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Executive Summary

As the power industry updates distribution and transmission assets as needed, it is prudent to
consider the alternatives and new applications that may become available due to advances in the
technology and material science. Among these technologies is power electronics. Power
electronics have been in the technical vocabulary for a few decades and can offer significant
advantages in stability, speed, and power flow control. However, their applications are still limited
due to factors such as limited ratings, relatively high cost, high losses, potential problems in
meeting basic impulse level requirements, and lack of operational experience. In this project, we
discuss a two-pronged research effort: (i) an explorative study on the requirements of power
electronics (e.g., ratings, basic impulse level, lifetime, and maintenance) and necessary
improvements in this technology to enable its use in power systems and (ii) an application design
study of partially rated power electronics-enabled transformers for load tap changer applications.
The goal of this project is not to apply power electronics to every task in power engineering; rather,
it is to: (i) identify which tasks and applications (and to what extent) can benefit from power
electronic solutions and (ii) explore the technologies that would accomplish the identified task.

Part I: Study on the Available Technologies and Identification of their Advantages and
Shortcomings

Power electronics can offer significant advantages in stability, speed, and power flow control.
However, their applications are still limited due to factors such as limited ratings, relatively high
cost, high losses, potential problems in meeting basic impulse level requirements, and lack of
operational experience. Even with these challenges, in recent years, the industry has commissioned
several new power electronics-based projects. A recent example is the modular multilevel
converter (MMC) high-voltage DC (HVDC) 200 kV, 400 MW underwater line completed by
Siemens and the California ISO as the Trans Bay Cable project in San Francisco in Nov. 2010.
Several other new HVDC lines and flexible AC transmission system (FACTYS) installations are
also underway. In recent years, power electronics devices have received significant renewed
attention as an enabling technology due to several breakthroughs with the promise of wide bandgap
(WBG) devices, especially high-voltage Silicon carbide (SiC) switches. These advances have the
potential to improve the efficiency, power density, and thermal management of power electronics
devices. Additionally, these advances can make future power electronics superior to their legacy
power system counterparts in certain applications. This part provides a compendium of
required/recommended specifications, characteristics, and necessary improvements for power
electronics devices and a survey of available technologies, broken down by different power system
applications. Emerging technologies such as wide bandgap devices as well as niche and
unconventional applications such as mobile and truck-mounted FACTS devices are also studied.
It is discussed that while power electronics are limited in their blocking voltage, switching
frequency, efficiency, and workforce and cost-effectiveness, there are applications for which
power electronics are the only (or the most dominant) application. These applications include
integration of renewables and power routing. Several areas for further research, including
operation of an all-converter power system as well as use of solid-state transformers (SST) for
power transfer limit improvement are also discussed.



Part 11: The Role of Basic Impulse Insulation Level in the Application of Power Electronics
at the Distribution Level

Basic Impulse Insulation Level (BIL), also termed Lightning Impulse Withstand Level (LIWL) is
discussed in this part. The application area is in power electronic controls and devices in power
distribution systems (e.g., 15 kV class). The topical coverage includes the following:

e A literature survey of this topic

e Identification of the BIL requirements and the connection with the applicable codes
and standards

e Methods to attain the BIL requirements

e A discussion of safety.

Part Ill: Partially-Rated Solid-State Transformers Based on the Modular Multilevel
Converter

The increasing penetration rate of dynamic sources such as renewable energy resources together
with the emergence of new dynamic loads such as electric vehicles, necessitate more flexible,
efficient, and economical operation of the power grid. To maximize utilization of the power system
infrastructure in an efficient and economical way, significant efforts have been made to actively
control real and reactive power flows, compensate voltage sag/swell, and filter current harmonics
based on power electronics. To this end, among the proposed power electronics-based solutions,
solid-state transformer (SST) has become one of the emerging technologies. However, the
application/deployment of SST has been limited due to high cost and reliability issues. To combine
the flexibility provided by the power electronics and reliability of the conventional magnetic
transformer, an alternative method, i.e., partially-rated solid-state transformer (PSST), has
emerged, in which a power electronics converter is integrated into the conventional magnetic
transformer. Even if the power electronics part of the PSST fails, the conventional magnetic
transformer is still able to transfer power, thereby preserving the reliability aspect. Furthermore,
since the majority portion of power in a PSST is still transferred by the main magnetic part, the
power electronics part does not need to be fully rated. The power electronics part of a PSST can
be realized by a DC-AC or an AC-AC converter. Since the AC-AC converter, including the back-
to-back connected AC-DC-AC converter, has two AC ports, it is capable of simultaneously
adjusting the voltage and current of the grid. Therefore, an AC-AC converter-based PSST can
provide most functionalities including power flow control, voltage sag/swell compensation, and
current harmonics filtering. In this report, two PSSTs based on the emerging Modular Multilevel
Converter (MMC) topology along with their supporting control strategies are proposed and
investigated for power flow control and active power filtering. The proposed PSSTs borrow the
features of the MMC and combine them with new control strategies to enable the MMC-based
PSSTs. Simulation studies in the PSCAD/EMTDC software environment are carried out to
validate the performance and effectiveness of the proposed MMC-based PSSTs and their
supporting control methods.
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1. Introduction

Power electronics plays an important role in high voltage DC (HVDC), flexible AC transmission
systems (FACTS), drive systems, and distribution system integration of renewables. Specifically,
in transmission and distribution grids, there has been a growth in the number of power electronic
converters that can control the power flow (e.g., FACTS devices), improve system stability (e.g.,
STATCOM (STATic COMpensator)), and increase power quality (e.g., D-STATCOM and active
filters). Although power electronics devices can provide several advantages and enable new
applications, their penetration level in the grid is still low. This low proliferation level stems from
generally high cost, concerns about reliability, lack of expertise and experience, and low ratings.
Simultaneously, modern grid requirements and priorities, such as integration of renewables, higher
flexibility requirements, and power quality metrics can benefit significantly from the availability
of power electronics devices.

This report aims at (i) investigating different applications of power electronic devices in power
system, (ii) analyzing their benefits, shortcomings, and challenges, and (iii) studying the
application-specific requirements for these devices.

This report is structured as follows. Section 2 investigates different applications of power
electronics systems, e.g., solar photovoltaic (PV) systems, wind power system, solid-state
transformers, and circuit breakers. It also studies energy storage systems, FACTS devices, and
microgrids. Section 3 investigates the technology. Section 4 surveys several commercial power
electronic solutions and analyzes their applications and features. Section 5 provides concluding
remarks.



2. Power Electronics Applications

2.1 Wind Energy Systems

Among different renewable energy resources (except for hydro), wind power has the highest
capacity. In 2016, 5.5% of the electrical energy in the United States was supplied by wind
generators. The rating of a single wind turbine was merely a few tens of kilowatts in the 80s, while
now most common wind turbines provide about 2 MW of power. This change in power rating was
accompanies with a change in the topology and integration of power electronics in wind systems
[1]-[4]. In the technology used in 1980s, power electronic devices were merely used as soft starters
to connect the squirrel-cage induction generators to the power grid (Type I) [1]. Power electronics
was used to control the rotor resistance of wound-rotor induction generators during the 90s (Type
I1) [2]. In 2000, more sophisticated back-to-back power converters in the rotor circuit were
introduced that provide partial speed control (30%) (Type IlI). Type IV converters provide
complete decoupling between the mechanical and electrical frequency by utilizing a back-to-back
power electronics converters in the stator circuit. This converter can also provide ancillary services
such reactive power compensation [5], [6].

2.1.1 Wind power resources

Fig. 1 shows the worldwide wind power generation capacity from 1999 to 2020 [7]. According to
[8], the cumulative global wind power generation is expected to reach 760 GW in 2020. The
growth of wind power generation is at a higher rate than any other renewable source. As an
example, Denmark has over 30% of its power generation from wind with the goal of complete
independence from fossil fuels by 2050 [9].
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Fig. 1 Worldwide wind power capacity [7].

Fig. 2 compares the global market shares between different wind turbine manufacturers around the
world.
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Fig. 2. Market shares between different wind power manufacturers [8].

In addition to the fast increase in the installed wind capacity, the power generation capacity of the
individual wind turbines is also increasing, causing a decline in the price of the electricity
generated by wind turbines. The trends of different turbine sizes over a four-decade time frame
from 1980 to 2018 is shown in Fig. 3. This figure also illustrates the rating of power electronics in

wind turbines and its development trends [10].
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Fig. 3. Trends of wind turbine sizes from 1980 to 2018 [7].

2.1.2 Power electronics topologies for wind energy systems

Generator types, power electronics, speed control systems, and aerodynamic power limits are the
degrees of freedom in designing wind turbines [3]. Today, doubly-fed induction generators (DFIG)
and synchronous generator (SG)-based wind turbines with partial or fully rated power electronics
(Type 11l and Type 1V, respectively) are dominant, with Type IV eventually taking over.

A. DFIG with partially rated power conversion systems (Type I11)

Fig. 4 shows the most commonly installed wind power system topology today that includes a DFIG
connected to a power electronic conversion system. In this configuration, the stator windings are
connected directly to the while the rotor is connected via a power electronics converter. This



topology can have a variable speed range (within 30% of rated speed). However, slip rings and
difficulties in control of power during faults are the challenges with this topology.

Doubly-fed Transformes

induction generator Grid

Ll
7y

AC /S T1°€ ,
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Fig. 4. Doubly-fed induction generators for wind applications [7].

B. A/SG with fully-rated power electronics converter (Type 1V)

Fig. 5 shows the Type IV wind power system. In this system, the stator is connected to the grid via
a fully rated power electronics converter. Therefore, the generator speed can be fully controlled to
ensure maximum power extraction. Slip ring elimination, simpler gearbox, complete power and
frequency control, and superior grid support capability are the benefits of this topology over the
Type 111 topology. However, higher costs of power electronic devices, higher ratings, and higher
losses in power components are the disadvantages of this configuration.

: : Transformer
Fd T oc / Grid
P a .’." ./f' B
Filte /s DC / AC| Fiter
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Synchronous
generator

Full scale power converter

Fig. 5. Wind turbine system with fully rated power conversion system [7].

2.1.3 Penetration of wind turbine sources in the network

The intermittent and variable nature of wind power generation is perhaps the most important issue
in the integration of wind sources to the power system. Different countries have instituted
appropriate grid codes to ensure stable and appropriate interactions between wind turbines and
other dynamical devices in the power system, including providing voltage/frequency regulation
with reactive power support. Fig. 6 shows an example of frequency support through real power
control of the wind turbine—the real power output is adjusted when the frequency passes 49.85 or
50.15 Hz (in a 50 Hz system). Wind turbines are also expected to compensate for the reactive
power in some grid codes. An example of the reactive power support with respect to real power
outputs is shown in Fig. 7.
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Fig. 7. Real and reactive powers curves [12].

Table 1 compares the characteristics of conventional power plants, wind turbine systems without

power electronic converters, and wind turbine generation systems with power electronics
converters [7].



Table 1. Comparison between different features of a conventional generation unit and wind
turbine systems [7].

Grid integration Features | Conventional power plant V\:"I'(j 1'1? .lhc ]1'.15t- WTG m?j.».'adzlys‘.’ﬁlturc
(without/few PEC) (With PEC)
Active power control + 0 +
Reactive power control - 0/- 4+t
Short circuit capability ++ + ++
Voltage backup ++ - +
Power output Inertia ++ - +
Frequency control ++ - ++
Black start capability + - +

+# : highest performance level, - : lowest performance level.

2.1.4 Challenges and issues in wind turbine systems with power electronics

Despite the potential benefits of power electronic devices, there are several challenges caused by
these devices as follows.

A. Lower Levelized Cost of Energy

To compare the cost of different sources of energy, levelized cost of energy (LCOE) is utilized
[13]. LCOE captures the overall cost of a system during lifetime and includes initial investment,
developing cost, capital investment, O&M cost, and fuel cost [7]. LCOE is defined as

LCOE = CDev + CCap + CO&M

(1)

EAnnual

Fig. 8 compares the LCOE of different renewable resources connected at the high voltage
transmission level, in the U.S. The capital cost accounts for the largest portion of the costs and is
expected to remain so within the next decade [7]. On-shore wind power is the most economically
reasonable renewable source compared to other promising renewable resources. Power electronic
devices used in wind turbine systems make up a dominant part of the system costs. Choosing the
right power electronic topology depends on the technology of the wind turbine systems. To
increase power rating of the wind energy system, higher rated power electronics, better cooling
systems, and higher grade insulation material are required. Remote locations of the wind power
farms increases the costs of the system. In these conditions, power electronic devices have to be
designed to be highly reliable, modular, and redundant.
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Fig. 8. LCOE of different sources of energy [14].

B. Increased reliability

The global increase in wind power generation and the increase in the individual wind turbine sizes
cause the failure of these systems to have a significant impact on the power system, e.g., stability
issues and cost of maintenance especially in remote areas. Furthermore, the outage of wind power
generation decreases the annual generated energy of these units and results in a higher LCOE.
According to [15], among various components of wind turbine systems, power electronic accounts
for the highest failure rates. Thus, an increase in the reliability of power electronic converters
causes a drop in wind power LCOE. The reliability of power electronic devices has been a subject
of research for decades. Fig. 9 shows different possible solutions for reliability analysis and
improvement in power electronic devices. Multi-disciplinary approaches are used to increase the
reliability of power electronic devices. These approaches involve stress analysis, probability and
statistics, monitoring and control, and strength modeling of power electronic converters [16].

) ‘-. x‘—l - s
Stress Analysis Strength Modeling P
* Mission profile s Failure mechanism 5 =5
+  Converler design s Acceleraling lest E E
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» Control for reliability » Devices variation lf
» Efficient maintenance * Production robustness
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/ Stress/Strength
Temperature measurement Reliability engineering

Fig. 9. Multidisciplinary approaches for reliability analysis of wind systems [7].

Strength modeling is a discipline that tries to identify, model, and test the failure mechanisms in
power electronic devices to find connections between the stress and failure in a system for critical
components. Monitoring and control focuses on lifetime monitoring, temperature control, and
intelligent maintenance [17]. Probability and statistics attempts to estimate the failure rate of power
electronic devices and the wind turbine system within its lifetime.



C. Advanced grid integration features

Protection and islanded system operation of wind power systems needs them to operate differently
from the traditional centralized. Thus, the protection schemes of wind power units should be
changed to a more distributed scheme able to make the islanded operation of wind power stations
possible. Wind turbines today rely on power electronic devices to convert the power at low voltage
levels. However, to comply with the increasing wind power integration, it is needed to introduce
more advanced technologies that can operate at higher voltages (1-10 kV). Fig. 10 shows a
topology as an H-bridge converter with medium-frequency DC-DC transformers with a reduced
size as a result of their higher frequency. Cascaded converters allow wind turbines to have a direct
connection to the network. This topology is based on the topologies used in traction applications
and leads to a higher power quality and redundancy without any filters.
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Fig. 10. Cascaded converters equipped with medium frequency transformers [7].
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Semiconductor devices are important in reducing the cost of wind turbine systems. They increase
the system reliability, efficiency, and modularity. There are four types of semiconductors used in
wind power applications that are modular insulated-gate bipolar transistor (IGBT), press-pack
modular IGBT, press-pack packaged IGCT, and SiC modules. Different features of these devices
are shown in Table 2.



