although1 − 1−0.981

1−0.869 ≈ 85%

with the transistors exhibiting greater losses as the switching speed increased past a certain
point. One important note to consider, however, is that the boost converters that used a silicon
transistor did not reach as close to the desired output voltage of 60 V despite both the SiC and
Si models having the same duty cycle. One possible reason for this could be that not as much
current flows through the inductor when the switch is closed due to the silicon transistor’s
lower efficiency, causing it to build up a weaker magnetic field.

3.2 Rectifier
Rectifiers are electrical circuits that change Alternating Current (AC) to Direct Current (DC).
They are categorized into two types: Half-Wave Rectifiers and Full-Wave Rectifiers.
Half-wave rectifiers are inefficient for applications that require a smooth and stable power
supply due to significant power losses. Hence, full-wave rectifiers are critical components in
power supply circuits. Unlike half-wave rectifiers, which only use one-half of the AC
waveform, full-wave rectifiers utilize both the positive and negative halves, doubling the
frequency of the output ripple.[3.2.1] This greatly increases the rectification process's efficiency,
as does the use of Silicon Carbide diodes.

In this simulation, a full-wave rectifier using four 1N4148 diodes in a bridge configuration
was modeled in LTspice. The rectifier was designed to convert a sinusoidal input voltage of
10 V peak at 50 Hz to a steady DC output. The four diodes are arranged so that during each
half-cycle of the AC input, two diodes conduct while the other two remain off. This allows
current to pass through the load in the same direction during both halves of the cycle.



Fig. 3.2.A Picture of circuit diagram of Rectifier in LTSpice

To assess the full-wave rectifier's performance, silicon (Si) and silicon carbide (SiC) diodes
were used in the simulations. SiC diodes were selected because of their faster switching
speeds and reduced forward voltage drop, which greatly cuts down on power losses and
boosts efficiency. This occurs particularly at higher frequencies. SiC diodes and MOSFETs
are used in converters, which result in an efficiency that reaches peak levels of 98.5%[3.2.2]

over most of the load range.

Fig. 3.2.B Efficiency of Full Wave Rectifier with Silicon Diode



The efficiency of the full-wave rectifier was assessed by measuring the ratio of the average
DC output power to the AC input power. The ripple factor, which quantifies the amount of
AC ripple remaining in the output DC, was calculated for each diode type. The ripple factor
impacts the smoothness of the DC output and the need for additional filtering.

The efficiency (η) of the rectifier with silicon diodes, as calculated in the LTspice simulation,
is approximately 72.64%. This value is consistent across all steps of the simulation, which
shows that the rectifier's performance remains stable under the given conditions. The average
input power (Pin) is 0.210573 W, and the average output power (Pout) is 0.152951 W, resulting
in the efficiency calculation as follows:

η =
𝑃

𝑜𝑢𝑡

𝑃
𝑖𝑛

​​ = 0.152951
0.210573 ​ ≈ 0. 726356 ≈ 72. 64%

This result reflects the efficiency of the circuit using 1N4148 silicon diodes under the
specified load and input conditions. It is important to note that some sources say that the
maximum efficiency of a full wave rectifier is 81.2%.[3.2.3]

In this analysis, the rectifier’s output was also filtered using a 1 µF capacitor to smooth the
DC output. The filter capacitor’s value was selected based on the desired ripple voltage, with
a typical value of 1 µF was used to minimize the ripple. The filtered DC voltage was
measured across the load resistor, which was set at 1 kΩ, and the impact of the diode material
on the efficiency was observed.

For the 800 ms simulation, data was collected for the total simulation time t being 700 ms t≤
800 ms, to ensure that the circuit had reached a steady state. The simulation was run at≤

different load conditions to observe the performance under different current values. As
expected, the SiC diodes showed lower losses and higher efficiency compared to the Si
diodes, especially under higher load currents. This is due to their superior material properties.

Full-wave rectifiers using SiC diodes can achieve higher efficiency and lower ripple
compared to using traditional Si diodes. These findings are important for applications
requiring efficient power conversion with minimal ripples, such as in power supplies for
sensitive electronic devices.

