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Chapter One: Introduction

1.1. Background

Hybrid inverters are becoming increasingly popular for homes with photo voltaic cells
and battery storage systems while being connected to the grid, allowing for energy to be
efficiently and intelligently controlled. As the world shifts towards renewable energy, they
are an integral part of the transition. Some of the issues with older systems are their cost,
form factor, and efficiency, making them suboptimal in a competitive market. This thesis
will aim to offer potential solutions using newer technology such as wide band gap
semiconductors along with different inverter topologies and structures. With the increasing
demand for renewable energy solutions, the adoption of hybrid inverters is set to increase
as they offer a reliable, cost-effective, and sustainable way to connect DC systems to the
AC grid. The use of wide band gap semiconductors in hybrid inverters requires more
research and this thesis aims to add to that progress.

There are many applications of inverters. When a three-phase motor is used to power
any type of machinery, an inverter is needed. This can range from electric cars, public
transportation, to manufacturing equipment. They are also used when connecting DC
systems to the grid energy distribution system which runs on 60hz in the US. This is
required in systems like an energy storage system as in a battery or potentially an electric

vehicle, or solar cells.



1.2.Motivation

These efforts not only reduce energy costs, but also decrease carbon emissions to
combat climate change which is more relevant than ever. Improving technology in this area
and providing resources to help the development of hybrid inverters in the future is the goal
for this thesis. The recent introduction of these new wide band gap semi-conductors has
lots of potential in this field and could play a role in providing homeowners with compact
and highly efficient systems to make adding renewable energy to their home more
economical. A potential shift to smaller microgrid communities may be coming [1] due to
the benefits they provide with decentralized power. Having a system designed to operate
as a network of ESS and RES is essential for this possibility to become a reality. Grid
forming inverters are the system to connect all these systems together and the more

efficient and affordable they are, the larger impact it will have on the planet.

1.3. Problem Statement

The goal of this thesis is to validate SIC MOSFETs as a switching method used in high
performance inverters for microgrid application along with the drive train in electric
vehicles. This thesis will also explore different control methods, in a simulated
environment, for inverters to offer a study to aid with the development of future projects.
An inverter power stage and gate driver will be developed to test and validate the use case
of SiC MOSFETs, and PSIM simulations will be used to build an adaptable model that can

be used to simulate various control methods.



Chapter Two: Literature Review

2.1 Inverter Overview

Inverters are used in many industries from power distribution, power generation,
transportation, and others. The main purpose of inverters is to convert a direct current
power source into an alternating current load. Bidirectional inverters are able to have the
flow of power in either direction. This can be helpful in cases like a battery where
sometimes energy is flowing into the battery and sometimes it is flowing out depending on
the current state of the system.

Inverters are mostly used in power electronics and in general are controlled by a low
voltage system controlling an isolated gate driver that generates the higher voltage signal
that is sent to a power module which performs the high voltage switching.

Depending on the application, there are several types of inverters that can be used. The
first most fundamental type is a single-phase inverter. This takes one DC voltage and
generates one periodic output at the desired frequency and characteristic like what type of
wave; in most cases, a wave that is as close to a perfect sinewave is preferred. There are
two main types of single-phase inverters: half bridge and full bridge inverters as shown in

Figure 1.
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Figure 1: Half Bridge and Full Bridge Inverter Schematic
However, in many applications, a three-phase inverter is needed. This takes a DC

source and generates three sinusoidal outputs that are offset by 120 degrees each. These

three signals are generated by reference signals provided by a controller and modulated

with a carrier frequency to generate the output.

Figure 2: Three phase inverter example graph

Three phase inverters in several different topologies will be discussed in this thesis.

This is due to the fact that the batteries and solar when connected to a house need to be



connected to the three-phase power distributed from the grid. The image shown in Figure

2 shows the generated output in the red, creating the PWM signal (bottom graph).

2.2. Grid Connected Power Electronics

Inverters Connecting a building to the grid can be done in several ways, all with
advantages and disadvantages. These inverters are distinguished into three groups; these
groups are grid forming inverters (GFM), grid following inverters (GFL), and grid
supporting inverters (GS). [2]

Grid forming inverters are becoming increasingly important for microgrids due to the
growing need for reliable, resilient, and efficient energy systems. Microgrids are small-
scale, localized power systems that can operate independently or in conjunction with the
larger electrical grid. They often include RESs such as solar panels, wind turbines, and
ESSs, which can provide more sustainable and cost-effective power than traditional grid
power [1].

One of the key challenges of microgrids is ensuring that they remain stable and in sync
with the rest of the electrical grid. Grid forming inverters play a critical role in this regard.
They are able to independently control and stabilize the voltage and frequency of the
microgrid, enabling it to operate seamlessly in parallel with the main grid. [2] This is
essential for maintaining a reliable and resilient power supply, as any disruptions or
deviations from standard frequency and voltage levels can lead to power outages and
damage to electrical equipment.

In addition to their ability to stabilize microgrids, grid forming inverters also offer

several other benefits. They can enable the integration of temporal renewable energy



sources, such as solar and wind, into microgrids, providing a more sustainable and
environmentally friendly power source. They can also enable microgrids to operate
independently during grid outages or other emergencies, providing a reliable source of
power for critical infrastructure and services. [3]

Rather than controlling the voltage amplitude and frequency directly like GFMs, grid
following inverters control their real and reactive power. They often use phase locked loop
synchronization to stay connected to the grid. Since they require the frequency to be
provided by the grid, a network of GFLs is not a possibility invalidating them as a solution
unlike GFMs. Both GFLs and grid supporting inverters are reactive to the grid, meaning
they can exacerbate instabilities in the grid rather than damping them like GFMs. For this
reason, GFM with several topologies and structures will be researched in this thesis.