Table 2. Semiconductors for wind applications [7].

IGBT module IGBT Press-pack IGCT Press-pack Sii?:giiET
Power Density Low High High Low
Reliability Moderate High High Unknown
Cost Moderate High High High
Failure mode Open circuit Short circuit Short circuit Open circuit
Easy maintenance + - - +
Insulation of heat sink + - - +
Snubber requirement - - + -
Thermal resistance Large Small Small Moderate
Switching loss Low Moderate Moderate Low
Conduction loss Moderate Moderate Moderate Large
Gate driver Moderate Moderate Large Small
Major manufacturers h:rll:sﬁ f;?{ls‘il;l;r?lﬁ Westcode, ABB ABB L;;:;i?g:?’
Medium voltage ratings | 3.3kV /4.5kV /6.5 kV 25kV/45kV | 45KV /6.SkV/IOKV | 12kV/10kV
I Max. current ratings 1L5kV/1.2kA /750 A . 23kA/2.4KkA 3.6 kA/38kA/2KA 180 A/ 120 A

2.2 Solar Systems

There are several advantages for using PV systems over other sources of energy. However, a main
drawback in the development of PV units is their high costs. According to [18], in 1991, the PV
electricity cost was 120 cents/kWh while this number reached 14 cents/kWh in 2014 (and 5 cents
in 2017). This report shows that a great part of this reduction, 41 cents/lkWh, was because of the
increased efficiency and reduced losses. The developments in power electronic systems made up
for 30 cents/kWh reductions that was a result of increased reliability, efficiency, failure
management, and communication capability. The worldwide PV generating capacity was 302 GW
by the end of 2016 [19]. There were several reasons for the cost reductions in PV inverters over
the years:

e Increase in inverter rated power.

e Reduction of component costs as a result of higher number of components.

e Reduced production time due to automation.
Fig. 11 shows a comparison between the costs of 5 main components of PV inverters for three
successive generations. Components such as safety functions and communication have

experienced a gradual reduction in costs while housing and inductors had a rapid cost reduction
throughout the three generations. However, the cost of semiconductor devices are increased.
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Fig. 11. Material cost of three consecutive generations of PV-inverters, solely silicon power
semiconductor designs [18].

2.2.1 Different Topologies of Solar Photovoltaic Systems

Many different PV inverter topologies are proposed by researchers and manufacturers. These
topologies aim at reducing the PV generation costs and increasing the efficiency. The first
introduced concepts for PV inverters included transformers for safety and galvanic isolation. These
transformers were later replaced by reliable power electronic solutions that caused an increased
efficiency and a decrease in size, weight, and cost. PV topologies with and without transformers
are shown in Fig. 12. Transformer-less topologies are categorized into three main groups:

1. Topologies with grounded PV generator,
2. Topologies with stationary potential against ground,

3. Topologies with non-stationary potential against ground with grid frequency.

D__J ] I#J £3 |
s s J J@;'@

Cov Cov < 250nF/KWp = Cr< INF/KWp

iH |

Fig. 12. PV topology without (left) and with (right) transformer and the coupling capacitor
leading to leakage currents (marked in red) [18].
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To decrease the effects of module mismatch or partial shading in PV units, power electronic
devices used in string or modular topologies are utilized. The use of string inverters instead of the
centralized increases the number of modules doing MPPT independently and causes the system to
avoid power generation reduction caused by a module mismatch.

Micro-inverters, for which each panel is individually connected to the grid, can avoid power
mismatch issues between different modules resulting in an improved performance. Different
topologies of PV strings are shown in Fig. 13. In larger PV installations, power mismatch is not
addressed in panel levels. A possible way is to use DC-DC converters in the strings that can be
placed within string boxes and followed by a centralized inverter (Fig. 14).

Conventional series-connected PV panels ElectricityGrid

. II Stringinverter

PV panels connected to DC-DC converters Electricity Grid

Stringinverter

PV panels connected to AC micro-inverters

— Micro-inverters

Fig. 13. Topologies of single string photovoltaic systems (top), photovoltaic systems with
DC-DC converters (middle), and photovoltaic systems with ac micro-inverters (bottom) [20].

PV strings connected to a ‘'smart combiner box’

Electricity Grid

Inverter
+/-

==l

smart combiner box =

Fig. 14. A multi-string photovoltaic installation [20].

2.2.2 Benefits and challenges of PV power electronics

Fig. 15 compares the 1-V curves of different types of PV systems. The lost power in conventional
units is the highest but they are the least complex.
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Fig. 15. I-V curves of different PV topologies [21].

PV manufacturers may choose to use thinner Silicon cells in their PV systems to reduce costs.
However, thinner Silicon cells are more vulnerable to cracking. Cell cracking can cause partial
changes in the output power of the PV units and is undesirable. To solve this problem, DC-DC
conversion units can be utilized to mitigate the impact of cracked cells on the output voltage.
DC-DC converters can also solve the problem of hot spots in PV cells caused by partial shading
that makes a reverse bias in each diode of the cells.

There are some other concerns in using power electronics in PV system design and operation. The
DC-DC converters used in PV systems may require a certain range of voltages and currents and
the inverters connected afterwards may need specific values of voltages and currents based on the
output voltage and the MPPT algorithm. According to several tests done by NREL [20], certain
combinations of DC-DC converters and inverters have voltage instability issues because of the
input voltage variability.

There is not enough data from test results illustrating the lifetime of power electronic devices used
in distributed PV systems. Datasheets for individual DC-DC convertors shows they have about 25
years of lifetime. Long-term reliability of distributed power electronics and its impacts on the
lifetime of other devices needs to be investigated more. Moreover, the interoperability of power
electronic devices has to be taken into account. There are some times when the individual parts of
the system need to be replaced. However, due to the lack of interoperability in electronic
components, the system owner is forced to change all the components, leading to high costs.

2.3 Solid-State Transformers

2.3.1 Basics

To have a better comparison between classical and solid state transformers, this section reviews
their fundamentals. Classical or traditional transformers are based on magnetic cores that are
constructed from material like Silicon steel. Windings are mainly made up of Copper and
Aluminum. Further, there is a system for the cooling of these transformers that uses mineral oil.
Fig. 16 (a) shows a purely passive low-frequency-isolated conventional transformer. Figs. 16(b)
and 16(c) work with a low frequency (LF). Fig. 1 (b) uses series voltage compensation and Fig.
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16(c) has a central series AC chopper on its secondary side. Fig. 16(d) shows a medium-frequency-
isolated transformer with two AC choppers on both sides.

- - . 4
- -
- I — -
R = .
=

Fig. 16. Medium frequency (MF) transformers with choppers on sides.

Fig. 17 shows the power loss for different structures of power converters. The power loss in the
medium frequency (MF) transformer is lower than the conventional transformer. However, MF
transformers need series converters on both sides. This increases the overall power loss of these
structures. As a result, the LF transformer has a higher efficiency than the other three structures.
While the LF transformer has higher efficiency the higher-frequency transformer may allow for
significant volume savings due to the reduced capacitance required in the cell stacks of the
converters.

SP, d) ] T LAC/AC

TP, a) Ny

4 AC/AC
MF
LF Transformer {— Transformer

a) b) c) d})

Fig. 17. Power losses of different transformers.

2.3.2 Variability of prices

Since 2004, both Steel and Copper global markets experienced large price fluctuations as a result
of the increasing demand from emerging economies. Statistics show that the average price of
Copper has quadrupled between 2003 and 2013.
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Figure 8. Historical Copper and Steel Price Variability From 2000 to 2013

600 500
Average Price

Copper Steel
500 1 003 $67/100b  $116fton
2013 $3261100b  $346ton

s
=1
=1

- = Steel

— Copper

Steel Price (Nominal § | Ton)
h w
g8 B

=
s

0 ]
P & & P F S PP
FEFFTFTFEF TS

¥
Source: Bloomberg, 2014.

Fig. 18. Historical Copper and Steel price from 2000 to 2013.

The global power transformer market is mature. Power transformer prices experienced a
depression for most of the 1990s. However, transitory raw material market, unprecedented market
demand, and changes in manufacturing bases have reversed the constant price situation since 2002.

According to a recent industry analysis, the compound annual growth rate (CAGR) of the power
transformer market was about 13% from 2000 to 2009 and reached a total revenue of $11B in 2009
[22]. Another report published in 2013 indicates that the global power transformer market is
expected to be worth $29 billion by 2019, with a CAGR of 8% from 2013 to 2019.

2.3.3 SST realization and application challenges

A. SST topologies

There are three degrees of freedom in selecting the topology of an SST as follows.
1. Partitioning of the AC/AC power conversion

Considering MF isolation, there are 4 types of partitioning options for different applications. These
four groups are shown in Fig. 19 and are as follows.

e 1-stage matrix type topologies

e 2-stage with low voltage DC link

e 2-stage with medium voltage DC link

e 3-stage with medium voltage and low voltage DC link

The two-stage topologies with low voltage DC links are used for energy storage applications while
those with medium voltage DC links are used for HVDC applications.
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2. Partial or full phase modularity

The modularity concept stems from the use of several smaller converters instead of a bigger central
converter. As shown in Fig. 20, there are different possible structures for solid state transformers.
These structures are different in the number of components in each level of the electric and the
magnetic circuits.

iy e E 3
o—i N I =

o—i .lt“_!____ 1C L 1 "
m — — 1 i [ ==
[ | — | — - =
{2} - iC f =

i n

'-% -

== <

Fig. 20. Medium voltage modularity.

3. Partitioning of medium voltage

The last degree of freedom in topology selection is the partitioning of medium voltage. The
medium voltage level can be treated in multi-cell and multilevel approaches. Different possible
input series/ output parallel (ISOP) structures are seen in Fig. 21. The potential benefits of using
multi-cell approaches are low input voltage and output current harmonics, low input/output filter
requirement, and low blocking voltage requirements.
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Fig. 21. Partitioning of medium voltage.

Fig. 22 shows a classification of SST structures with regard to the three degrees of freedom
discussed earlier. As phase modularity increases, a three phase system tends to be split into
individual phases. Power conversion partitioning leads the system towards matrix and DC link
topologies. Finally, the increased number of levels causes the medium operating voltage to split
into low partial voltages, resulting in multilevel/cell approaches.
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Fig. 22. Classification of SST structures.

B. Availability and selection of power semiconductors

Conversion, control, and processing of electric power in power electronics is performed with the
use of solid state devices. Silicon (Si) is the best known semiconductor material. Wide bandgap
(WBG) semiconductors have the potential to make significant changes in the system's operating
voltage, temperature, frequency, and efficiency. SiC and GaN are the two major materials expected
to replace Silicon in power applications and reduce the system costs. WBG semiconductors are
covered in the next sections of this report. The biggest challenge for the widespread use of WBG
semiconductors is cost. Cooling and insulation levels are also important issues to be considered
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while designing WBG devices [23]. The availability of Si for high voltage applications with
respect to different frequencies is shown by ABB and plotted in Fig. 23.
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Fig. 23. Current semiconductor technology limits.

C. Single-cell and multi-cell converter concepts

To decrease costs, different voltage levels may be used. The voltage level selection is ruled based
on an underlying tradeoff between the system cost and efficiency. The cost of insulation and
conductors together with the cost of losses make up for the total costs. To calculate the efficiency,
three quantities are involved. The maximum voltage is multiplied by the maximum possible
current and then divided by the losses [24]. The general topology of a series connected multi-cell

converter is shown in Fig. 24. The switching losses for equal Ai/l and dv/dt is illustrated in Fig.

25. The interleaved series connection of converters reduces the switching losses. Further, using
multi-cell series converters allows the operation of the system at lower frequencies (e.g. 5 kHz).

The challenge is to choose the optimum number of converter cells. As this number goes up, the
conduction losses of the system grow. However, increasing the number of cells decreases the
switching frequencies and switching losses. Thus, choosing the right number of cells in a multi-
cell topology is a trade-off between switching and conduction losses. Ideally, inductive
components are designed such that efficiency and power density are in a Pareto optimum where
an increase in power density causes a decrease in efficiency. In designing an MF transformer, there
is a certain frequency that maximizes the power density and efficiency. Apart from the power
losses, factors such as mean-time-to-failure, power density, junction temperature, and the number
of redundant cells should be considered when selecting the suitable topology for multi-cell
converters.
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Fig. 25. Switching losses comparison.

D. SST noise emissions

Transformers vibrate as a result of the electromagnetic excitation, fans, and oil pumps and produce
acoustic waves in the air. The main sources of vibration in medium frequency transformers are as

follows.
e The core magnetostriction;

e The core Maxwell force;

e The winding Lorentz force.

The details for these sources of vibration are found in [26].
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E. SST protection

SST is the interface between a medium voltage AC grid and a low voltage AC or DC grid. Faults
in the grid influence the application of solid state transformers. Likewise, faults in these
transformers affect the utility grid. Therefore, it is necessary to pay attention to the design of
protection devices for solid state transformers. To deal with this issue, SST structures can be
divided into several categories as follows.

e SSTs used in traditional distribution grids as alternatives for low frequency transformers.
Traditional distribution grids have a unidirectional flow of power and there is no control
on the loads [26].

e SSTs used in industrial distribution grids that are directly connected to medium voltage
levels [27].

e SSTsused in traction systems. This category does not have any interface with utility grids
and is not in the scope of this report. The increased complexity of solid state transformers
leads to more challenging protection schemes because a wider variety of faults are possible.
Examples of faults in SSTs are semiconductor failures, thermos-mechanical failures, error
in control systems, error in measurements, and insulation breakdown. Although SSTs have
overload capabilities, their semiconductors limit their current and voltage capabilities [28].
Power semiconductor switches have thermal time constants of several seconds while time
constants of the range of miliseconds apply for semiconductor chips. As a result, the
duration of overcurrents is significantly limited by the thermal limits of semiconductors.
According to [29], the maximum allowable overcurrent ratio for a solid state transformer
is 1.5x for several minutes and 5x for several miliseconds.

Regarding the overvoltage capability of SSTs on the MV side, pulses such as lightning, that are of
a short duration, are allowed and can increase the breakdown voltages (dielectric breakdown and
flashover in air) [30]. However, semiconductors have a high sensitivity to long lasting overvoltages
that are more than their maximum blocking capability. To deal with this issue, filters are used to
make surges smooth [31]. When designing SSTs, the breakdown voltages of semiconductors
should be able to withstand the maximum voltages of the surges for longer periods, without
considering the smoothing effects of filters. Thus, voltage utilization is determined by transient
overvoltages. Based on the research study done in [32] and [33], voltage utilization for MV IGBTs
is between 40% and 60% while it is around 80% for SiC FETSs at the nominal operating point.

Overvoltage capabilities of solid state transformers can be increased by introducing redundancy in
the system. Multi-cell SSTs are good examples of increased redundancy. Also, the DC link in
SSTs can be used to isolate the MV and LV networks to not let disturbances from one grid affect
the other. Further, using the measurement equipment in SSTs, they are able to order a shutdown
command when necessary [34].