3.3 Inverter
Many forms of renewable energy must be inverted. For example, solar panels, the fastest
growing sector of energy in the United States, produce DC voltage that is incompatible with
the power grid until inverted.[3.3.1] Other forms of renewable energy, such as wind turbines
produce AC voltage. However, to align their phase and frequency with the grid, engineers
often rectify and then invert the voltage again.[3.3.2] Additionally, inverters are relatively
inefficient, achieving just 90-95% peak efficiency compared to transformers at 99%.[3.3.3, 3.3.4]

All of these combined with the inverter’s heavy usage of transistors make WBGs ideal.



The transistors in an inverter use pulse width modulation (PWM). This technique involves
comparing a triangular wave at frequency fs and amplitude V to a sine wave at frequency f
and amplitude Vcont. Two factors are important in this modulation. The modulation frequency
and the modulation ratio / index:
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These two variables impact the resulting modulation in many ways. For example, ma = 0
results in a perfect square wave. ma and mf also have impacts on the harmonics, which can
distort the sine wave.[3.3.5] Note that changing these variables does not eliminate harmonics,
but simply shifts them to higher frequencies where the natural impedance of wires and
components can filter them out.[3.3.5]

However, because of the ideal nature of components in LTSpice, the circuit must use a filter.
The experiment uses a resistor-inductor-capacitor (RLC) filter, chosen for its simplicity. The
RLC filter acts as a low pass filter with a upper boundary of

[3.3.6]𝑓
𝑐

= 1
2π 𝐿𝐶

The experiment uses a 5 mH inductor and a 10 μF capacitor, resulting in an upper bound of
711.76 Hz.

Returning to requirements for mf and ma: to maintain symmetry, mf must be integral.
However at even values, a small DC component exists, so an odd mf is also preferred. A
higher value of mf can result in a smoother sine wave, but can come at the cost of switching
losses (minimized by WBG devices). The following experiments use mf = 9 in order to
minimize the complexity of the circuit. Nine is also generally regarded as the minimum.[3.3.5]

The simulations also use a modulation index of 0.8. This modulation index allows the sine
wave to be beneath the triangular wave while keeping their peaks relatively close.

We attempted to model the transistors with LTSpice MOSFETs. However, we found that the
circuit did not operate as expected, with large spikes in current appearing. As a result,
transistors are instead modeled through switch elements controlled by arbitrary behavioral
voltage sources which use an if statement that compares the sinusoidal voltage source and the
pulsating voltage source. The latter of which produces a triangle wave. The circuit is shown
below in Figure 3.3.A.



Fig. 3.3.A Picture of circuit diagram of inverter in LTSpice

In this circuit, we can change either the on resistance of the switches or the switching
frequency (fs). We compare the on resistance first as it relates to the transistor more directly.
The SiC device has an on resistance of 0.0145 Ω, while the Si device has an on resistance of
0.8 Ω.[3.0.1, 3.0.2] This results in a power factor for the SiC device of 0.678 and 0.5822 for the Si
device, visualized below in Figure 3.3.B. These power factors were measured over three
periods (60ms).

Fig. 3.3.B Bar chart of power factor for Si and SiC devices in an inverter

It is unfair to compare the power increase (16.5% increase in this case) as a 99% efficient
device might become > 100% efficient. Instead we compare the decrease in loss:

. Note that because this is an idealized model of the transistor, many1 − 1−0.678
1−0.5822 ≈ 23%

factors including transistor capacitance, switching time and switching losses are not



represented in this model. However, because we did not model switching characteristics (the
biggest advantage of WBG devices), in addition to the high reduction in power lost, this
experiment has successfully shown the untapped potential in WBG transistors especially
when applied to inverters. Figure 3.3.C below models how switching characteristics could
affect efficiency. All points in the graph were collected with an on resistance of 0.0162 Ω and
were measured over one period (20ms).

Fig. 3.3.C Power factor in an inverter as frequency increases

4. Data Science
Data science is a powerful field that aids in making research results meaningful by providing
mathematical representations for the readers of scientific papers. Visualisations, plots,
statistical tests and models are useful tools that can take the attained LTSpice circuit outputs
and extract the relevant information, making the results understandable regardless of one’s
prior knowledge of the field or the implemented tools. For this reason, all of the data
collected from the circuits was plotted into scatter plots and bar plots that efficiently
showcase the difference between silicon semiconductor outputs and wide bandgap
semiconductors outputs. The main goal of this data science analysis is to prove that the power
factor of wide bandgap semiconductors is better than that of silicon semiconductors, which
indicates that less energy is lost. The extent to which energy is conserved is also explained.