There are several combinations of connecting RESs and ESSs to residential homes that
create different engineering challenges and requirements for these inverters. The first most
simple type is connecting solar with an inverter directly to the grid with no storage system.
Using net metering, the grid provider will credit you for the energy you are putting back
into the grid subtracting the amount of energy consumed from the house. [4] GFMs are not
a good use for this case since an ESS is needed to take full advantage of the system as solar
cells cannot provide energy on command. Another type of house is one with a backup
power supply with no RES. This would be something like a certain piece of equipment
must remain powered even during an outage. Given that this case is often for maintaining
a very important system, they are often isolated from the grid and can be omitted from the

scope of this thesis. The next two cases are the two potential use cases are houses that have



both a RES and ESS as a battery, and a house having a RES with a removable ESS like an
electric vehicle. This is the ideal use case for a GFM This last case is only recently
becoming more common as most EVs up until several years ago, didn’t have this
capability, but EVs like the Ford F150 Lightning and Hummer EV are now offering access
to the high voltage battery to be used with bidirectional chargers to power homes. [5] [6]
While there are limitations to this setup since the ESS is not always connected to the grid,
a GFM can still be applicable here. The best use case of a GFM is with a RES and a
permanent ESS connected to the grid as full capability of the system can be utilized.

An essential part of constructing an inverter that will be connected to the grid is
implementing anti islanding protection. “The aim of an anti-islanding protection is to detect
grid failures and disconnect generators in order to avoid that the grid is fed in an
uncontrolled way.” [ 7] The are several cases that anti islanding protects against; these cases
are high voltage, low voltage, high frequencies, low frequencies, and drastic changes in
frequency (over 50mHz/s). [7] This is required in systems like solar on houses which don’t
have control over when the PV is generating energy or not, as well as batteries. Figure 3
shows what the basic circuitry looks like. In certain cases, without this protection, lines
that would normally have no power going through them may be live due to a battery or PV
which is a large safety risk.

Photovoltaics have varying efficiencies based on the voltage and current on the output,
and optimizing this system allows for the PVs to operate near or at their highest efficiency.

This process is called maximum power point tracking. This is performed by perturbing the



system and monitoring the response. And using that to find the voltage and current that

generates the highest output [8]

|
{
ﬁl l 'Power Supply

Figure 3: Fundamental Circuit for Anti Islanding Protection
System [7]

The output generated on the AC side of an inverter must be filtered as well. The pulse
width modulation (PWM) signal generates high frequencies which shouldn’t be present in
the sinusoidal output. To remove them, a low pass filter is used to isolate the desired

frequencies. This is often accomplished with an LC filter, or an LCL filter. [9]

Figure 4: Three phase LC Filter [9]



Figure 4 above shows the general circuit diagram for systems used. Some systems also use
an LCL circuit with an additional inductor connected on the output side. It should also be
noted that adding more filters to a system while potentially cleaning up the signal also can

slow down the response time of the system. [9]

2.3. Wide Band Gap Semiconductors

Wide Band Gap Semiconductors (WBG) are going to play a large role in providing
high efficiency power modules for these grid forming inverters in the future. “More than
60% of energy utilized for electricity reproduction is lost during the conversion process”
[10] Making these conversions more efficient could save large amounts of money in the
future. There are several reasons why WBGs are a good fit for this application. Standard
silicon conductors have a bandgap of around 1.12 electron volts (eV) whereas WBGs have
a bandgap of over 3 eV. [11] WBGs also can handle much higher voltages up to around
1200v. They also have a much wider range of temperature they can operate in as high as
300 C. [11] Their small form factor also makes them a good fit for applications like electric
vehicles and keeping the inverters connected to houses compact. Additionally, WBGs have
a wider range of frequencies they can operate with providing additional use cases where
regular semiconductors would not be able to be used in. There are some obstacles however
as well. Wide bandgap semiconductors can be more difficult and expensive to produce,
making them less accessible. Depending on the WGB, they can be very ESD sensitive and
easily become defective if not handled carefully. [11]This thesis will reference some of the

most relevant WBGs currently being researched and used in some commercial devices.



This includes Silicon Carbide MOSFETs (SiC) as well as Gallium Nitride (GaN) High-
electron-mobility Transistors (HEMTs) [12]

Before options like SiCs and GaNs, many devices would use Silicon IGBTs (Si). Si
IGBTs are significantly less than efficient in several capacities. One of the most impactful
is their low efficiency. Si IGBTs generate much more heat while underload needing a much
larger heatsink to dissipate the heat to operate at the required lower temperatures. They
also can’t handle the large range of frequencies that SiCs and GaNs are able to often,
increasing complexity and size of the inverter. SiCs and GaNs can handle much higher

voltages as well with SiC handling up to 1200v and GaN handling up to 600v. [13]

2.4. Inverter Topologies

There are several inverter types which will be discussed in this thesis. The process of
taking DC voltage from a battery or solar array and connecting them to a house or the grid
can be accomplished in various ways with different benefits and drawbacks. The first that

will be looked at is the two-level three phase inverter.

4 4 DC+
[T
. M M A
f—— — 8
C
~ ~
M) M DC—
N Two Level Three Phase Inverter
GND

Figure 5: Two level Three Phase Inverter
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The image in Figure 5 shows the standard two level three phase inverter. Inputting
PWM signals into the six gates to control the output. The three phases, A, B, and C are
offset by 120 degrees each. There are several important factors that influence the design of
an inverter based on its application. The switch type is important, whether or not an IGBT
or MOSFET is used. The voltage and current for the system are also important factors. The
environmental aspects must be considered as well. Semiconductors and other components
will have different temperature and humidity ranges where they operate at intended. [14]
When looking at S1 and S2 in phase A in Figure 5, A certain case needs to be avoided. If
both S1 and S2 are switched high at the same time, then a direct connection is created
between VCC and ground causing a short. [15] To combat this issue, there is a dead time
implemented in between alternating when S1 is high versus S2. During this time, both
switches remain off to ensure that there is never a window of time where more than one
switch is never on. However, there is a caveat. During this dead zone window, no power is
being transferred from the inverter means it generates a reduction in the inverter’s
efficiency. This creates a tradeoff where the dead zone needs to be a short enough amount
of time that the efficiency stays high enough for the use case, but also remains long enough
to stay functional and safe. [14] Similar to this topology, three level NPC inverters.