Fig. 26 shows a comparison between a low frequency transformer protection scheme and a

protection scheme for solid state transformers [35]. Because semiconductors are too fragile to be
able to trigger medium voltage fuses, breakers are used at the MV side of the SST. Also, the inrush
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current produced during the startup procedure of the SST should be limited. The charging resistors
at the MV side are used for this purpose and are bypassed after the startup.
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Fig. 26. Protection schemes of SST and conventional transformers [35].

F. SST efficiency, size, and costs

This section compares efficiency, size, and cost of solid-state and low frequency transformers.
This comparison is based on the research done by Power Electronic Systems Laboratory at the
Swiss Federal Institute of Technology in Zurich [36]. Table 3 shows a comparison between the
mentioned factors for 100 kVA LFT, low voltage SST, and medium voltage SST [36].

The conventional low frequency transformers have lower power loss and thus higher efficiency.
The difference between the efficiency of an LFT and an SST is not considerable. However,
regarding the volume and weight, the size of solid state transformers is largely decreased compared
to low frequency transformers. This is because of the higher frequency in solid state transformers.
As a result, solid state transformers are more convenient choices for applications in which the
transformers are mobile, such as traction and truck-mounted applications. Fig. 27(a) shows the
weight breakdown diagram for medium voltage solid state transformers. The filter has the largest
weight among all the elements. Frames and MF transformers are the second heaviest parts and
semiconductors are the lightest elements.

Table 3. Performance characteristics overview [36].

SST MV SSTLV LFT
efﬁcienc}f 98.2 9% 98.2 % O98.7 %
volume 1.751 m* 0211m* 3.427m°
weight 1262kg  1036kg  2591ke
cost 49 3kUSD 27.TkUSD 16kUSD

Based on the research study done in [36], the estimated cost for solid state transformers is very
high, especially for MV SST, compared to the traditional low frequency transformers. Higher costs
may be a discouraging factor for utilities to use solid state transformers. However, it is a trade-off
between the importance of the application and costs. Fig. 27(b) shows the cost breakdown for the
average medium voltage solid state transformers. Filters account for a large portion of the costs.
They cost higher than the medium frequency transformer, semiconductors, and capacitors.
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Capacitors, semiconductors, and MF filters make up for around 60% of the costs. The lowest
portions of the costs belong to control systems and heatsinks.
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Fig. 27. Medium voltage solid state transformer (a) weight breakdown (b) cost breakdown [36].

control

The different states of development of solid state transformers are shown in Fig. 28. There has
been an inflated peak of expectations from solid state transformers after the technology was
introduced. This peak was followed by a sudden drop in the visibility of SSTs and then a slope of
enlightenment after the appearance of traction applications [36].
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Fig. 28. SST technology hype cycle.

Besides all the advantages of solid state transformers, there are still limitations in this area. They
have relatively 2-6% higher losses compared to conventional transformers. Their cost-performance
ratio should still be clarified and their overload capability is limited. Furthermore, their reliability
is not higher than conventional transformers. Solid state transformers are not a 1:1 replacement for
conventional distribution transformers. Further, solid state transformers are not able to replace all
conventional distribution transformers, even in a mid-term future.

2.4 Solid-State Circuit Breakers

To increase the availability and quality of the delivered power to the customers, it is crucial to
handle faults. The problem of short circuits is even more severe if the short circuit level of the
system is increased as a consequence of distributed energy resources in medium voltage networks.
A traditional AC grid has generators that can sustain high fault currents for about one second. This
gives the mechanical circuit breakers some time to isolate faults. Because the overload capability
of systems that utilize power electronics is constrained by the thermal-electrical capability of
semiconductor devices, and because these semiconductors are not able to sustain currents higher
than their ratings for more than a few milliseconds, in case these limits are exceeded, power
converters face a self-shutdown or fatal failure [37].
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Mechanical circuit breakers are the currently used to address the problem of short circuits in the
grids. These devices are not fast and it takes them several fundamental periods to open after the
short circuit detection. This delay causes an arc and because the current can only be stopped when
it passes zero, it takes around 100 ms for the current to stop. The current mechanical circuit
breakers have several shortcomings as follows.

1) Mechanical circuit breakers are not able to affect the peak current. As a result, all the
components in the grid have to endure the peak current, which can be around 20 times the
peak of operating current. This increased current puts the equipment in the grid under stress
and leads to component oversizing and increased costs.

2) The short circuit current rating of mechanical circuit breakers is limited. As a result, the
grid designers should try to decrease the short circuit levels in the network by introducing
more inductance. However, this results in a decreased power transfer capacity of the lines.

3) When a short circuit happens in the medium voltage network, the grid experiences a sag.
Because mechanical circuit breakers have some delays breaking the fault currents, certain
sensitive loads may be damaged by this voltage sag. There is a need for uninterruptable
power supplies (UPS) for some loads to be able to survive these sags. This might not be
cost effective for some units.

Unlike mechanical circuit breakers, solid state circuit breakers are fast and can switch in a few
microseconds. This higher speed potentially results in different advantages for solid state circuit
breakers over mechanical ones.

2.4.1 Solid-state switch topologies

To operate in various voltage and current levels, a breaker should be modular, which is less
expensive than changing the whole device for a new voltage or current level [38]. Since the power
loss in the available semiconductors today is high, most topologies are asymmetric and have a
series connection of diodes. The turn off voltage in solid state circuit breaker modules should be
limited. To do this, varistors are utilized in these modules. Further, solid state circuit breaker
modules take advantage of semiconductors like GCTs and GTOs working beside the
aforementioned rectifier diodes. Because it is not possible to turn off the GTOs without the help
of an auxiliary circuit, capacitors and resistors are connected in parallel with them. In some cases
such as modules with a single GCT, capacitor and resistor snubber circuits are not needed. Thus,
varistors can be connected in parallel with each semiconductor [39]. These technical specifications
lead to solid state circuit breaker topologies shown in Figs. 29(a) and (b) [40].
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Fig. 29. Solid state circuit breaker topologies.

Fig. 29(a) shows a topology with 4 GTOs and 2 diodes. These GTOs use resistor-capacitor snubber
circuits. Fig. 29(b) shows a GCT based breaker that does not use any capacitor snubber circuits.
These topologies can be modified to lower the costs by reducing the number of active
semiconductors. Fig. 30 shows the rectifier solutions for solid state circuit breakers [41]. The GTO
based solution, Fig. 30(b), utilizes resistor-capacitor snubber circuits while the GCTs in the module
shown in Fig. 30(a) use varistors in parallel with their semiconductors.

@ (&)
Fig. 30. Rectifier solutions for solid state circuit breakers.

The number of semiconductors in Figs. 29 and 30 is the same. Two of the active semiconductors
in Fig. 29 are replaced by diodes. This reduces costs but on-state losses are increased.

2.4.2 Cost of different topologies

To compare the costs of different topologies, the costs of the switches and the cost of power losses
should be considered. Despite having the same number of semiconductors, these topologies are
different in the number of active semiconductors. At the first glance, it is concluded that topologies
with more active semiconductors cost more. However, topologies with diodes have more power
loss in each cycle. This necessitates more detailed analysis. Reference [40] performs analytical
calculations to determine the costs of different solid state circuit breaker topologies.

2.4.3 Reliability of different topologies

A feature that plays an important role in choosing different topologies is reliability. In solid state
circuit breakers, even if a single component of a redundant device fails to operate, although the
switch can still be utilized, it usually has to be replaced because of safety issues [40]. As a result,
costs of the system are increased.
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There are two parameters for measuring and comparing system reliability: failure in time (FIT)
and mean time between failures (MTBF). FIT shows the number of failures in 10° operation hours
of the device and is determined by the manufacturer. MTBF considers the additional costs imposed
to the system due to any kind of need for the replacement of the switches, although redundant
modules may still be working. Table 4 shows the statistics for the reliability of different mentioned
topologies. The failure ratio of the topologies that utilize GTO is greater because of the added
snubber circuits. Semiconductors have the same reliability, but the capacitors decrease the
reliability of the module because failure of one may affect the whole module.

Table 4. Reliability of the topologies [40].

Topology FIT MTBF

GTO (series) 9840 11.6 vears

GCT (series) 5040 22,6 vears
GCT (rectifier) 2880 39.6 years
GTO (rectifier) 5280 21.6 vears

2.4.4 Challenges and advantages of solid state circuit breaker technology

Solid state circuit breakers have a higher voltage drop compared with mechanical circuit breakers.
A higher voltage drop leads to higher power dissipations and need for heat sinks, which in turn
means higher weight and volume and naturally cost. Solid state circuit breakers also suffer from
leakage currents during their off states and need EMI protection. Unlike mechanical circuit
breakers, the off-state in solid state circuit breakers is not a 100% physical disconnection from the
power source [42]. The semiconductors used in solid state circuit breakers, such as MOSFETSs and
IGBTS, use high impedance inputs for turning on the conduction. This high impedance input is
sensitive to electromagnetic fields and consequently requires filters for a reliable operation.

Fig. 31 shows a solid state circuit breaker for low frequency AC systems that utilizes a TRIAC for

load switching. The control block is isolated from the load. In some topologies, to ensure a 100%
physical isolation in the off state, mechanical contacts are used in series with the load.

COMTROL
LINIT

ZC = Zaro Crossing
10 = Instant On

Fig. 31. An example of an electronic circuit breaker [3].
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Developments in the solid state technology naturally benefit circuit breakers too. Among these are
the improvement of the on state resistance and decreased saturation voltage. Unlike mechanical
breakers, solid state breakers do not need auxiliary circuits or permanent magnets and vacuum
switching chambers to deal with arcs. Furthermore, the life-cycle of solid state circuit breakers is
much longer than mechanical breakers. It is possible to program solid state circuit breakers for
features such as the nominal current, tripping curve for overcurrents, undervoltage limits, and
thresholds for overcurrents [43].

2.5 Storage

The intermittent nature of the power generated by many renewable sources necessitates the use of
storage devices. Energy storage systems (ESS) have the ability to smoothen the output of these
sources. The key to this technology is the power electronics. Power electronics can provide a
controllable connection point between the ESS, DER, and the network [39]. The high response
speed of energy storage systems makes them capable of providing frequency and voltage support
in the grid. Furthermore, ESS can be a good help for the system when trying to black-start the
network [41]. Fig. 32 shows the trend in the use of energy storage systems since 2010.
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Fig. 32. Annual worldwide ESS capacity [45].
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Table 5 shows examples of ESS products. According to [45], ABB has a 200 kW storage unit
operating with semiconductors connected in series. DynaPeaQ uses only one monolithic converter
and can work in a power rating of 50 MW [52].

Table 5. Major ESS manufacturers and their solutions [53].

PE Provider Power/Energy (MW/MWh)  Topology Battery Technology DC-DC Stage AC/DC Voltage (V) Module Power Level
ABB 20/6.67 2L/3L Li-Ton No 415-690 V,, . ; 975-1200 V7, 72 kW-1 MW
DynaPower 11/4.4 2L/3L Li-Ton - 7501150 Vy, 1 MVA
Enercon 10/10 2L/3L Li-lon Yes — 300 kW
Extreme Power 10/7.5 2L Advanced Lead Acid - 480V, .: 750-1200 Vv, 1.5 MVA
General Electric 21/14 2L/3L Lead Acid - 480 v, .: 431-850 Vv, 1.25 MW
Mitsubishi 20/6.33 2L/3L Li-Ton - 300 V7, 0.5 MW
Nidec 12/96 2L NaS Yes - 1.2-2.5 MW
Parker SSD 12/4 2L/3L Li-Ton No 400-480 V, 1 720-1200 V., 1.2-22 MW
S&C Electric 10/0.14 2L/3L Lead Acid Yes 480 V,, . : 460-800 Vv, 1 MW/1.25 MVA
Younicos 36/24 2L/3L Advanced Lead Acid = 415-690 V7, .: 975-1200 v, 250 kVA
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2.6 Flexible AC Transmission Systems (FACTS)

The IEEE working group on FACTS devices defines FACTS as “alternating current transmission
systems incorporating power electronic-based and other static controllers to enhance
controllability and increase power transfer capability” [60]. FACTS devices can be an alternative
for new transmission line construction because of their lower infrastructure investment cost,
environmental impact, and construction time. Power electronic solutions, specifically voltage
sourced converters (VSC), are widely used in FACTS. These converters are used in topologies
such as static synchronous compensators (STATCOM) [54], unified power flow controllers
(UPFC) [55], convertible series compensators (CSC) [56], back-to-back DC ties (VSC-BTB) [53],
and VSC HVDC transmission [57], [58], [59]. FACTS devices can be used in series, shunt, or
series-shunt connections as shown in Fig. 33.

_@ Line Line Line @
° 9

Fig. 33. Implementations of FACTS devices.

2.6.1 Topologies

SVC and STATCOM are two examples of shunt FACTS devices. These devices are shown in Fig.
38 with their corresponding characteristics.

m CoCr-Edt'
.
STATCOM

Fig. 34. SVC and STATCOM [60].

Two other topologies for FACTS devices are shown in Fig. 35: thyristor controller series capacitor
(TCSC) and static synchronous series compensator (SSSC) that are used for the compensation of
series reactive voltage. SSSC directly injects the desirable voltage into the system while TCSC
controls a variable impedance. Performance characteristics of these devices are shown in Fig. 36
[60]. According to [60], TCSC is more cost effective than SSSC. A thyristor controlled phase angle
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controller (TCPR) and a unified power flow controller (UPFC) are shown in Fig. 36. These devices
are combinations of series and shunt controllers and are able to control both the real and reactive

power flow and the voltage of the lines.
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Fig. 35. TCSC and SSSC [60].

Vi ﬁ Va Va
" Va
II[!—Ij '
U
ICPR

Thyristor
Switchea

Fig. 36. TCPR and UPFC [60].

2.6.2 Planning Perspective
To include FACTS in transmission planning, it is necessary to have a thorough investigation on

their effects on the dynamic/transient voltage stability, load flow, sub synchronous oscillations,
dynamic voltage violations, voltage collapse, steady state voltage, and reactive power flows [61].
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2.7 High-Voltage DC (HVDC) Transmission

HVDC has well-established advantages for long-distance or underwater transmission of bulk
power. Another application is as a tie-line between asynchronous regions due to phase angle
mismatch (e.g., western and eastern interconnects in the US) or frequency mismatch (Japan and
Brazil-Paraguay). There are two main technologies for HVYDC: line commutated converter (LCC)
and voltage-sourced converter (VSC). LLC systems operate based on thyristor and hence are an
earlier technology. They cannot provide reactive power (always consume reactive power) but are
able to operate at higher voltage and power ratings. More than 100 such systems are in service
with voltages reaching £800kV and transmission power capacity of up to 10GW.

In contract, VSC-based topologies can independently control both real and reactive power and are
hence suitable for weaker grids. Availability of multilevel power electronics converter topologies,
especially MMC, has enabled application of VSC-HVDC in the power system. More than 30 such
systems are in service with voltages up to to +320 kV and the transmission capacity up to 1 GW.