4.1 Methodology
The data used for modeling came from two main sources: LTSpice (using parameters such as
power factor and frequency from circuits that were modeled), and Kaggle, from which
datasets containing power consumption and energy losses values were extracted.
The R programming language was useful in the analysis and aided in coming up with an
accurate statistical modeling of the data by plotting different types of categorical and
numerical variables. R was chosen for this project because it aided in creating good statistical



measurements and interpretations of the data from LTSpice. All of the scatter plots, bar plots
and models were interpreted in RStudio. All the plots and exponential models created were
coded in R.

Figure 4.1.A Programming for Amplitude Value Comparison Plot

Figure 4.1.B Programming for Exponential Regression Plot

Figure 4.1.C Programming for Power Distribution v.s. Frequency Plot



4.2 Results
The plots developed in RStudio are seen below, each comparing different characteristics of
the silicon and wide bandgap semiconductor devices.

Figure 4.2.A Amplitude values for Silicon v.s. Silicon carbide

The reduced amplitude values for silicon carbide demonstrate the compound’s ability to
operate at lower levels of current, which results in more efficient operation. Less heat is
produced therefore less resistance hinders the process of power transmission. SiC’s
superiority to traditional silicon is evident from the plot’s results.

Figure 4.2.C Voltage values for Silicon v.s. Silicon carbide



The lower voltage values for the wide bandgap semiconductor indicate its ability to transport
larger amounts of power with greater efficiency (i.e. with less required voltage). This means
that SiC can achieve the same level of output as silicon but with less energy input. At the
current levels of energy expenditure in the electric grid, SiC will be able to transmit
significantly more power than its silicon counterparts. Furthermore, SiC’s electrical
properties are seen, as its higher breakdown voltage and ability to regulate thermal energy
more efficiently have yielded the plot results shown above.

Figure 4.2.B Grid Loss

Grid loss was plotted in the form of a histogram as it was the best way to convey results of
the numerical variable. This grid loss component was obtained from a dataset from Kaggle,
and it aims to show how the loss of grids is distributed. The main goal of this histogram is to
see how the distribution can be compared to the data from LTSpice obtained from the
modeled circuits. On the x-axis is the grid lost per month in MWhs. On the y- axis is the
number of months. As an example, there were around 410 months (~34 years) that passed
during which 20 MWhs of power was lost.

4.3 Final Prediction Model
In section 3.3, Figure 3.3.C shows how the power factor changes in accordance to switching
frequency. The model that fits that set of data best is an exponential regression model. The
exponential behavior of this relationship’s model demonstrates that power factor changes
rapidly above certain frequencies and generally is seen to greatly improve with significant
increases in frequency values.



Coupling this with the results obtained from the circuit modeling via LTspice show how
WBG devices maintain and better the efficiency of power transmissions at especially high
frequencies. These semiconductors are known for their ability to operate well in these
circumstances courtesy of their thermal management and the reduction of energy loss they
facilitate.

These results highlight the potential of WBG semiconductors and the inferiority of silicon
transistors in comparison. Their efficiency in applications that require higher frequency and
power modulations makes them ideal for implementations in the power grid and beyond.

5. Conclusion
Throughout the course of this paper, it has been hypothesized and proven that WBG devices
would be greatly beneficial to the power grid due to their low on-resistance and superior
switching characteristics. Through experimentation in LTSpice and by analyzing datasets and
circuit output values, it was concluded that integrating wide bandgap semiconductors can
reduce energy loss by 23% for inverters, 77% - 85% for DC-DC converters and significant
gains in other devices, showcasing WBG’s potential for grid applications.

Even a 1% decrease in loss of power in the grid would save around 240 trillion BTUs a year
in the U.S. alone, equivalent to nearly a billion dollars.[5.0.1], [5.0.2] Given that the cost of WBGs
is already comparable to traditional silicon,[5.0.3] and that there are immediate savings that can
be made due to smaller filters, it can be expected to see these specialized transistors become
prominent in the near future, as the wide range of applications that wide band gap devices
have will aid in creating better, more efficient energy systems.
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