Three level neutral point clamped (NPC) inverters are like two level three phase

inverters but provide a different voltage output on the AC side.

11
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Figure 6: Three phase Multi level NPC Inverter Topology

As shown in Figure 6, there are three voltages available at the output. Unlike a normal two
level three phase inverter which either outputs DC or ground, a three level NPC inverter
can provide +1/2DC, -1/2DC, or Ov at ground. This is particularly useful in an application
that needs the output to be centered around Ov and the output is both positive and negative.
One of the requirements for this system is having access to a mid-point of the DC power
supply, or two identical power supplies in series. This isn’t the only topology that is able
to generate these three outputs. Three level T-Type neutral point clamped inverters, rather
than implementing diodes, connect half of the switches on the neutral line. Neither of these
cases are possible for a battery connected to the house or an EV battery connected, due to
the requirement of need access to the voltage at the middle of the DC source, and because

of that, won’t be considered for the rest of the thesis.
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The last inverter topology discussed in this thesis will be High Efficient and Reliable
Inverter Concept (HERIC). This design is often used for PV systems.

[16]

—3

|
I
|
I
|
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P,

1 -

N HERIC Schematic
GND

Figure 7: Highly Efficient and Reliable Inverter Schematic [16]

An important factor in inverter selection is taking into account the leakage current
generated from it. This happens from several places, most notably transformers. [16] While
remaining galvanically isolated, transformer less inverters are becoming common given

the development of high efficiency inverters.

2.5. Inverter Control Methods

Inverter control methods play a vital role in the performance and stability of power
systems within energy distribution networks. These control methods are used to regulate
the power flow between the inverter and the grid, and to maintain system stability by
controlling frequency and voltage. The methods that will be discussed in this thesis will
include reverse droop control, virtual synchronous generator, and virtual oscillator control.
[17] [18] Each of these methods has its unique advantages and limitations and is suited for

different applications. [17] In this article, we will explore these control methods and their
13



applications in detail. There are many other control methods that can be implemented in
the future.

There is a hierarchal set of levels for control topologies of microgrids which can be
implemented in a system. There are five or six levels to this hierarchy depending on the
source, but this thesis will use model described in, “Microgrids in active network
management—Part [: Hierarchical control, energy storage, virtual power plants, and
market participation,” by Omid Palizban, Kimmo Kauhaniemi , and Josep M. Guerrero.

[19]

Market'Business
Level
Energy Flow Control
Micro grid to grid
Regulate Real and
Reactive Power
1st Frequency and
Level Voltage Control
oth Closed Control
Level Loops

Figure 8: Hierarchical Control Scheme of microgrid

The lowest level of control is level zero in the hierarchical control scheme, shown in
Figure 8 above, is the most fundamental and controls the power point of the inverter to
control the voltage, and frequency of the system. Having accurate readings for these two
values is integral for any system to function properly. However, for this thesis, the focus

will be on second level control. [19]
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The first level is primary control is the inverter interfacing between the inverter on a
house, or a microgrid of sources/buildings. Taking in information such as the state of
charge of a battery, load demands or excess in the grid, and the amount of energy being
generated by renewable energy sources, the primary control determines the power flow of
real and reactive power to keep the network stable. [19]

Reverse droop control, a control method for secondary control systems, offers a good
solution for smaller sized distribution generation units. They can help with reduction in
transmission losses since energy doesn’t have to travel as far from the generator to the load.
[20] [21] Reverse droop control operates by changing the real and reactive when load
fluctuations are introduced to compensate for them and keep the system stable. One of the
benefits of reverse droop control is that it is entirely reliant on the data collected from the
grid and communication with other systems is not required. [21] This is very helpful in the
consideration microgrids as establishing a connection between every inverter on a grid
would be logistically difficult. There may be options in the future for cloud based, or web3

based systems to make this possible in the future.

Y
Y

@  Uo Us ®) i o

Figure 9: Reverse Droop control characteristics graph. The left side is frequency
controlled, and the right side is power controlled.
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Reverse droop control actively controls the real power and reactive power individually.
Changes in the frequency produce a linear change in the real power as shown in (A) in
Figure 9. Alternatively, changes in the voltage result in a linear change in the reactive
power as shown in (B) [22]

Reverse droop control increases the power output when the voltage of the power system
the inverter is connected to decreases below a certain threshold; it also decreases the power

when the voltage increases above a different max value.
P& = Pgy —m(U — Up)
Qs = Qso + 1(f = fo)

Figure 10: Reverse Droop-Based Primary Real and Reactive Power Control

As shown above in Figure 10, the reactive power is directly controlled by the frequency.
This means an increase in frequency results in an increase of the reactive power and a
decrease in reactive power when the frequency drops. The next control method that will be
discussed is the virtual synchronous generator. The parameters m and n in Figure 10 define
the gain applied to the real and reactive power respectively; this means that a large m value
will result in a large change of the real power with the same change in the input voltage.

Virtual synchronous generators (VSG) operate in an entirely different methodology
than reverse droop control. VSGs operate by simulating synchronous generators which
have many benefits for systems stability given their high inertia and fast response time.

[23] Using the power and frequency of the power system the inverter is connected to, VSGs
can be used to generate the correct PWM response and control the switches of the inverter.