2.8 Microgrids

A microgrid is a collection of loads, distributed generations (DG), and energy storage devices that
operate in a reliable manner to provide electricity in both grid-connected and islanded modes of
operation. This concept allows for an increased flexibility in the control of DER units, improves
the power quality, and results in a more reliable electricity supply and higher efficiency [62], [63],
[64]. The general configuration of a microgrid based on power electronic solutions is shown in
Fig. 37. Fig. 38 shows different categories of microgrids based on their DC vs. AC systems.

..................

DER 3
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Fig. 37. A microgrid based on power electronic devices [68].
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Fig. 38. Different categories of microgrids [68].

2.8.1 DC Microgrids

Fig. 39 shows the generic block diagram of an LVDC microgrid [69]-[71]. LVDC microgrids can
significantly outperform LVAC microgrids with regard to cost and efficiency [72] with
applications in electric vehicles, communication systems, load centers, and PV systems.
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Fig. 39. An LVDC microgrid [68].

2.8.2 HFAC Microgrids

Higher frequency power networks have been used for a long time in military applications. The
utilization of higher frequencies lowers the size and weight of the system. However, these systems
are mostly suitable for small scales because the increased distances increase their power loss. The
schematic diagram of a power electronic based high frequency AC microgrid is shown in Fig. 40.
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Fig. 40. A high frequency ac microgrid based on power electronics devices [72].
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The typical topology for these types of microgrids is shown in Fig. 41.
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Fig. 41. A low frequency ac microgrid based on power electronics devices [68].

2.8.4 Hybrid Microgrids

Hybrid microgrids provide effective means to connect both DC and AC power sources. DC sources
such as fuel cells and photovoltaic units are attached to DC-DC conversion systems and then DC-
AC inverters to connect to an AC system. Rectifiers are also used to connect AC sources such as
microturbines to DC links. The control structures of the DC and AC parts are decoupled. Hybrid
microgrids provide a more flexible platform to connect different types of DERs. However, they
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Mon-linear load

5
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need updated protection schemes and study on their stability issues.
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2.8.5 Electronically coupled DER units

In a microgrid, DER units that are connected to the point of common coupling through power
electronic devices are categorized into three groups as follows.

A. Grid-forming units

The application of grid-forming units is mostly for islanded microgrids because these units control
the frequency and voltage of the system by controlling the flow of power and load.

B. Grid-feeding units

Grid-feeding units can control the flow of real and reactive power within the network and follow
the dispatching requirements. These units can follow variations of load [73].

C. Grid-supporting units

Grid-supporting units can provide ancillary services to the grid. These units are expected to extract
as much real power as possible from their primary sources of energy and provide power quality
improvements through different ancillary services.
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3. Technology Trends

3.1 Wide Band Gap (WBG) Semiconductors

3.1.1 Introduction

Currently, Si-based technologies are dominantly used in power electronic systems, despite several
drawbacks: limited voltage, temperature, and frequency rating. Si-based technologies cannot have
a temperature higher than 200 °C and the highest voltage allowed on them is 6.5 kV. There are
some unavoidable physical limits that result in decreased efficiencies and increased costs. Wide
band gap (WBG) semiconductors can be a solution for the problem of limited voltage, temperature,
and frequency. They result in increased efficiencies, decreased size and cost, and improved
robustness of the system. Their application is expected to become more widespread and lead to a
transformative change in the power electronics industry.

There are several reasons why miniaturization of power electronic devices is important. The first
reason is that there are many applications where size and weight are very important. The other
reason is the impact of an increased power density on the possibility of introducing new design
architectures. Further, the higher density of integrated circuits results in a revolution in mobile
communication. Supplies, communication, and energy conversion systems are big parts of power
systems. However, their thermal management is a limiting factor. Thermal considerations are very
important in systems that have higher power densities. Wide band gap devices can perform their
duties in higher temperatures and as power electronic devices become smaller and smaller, they
become more dominant.

Blocking voltage, switching frequency, operation temperature, commercial availability, and
maturity of the technological processes are the features that are important in choosing
semiconductors. Considering these factors, Silicon-Carbide (SiC) and Gallium Nitride (GaN)
show promising features. Fig. 42 compares the properties of these candidate WBG semiconductors
and Silicon [74]. Among all wide band gap devices, GaN and SiC have the most well developed
manufacturing lines for high power electronics. Although GaN has a better performance in high
voltages and frequencies, factors such as thermal conductivity lead to a more widespread use of
SiC devices in high power electronics. SiC devices have already begun their competition with their
Si counterparts. GaN devices are gradually gaining attention from the industry in fields such as
light emitting diodes.

WBG devices bring their own challenges, e.g., nonoptimized designs, technology limitations,
reliability, and not exploiting the full material quality [75]. However, with the future developments
expected for drivers, electro-thermal operation, designs and packaging, and controllers, wide band
gap devices will be a real breakthrough. Table 6 compares the physical features and performance
indices of different semiconductors and wide band gap devices [76].
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Table 6. Physical properties of various semiconductors for power devices [76].

Material E;at 300K, eV s szl.-'V s Hps cm?/Vs Veat, CM/S Ee, V/cm A, W/emk &r

Si 1.12 1450 450 10’ 3 x 10° 1.3 1.7
GaAs 1.4 8500 400 2 x 10’ 4 % 10° 0.54 12.9
3C-Sic 2.3 1000 45 25 x 10 2 % 10° 5 9.6
6H-SIC 2.9 415 90 2 x 107 2.5 x 108 5 9.7
4H - SiC 3.2 950 115 2 x 107 3 % 10° 5 10

GaN 3.39 1000 350 2 x 107 5 x 10° 1.3 8.9
GaP 2.26 250 150 10’ 1.1 11.1
diamond 5.6 2200 1800 3 x 10’ 5.6 x 107 20 5.7

3.1.2 SiC

Currently, the price for an SiC wafer is about 50 times higher than the price of an equivalent Si
wafer. However, this higher cost of material is not the biggest factor comprising cost compared
with the other costs of a full system such as fabrication and packaging. Moreover, this extra cost
is expected to be paid back in forms of higher efficiency, smaller size, lower weight, or
rudimentary requirements for cooling systems. Yet, to be cost competitive in today's market, SiC
wafer sizes and the yield per wafer should increase [77].

There is a trade-off between the blocking voltage and the on resistance in any power device that is
a result of the drift phenomenon [78]. At higher operating voltages, the drift region resistance
dominates the on resistance. Thus, the increased attraction of SiC or GaN for a manufacturer stems
from the larger unipolar limits shown in Fig. 48. Wide band gap devices can be designed to have
thinner drift regions and a higher critical electric field. Still, when the voltage is decreased below
1200 V, the channel resistance of the SiC devices increases and the carrier mobility remains an
unresolved problem. The mobility problem in channels stops SiC from approaching its material
limit within the MOSFET semiconductors manufactured to work at lower voltages, Fig. 43.
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Fig. 43. On-resistance of different Si, SiC, GaN, unipolar and bipolar devices with respect to the
blocking voltage [78].

BJTs do not depend on any kind of channels. As a result, there is no resistance problem limiting
their operation. Thus, they have better gains and higher speeds. A negative aspect of BJT devices
iIs that, in contrast to voltage driven MOSFETS, they are driven by current. This increases the losses
and increases the complexity of the drive system [79].

What stands out in the performance of SiC compared to Si is its thermal conductivity. The wide
band gap features cause the level of carriers in Si that are triggered by temperature to enter the
semi-metal mode at 200 °C. This is not activated in SiC until after 1000 °C [76]. This results in a
higher thermal conductivity and easier dissipation of the heat produced by losses due to high
frequency switching.

3.1.3 GaN

GaN devices have larger band gaps (3.4 eV) than Si (1.1 eV) and SiC (2.36, 3.05, or 3.23 eV
depending on their polytype) devices. These devices are mainly used as epitaxial layers on other
wafers made up of Si or SiC materials and not independently. One of the first such combinations
was employed in LED [76]. However, there is still a question of which material to use with GaN
for the best result. Si is deemed the most popular choice due to its low price. However, it has some
problems such as significant thermal mismatch [80]. The other option is SiC that offers the lowest
mismatch and high thermal conductivity, however it has a higher cost. Low thermal conductivity
of GaN means a poor performance at high temperatures and consequently at high powers. Self-
heating has different effects on a device such as thermal runaways and the derating of GaN devices
[81], as seen in Fig. 44.

Despite all the issues with GaN materials, they are gaining interest because of the improvements
in high electron mobility transistors (HEMTS). These transistors that were first introduced in RF
systems use the band-bending influences of AIGaN on GaN materials. This leads to high charge
densities, easy electron movements, and very low on state resistances [80].
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3.1.4 Diamond

Diamond is a wide band gap device with near ideal properties, as seen in Table 6. It has a wide
band gap of 5.6 eV that makes it appealing for unipolar devices. Diamond has some fabrication
difficulties regarding the deep carrier activation energy that is high and difficult to reach at room
temperature [76]. Reference [82] proposes a method for the development of high quality single-
crystal diamond that can control the concentration of dopant atoms within a CVD process. This
approach can potentially enable the remarkable properties of diamond for high power applications.
Reference [83] demonstrates diamond based Schottky diodes with breakdown voltages of up to
2500 V. References [84] and [85] report several structures of diamond metal-insulator-
semiconductor FETs (MISFETSs). These MISFET structures have cut-off frequencies of 30 GHz
and the maximum oscillation frequency of 60 Hz reported for a 0.35 um gate. They have power
densities as high as 2.14 W/mm at 1 GHz [76].
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Fig. 44. SiC high voltage switches voltage-frequency capability [88].

3.1.5 Applications

As of today, wide band gap technology does not have any known commercialized applications in
high voltage networks. High voltage power systems, such as HVYDC and FACTS systems, use
Silicon based power switches such as thyristors and IGBTs. However, high blocking voltages and
frequencies of wide band gap devices can make significant changes in high voltage power systems.
High blocking voltages provided by SiC devices can benefit the HVDC systems. Although the
frequency of switching does not need to be large in HVDC applications, the ratings of current and
voltage need to be high. SiC-based GTO technology is capable of providing high voltages of 15
kV or more with high current capabilities.

The voltage level for wide band gap devices in renewable applications is from 1200 V to 6500 V
with a high level of current rating. There are some studies to develop SiC devices for renewable
energy markets [78]. The promising feature of these devices for renewable systems is a higher
reliability including avalanche capability and the linearity of the relationship between current and
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voltage; in other words, a linear resistive characteristic [78]. Recent development examples of
wide band gap devices for renewable and traction applications can be found in [89] including 900
V/1.25 mQ modules introduced by Wolfspeed.

3.2 Multilevel Converters

The technology of multilevel converters is a significant breakthrough in high power electronics
and systems that need a high quality power [90], [91]. Today, the multilevel technology is a
dominant technology in high power quality demanding [92] due to their higher operating voltage
capability, reduced dV/dt, reduced voltage harmonics, reduced current harmonics, smaller filter (if
necessary), higher efficiency, and possible fault tolerant operation [92], [93]. Fig. 45 shows three
example topologies of single phase converters with different number of voltage levels [94].

i . ) ! i ) ) . i
T T TR T TR T R TR I T R T TR TR T T
Tirvai [3] i Tirroe [a] : Tirne [=]

(a) by (c)

Fig. 45 Single phase converters and output waveforms (a) two level, (b) three level, (c) nine level
[93].

The classification of different multilevel converter topologies is shown in Fig. 46. There are
various types of multilevel topologies introduced in [92], [95]. The most popular topologies known
for multilevel converters are the neutral point clamped or diode clamped, the flying capacitor or
capacitor clamped, and the cascaded H-bridge [96]-[99]. Several multilevel converter topologies
are discussed in Part I11 of this project.
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4. New and Commercial Applications

This chapter provides an overview of a few examples of new, possibly nonconventional
applications of power electronics that are available as commercial solutions.

4.1 NR Electric DC De-icer

Exposure of the transmission lines to snow and rain in cold climates might cause formation of
heaving ice coatings that can damage the lines and towers and ultimately causing a power outage.
There are different de-icing technologies available on the market that work based on AC current.
However, due to the inductive characteristics of the transmission lines, DC solutions can be more
efficient and operate at lower voltages.

NR Electric PCS-9590 and PCS-9591 fixed and portable de-icers are the DC current based
technologies available on the market. Fig. 47 shows the melting configuration with DC de-icers.
The length and the diameter of the conductor used in the transmission line determines the voltage
and current level of the de-icing device. This device can be utilized as an SVC when it is not used
for de-icing.

Substation A with DC De-lcer equipment Substation B with short circuit terminal

Fig. 47 Melting configuration with DC de-icer [103].
The fixed de-icer technology is a good fit for high voltage long transmission lines. The fixed de-

icer provided by NR Electric includes a 12-pulse conversion valve bank designed to convert AC
to DC. The topology of the fixed DC de-icer is shown in Fig. 48.
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Fig. 48 Fixed DC de-icer topology [103].

A relocatable DC de-icer can be a good choice where there is a short transmission line with a low
voltage level in a severe weather condition. The relocatable DC de-icers developed by NR Electric
include a 6-pulse conversion valve for the AC to DC current conversion, unlike the fixed de-icer
that has a 12-pulse valve. All the other components in the relocatable de-icer and the fixed de-icer
are the same. Fig. 49 shows the topology of the relocatable DC de-icer by NR Electric.
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Fig. 49 Relocatable DC de-icer topology [103].

4.2 Siemens SVC Plus

SVC Plus, offered by Siemens, is a shunt FACTS device that is used for reactive power
compensation and voltage profile control:

e SVC plus can improve the dynamic stability of the transmission system.

e SVC plus increases the power quality of the system and causes a decreased risk of voltage
collapse and blackout.

e SVC plus can mitigate flickers in industrial applications.

39



e SVC plus benefits from the modular multilevel converter (MMC) topology that results in
a lower harmonic content.

The use of MMC to design SVC Plus has several advantages:

e The ability to establish a sinusoidal output signal on the AC side and not needing a high
frequency filter or a low pas filter for harmonics.

e The ability to have a low switching frequency and therefore a decreased power loss in the
system.

e Increased design flexibility.

SVC Plus is designed such that the number of components is minimized. The reduced number of
components and the modular design decreases the commissioning and installation time required
for these systems. Fig. 50 compares the space requirement of a classic SVC with an SVC Plus.
Where space is a concern, for example, in an existing substation within a megacity, SVC Plus can
be an ideal solution. Also, the configuration of SVC Plus is such that it can be easily expanded or
relocated. Moreover, the use of MMC in SVC Plus decreases the harmonics injected in the system,
as seen in Fig. 51.

Fig. 50 Space requirement of an SVC plus compared with a classic SVC [104].
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Fig. 51 Harmonics content of SVC plus versus SVC classic [104].

4.3 Mitsubishi HYDC Diamond

Mitsubishi has introduced an MMC-based HVDC interface system called HVYDC-Diamond. There
are several benefits and features listed for this technology that are as follows.

e Ability to control real and reactive powers at the same time.

e Minimum harmonic content.

e Ability to change the direction of the power flow without any change in the voltage.

e Ability to start easily after a black-out.

e Utilization of standard low frequency transformers.

e High reliability as a result of fast control and protection units.

HVDC Diamond is a VSC-based HVDC system, Fig. 52. The structure of HVDC-Diamond is

shown in Fig. 53.
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VSC-based HVDC System
AC/DC Converter Station

| — ||
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Trenzformer WYWSC Cable or
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ACIDC Converter Station

VSC Transfremer

Fig. 52 A VSC-based HVDC configuration [104].
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Fig. 53 The structure of Mitsubishi HVYDC-Diamond [104].

4.4 ABB DC Circuit Breaker

ABB has recently introduced a new generation of DC circuit breakers in response to the fast growth
of DC systems and power electronic devices, Fig. 54.

Other designs

ABB design

Fig. 54 ABB DC circuit breaker footprint compared to other technologies [105].

One of the features of this circuit breaker is that it complies with environmental standards related
to the use of Cadmium in breaker contacts. Further, this circuit breaker has a much lighter design
than the other products on the market. This results in a faster and easier installation. The ABB DC
circuit breaker has a longer lifetime than the similar products with over 200,000 maintenance free
operations.

4.5 ABB Plug and Play Microgrid

A modular and scalable plug and play microgrid solution (Fig. 55) is offered by ABB that can be
a step forward towards flexible technologies in power distribution market. This is a containerized
solution that includes a battery, a converter with a control system, and the ABB Microgrid Plus
technology. The type of the input power source can be different based on the costumer’s needs. It
can be operated in both grid connected and islanded modes. Also, the containerized solution makes
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the transportation and installation of this system faster and easier. Fig. 56 shows the detailed

configuration of this technology.

Fig. 55 ABB modular microgrid [106].
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Fig. 56 Details on ABB Plug and Play microgrid [106].

4.6 Siemens Mobile STATCOM

Benefits

Uninterrupted power supply

Reliable power

O\E
CO,, . _|

Reduced
operational costs

Another power electronic based solution offered by Siemens is the mobile STATCOM, Fig. 57.
This technology allows the fast relocation and installation of reactive power compensators when
there is a need for voltage restoration and reactive power. All the equipment in this STATCOM is
designed to be fit and transported within a container on a truck. This design is based on the plug

and play configuration and minimizes the set up time.
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5. Conclusions and Future Trends

This report provided a review of dominant power electronics applications for the power system
and discussed the advantages and shortcomings. Emerging technologies such as wide bandgap
(WBG) devices as well as niche and unconventional applications such as mobile and truck-
mounted FACTS devices were also studied. Power electronics devices still have certain limitations
despite the recent R&D efforts, several of which driven by large federally funded efforts, e.g.,
ARPA-E and DOE:

Limited maximum blocking voltage

o0 Possible solutions include series-connected devices and multilevel converters?
WBG [Mainly Silicon Carbide (SiC) and Gallium Nitride (GaN)] also provide
higher voltage ratings.

Limited maximum switching frequency

o Multilevel converter topologies can alleviate the need to higher frequencies by
instead providing a higher resolution in voltage levels. Again, WBG devices have
a higher frequency rating, lower losses, and higher temperature rating than
conventional Si-based devices.

Limited efficiency in certain applications

o In one application that is considered in this project for voltage transformation,
clearly magnetic conventional transformers have lower losses compared with a
solid-state transformer. However, an SST can provide additional benefits, such as
higher number of operations, ability to inject reactive power, and phase angle
control. Moreover, if SST is used only as an add-on (that is, partially rated to
provide the “tap changing” capability, many of these comparisons can be in favor
of the SST-solution.

High cost and limited experience of the personnel.

Despite these challenges, there are certain application areas in which power electronics devices
are the only viable (or dominant) solution. These include:

Integration of renewables: Nearly all modern converters (DC-DC and DC-AC) utilize
power electronics, rather than machine-based solutions, because of their lower losses,
higher speed, and minimal maintenance requirements. Existence of renewable portfolio
standards/goals (US), organic need for increased power generation and availability of
wind/solar resources (Australia and China), and environmental concerns (Europe) are
drivers for integration of renewables which in turn increase the need for power electronics
converters. As such, many countries now require fast transient simulations
(electromagnetic type), e.g., in PSCAD, before they allow interconnection of new
resources.

Power routing: Power flows are determined by impedances, generator schedules, tap
positions, and breaker statuses. While these can be coordinated to adjust and control power
flow in a certain line, such solutions are mechanical and slow. Rather, power electronics
devices knowns as FACTS can adjust the voltage or impedance of a line very fast: VSC-
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based solutions (e.g., STATCOM and SSSC) in a cycle and thyristor-based devices (e.g.,
SVC) in a few cycles. Both of these times are much shorter that what is available with
mechanical and conventional solutions. See the figure below for examples.
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Figure 58. Example FACTS devices for power routing and control (from EPRI).

The high-penetration applications of power electronics, especially in light of increased renewable
generation, can and will lead to system operational scenarios that challenge the existing paradigms
of the power system. Two examples of such paradigms are reviewed below:

5.1 Notion of Inertia with Converter-Rich Power Systems

As the penetration of renewables increases in the power system, it is imperative to revisit the notion
of inertia and its importance in for stability implications. A closely related concept is the relevance
of frequency in such systems. Another consideration is the existence of motor loads (with inertia)
in the system whose generation does not have mechanical inertia. In another project, we have
worked on developing controllers for a system without any synchronous generators. The following
figure shows some of the representative results demonstrating the viability of this concept. The
studied scenario is load change when all system generators (IEEE 9-bus system) are replaced by
VSC-based generation that need to share power among themselves.
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Figure 59. Unlimited grid-forming unit in the power system comprised of (a) all synchronous
generators and (b) all VSC-based generation. In both systems, the load at bus 6 increases by 15
MW at t =1 s and the load at bus 5 increases by 80 MW att = 3 s.

5.2 Solid-State Transformers for Power Transfer Limit Improvement

In the conventional power system, load tap changers are utilized to increase power transfer limits
by increasing the voltage. However, increasing the voltage also increases the impedance of the
transformer which can reduce the effective increase in the power transfer. Solid-state transformers,
however, can increase the voltage without a commensurate increase in the impedance and can
hence be more effective in their function. Table 7 shows the preliminary results for increasing
power transfer capability in a line in the IEEE 9-bus system. It is shown that with an SST, the
increase in power for the same increase in voltage is 18.8% as opposed to 16.1% for a conventional

transformer.

Table 7 Increased power transfer in the IEEE 9-bus system

Transformation tap

(transformer-based or electronic) (%) 488% | 954
Expected increase in power limit (%) 10
Achieved increase in power limit (transformer-based) (%) 8.39
Achieved increase in power limit (electronic) (%) 8.72
Lleakage 0.62
Ltransmission
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1. The Role of Basic Impulse Insulation Level in the Application of Power
Electronics at the Distribution Level

1.1 Basic impulse insulation level

Basic Impulse Insulation Level (BIL), also termed Lightning Impulse Withstand Level (LIWL) is
discussed in this chapter. The application area is in power electronic controls and devices in power
distribution systems (e.g., 15 kV class). The topical coverage of this volume includes the
following:

e A literature survey of this topic

e Identification of the BIL requirements and the connection with the applicable codes and
standards

e Methods to attain the BIL requirements
e A discussion of safety.

1.2 General discussion and literature survey

Several technical papers from the literature have addressed the subject of testing, application, and
practical considerations for electronic controllers in power distribution systems. A sampling of the
papers is shown in this section.

1.2.1 Testing of electronic components

The paper “Operational Tests for the MMC-Based VSC Valves” [1] discusses the operational
testing of VSC valves. Basically the valve support to ground tested with a standard impulse.
The test between the valve terminals also include impulse test for two level converters.
However the Modular Multi— Level converter (MMC) is not tested directly by an impulse.
One of the authors, Davidson Collin of ALSTOM, states (verbatim):

“The impulse test depends on the valve technology (2-level converter vs MMC)
and on whether you are talking about the voltage between valve terminals or
the voltage across the valve support. Tests across the valve support include a
lightning impulse test but this is conventional, determined in the normal way as
for any equipment, and doesn’t stress the active components (IGBTS).

For tests between valve terminals, a lightning impulse test is specified only for
valves for 2-level converters — not for MMC valves. Note also that 2-level
converter valves effectively experience a lightning impulse between their
terminals every time they turn off, so this is an important test.

For MMC valves, impulse tests between terminals are not specified because the
inbuilt capacitance is so large that it is impossible even to achieve a switching
impulse, let alone a lightning impulse, without requiring so much current that



all the freewheel diodes would be destroyed instantly (just calculate how much
current would be needed to charge a 10 mF capacitor to 3 kV in 250 us!).”

The use of distribution class STATCOMSs has been proposed and applied in some distribution
systems. The paper “STATCOM: a new era of reactive compensation” [2] discusses the
dielectric test. The paper states:

“The dielectric tests were performed on a complete valve assembly when
mounted in its cabin. The test comprised standard power frequency and lighting
impulse test to the earth appropriate to 36 kV class plus special power frequency
and switching impulse test between the valve terminals.”

“A voltage test between the terminals started with the power frequency tests
which was followed by “three impulse of non-standard switching surge. The
time to peak was 2.5 ms, and 100 ms time to half value. The peak amplitude
was 53.9 kV, which is 10% higher than the valve surge arrester protective level.
The nonstandard wave shape reflects the very slow natural response of the
converter to an externally applied overvoltage”.

Various international groups have addressed the subject of electronic devices in power
systems in general. For example, the CIGRE Working Group 33/14.05 [3] published a
document that explains that valves and converters usually not stressed by lightning
overvoltage because of shielding by the smoothing reactor and by the converter transformer.
Unfortunately, a ground fault produces a steep font impulse similar to a lightning stoke. This
suggests testing of the arrester with 1/ 2.5 microsecond or 4 /10 microsecond impulses.

It is interesting that this document propose the testing of the valve with the arresters. This
includes the determination of the residual voltage using:

a) Steep current impulse (1/20 microsecond)
b) Lightning current impulse (8/20 microsecond)
c) Switching current impulse ( 30/100 microsecond)

d) Slow front switching current impulse (front time 1 ms and half value 2-4 ms). An
important consideration is the degradation of the arrester by the time of operation.

CIGRE publications

Referring for the CIGRE publications, Jonathan Danielsson of ABB provided the following
explanation:

“I received your inquiry about BIL test voltages for HVDC Light converters. It
is not a trivial question to answer since standard test levels for DC equipment
does not exist in the same way as they do for AC equipment. For an HVDC
installation an insulation coordination will be performed and it is based on a
design philosophy achieved as the result of our extensive experience with



HVDC system and proven by our operational experience. The philosophy is
also described in the CIGRE document “Guidelines, for the application of metal
oxide arresters without gaps for HVDC converter stations”, and as well as in
IEC 60071-5. For VSC valves IEC 62501 describes the electrical testing. But
the standards only specify how the test levels should be calculated from the
protective levels. The protective levels will however be defined by the arrester
selected which is a result from the insulation coordination study”

IEEE Standard C57, 1303 and the IEC Standards 61954, 60071

The paper [4] discusses the stress subjected by HVDC converter transformers, presently only
the line commuted inverters (thyristor valves) are considered. This document describes
separately AC line winding and DC line winding tests. The AC winding test includes:

a) Lightning Impulse test , including chopped impulse
b) Switching impulse test
c) AC short duration test
d) AC long duration test.

These tests are similar to the test of every power transformer (IEEE C57). The valve winding
tests include:

a) Lightning Impulse test with standard 1.2/50 microsecond and chopped voltage test with
30% less amplitude. The untested terminals are grounded.

b) Switching Impulse test. This test is performed with the test voltage simultaneously
applied to both terminals.

c) DC separate source voltage test. The test voltage is simultaneously applied both
terminals. “The test voltage amplitude is 150% of the arithmetic sum of AC-voltage,
and the average DC offset forms the testvoltage.

d) DC polarity reversal test.

e) AC separate source voltage withstand test. The test voltage applied simultaneously on
both terminals.

This standard also shows that the DC and AC winding stresses are different. The stress levels
are determined by EMTDC simulations and actual system fault recordings were used to
develop this information. The studies should investigate the effect DC polarity reversal,
commutation failures and current harmonics.

Attention is called to the IEC 61954-1999 [5] standard on “Power electronics for electrical
transmission system testing of thyristor valves for static VAR compensator”. This standard
describes the recommended test procedure for a static VAR compensator but the standard
does not refer to any impulse test or verification of transient behavior. It is expected that the
dielectric tests are performed by the manufacturer.



IEEE 1303-1994 IEEE guide for Static var Compensator Field Tests [6] discusses each aspect
of field testing for manufacturer supplied and tested equipment. This guide does not discuss
insulation coordination or dielectric tests. However, Section 5.4.2 of the guide, “Dynamic
Testing,” refers to transients and specifies tests included with tests for a transmission line
switched into and out of service, and the energization of a capacitor bank and identification
of possible resonance. The guide recommends the use of high resolution (kHz range)
recorders.

The standard IEC 62501 2009 “Voltage sourced converter (VSC) valves for high-voltage
direct current (HVDC) power transmission - Electrical testing” according a paper by Xu
Tianning [1] describes all electrical tests needed for VSC valves. The tests include lightning
impulse tests. This standard was updated in 2014 and applies to self-commutated converter
valves for use in a three phase bridge voltage source converter (VSC). The VSC is intended
for high voltage dc power transmission or as a back-to-back link. An important part of this
publication is the lighting impulse test.

The IEC Standard 60071-5 2014 “Insulation Co-ordination Part 5 Procedures for High
Voltage Direct Current (HVDC)” [8] presents a method for insulation coordination without
specifying the test voltages. The standard is not applicable for industrial systems. The
standard deals with study tools and modeling techniques. Typical examples are creepage
distances and clearances. The standard is available from India which has now reproduced the
original IEC standards and made these available free of charge. This all-encompassing,
extensively illustrated guide explains how to apply IEC standards in testing high voltage
equipment. It also draws on the author’s experience to sketch in some detail for future trends.

1.3 Organization of this report

This part of the final report on PSerc project T-58 has four chapters. The first chapter contains a
literature summary, and the second chapter focuses on the BIL and how it is defined and specified.
The project is mainly distribution oriented, and this is the focus. Chapter three focuses on metal
oxide varistors, the main surge suppression device used in distribution circuits. Chapter four relates
to safety issues with regard to power electronic applications in distribution circuits.



2. BIL Formatting

2.1 A focus on IEC Standard 60071

The main international standard for impulse testing of solid state components directly
connected (ohmically, galvanically) to a high voltage power circuit appears in IEC 60071
[11]. The main parameters of the tests are shown in what is termed Tables 1 and 2 from these
standards. These are reproduced here as Tables 2.1 and 2.2 verbatim.