[24] [25] “The control of VSG can be divided into two parts: the outer power loop that
16



simulates the mechanical characteristic, and the inner current/voltage loop that simulates

the electromagnetic characteristic.” [23]

R Lf
dc DC/AC 1 YL
Inverter. Iy ape i_abc

i_oabc Lg @

o_abc
¥_gabc
C_f

1
T

PWM GND
|delta Qc T
VSG Power
E_r Contral P_c_ | Detector
P_m Q.m

Figure 11: Diagram of Virtual Synchronous Generators

The VSG block is used to determine the voltage and angle on the output that is sent to
generate the PWM values to operate the semiconductors. [26] This feedback requires the
current power output shown in Figure 11 through Q¢ and Pc. Real and reactive power both
require control to keep the power factor correct. Below in Figure 12 shows the control loop

that can be used in VSG. [26]

Active Power Loop

PWM|——>

Y

1/k

Reactive Power Loop

Figure 12: Power Loops for VSG system
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Virtual Oscillator Control (VOC) is another alternative method to the primary control
of an inverter. VOCs simulate nonlinear harmonic circuits within the time domain, unlike
the reverse droop control method which operates within the frequency domain, to create
the sinusoidal current needed at the output. [27] by simulating the mathematical
phenomenon of coupled oscillators, VOC is able to synchronize with the a supplied The

dynamic model for VOCs is given below in Figure 13. [27]

di;
— =7 )
dt ¢
di; 3
CE = —av; + ov, — i; — ki,

Figure 13: Dynamic Model for VOC [10]
2.6. Hybrid Inverter Structures

Hybrid Inverter Structures work as the method for integrating PVs, batteries, home
appliances, to the three phase AC grid. There are several structures which have varying
benefits and drawbacks. They must be directional as batteries will act as a load or generator
depending on its state of charge and grid demand. A large part of the design decision is
made around the efficiency of converters and inverters; every time a conversion happens,
there is a loss of energy so the more times it changes, then the more energy is lost. The
goal is producing a system that is stable, efficient, fast responding, and affordable.

The first structure that will be looked at having the battery and PV each have a DC-DC
converter that both connect to a DC bus that is connected to an DC-AC inverter which is
connected to the grid and circuit breaker. [28] There is another structure that is fairly similar

but slightly different which uses a DC-to-DC interface between solar and battery to match
18



the voltage and uses MPPT connected to an inverter to generate the outputs. This removes

the third voltage at the DC bus, but which may be high voltage and potentially dangerous

[28]
oo m = m - m s oo ——————— - 1
|
L . 1
N ' 0 I
Py I DC-DC vsi :
'|' .T MPPT T !
| 1
—& - — |
| s
| |
1 Circuit 1
i Breaker,
+ DC-DC —/—:—a
| Battery H Load
Bq(-ery : Interface ~ 1 Terminals
u 1
! 1

Alternate Hybrid Inverter Topology no DC bus
Figure 14: Alternate Hybrid Inverter Topology, no DC bus

This system works very well in the context of DC-DC converters being more efficient than

AC-DC inverters as it reduces the number of inverters needed to conserve energy.

However, given the recent advances in semiconductor technology such as SiC and GaN,

different topologies may be worth considering as well for high power applications.

There are similar topologies with the hybrid inverter not including the isolated DC
interface as part of the inverter and requiring that as an additional component before
connecting the battery to the system. This could cut down on complexity of the system, but
that system will still be needed in the whole hybrid inverter as the DC voltage from the
battery will not be the same voltage as the PV system. In the future, more electric vehicles
will be connected to the buildings to provide power, and this would not be an option for

that case.
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The battery inteqrated into the ES5 and connected to the DC link

Figure 15: The battery integrated into the Energy Storage Systems and connected to
dc-link (ESS)

A model like the one shown in Figure 15 above uses an AC bus with a final AC-AC
converter. While having two DC-AC inverters and one AC-AC converter, this option
should be reconsidered in high voltage and current potential solutions and will be discussed
if they are applicable for microgrid scenarios as well given their benefits. They could lead
to more compact inverters on houses, or possibly covering larger complexes like an

apartment building.
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Chapter Three: Simulations

3.1. Overview

There are many aspects of hybrid inverters that can be simulated. Part of the goal of
this thesis is to provide a test base of the system that can be used to simulate as many of
aspects of these inverters in one system; this allows for whichever part of the system to be
tested and help make decisions such as which semiconductor is most viable given the scale
of a system. These simulations will focus on several parts. The first is the control method.
These simulations will be run in the Power Simulation [29] A design by Albert Dunford
was used as a starting point for the simulation and was modified to fit the purpose of this
thesis. [30]

There are many control methods as discussed in chapter 2. This thesis will be
simulating several including a base line grid following inverter along with reverse droop
control and VSG. The MOSFETs were also simulated individually. This would allow for
the testing of how certain MOSFETs would function within a system and provide help in
part selection and power requirements of the system; it also can help calculate the power
losses of the system and by proxy the efficiency. The system modeled will be a high voltage
three phase AC system as that is the most likely application for using high power
semiconductors, but the system could be modified to operate in single phase or lower

voltage.
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3.2. SiC MOSFETS/Grid Following Inverters
The first demonstration will show the efficiencies of SiC MOSFETS using a grid

following inverter as a baseline. The MOSFETs implemented are using the level 2

characteristics of the C2M0280120D SiC MOSFET. [31]
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Figure 16: Three phase half bridge inverter

Above in Figure 16 shows part of the simulation of the 3-phase half bridge inverter
used to generate the three phase AC power from the DC link that would be provided by

solar and batteries as grid forming inverters require an ESS of some kind to provide power

to the system. Every MOSFET will have different characteristics.
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MOSFET : C2M0280120D X

Parameters ]Colar ] Simulation Models

MOSFET (3-state) (Level 2) ke |
Display
Name | c2M02801200 2|
Model Level ‘Level 2 j

Vbreakdown {(drain-source) ‘ 1200

On Resistance [ 500m

Threshold Voltage VGS(th) | 2.1

Internal Gate Resistance ‘ 11.4
Transconductance ‘ 2.4
Capadtance Cgs ‘ 250p
Capadtance Cgd ‘ i)
Capadtance Cds ‘ 10.98p
Diode Forward Voltage ‘ 33
Diode Resistance ‘ 140m

Parasitic Inductance Lp_d ‘ 1}

Parasitic Inductance Lp_s ‘ a

Current Flag ‘ 1]

R e A T i O B B
151 151 1 1 e e 1 1 1 R g 1

Voltage Flag ‘ a

Figure 17: MOSFET Parameters for C2M0280120D

The data shown in Figure 17 is source from the data sheet to simulate the specifics of
the C2M0280120D. [31] Alternatively, some manufacturers provide SPICE models of their
components, and they could be subbed in here. This would require other inputs such as a
temperature input to accurately model them.