2.2 A possible inconsistency in BIL specification at the 15 kV class

In the progress of the presently reported research, it has been discovered that a number of
researchers quote variant values of BIL for equipment in the 15 kV distribution class. Of
course, at higher voltages BIL specifications are governed by appropriate standards suited for
transmission engineering. For example, Lambert in [16] cites a BIL of 650 kV for a 138 kV
superconducting fault current limiter (FCL). This citation of BIL seems to be inconsistent with
the IEC 60071 Standard. Instead, Lambert cites the IEEE C37.06 standard. It is worthwhile to
caution readers that most standards cite the voltage class as a phase to neutral value (not phase
— phase). Of course, rms values of voltage are used. Some citations, particularly embedded in
the literature, use phase-phase voltage specifications (e.g., 15 kV class’ — does this mean
phase-phase or phase-neutral, and is an asset for 15.5 kV included?). With these potential
pitfalls and inconsistencies in view, note that the following citations from the literature have
been identified:

e The recommendation of a 95 kV BIL should be used for a 13.8 kV distribution primary,
recommended for a solid state FCL in[17].

e A 12/50 pus ‘impulse’ with peak 60 kV (instantaneous) be used for 4.76 kV circuit
breakers as per IEEE C37.04, C37.06, and C37.09 in Bowen [18]. This reference also
cites 95 kV BIL for 15 kV circuit breakers, and 125 kV BIL for 27 kV breakers.

e Relating to FCL testing, Marchionini, Fall and Steurer [19] quote a BIL of 95 kV for
assets in the

e 17.5 kV class; and the same reference cites a BIL of 110 kV for 15 kV assets. The
reference uses specifications from the “Zenergy power testing program” but there is no
clear citation of an IEC or IEEE standard.

In private consultation with Adapa of EPRI [20], he states asfollows:

“I have reviewed the information on the Solid State Fault Current Limiter (SSFCL) project. In
fact, the line- to-line rms voltage for the SSFCL was 15.5 kV and the BIL level we used was
110 kV using IEEE Standard C37. If the SSFCL rating is 15 kV only, then the BIL is 95 kV
which matches with your number from IEC standard.” Adapa’s reference is to the EPRI
SSFCL project, and his reference to the IEC standard is to IEC 60071.

e It appears that most of the possible inconsistency in specification of BIL at the 15 kV



distribution class may be due to lack of care in specifying whether 15.5 kV is, in fact,
in the 15 kV class. No judgement is made on this matter. Private conversations with
researchers seems to indicate that there are other instances of inconsistencies exist
between the IEC and IEEE standards.

2.3 Main observations drawn from the literature search

The following conclusions are drawn from the literature search reported above:

1. The IEC international standard 60071 deals with the impulse testing of low voltage VSC
converters. Both voltage levels and the shape of impulses are specified in 60071.

2. However both voltage source (IGBT or GTO) and line commutated (thyristor) HVYDC
valves are subjected to 1.2/50 impulse tests. The test method is described in IEC 62501.
These valves are directly subjected to lightning.

3. The consensus presented first by CIGRE and confirmed by ABB is that the converter and
related network equipped with surge arresters must be simulated using advanced
computer methods (EMTD or PSCAD).

4. The simulation based insulation coordination study will determine the type and
amplitude of the impulses or switching surge that must be used for testing the electronic
equipment, converters. Important that the tests should be performed converters equipped
with protection surge arresters.



Table 2.1 Classes and shapes of overvoltages, standard voltage shapes, and standard withstand

voltage tests, taken directly from IEC 60071

Class Low frequency Transient
Continuous Temporary Slow-front Fast-front Very-fast-front
T$
Voltage or .i{_:r ‘p}‘l'l'i l-a'u
over- VAN A ! 1T '
voltage VUV Uﬂ i | J i W | hlhrh YRRV, v
shapes Tt o T & T 10y 1ifa
T: =100 ns
Range of B 1DHz <f= 03MHz <fy <
VO'[ﬂge or f=50 Hz or 500 Hz 20 us = Tp = 0.1 ns = T] = 100 MHZ1
over- 60 Hz 5000 ps 20 ps
voltage T.s3600s |0.02s=T; < - » 30 kHz <fy =
shapes ! 3600s e L 300 kHz
:7 r\x\HKHE
|
1f /
'ﬁl {"| f‘\ |J| lltl |n| I|I =
|
AYAT
standard | [V VUV = - .
voltage Ty Pl -t
shapes | LF]
f=50 Hz 4BHz<f< 49 4
or 60 Hz 62 Hz sl S
7,3 T,=60s T, = 2 500 ps T, =50 ps
Standard Short-duration e : Sl
withstand a power Swnchl?gsimpulse nghtnlgegsltmpulse 5
voltage test frequency test
2 To be specified by the relevant apparatus commitiees.

The representative voltages and overvoltages may be characterized either by:

— an assumed maximum, or

— a set of peak values, or

— a complete statistical distribution of peak values.

NOTE

In the last case additional characteristics of the overvoliage shapes may have to be considered.




Table 2.2 Standard insulation levels for range I (1 kV <Vm <245 kV), taken directly from IEC

60071
Highest voltage Standard rated short- Standard rated
for equipment duration lightning impulse
[Ug) power-frequency withstand voltage
KV withstand voltage
{r.m.s. value) kv f‘"l |
(r-m.s. value) (peak value)
20
36 10
40
40
7.2 20
g0
g0
12 28 75
a5
75
1752 38
a5
a5
24 50 125
145
145
3a 70
170
52® BE 250
72.5 140 325
(150} (380}
100*
185 450
(185) (450}
123
230 550
(185) (4507
145 230 550
275 G50
(230) (550)
70" 275 650
325 750
(275) (G50)
[325) (T50)
245 360 850
385 250
460 1050
NOTE If values in brackets are considered insufficient to prove that the required
phase-to-phase withstand voltages are met, additional phase-to-phase withstand
voltage tests are needed.
#  These U are non preferred values in IEC 60028 and thus no most frequently
combinations standardized in apparatus standards are given.
B This U_, value is not mentiened in IEC 60038 but it has been introduced in range |
in some apparatus standards.




2.4 Methods for providing for BIL requirements in power distribution circuits with
electronic devices

The main methods for providing for the BIL requirements in power electronic circuits in
distribution systems are the following:

e Use of surge arresters
e Isolation of the circuits from sources of impulses

e Isolation of circuits from vulnerable components and from personnel. These are
discussed in this section.

Placement of surge arresters in power electronic circuits connected directly to a high voltage
circuit

Search of the literature has produced some results on the possibility of the use of a surge
arrester for power electronic devices that are connected directly to a high voltage line.
Conclusions and results of this investigation come mainly from the CIGRE T34 document
and the salient conclusion is that surge arresters or MOV devices can be incorporated in
devices such as a solid state transformer and a solid state fault interruption device.

Isolation methods

Isolation of circuits is a valid method for compliance with BIL and similar requirements. With
regard to solid state switched components connected directly to the power distribution
primaries, there are two salient issues: isolation afforded by an intermediate high frequency
transformer and, secondly, isolation at semiconductor switching junctions. The latter are
assumed to be not suitable for high voltage impulses, and therefore MOV and other measures
must be taken to insure that the semiconductor junctions do not ‘see’ any high voltage
impulses. Experience in the NSF supported center denominated as the Future Renewable
Electric Energy Distribution Management (FREEDM) center indicates that it is very difficult
to protect the semiconductor switches and therefore there is a serious safety issue. This remark
comes from very preliminary testing of solid state transformers. Those preliminary tests
showed that all first draft designs failed high voltage impulse tests. This does not imply that
the problem is not solvable: at present testing is underway in the cited center to use MOVs to
shunt impulse energy effectively to protect the semiconductor switches. The testing
procedure and status of that work appears in [13]. In brief, laboratory facilities are presently
being used to generate a 1.2 / 50 ps 60 kV ‘impulse’ suitable for BIL compliance testing of
solid state transformers and similar semiconductor switched components. It is believed
that commercially available MOVs will allow compliance with the IEC standards — as
predicted by PSCAD simulation testing. However, no conclusions are made on the safety of
the MOV application.

Compliance of high frequency transformers via electrostatic isolation. At this point, it is
believed that the combination of MOV protection and electrostatic screens between windings
in high frequency transformers (e.g., as may appear in solid state transformers) may allow
compliance with the IEC standards. No conclusion is made on the safety of these applications.



3. Metal Oxide Varistors and Similar Surge Suppressors

3.1 Surge suppression devices

In this section, a discussion is presented on the use of metal oxide varistors (MOVs) and other
surge suppressors. The application area is in power distribution engineering. An MOV may be
viewed as an anti-series connected pair of diodes which are designed to conduct and dissipate
energy when the applied voltage exceeds a maximum peak voltage. The device ratings are
generally:

e Maximum working voltage. This is the maximum steady-state, DC voltage. In this case,
the value of the typical leakage current will be lesser than a specified value.

e Maximum clamping voltage which is obtained when a certain pulse current is applied
to the component to obtain a maximum peak voltage.

e Surge current (maximum).
e Surge shift. This refers to the variation in voltage after a surge current is given.

e Energy absorption or energy discharge capability refers to the maximum energy that is
dissipated for a certain waveform.

e Capacitance.

e Leakage current.

e Temporary overvoltage capability.

e Maximum continuous operating voltage (MCOV).
e Response time.

e Class.

e Operating duty cycle.

e Maximum AC RMS. This voltage refers to the maximum level of applied voltage as
measured in RMS values that can be delivered to the MOV.

e Technology (SiC, gapless Zn02, and ‘with gap’ ZnQO2).
3.2 Ratings of MOVs and lightning arresters
Table 3.1 shows a summary of some commercially available MOVs and similar metal oxide
lightning arresters. Table 3.2 shows a simple guide for the selection of arrester ratings in

compliance with IEEE standards, and Table 3.3 is a similar table for IEC standards.  Reference
[10] gives a guide for lightning arrester specifications in the distribution primary voltages.
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Table 3.1 Lightning arrester ratings for various types of technologies

Type Voltage ratings forEnergy dissipationComments and characteristics
commercially available(maximum)
units
Zn02 440 — 1000 V About 2.5 kJ Designed  and tested for secondary
distribution distribution
secondary
MOVs
Polymer 3 to 144 kV readilyBetween1.4to |Most units are available with the following
station available (RMS line{3.4 kJ / kV (thegmaximum current ratings on breakdown for an
arresters neutral voltage |voltage is the8/20 us impulse: 10 KA for 8.4 kV crest and 3
rating nominal, not theMCOQOV) kV class unit;
BIL) 16.7 kA for 6 kV crest; 27.8 kA for 10 kV|
rating.
Porcelain 3 to 144 kV readilyd.9 kJ / kV (theMost units are available with the following
station available (RMS lineqvoltage is themaximum current ratings on breakdown for an
arresters neutral voltage [MCOQOV) 8 /20 us impulse: 10 kKA for 8.4 kV crest and 3

rating nominal, not the
BIL)

kV class unit;
16.7 kA for 6 kV crest; 27.8 kA for 10 kV|
rating.
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Table 3.2 Arrester selection for ANSI lightning arresters Table agrees with IEEE standards

Typical ANSI System Suggested ANSI Arrester MCOV
Voltages Ratin g
Nom : : Sl Uni- impedance T :m::m“
A Max !Jn& Max Line Multi- grounded grounded, Rieisiatis
Viis to Line to Grnd grounded Systems Ungrounded Lightning
Voltage Voltage Voltage S\rs:z'nl? [4 (3 wire) and Delta Protection
Systems only
kV rms kV rms kv rms MCOoV MCOV [*] MCOV [*]
2.40 2.52 1.46 2.35
4.16 4.37 2.52 2.35 5.1 31
4,80 5.04 2.91 3.1
6.90 7.25 4.19 7.65
8.32 8.74 5.05 5.1 7.65
12.0 12.6 7.28 7.65 10.2
12,5 13.1 7.57 7.65 12.7 [7.65]
13.2 13.9 8.01 8.4 12.7[8.4]
13.8 14.5 8.38 8.4 12.7[8.4] 15.3[8.4] 15.3
20.8 21.8 12.6 12.7 15.3[12.7] 71
22.9 24.0 13.9 15.3 19,5 [15.3] 22-24
23.0 24.2 14.0 15.3-17 24.4[15.3] 22-24
24.9 26.2 15.1 15.3 22 [15.3] 24-29
27.6 29.0 16.8 17 24.4(17] 24-29
34.5 36.2 209 22 29[22] 36-39 [22] 29-36
46.0 48.3 27.5 23 39 29-39
65.0 72.5 41.9 42-48 53-67 48-67
115.0 121 69.8 70-76 84-98 76-98
138.0 145 83.8 84-98 106-115 98-115
161.0 169 98 98-115 115-131 115-131
230.0 242 140 140-152 182-190 152-190
345.0 362 209 209-245 230-289 245-285
500.0 525 303 318-452 »452
765.0 800 462 462-450 =450

[ *] Cooper Power Systems Evolution Arrester Rating
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Table 3.3 Arrester selection for IEC lightning arresters Table agrees with IEC standards

Typical IEC System
P Vol tage: Suggested Uc for IEC Systems
Nominal Typical Solidly Impedance | Transmission
Line to M:f Hs | e Line Earthed Earthed, Line Arresters
Li toli to Grnd Meutral at | Isolatedand | for Lightning
s il Voltage the Source Delta Protection
Voltage Voltage
Transformer Systems Onby
kV rms KV rms kV rms Uc Uc
3.3 3.7 2.1 2.4 4.0
6.6 7.3 4.2 4.8 7.2
10.0 11.5 6.6 7.2 12
11.0 12.0 6.9 5.6 12 12
16.4 18.0 10.4 12 18 18
22.0 24.0 13.9 16.8-24 24 24
33.0 36.3 21.0 24-36 36 36
47.0 52 30.1 3343 53 43-53
66.0 72 41.6 43-58 72 38-72
91.0 100 57.8 66-77 102 77-102
110 123 71.1 77-86 125 86-125
132 145 838 96-115 145 115-145
155 170 983 110-125 170 125-170
720 245 142 154-188 245 188-245
275 300 173 182-192 300 152-300
330 352 209 221-230 360 230-360
400 420 243 263-288 420 288-420
s00 550 318 420-440 550 440-550

13




3.3 Principal conclusions relating to MOVs and lightning arresters

Relating to the use and specification of MOVs and arresters, Fig. 3.1 is a guide. This configuration
is the usual configuration for arrester specification, namely that the equipment insulation needs to
be above the arrester characteristics. Typically, the BIL is located at about the one microsecond
time interval and in the case of the FREEDM SST, at the 60 kV voltage level. In essence, the 1.0
ps / 60 kV point is at the lowest possible point in Fig. 3.1. Fig. 3.2 shows the characteristics for a
gapless MOV [12]. In Fig. 3.2, the steep front impulse characteristics are shown: this may be the
main reason for not using lightning arresters to satisfy BIL requirements in the testing phase. That
is, the test impulse voltages are too fast and too high a level to be accommodated by a lightning
arrester. However, there is no apparent prohibition of the use of MOVs or lightning arresters to
protect components (e.g., in parallel with semiconductor switches).

Equipment Insulation

4

VOLTAGE =

Protective
Margin

N

Arrester Characteristics

TIME =

Fig. 3.1 Lightning arrester and equipment insulation withstand in the time — voltage plane
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4. Safety Issues

4.1 Safety in distribution class applications

Safety may be the primary engineering factor in the application of MOV and other surge
arresters in applications of power electronic device controlled devices that are directly
connected to distribution primaries. Shock hazard and fire hazard are the main issues. In
examining several representative applications in solid state transformers and machine drives
operated directly from the distribution primaries, the following issues relating to safety are
noted:

4.2 Reduction of peak voltage

The main function of MOV and other arresters is the reduction of peak voltage. The IEC
standards require a 60 kV peak voltage limit for a 15 kV class distribution system. For this
function, MOVs are effective. However, many MOVs do not have indicators that inform
personnel that the device has operated (or that the device has failed). If the MOVs are placed
‘downstream’ from a fuse, the fuse may open when the MOV operates. It is assumed that the
IEC standards are conservative, and if this is indeed the case, it may be deduced that peak
voltages may not be a problem in semiconductor switched power devices in distribution
systems. Further, the conservatism in the IEC peak voltage BIL levels are no different in the
case of semiconductor controllers than in other passive devices. Nonetheless, it may be that it
will be necessary to place a large number of these power electronic devices in service before
making firm conclusions on the effectiveness of voltage clamping accessories.

4.3 Failure of the MOVs

As described in this chapter, the main safety enhancements come from the use of surge
arrestors. Most of these arresters have relatively high energy dissipation ratings (e.g., above
10 kJ). Simulations of 15 kV class applications indicate that MOV protective devices generally
will be required to dissipate in the order of 3 kJ in a single lightning stroke instance. In many
cases, if the arrester fails, the upstream fuse will open thus removing the device from service.
Also, note that the MOVs as described in this chapter generally protect the semiconductor
switches, and the failure of these switches usually do not present a safety hazard.

4.4 Speed of operation

The literature indicates that MOVs can operate in the microsecond range, and in some cases,
the switching speed is so fast as to make measurement problematic. References [14] and [15]
describe modern attempts to measure MOV switching speed. The results appear to be highly
device dependent.

16
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1. Introduction

The increasing penetration rate of dynamic sources such as renewable energy resources together
with the emergence of new dynamic loads such as electric vehicles, necessitate more flexible,
efficient, and economical operation of the power grid. To maximize utilization of the power system
infrastructure in an efficient and economical way, significant efforts have been made to actively
control real and reactive power flows, compensate voltage sag/swell, and filter current harmonics
based on power electronics. To this end, among the proposed power electronics-based solutions,
solid-state transformer (SST) has become one of the emerging technologies [1], [2], [3]. However,
the application/deployment of SST has been limited due to high cost and reliability issues. To
combine the flexibility provided by the power electronics and reliability of the conventional
magnetic transformer, an alternative method, i.e., partially-rated solid-state transformer (PSST),
has emerged [4], in which a power electronics converter is integrated into the conventional
magnetic transformer. Even if the power electronics part of the PSST fails, the conventional
magnetic transformer is still able to transfer power, thereby preserving the reliability aspect.
Furthermore, since the majority portion of power in a PSST is still transferred by the main
magnetic part, the power electronics part does not need to be fully rated. The power electronics
part of a PSST can be realized by a DC-AC or an AC-AC converter [5], [6]. Since the AC-AC
converter, including the back-to-back connected AC-DC-AC converter, has two AC ports, it is
capable of simultaneously adjusting the voltage and current of the grid. Therefore, an AC-AC
converter-based PSST can provide most functionalities including power flow control, voltage
sag/swell compensation, and current harmonics filtering.

In [5], various possible configurations of the PSST are discussed. An optimized design of a PSST
is presented in [6], with an emphasis on differential mode filter design. The direct matrix converter
and buck-boost matrix-reactance choppers are integrated for the PSST in [7] and [8]. A modular
transformer converter-based power flow controller is proposed in [9]. In [10], the power
electronics module is auto- connected to the secondary-side of the line frequency transformer to
compensate the voltage sags and swells. Design considerations, evaluation criteria, and some
candidate topologies are provided in [11].

Concomitantly, the modular multilevel converter (MMC) has become the most promising
converter topology for medium- and high-power applications because of its high efficiency,
scalability/modularity, redundancy, and excellent harmonic performance [12], [13], [14], [15],
[16]. The direct AC-AC MMC topology, which has been derived based on the conventional MMC,
inherits the salient features of the MMC to for AC-AC conversion. Nevertheless, one of the main
challenges associated with the operation of the AC-AC MMC is the unbalanced DC power
distribution among the submodule (SM) clusters when the input-side frequency is the same as the
output-side frequency [17], [18]. This, particularly, hinders application of the AC-AC MMC in the
context of the PSST where the input and output frequencies are the same. This paper aims at
addressing this issue and enabling the application of the AC-AC MMC in the context of the PSSTs
such that its salient features can be fully exploited.

In this report, MMC-based PSSTs along with their supporting control strategies are proposed and
investigated for power flow control and active power filtering. The proposed PSSTs borrow the
features of the MMC and combine them with new control strategies to enable the MMC-based



PSSTs. Simulation studies in the PSCAD/EMTDC software environment are carried out to
validate the performance and effectiveness of the proposed MMC-based PSSTs and their
supporting control methods.



2. Functions of the AC-AC MMC-based PSST

Figure 2.1 illustrates a simplified schematic of a power system along with its typical voltage ratings
[19]. Since the MMC is targeted for use in medium-voltage (MV) and/or high-voltage (HV)
applications, in this report, two potential application scenarios of the proposed AC-AC MMC-
based PSST along with the corresponding functions are focused on.

e Scenario A: As illustrated in the red dashed blocks in Figure 2.1, the AC-AC MMC can be
integrated into either the primary- or the secondary-side of the transformer to actively
control the active and reactive power flows.

e Scenario B: As illustrated in the blue dotted blocks in Figure 2.1, the AC-AC MMC can be
integrated into the MV side of a three-phase distribution transformer to compensate voltage
sag/swell as well as unbalanced and/or distorted load current.

Power Step-up Step-down
generation transmission  fransmission  Distribution  Distribution
plant substation substation substation transformer
20kV 345 kv 69 kV | 13.8kV: 220/440 V
& @ (O e () e () et
customer
...... ‘Distribution | ‘Distribution ( Q ) 1201240V
: substatlou ' substation Commercial/
' Scenario A T residential
- 4 kV 440V . customer
_ : Industrial : Industrial 1 201240V
:Scenario B * customer  customer Fey

distribution substation
Figure 2.1 Examples of the PSST used in the power system.



3. The Proposed AC-AC MMC

3.1 Circuit Topology
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Figure 3.1 Circuit diagram of the proposed AC-AC MMC.

The circuit diagram of the proposed AC-AC MMC, i.e., the power electronics part of the PSST, is
illustrated in Figure 3.1. The MMC consists of three subconverters, i.e., the parallel-voltage (pv-)
subconverter, the series (s-) subconverter, and the parallel-current (pc-) subconverter, which are
illustrated in the red dashed, blue dotted, and green dashed dotted blocks of Figure 3.1,
respectively. Each subconverter consists of three SM clusters. The pc- and s-subconverters have
series-connected inductors, while the pv-subconverter has no series-connected inductor. The
terminal at the side of the pc-subconverter is termed current terminal (ct), which is connected in
parallel with the conventional magnetic transformer to adjust the grid current. The virtual neutral
point of the current terminal is illustrated by point “n” in Figure 3.1. The other terminal at the side
of the pv-subconverter is termed voltage terminal (vt). The voltage terminal is connected in series
with the main magnetic part of the PSST through an injection transformer. The injection
transformer is illustrated in the purple dashed double-dotted block of Figure 3.1. Since the line-to-

line primary-side voltage of the injection transformer is determined by V;{v, the secondary-side
voltage of the injection transformer can be controlled to adjust the output voltage of the PSST.

3.2 Internal dynamics and current control of the proposed AC-AC MMC

Based on the averaged model, dynamics of iéc and ig in the AC-AC MMC can be summarized by

, . a\
vc]tn - (vrj)c - Uﬁc) = (rpc + lpc E) lIJ)c’ (la)

vc’tn +vl - (UI{V —v%) = (rs + I %) il (1b)



where v’ J'" is the voltage between phase j and the virtual neutral point “n” of the ct-terminal, v
the voltage across phase j cluster of x-subconverter (x = pc, s, pv), and v5. is the zero- sequence

component of v

Based on (1a) and (1b), l cand i l can be controlled by

jref ref _ jref
vlrel — vgcre = —Kp1(ipe ) + vct , (23.)
jref _ . jref i jn ;ref jn
Vs = pZ(ls - lS) + (vpv - vpzvre — Vet » (2b)

where K, and K, are the gains of the proportional controllers, and the superscript “ref” denotes
the references of the variables. In (2b), v/ 5y 1S determined by the specific application scenarios. If

] ref and l] ;ref

only contains fundamental-frequency components (positive- and negative-sequence
components), the proportional-integral (P1) controller can be applied to control ilf3C and il [20]. In

addition, since i{,'t is determined by the load of the PSST, i;];v is regulated through controlling lé

3.3 Inter-subconverter energy adjustment strategy

To regulate the average SM capacitor voltages of the subconverters at their references, the power
flows among the subconverters need to be controlled. The positive-sequence component of l] pos
can be decomposed into the in-phase and quadrature components with respect to the phase angle
of vP°°. The in-phase component, i.e., igd°®, is regulated to adjust ¢, based on:

q,pos,ref __ K f _
g0l = (K +72) (VESL — B pe). 3)

where K, is the proportional coefficient of the PI controller, K;sis the integral coefficient of the
Pl controller, the superscript “pos” indicates the positive-sequence component, and V, Cr%fc is the

.d,
reference of v .. The quadrature component, i.e., pcp"s is regulated to control i based on:
.d,pos;ref _ .d,ref .d,ref
Ipc =iy —lis 4)

where i% can be used to control reactive power at the current terminal.

Similar to lpc, the three-phase balanced set of ij can be decomposed into the in-phase and
quadrature components with respect to the phase angle of v, pos . The in-phase component, i.e.,
id’P%%, is regulated to adjust 7¢ ,y, based on:
£ K; _
tIpos re (K n 4) Cr%fv VC,pv)’ (5)



where K, is the proportional coefficient of the PI controller, K;,is the integral coefficient of the
P1 controller, and Vcr%fv is the reference of v¢ .

The quadrature component, i.e., iZP°°, is regulated to adjust 7 ; based on:

.d, ,ref K; _

igPO% = sgn (cos ( v — Prs — g)) (Kp5 + TS) (VEef — 5. ), (6)
where sgn(+) is the sign function, Kps is the proportional coefficient of the PI controller, K;sis the
integral coefficient of the P1 controller, %o is the initial phase angle of vJP°°, ¢L2° is the initial

os

phase angle of v/P°°, and V£< is the reference of 7 .

The validity condition of (6) is that the phase difference between @y, 15, and @y ¢° should be between
45° and 135°. To obtain the safety margin, the phase difference between 7 " and ¢pc° should
be between y i, and T — ymin, Where y,i, must be between 45° and 90°. In addition, to decrease
the reactive power in both the s- and pv-subconverters, |p55; pv — @53°| should be as close as

possible to 90°.

3.4 Inner-subconverter energy balancing strategy

To main the SM capacitor voltages balanced within each subconverter, the dynamics of each
subconverter are transferred to the o/-frame by using the af-transformation:

1

1 -1 _1
X [ 2 2]fxa
_ |2 V3 V3
XB‘— R |V ™
XZ i 1 - fX
V2. V2 V2

where the subscript “x” indicates pv, s, and pc and ij denotes v){ , l)]( and ﬁg‘x. For the pv- and pc-

subconverters, the zero-sequence component of v){ , .., vzj is used to maintain the energy of the
three-phase clusters balanced within each subconverter, i.e.,

parel = _ p6(vi cos(HpOS) + vCX sm(@pos)), (8)
where K, is the gain of the proportional controller and 67 is the phase angle of iy,

pos
ix -

i.e., wt +

For the s-subconverter, the negative-sequence component of ig is regulated to maintain energy of
the three clusters balanced based on:

i?’neg’ref = Kp7vc s cos(@pos) + K 7170 s sm(@pos),

ﬁ negref _ p7VC s sm(HpOS) + K, 7”0 s cos(HpOS). €)]



where K, is the gain of the proportional controllers, the superscript “neg” indicates the negative-
sequence component, and 622° is the phase angle of v/P°%, i.e., wt + ¢p£2°. To prevent the injected
negative-sequence current components from flowing into the grid, ig;“eg‘mf and igé“eg‘ref should
be added to i/;°".



4. Application of the Proposed AC-AC MMC-based PSST in Scenario A
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Figure 4.1 Circuit dlagram of the proposed MMC- based PSST in Scenario A.

Figure 4.1 illustrates the proposed MMC-based PSST in Scenario A, where the PSST should be
able to adjust real and reactive power flows. The AC-AC MMC in Figure 4.1 is developed based
on the AC-AC MMC in Figure 3.1, where another pair of s- and pv-subconverters is added. As
illustrated in Figure 4.1, the two pairs of the s- and pv-subconverters are connected in parallel at
the common current terminal and in series through two injection transformers. The two series-
connected injection transformers are connected in series with the secondary side of the main
magnetic transformer to constitute the output side of the PSST. The output side of the PSST is
connected to the receiving end of the system through series connected inductor and resistor. The
current terminal of the AC-AC MMC and the primary side of the conventional magnetic
transformer are connected in parallel to form the input side of the PSST. The input side of the
PSST is directly connected to the supplying end of the system.

4.1 Power flow control

To adjust the receiving-end real and reactive powers, v is controlled to regulate the receiving-

end currents. Based on Figure 4.1, the references of the secondary-side voltage of the injection
transformers are generated by



q,sn,ref

gsnref _ Kig\ (:qref _ .q -d q,sn
itV = (KpS + T) lrec — lrec) — wlirec — vy,

inj,II
d,sn,ref d,snref _ Kig\ r.dref .4 .q d,sn
Vinit, T Vinji = (Kp8 + Tl) (ifec — i) + wLiL, — v, (10)
where the superscript “sn” indicates secondary-side of the transformers, vg",s?'ref and vlffﬁ'ref are

the references of the &-axis components of the three-phase secondary-side voltages of injection

transformer 1 and 11 (¢ = q,d), vf;'s“ is the &-axis component of the three-phase secondary-side

voltages of the main magnetic transformer, K¢ is the proportional coefficient of the PI controllers,

Kig is the integral coefficient of the PI controllers, and vfec Is the &-axis current component of the
receiving end. For the supplying end, i& of the AC-AC MMC is controlled to adjust the reactive
power based on

f
.dref _ Qsip g
it ==z —im, (11)
sup

where ifft'ref is the reference of the d-axis current of the current terminal of the MMC, the subscript

“sup” indicates the supplying side, erﬁfg is the reference of the reactive power of the supplying
end, Vs‘flp is the g-axis voltage component of the supplying end, and & is the d-axis component of
the three-phase primary-side current of the main magnetic transformer.