On-0ff Controller {(multi-level) : S6 *

Parameters ]Color ] Simulation Models I

On-Off Controller: control to model Help

Display
Name | 56 |
1jO Signal Type |C0nt’0l to model ﬂ
Gate Voltage High [20 |
Gate Voltage Low | -5 |
Gate Resistance | 3.0 r =
Gate Current Flag | i] I |

Figure 18: Settings of On-Off Controller

Above in Figure 18 shows the settings used for the on off controller. The high and low

voltage are provided by the data sheet and vary depending on the component.
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Looking at the difference between the power consumption on the DC side, and AC side
can show the efficiency of the MOSFETs in a three-phase system. These inverters are
bidirectional and can produce reactive and real power flowing in either direction, but for

these tests, the DC system will be providing energy to the AC grid.
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Figure 19: Power Efficiency Calculation

Above in Figure 19 shows the power calculation for the efficiency of the system,

looking at the difference between each side. This is from the efficiency equation shown

Poweryyt

below by Ef ficiency = X 100%. In this case, the difference is calculated, then

Powerin
subtracted from the output power. This can also be done by dividing the output directly

with the input, however was used to also provide the loss power.

Figure 20: Power on DC and AC Side

Processing the data in Figure 20, the efficiency of the system can be calculated.
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Figure 21: Efficiency of Inverter

Figure 21 shows that, when the inverter reaches steady state, the C2M0280120D in a
three phase have an efficiency of roughly 96.7%. The MOSFET can be replaced with
another SiC MOSFET that will be used for building the actual inverter that tested. This is

the CCB021M12FM3 WolfSpeed Module. [32]

MOSFET : CCBO2TM12FM3 x

Parameters lCoIor l Simulation Models

MOSFET (3-state) (Level 2) Help

Display
Name | ccBO21M12FM3 20|
Model Level |Leve| 2 ﬂ
Vbreakdown (drain-source) | 1200

On Resistance | 358.2m
Threshold Voltage VGS(th) | 2.5

Internal Gate Resistance | 3.3

Transconductance | 26
Capacditance Cgs | 4.884n
Capadtance Cgd | 16p
Capacitance Cds | 193p
Diode Forward Voltage | 4.8
Diode Resistance | 13m

Parasitic Inductance Lp_d | a

Parasitic Inductance Lp_s | a

Current Flag | 1]

0 L I R e Ot e o s R B
L] [la] [lo] [lo] <] [ta] [La] [ta] [la] [la] [lo] [l [lq] [La

Voltage Flag | a

Figure 22: MOSFET Parameters of CCB021M12FM3
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On-0Off Controller (multi-leve

Parameters ]Cnlnr ] Simulation Models

On-Off Controller: contral to model Help

Display
Mame | 56 =
1f0 Signal Type |Cl:|l'|tl'l3| to model j
Gate Voltage High | 15 =
Gate Voltage Low | -4 |
Gate Resistance | 30 r
Gate Current Flag | 0 [ =l

Figure 23: On-Off Controller Setting for CCB021M12FM3
Figures 22 and 23 provide the inputs for CCB021M12FM3 gathered from the data

sheet. [32]
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Figure 24: Outputs for CCB021M12FM3
The CCB021M12FM3 only loses around 62W generating almost 3000W producing

and efficiency of roughly 97.9%. The entire grid following inverter diagram looks like

Figure 25 on the next page.
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Figure 25: Grid Following Inverter Using SiC MOSFET in PSIM




Figure 25 is the full system of the grid forming inverter that was tested. This system looks
at the current on the AC side connected to the grid and synchronizes with it. It is unable to
control its frequency or voltage. This is different compared to grid forming inverters that

will be compared in the next parts of chapter 3.

3.3. Reverse Droop Control Simulation

For consistency of comparison, the different control schemes for grid forming inverters
that will be tested will all be using the CCB021M12FM4 WolfSpeed Module. This is also
the module that is being used for real system testing. The first control method that will be
looked at is the most common method for hybrid inverters which is reverse droop control.
As stated in chapter 2, reverse droop control uses the voltage and frequency of the AC
system. It is connected to alter the real and reactive power on its output respectively. The
voltage impacts the real power with the frequency impacting the reactive power. By using
a phase locked loop, the frequency, and real component of the voltage can be extracted and

processed to provide a gain to the real and reactive power.
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Figure 26: Grid Forming Inverter Diagram with Reverse Droop Control

Figure 26 shows the implementation of reverse droop control. The first step is taking
the three phases, a, b, and ¢ from the grid and inputting them into the PLL system. From
here the frequency and magnitude of the voltage are generated.
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Figure 27: Phase locked loop input into reverse droop control

The next step is applying a linear gain to the real and reactive power of the system.
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Figure 28: Generating gain for power input

Figure 28 above shows the gain generated around the reference values. In this simulation,

the power flow is kept constant going from the DC side to the AC side.
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Figure 29: Outputs for Reverse Droop Control System

Above in Figure 29 shows the current output of the inverter which is able to
synchronize with the grid. Id and Iq in Figure 29 are the real and reactive components of

the 3-phase system and here it is shown that the they converge in roughly 20ms along with
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the current. These values are then passed to the rest of the system to generate the PWM

values to control the MOSFETS. A Virtual Synchronous Generator model was tested next.

3.4. Virtual Synchronous Generators Simulation

Virtual Synchronous Generators simulate another 3-phase system and uses that
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Figure 30: Simulated 3 phase reference

This reference is then passed the control system shown in Figure 12 to produce the

desired PWM signal on the output.
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Figure 31: Three phase version of the control scheme shown in figure 12 for VSG
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Figure 31: VSG Outputs

Figure 32 shows the resultant power characteristics of the VSG system. As shown, it takes
roughly 70ms for the power of the system to stabilize.

This chapter has shown that multiple facets of the hybrid inverter are able to be
simulated using PSIM to help as a tool in developing inverters for microgrid settings. There
are many moving parts to these systems and all of them can have impacts on the efficiency
and response times of the system. They can also have large impacts on the electrical and
computational complexities of the system. There are many more combinations that can be
tested and validated with this system for future research as well. The next chapter will dive
into the physical system developed of a power stage and gate driver of a three-phase

inverter.
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Chapter Four: Inverter Development

4.1. Introduction

Working with the University of Augsburg. During the 2021-2021 academic year, an
inverter was developed. An article was also published in IEEE Electrification Magazine,
consisting of Carsten Markgraf, Luca Gacy, Samuel Leitenmaier, Daniel Lengerer,
Benjamin Schwartz, David W. Gao. [33] There were several parts of this inverter which
will be briefly mentioned but the focus will be on the power stage and gate driver. These
additional areas include the control method, controller board, as well as the cooling system.
The first step to building a power stage and gate driver module is defining the requirements
of the system. Once the requirements for the system have been established, component
selection can begin; based on the needs of the system, specific pieces will be used to
construct the full schematic and PCB of the system. When the system has been built, the
parts can be purchased along with the PCB fabricated. After soldering all the components
and testing each subsection, the system can be tested. [33]

4.2. Requirements

The requirements of a system define how it will be constructed since each use case will
alter the decisions making process. For the inverter required by the University of Augsburg,
they were the following. The inverter must be a three-phase system as well be bidirectional.

The inverter must be able to handle on average 20kw and up to 36kW at peaks. The output
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must be variable from 0 hertz up to 1200Hz with a carrier frequency of 8kHz. The system
must be isolated as well. This means keeping the lower power logic part of the system,
galvanically, or optically isolated. This separation keeps the often more expensive control
system in case of a fault or failure on the high-power side. The system also needs several
points of feedback for the control system to work at its maximum efficiency. This includes
a temperature sensor in case the power module exceeds the rated temperature, as well as
the current on each phase for a close loop system. All these parts must communicate with
the established system by the team at the University of Augsburg. A 24v power supply is
used for the low power side, and the desired signal generated at the output of the inverter
is provided by a 3.3V PWM signal with an 8khz carrier frequency as specified earlier. The
thermistor along with the current sensor both output 3.3v analog outputs which are
provided to the control board. The output voltage must handle up to 600V with peak current
draw of 60A. The form factor must remain compact and fit within the dimensions of 14 x
5 x 8 in. With the requirements of the system established, component selection can start.
Figure 32 below shows the system that will be designed and manufactured within the scope
of the thesis. The parts outside the red border show the sections built by the team from the

University of Augsburg or parts already on the existing system. [33]
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Figure 32: Block Diagram of Inverter System

The two modules that need to be designed are the gate driver and the power stage. They
each have their own requirements and PCBs. Below are the diagrams for each system in

Figure 34 and Figure 35. [33]
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Figure 34: Power Stage Diagram
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4.3. Component Selection

The most important part of the inverter component selection is the semiconductor used
for the power module. As discussed in the section regarding wide bad gap semiconductors,
the requirements decide which best fits this inverter. The two options between SiC and
GaN have several determining factors but the SiC ends up being the desirable choice for
this case. Despite both GaN and SiC being able to handle the required voltage needed, the
wider temperature range along with the ability to handle higher current spikes that SiC
modules is best option. WolfSpeed has SiC power modules designed for solar and drive
trains which provide, and the CCB021M12FM3 fits all the requirements well. [34] A
difficult part of this process was navigating around the chip shortages that were present

during the time of development of the boards. [33]

Figure 35: CCB021M12FM3 WolfSpeed power module
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This module is a three-phase half bride inverter which can be used to generate the three-
phase. However, SiC MOFETs don’t operate at the voltages provided and require a DC
link capacitor, gate driver, as well as power supplies.

The DC link capacitors are used to stabilize the DC link voltage on the high side of the

inverter. [35] This value can be calculated based on the parameters of the system.

I rms

Vripple - 2 'T['f

C =

B 60 /2
"~ 10-2 -1+ 8000

= 84.4uF

Figure 36: Equation for calculating the DC Link Capacitor value for Film Capacitor
[35]

The equation above shown in Figure 37 shows the equation to calculate the capacitance of
a film capacitor. Based on the parameters of this specific system, the needed value ended
up roughly 80uF. However, 80uF capacitors able to handle the required voltage of the
system at the time of sourcing parts proved expensive with long delivery times, so four
20uF capacitors were used. The Kemet C4AUIJBWS5200M3FJ was used in this inverter.
[36] [33]

Since SiC MOSFETs operate at different voltages with 15v and -4v, a gate driver IC is

required which is also able to provide points of protection and functionality. The IC’s
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isolation is rated at 5700Vrms which is more than enough for this application. It also has

undervoltage lock out as well as variable dead time. [37] [33]
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Figure 37: UCC20520 Function Block Diagram

This dead time is controlled by pin 6 on the IC through connected a resistor of a specific
value, or a potentiometer to manually adjust the dead time the equal to ten times the
resistance connected in nanoseconds. The parameters such as operating voltage range
along with the PWM input are compatible with the control board to easily communicate to
each other.