4.2 Energy adjustment strategy for the s-subconverter

As presented in Section 3.3, the validity condition for (6) is that the phase angle difference between

pos

@y v and @y c® should be between vy, and T — ypi,. However, if the AC-AC MMC has only one

pos pos

pair of s- and pv-subconverters, as illustrated in Figure 3.1, both ¢, ,, and ¢, s~ are determined by
the references of the receiving-end real and reactive powers. Therefore, the validity condition may
not be satisfied under certain conditions, e.g., the condition in Figure 4.2(a). To solve the problem,
as illustrated in Figure 4.1, two pairs of s- and pv-subconverters are integrated. For the condition
in Figure 4.2(a), the phasor diagram can be modified into (b). Therefore, the validity condition can
be guaranteed in each pair of s- and pv-subconverters.

-
— Vm=Ir_tIF
Vv V Vout
(a)

A = } ‘:!1
e A

1+ Fpul Vm T -
; - — ____:;F:h'l”;,..
1'._ I{;‘.H ___f"_? } I.rﬂ‘h‘l’
Ty ey

Figure 4.2 Phasor diagram of V, and va: (a) an example of invalid energy adjustment strategy
for the s-subconverter, (b) solution to the problem shown in Figure 4.2(a).



4.3 Compensation range of the output voltage

To simplify expressions, in Section 4.3, the ratio and configuration of the main magnetic
transformer is assumed to be the same as those of the injection transformers. Based on Figure 4.1
and the s-subconverter energy adjustment strategy in Section 4.2, the output-side voltage
compensation range of the PSST is illustrated by the shaded and striped areas in Figure 4.3. In
Figure 4.3, the critical angles are

8y = arcsin(y; sin(¥Ymin)),
8§, = m — arcsin(y; sin(Ymin)), (12)

where

Y= COS(Vmin) n+ \/1 — sin? (Ymin) 7’2'
Y2 = COS(Vmin) n+ \/1 — sin? (Vmin) 7721 (13)

JP%%| to |v"P™|. Based on Figure 4.3, the compensation
range contains two sectors, i.e., shaded area X in Figure 4.3, and two rhombuses, i.e., striped area
Y in Figure 4.3. The radius of the sectors is twice the maximum |vJ:"°°| while the side length of

pv
the rhombuses is the maximum |v;”*°|. If the phasor reference of the sum of the two pv-
subconverters, i.e., I7pr§f is in the shaded area X, each pair of s- and pv-subconverters can
individually achieve a valid energy adjustment strategy. Therefore, VX can be distributed into the

L] pV
two pv-subconverters evenly, i.e.,

and 7 is the ratio of the maximum |vj'p°S

7ref _ tref _ 1irref
pv,] — va,II - EVpV : (14)

If l7pr§f is in the striped area Y, based on the parallelogram law, l7pr§f needs to be formed by Vg&ﬁ

and V¢!, The minimum distance from the neutral to the boundary of the shaded area, i.e., |y, min|
in Figure 4.3, is
|va,min| = Sin(262 — ) anml- (15)

The overall control strategy for the PSST in Scenario A is summarized in (c)

Figure 4.4.
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Figure 4.3 Output-side voltage (;,'o_rhbénsation range of the PSST in Figure 4.1.

[Equatiml (S)J [Equation (4)]

ja-pos.yef jdpos.ef l‘imf
y e Y PC jipossefy —jiref
[Inverse gd-transformation = E5Equation (2a)
- Vz,ref
Capacitor voltage balance| Ve

method (equation (8))

[ Tnner-cluster balance and modulation ]

v
Gating signal to pc-subconverters

(a)
[Equation (5)] [Equation (6)] Equation (9)
jdposef japos;ef jonegref jAnegtef
A ¥y s ys '
[Inverse qd—transformat:ion] [[nverse aﬁ-transfonnation]
i pos ref + | f_j',negmf
Inner-cluster balance
it and modulation
§ Y
Gating signal to s-subconverters
(b)
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Power flow control method
(e.g., equation (10))

vt e | E=ad)

Vector resolution Capacitor voltage balance
method in Section III. C method (equation (8))
‘,nf,ref v.f,ref vz,ref 1,2,1'&{‘

pvl »  pull pvl . Tpvll

Inverse gd-transformation
saef gy jref
i‘l pvl - k pvll

[ Inner-cluster balance and modulation ]

Gating signal to t)v-subconverters
()
Figure 4.4 Control block diagrams of the proposed MMC-based PSST in Scenario A

(Figure 4.1): (a) control of the pc-subconverter, (b) control of the s-subconverters, and
(c) control of the pv-subconverters.
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5. Application of the Proposed AC-AC MMC-based PSST in Scenario B

5.1 Control of the proposed PSST in Scenario B
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Flgure 5.1 Circuit diagram of the proposed MMC-based PSST in Scenario B.
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In the application of distribution transformer (Scenario B), the primary function of the MMC-
based PSST is to compensate the supply-side voltage sag/swell and to absorb unbalanced
components and/or harmonics of the load currents. Figure 5.1 illustrates the configuration of the
proposed MMC-based PSST in this scenario. Based on Figure 5.1, the zero-sequence component
of the supply voltage cannot pass the conventional A/Yg main magnetic transformer. Meanwhile,
the zero-sequence component of the load current cannot flow through the main magnetic
transformer. Based on Figure 5.1, to compensate the undesired non-zero-sequence components,

w2 and L’ Tef are generated by

jnref _ __jnref j 16
Uyt =Um ~ Usup» ( a)
] ref __ .jref .jpm ] ref .jref

pC — %Yin ~ 'm + pc vC? (le)

where the superscript “pm” indicates the primary-side of the transformers, lécrifc is generated by
(3) to adjust the energy of the pc-subconverter.
The current control strategies for the ig and i]{;c and the inner-subconverter energy balancing
strategy in Scenario B are exactly the same as those in Scenario A. In addition, the inter-
subconverter energy adjustment strategy for the pc- and pv-subconverters in Scenario B is identical
with those in Scenario B while the inter-subconverter energy adjustment strategy for the s-
subconverter in Scenario B is different from that in Scenario A. In Scenario A, the phase angle of
w1 T V5, 11 dependents on the real and reactive power references. However, in Scenario B, since

the load is not sensitive to the phase angle of the output voltage of the distribution transformer, the
phase angle of v] 7 °* can be fixed. The fixed ¢, can guarantee that the difference between ¢; °

and ¢l is between 45° and 135°.
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jn,ref

If the magnitude of v pos is 20% of the magnitude of v/[""®, the phase angle of v * can be set
as —95.74° to malntaln the magnitude of the output voltage unchanged. The phasor diagram is

pos

illustrated in Figure 5.2. Under such conditions, the difference between ¢, and ¢yq- is fixed at

84.26°. Subsequent to obtaining proper ¢y . and ¢pc°, the following control strategy for the s-
subconverter in Scenario B is the same as that in Scenario A, which is illustrated in Fig. 6(b). The
control strategies for the pv- and pc-subconverter in Scenario B are summarized in

Figure 5.3.

}PN f = Pos

Figure 5.2 Phasor diagram of V,P°* and 7}>* based on Figure 5.1.

> Pos
Vow

i ref
L 1=t Tnner-

Equation| = | Equation pe
o )
rCaparcitor voltage | yzef
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cluster| Gating signal
balance and —to pc-sub-
modulation | converters

(equation (8))
(@)
Capacitor voltage Inner-cluster | Gating signal
balance method balance and {>to pv-sub-
(equation (8)) modulation | converters
[Equation (16(a))
(b)

Figure 5.3 Control block diagrams of the proposed MMC-based PSST in Scenario B (Figure
5.1): (a) control of the pc-subconverter, (b) control of the pv-subconverter.

5.2 Developed topology to absorb the zero-sequence component of the load currents

Although the zero-sequence component of the load current in Figure 5.1 is trapped by the primary-
side A winding, it is still undesired from the main transformer perspective. Figure 5.4 presents a
modified version of Figure 5.1, where a parallel-zero (pz-) subconverter is added. The pz-
subconverter is able to absorb the zero-sequence fundamental-frequency component and low-
frequency harmonics at the secondary side of the main transformer. The neutral point of the pz-

subconverter is grounded and i;];z is generated by

14



]ref . :J
iyz" = —(ifa funa + g nar) (17)

where iy r,nq iS the zero-sequence component of the fundamental frequency component of the
load current and i, ., . is the harmonics of the load current of phase j.

The positive-sequence component of i;];z is regulated to adjust the average capacitor voltage of the
pz-subconverter based on

iaref = (K +K‘9) (VESL, — e pe), (18)

where K4 is the proportional coefficient of the Pl controller, Kiq is the integral coefficient of the
P1 controller, and V, C”I’,fz is the reference of v ;.

If needed, ig'zref can be used to adjust the reactive power of the load side together with ld el The

negative-sequence component of sz is regulated to maintain energy among different clusters
balanced based on:

.a,negref _ B .
lgzneg ref — Kplov‘c"pz cos(H,, in) + ploﬁvgs sm(@v'in),
lpzneg re = Kp10V¢, pz sm(@,, m) + K p10VC pz cos(ev,in), (19)

where K1, is the proportional coefficient of the PI controllers, Kjy, is the integral coefficient of
the PI controllers, and 877° is the phase angle of vi]n'

v,in

The negative-sequence component is provided by the pc-subconverter, which prevents the injected
negative-sequence component from flowing into the grid. For the low-voltage applications, only
one SM is needed in each cluster of the pz-subconverter.

pv-subconverter
s-subconverter
inductive filter

'l o I = HSMJJ |

converter |

[SM NVJ[SM ij [SH NvJ |

I * |
 pz-subconverter

Figure 5.4 Circuit diagram of the developed MMC-based PSST to absorb the zero-sequence
component of the load currents in Scenario B.
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6. Simulation Results

6.1 Scenario A

To demonstrate the performance and effectiveness of the proposed control strategies in Scenario
A, the proposed MMC-based PSST illustrated in Figure 4.1, is simulated in the PSCAD/EMTDC
software environment. Parameters of the study system are listed in Table 6.1. The setpoint of the
receiving-end real power is ramped down from 40 MW to 10 MW. The setpoints of the reactive
powers of the receiving and supplying ends are 10 MVAr and 30 MVAr, respectively.

Table 6.1 Parameters of the Study System for Scenario A (Figure 4.1)

main transformer Value pv-subconverter | Value
capacity 50 MVA Npy 4
primary-winding voltage 345 kV Cov 10000 pF
secondary-winding voltage | 6.9 kV s-subconverter | Value
leakage reactance 0.03 pu N 12
basic operation frequency | 60 Hz Cs 1000 pF
injection transformer (1-ph) | Value lg 2.5 mH
capacity 1.7 MVA Ts 0.5 mQ
primary-winding voltage 2.0 kV pc-subconverter | Value
secondary-winding voltage | 400 V Npc 12
leakage reactance 0.03 pu Cpc 3000 pF
basic operation frequency | 60 Hz Lpc 5.0 mH
receive end Value Thc 1.0 mQ
View 6.9 kv supply end Value
L 2.5 mH Veup 34.5 kV
R 1.2 mQ

As illustrated in Figure 6.1(a), the transferred real power is well-regulated to follow its reference.
Figure 6.1(b) illustrates reactive powers of the supplying and receiving ends, which are controlled
at their references. Figure 6.1(c) shows the secondary-side voltage of the magnetic transformer,
the sum of the secondary-side voltages of the two injection transformers, and the output voltage
of the MMC-based PSST. As illustrated in Figure 6.1(c), the output voltage of the PSST is actively
adjusted by controlling the AC-AC MMC. Figure 6.1(d) shows the primary-side current of the
magnetic transformer, the current-terminal current of the MMC, and the input current of the PSST.
As illustrated, the input current of the PSST is actively regulated by controlling the AC-AC MMC.
Figure 6.1(e)-(g) illustrate the average SM capacitor voltages of the pv-, s-, and pc-subconverters,
respectively. As shown, all the SM capacitor voltages are maintained balanced during the real
power ramping process.
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Figure 6.1 Simulated waveforms of the proposed AC-AC MMC-based PSST (Figure 4.1) in
Scenario A: (a) supplying- and receiving-end real powers, (b) supplying- and receiving-end
reactive powers, (c) output-side voltages of the proposed PSST (phase a), (d) input-side currents
of the proposed PSST (phase a), (e) average SM capacitor voltages of phases a, b, and c in the
pv-subconverter, (f) average SM capacitor voltages of phases a, b, and ¢ in the s-subconverter,
and (g) average SM capacitor voltages of phases a, b, and c in the pc-subconverter.

6.2 Scenario B

To demonstrate the performance and effectiveness of the proposed control strategies in Scenario
B, the proposed MMC-based PSST illustrated in Figure 5.1, is simulated in the PSCAD/EMTDC
software environment. Parameters of the study system are listed in Table 6.2. As illustrated in
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Figure 6.2(a), 20% voltage sag and swell are imposed on phases a and ¢ of the supply voltages
from t =0.67s to t =0.73s, respectively. The load currents contain negative-sequence
fundamental-frequency and the fifth- and seventh-order harmonic components. The RMS values

of the components are provided in

Table 6.3.

Table 6.2 Parameters of the Study System for Scenario B (Figure 5.1)

main transformer Value pv-subconverter | Value
capacity 5 MVA Npy 3
primary-winding voltage 13.8 kV Cov 3000 pF
secondary-winding voltage | 440V s-subconverter | Value
leakage reactance 0.03 pu Ny 6

basic operation frequency | 60 Hz Cs 3000 pF
injection transformer (1-ph) | Value lg 10 mH
capacity 700 kKVA Ty 2 mQ
primary-winding voltage 3kV pc-subconverter | Value
secondary-winding voltage | 3 kV Npc 6
leakage reactance 0.03 pu Cpc 1000 pF
basic operation frequency | 60 Hz Lpc 12 mH
supply end Value Thc 2.4 mQ
nominal voltage 13.8 kV

Table 6.3 Magnitudes of the Current Components on the Load Side

Component Value
fundamental (positive sequence) 5 kA
fundamental (negative sequence) 0.5 kKA
fifth-order harmonic (negative sequence) 1.25 kA
Seventh-order harmonic (positive sequence) | 1.0 kA
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Figure 6.2 Simulated waveforms of the proposed AC-AC MMC-based PSST (Figure 5.1) in
Scenario B: (a) line-to-line supply-end voltages of the system, (b) line-to-line voltage-terminal
voltages of the AC-AC MMC, (c) line-to-line primary-side voltages of the main magnetic
transformer, (d) three-phase primary-side currents of the main magnetic transformer, (e) three-
phase current-terminal currents of the AC-AC MMC, (f) three-phase supply-side currents of the
system, and (g-i) average SM capacitor voltages of the pv-, s-, and pc-subconverters.
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Conclusion

In this report, new PSST configurations based on the AC-AC MMC along with their supporting
control strategies are proposed, which borrow the features of the MMC and introduce them into
the PSSTs. The PSSTs is capable of controlling power flow, compensating voltage sag/swell,
filtering the current harmonics, and removing unbalanced current components in the grid.
Simulation studies in the PSCAD/EMTDC software environment are carried out to validate the
performance and effectiveness of the proposed MMC-based PSSTs and the supporting control
methods for different applications.
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