There are several different voltages at different points of the system which need
converters to use the given 24v and 3.3v output from the controller. The gate driver can
operate between 3v and 18v so this can use the 3.3v provided from the controller. However,

the SiC MOSFETs require +15v and -4v. This also needs to be isolated. This was
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accomplished by using a RSOE-2405SZ/H2 which can take in between 9v and 36 to output

Sv at 1W with 2kV of isolation. [38] which is then converted to +15V and -4V with a

converter circuit shown below. [39] [33]
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Figure 38: Isolated Power Supply Circuit

For measuring the current, an isolated ACS770xCB-150B-PSF produces a voltage

correlating to the desired current and generates a 3.3output which is sent to the controller

board for feedback. This has the needed amount of isolation as well as temperature range

for the system. [40] [33]

Temperature sensor is utilizing a thermistor in a voltage divider circuit with a 3.3v max

to generate a scalable signal that can be sent to the controller board.
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Figure 39: Temperature Sensor Circuit

The two thermistors in parallel are to provide options surface mount along with a through

hole alternative. The through hole was used to provide variable placement of the thermistor
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in testing. This is for measuring the temperature of the gate driver board to make sure it is
operating within its valid temperature ranges. There is also a thermistor connected to the
SiC MOSFETs which was provided an output as well to the controller board. [33]

With the components picked out, the design of high voltage and current was able to be
completed.
4.4 High Power PCB Design

The copper traces on circuit boards of specific thickness and width are able to handle a

max current defined by the equation below. [41]
| =K - ATO.44 . (W . H)0'725

Figure 40: Formula from IPC 2221 for max current of traces

The output is max current in amps. The delta T is temperature rise above ambient in C.
W is the width in mils, with H as the height in mils. K is 0.024 for internal traces and 0.048
for external traces. Based on the requirements, and size limitations an 8-layer board with a
thickness of 0.25 in was chosen.
4.5. Additional Components

With all the design decisions made above, the full schematic can be built in KiCAD 6.
[41] Two boards were manufactured for this inverter, the gate driver board holding all the
low power electronics which is connected to the power module and controller board
through JST connectors. This board contains the line of isolation protecting the controller
board from the high side system. The power module is connected to the gate driver board,
along with high power DC voltage system, which is either a battery or solar panel, with the

three-phase output connected to the grid of a motor. [33]
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Isolated Power Supply Circuit
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The three schematics above make up the inverter in two main parts. Figure 42 shows
the main gate driver module schematic that is divided off into its areas which are labelled
in the top left corner of each section. The high and low side power supply subcircuits in
Figure 43 are shown with their respective inputs and outputs. The schematic shown in
Figure 44 shows the power stage schematic. With the schematic fully defined the PCB can

be designed. [33]

U401 17 I

TREGOL ]

Figure 44: PCB for single phase of Gate Driver Board
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Conn 0405 Conn 0403

@

MountingHale

Figure 45: PCB for Power Stage Module

The PCBs shown above in Figure 45 and Figure 46 are the gate driver PCB and power
stage PCB respectively. The blue parts of Figure 46 are the eight layers stacked on top of

each other and red traces are on the top layer.
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4.6. Results

Figure 46: Fully Assembled Gate Driver PCB. The red sections are the connections to
the controller board, the blue is the connector for the current sensor on the power stage,
and the yellow is the high and low side of the output of the grate driver that is connected

to the gates of the SiC MOSFET on the power module.

Above in Figure 47, is the fully assembled and tested PCB for the gate driver. This is
connected to the controller board shown at the top of the board, and the power module on
the bottom half. Only the high side of each are connected in this image as the outputs are

plugged into an oscilloscope and the low side is simply the inverse of the high side. [33]
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Figure 47: Fully Assembled Power Stage PCB. Section 1 is the DC Link Capacitor
bank, section 2 is the SiC MOSFET Module (mounted underneath), section 3 is the DC
Voltage Connectors, section 4 are the current sensors, section 5 is the connector for the

current sensors, and section 6 is the 3-phase output connectors.

With each subsystem tested, the whole system is ready to be tested. Below in Figure
48 shows the system completely wired up. Due to limited quantities of parts, only two
current sensors were able to be sources, so the last phase has a bus wire soldered in its

place. [33]
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Figure 48: Fully wired-up system on test bench. Section 1 is the gate driver, section 2
is the power stage, section 3 is the DC Input connected, section 4 is the 3-phase output,
and section 5 is the connection to the controller board (only One phase connected in the

image during testing)

With the outputs connected, not under load, to an oscilloscope the output on one phase

showed the following data:

Phasa 2 ind load 4.5 Ohm 15mH AE®ME A G

T

\ i
|

- 1
| | | | |
1 2 3 4 5 6 7 8

- 8 & 8 B
I

Figure 49: Signal of one period of PWM output

There is some ringing present, and this could likely be solved in a future version using
an LC circuit to remove the higher frequencies. This single-phase output was tested

underload. In order to see the thermal response of the system, a thermal camera was used.
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Figure 50: Thermal Image of system

Figure 51 shows the full test setup from the connection of the control module. The
inductive load had a power rating of 1000W of 4.5 Ohms and 15 mH. Due to the options
available for testing, loading the whole system under all three phases with a high voltage
power supply was not possible, but tests showed that the system did function as intended.
Only two current sensors were able to be sourced was admissible since the total of all three
currents will sum to zero at any given time, meaning the third current can be calculated in
the control board. Readings were also able to be recorded from the thermistor to provide
the necessary information in the closed loop system and ensure the gate driver and SiC

MOSFET were operating within their rated values. These results with the collaboration
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with University of Augsburg were published in an article showing the findings of the tests
and the potential of the SiC in the power electronics industry. [33]

The cost of the system will all parts considered ended up at $502.77. A bill of materials
is included in Appendix C to show the breakdown of this cost. It should be noted that the
cost of components will vary based on the amount ordered.

There are several improvements that could be made to the PCB for future versions that
can be taken into consideration. Adding more ground planes to sections, specifically the
output of the gate driver board could help reduce ringing and provide a cleaner signal on
the input to the gates of the SiC MOSFETs. More temperature sensors could be added to
provide more information to the system; this could take the form of adding SMD NTCs on

the tops of the power traces on the DC input and AC output.
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Chapter Five: Conclusion
5.1. Conclusion

Microgrids are becoming a larger and larger part in efforts of moving towards having
a large percentage of the energy come from renewable sources in the US. Many houses and
complexes will have RES of some kind with an ESS in conjunction. There are many
different situations which impact design decisions on these inverters which are used in
these systems. One of the goals of this thesis is to show the potential of SIC MOSFETSs and
wide band gap semiconductors as a viable candidate for these inverters. It also explores
some of the control methods of grid forming and grid following and offers a simulation
tool for these systems to aid in potential designs. There are areas that could be analyzed
further and some parts in the testing that could have been taken further.

There are more facets of the microgrids that could be implemented into the simulations.
Testing the inverter transitioning from grid connected to being islanded in case a fault on
the grid could be simulated and tested. Other control schemes and other semiconductors
could be researched in this system. Using SPICE models and implementing the thermal
characteristics of the entire system with a heat sink would yield even more detailed results
as well. More information from the real testing could have been found as well. During
testing, while the three-phase system was validated under no load, sometime during setting

up the system to be tested under load, one of the phases stopped working. This meant that
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the test under load was only able test a single phase and not the whole system. Ideally this
would have been fully functional. Conclusions can still be drawn from the data that was
found and the system is viable for the system it was designed for, but more conclusive data
is always preferred.

Microgrids and grid forming inverters will play a very large role in the future and SiC
MOSFETs offer efficiencies that may offer competitive advantages in a market when
homeowners or building owners are looking for adding a RES and ESS to their real estate.
The goal of this thesis is to show SiC MOSFET’s viability in this landscape and provide
an investigation to simulate these systems in a power systems environment. The cost of the
system with the displayed performance through the integration supports the claim that SiC
MOSFETs are a competitive solution to high power inverters given the requirements of the

system.
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Schematic of single phase of gate driver board
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Isolated Power Supply Circuit
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JST Connections to Helf Bridge Gate Drivers (3}
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Bill of
Materials
Gate
Driver
Item
1
2

O 00 N O U b W

10

11
12
13
14
15
16
17
18

Qty

9

24 (€806, C807, C904, C905, C1004, C1005

24

6
6
6
6
3
6
3

a O OO O O W w o

Appendix C

Reference(s)

C201, C202, C203, €501, €502, €503,
C801, €802, C803

C204, C205, C206, C207, C304, C305,
C404, C405, C504, C505, C506, €507,
C604, C605, C704, C705, C804, C805,

€301, C306, C307, C308, C401, C406,
C407, C408, C601, C606, C607, C608,
€701, C706, C707, C708, C901, C906,
€907, €908, C1001, C1006, C1007,
C1008

C302, C402, €602, C702, €902, C1002
C303, C403, €603, C703, C903, C1003
D201, D202, D501, D502, D801, D802

D301, D401, D601, D701, D901, D1001

J201, 1501, J801
J209, J210, J509, J510, J809, J810

J215, J515, J815

PS201, PS202, PS501, PS502, PS801,
PS802

PS203, PS503, PS803

PS204, PS504, PS804

R201, R202, R501, R502, R801, R802

R203, R205, R503, R505, R803, R805

R204, R206, R504, R506, R804, R806

R301, R401, R601, R701, R901, R1001
R302, R402, R602, R702, R902, R1002
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Value

100pF

4.7uF

0.1uF

22uF

680pF

D

BAV70
Conn_01x10
Conn_01x04
Conn_01x03

RSOE-2405SZ/H2

REE-0505S
REE-0505S
10k

16.9k
34k

Price per Total

unit

$0.10

$0.10

$0.10
$0.10
$0.10
$0.63
$0.08
$0.10
$0.10
$0.10

$10.05
$3.33
$3.33
$0.10
$0.10
$0.10
$0.10
$0.10

Price

$0.90

$2.40

$2.40
$0.60
$0.60
$3.78
$0.48
$0.30
$0.60
$0.30

$60.30
$9.99
$9.99
$0.60
$0.60
$0.60
$0.60
$0.60



Power
Stage

Item

19
20
21

22
23
24

25
26
27
28
30

N o o o A WN e

(o]

6 R303, R403, R603, R703, R903, R1003
6 R304, R404, R604, R704, R904, R1004

6 R305, R405, R605, R705, R905, R1005

RV201, RvV202, RV203, RV501, RV502,
9 RV503, RV801, RV802, RV803

3 TH201, TH501, TH801

3 TH202, TH502, TH802

TR301, TR401, TR601, TR701, TR901,
6 TR1001

3 U201, U501, U801

6 U301, U401, U601, U701, U901, U1001
6 U302, U402, U602, U702, U902, U1002
1 PCB

Qty Reference(s)
4 C101, C102, C103, C104
6 1101, J102, J103, J104, J105, J106
2 J107,J)113
31108, J114, 115
1J109
3J110, J111,)J112
1 U101

3 U102, U103, U104
1 PCB

Price will vary based on quantity ordered
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4.7k
3.01k
4.99k

100k_POT
Thermistor

Thermistor

750343725:
UCC20520DW
LT3439

TL431

Value

20uF
Conn_01x04
Conn_01x01
Conn_01x01
Conn_01x02
Conn_01x03

CCB021M12FM3

ACS770xCB-
150B-PSF

$0.10
$0.10
$0.10

$0.64
$0.49

$7.13
$6
$9.54
$0.53
$16.80

$6.97
$0.10
$0.10
$0.10
$0.10
$0.10
$169.23

$4.33
$48.50

Total
Price

$0.60
$0.60
$0.60

$5.76
$1.47

$42.78
$18
$57.24
$3.18
$16.80

$27.88
$0.60
$0.20
$0.30
$0.10
$0.30
$169.23

$12.99
$48.50

$502.77
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