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Abstract —This paper attempts to summarize 10 major
contemporary challenges for power electronics and
system technology (PEAS technology). Historical
background is first reviewed together with most recent
technological advances. Recent advances are then
discussed in detail. A recent breakthrough in megawatt
system design and design verification is highlighted. We
then articulate the challenges that PEAS technology is
facing contemporarily. They are: Powering smart
buildings, smart factories, and smart infrastructure,
Renewable energy integration and structured microgrids,
EV drives and vehicle power systems, Ultra-fast and
ultra-efficient chargers, Appliances - “White goods,”
Server and data center power systems’ Wireless power
transfer, Powering IoT and wireless sensor networks,
Storage and “power dump,” and ATGC (All things grid
connected), system integration, and dynamic control.
These 10 areas present technical barriers for us to
overcome and anticipated progress will help define the
future of power electronics and its impact to the power
and energy industry at large.

Keywords — FElectronic power grid (eGrid), Flexible
autonomous power substations (FAPS), Flexible
electronic large power transformers (FeLPTs),Power
electronics, Power electronics and systems (PEAS),
Power supply on chip (PwrSoc), Wireless power.

[. INTRODUCTION

Power electronics is experiencing phenomenal growth in
all aspects of the technology: from controller ICs to Si
devices to WBG devices, from low-power micro-modules to
medium-power bricks to high-power (megawatt) modular
multilevel switching cells; from smart phones to smart
buildings to smart cities; from smart inverters to flexible
electronics large transformers to flexible power substations;
from smart drives to drive/machine integration to wireless
power transfer to electric cars; and to transportation
electrification.

Among this dazzling technology advancement and
changes, it is crucially important for a research or a
technologist to be able to see the underlying technological
trends and future directions. Only when equipped with these,
one can anticipate what around the corners for the big
technological changes happening to all of us. Recent
attempts by the same author(s) provided pretty extensive
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discussion on the topics [1-6]. This article presents an update
and an extension to the cotemporary trends and challenges.

The discussion is organized into three (3) major topics for
detailed discussion. After a brief introduction in Section 1,
we begin with historical notes in Section 2, where we show
the power electronic can be traced back as early as 1903. We
then focus on recent advances Section 3, particularly in
WBG device, multilevel conversion technique, a recent
breakthrough in megawatt power design verification and
PwrSoc technology. We then discuss In Section 4 the top ten
contemporary technological trends. They are: Powering
smart buildings, smart factories, and smart infrastructure,
Renewable energy integration and structured microgrids, EV
drives and vehicle power systems, Ultra-fast and ultra-
efficient chargers, Appliances - “White goods,” Server and
data center power systems’ Wireless power transfer,
Powering IoT and wireless sensor networks, Storage and
“power dump,” and ATGC (All things grid connected),
system integration, and dynamic control. We present a
summary in Section 5 and reference section for relevant
papers, reports, and Internet items.

II. HISTORIC NOTES

We begin with some historical notes to lay some

background for today’s technological trends in power
electronics and systems (PEAS) technologies.
Power electronics (PE) was established formally as technical
field within IEEE in 1986 by the establishment of TEEE
Technical Council on Power Electronics. But its roots can be
traced back to early days of electrical engineering. The
mercury valve was invented by P. C. Hewitt in 1902 [7].
This is the primary technology for high power rectification.
Early prototypes are shown in Figure 1. The thyratron
extended the concept of mercury arc valve with fast
switching (no amplification) and compact in size [8].

Fig. 1. Mercury Arc Valve (Rectifier): The original prototype by P.
C. Hewitt in 1902 (left) and an old industry product (center) and a
more recent RC85 thyratron [7, 8].
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The Greinacher voltage multiplier was introduced in 1914
[9], where two nonlinear impedances, labeled Z respectively,
were used to step up the voltage level, as shown in Figure 2.

In English literature, the circuit was later known as the
Cockcroft-Walton Multiplier, because of his Nobel Prize
winning article in 1932 [10]. The circuit diagram and
hardware in the lab are shown in Figure 3

The 1940’s saw two major switching elements used: The
magnetic amplifier (MagAmp) and the vacuum tube. Refer to
Figure 4. The magnetic amplifier is an electromagnetic
device controlled by a dc bias current. Because of its high
reliability, it was widely used for application where long life
and high reliability are required [11]. Figure 5 shows a line
of various vacuum tubes [12]. The vacuum tube was the
workhorse from the 1940’s to the 1960’s for radio frequency
power amplification.

The silicon-controlled rectifier (SCR) was introduced in
the 1950’s. An IEEE technical milestone was formally
established in 2019 by the Power Electronics Society and the
IEEE Board of Director at the GE site where the first SCR
were manufactured [13]. The Silicon bipolar transistor was
introduced in the 1960’s. The RCA 2N3055 was the first
popular power transistors widely adapted by the industry
[13].

The MOSFETs were developed in the 1950’s and matured
in 1960°’s [14]. It enabled the first planar integrated circuit in
1959 [15]. The power MOSFETs saw its major growth in
late 1960’s to early 1970’s evolving from VMOS to
HEXFET. MOSFETS has become the workhorse for low to
medium power by the power electronics industry since
1980°s. Its popularity was ushered in by the availability of
avalanche-energy rated MOSFETs [16]. This is now
extended to automotive applications for extreme ruggedness
with low Rds(on) [17]. Figure 6 shows some common
MOSFET packages widely used in industry.

For medium and high power applications, the insulated-
gate bipolar transistor became the workhorse for industry in
1990°s. Today, IGBTs capable of 1,000’s of volts and 1,000
amperes are readily available from multiple vendors. For
instance, Figure 7 shows the package of HiPak and Presspak
[18, 19]. The packages were developed to minimize parasitic
inductance and capacitance for high reliability.
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Fig. 2. The Greinacher voltage multiplier (1914) - [7].
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Fig. 3. The Cockcroft-Walton voltage multiplier (1932) - [8].

Fig. 7. MOSFETs for low- to medium-power applications.
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1. RECENT ADVANCES

A recent paper by the same author outlined emerging
system applications and technological challenges in PEAS
technology [1], proceeded by the original keynote
presentation at APEC 2014. For instance, the six (6) system
applications are recaptured here:

1. Renewable integration
Structure microgrids
All things grid connected
Transpiration electrification
Smart buildings/cities
Energy harvesting

Sk wn

The four (4) technological trends are recaptured:
1. Adiabatic power conversion

2. WBG devices
3. Power Supply on Chip (PwrSoC)
4.  Multi-level conversion & control

Much advancement has been made over the past five
years, since the paper [1] was published in 2015. In the
following, we will present a few of them to highlight the
progress.

A. WBG Devices Applications:

Recently, wide-band-gap (WBG) devices are emerging,
especially for special applications. Silicon-based Gallium
Nitride (GaN) and Silicon Carbide (SiC) devices are the most
noticeable and with most advanced products and many
insertions to new designs. GaN devices are lateral high-
electron-mobility transistors (HEMTs). For power switching
applications, it enjoys low Rds(on) and low gate charge [20,
21]. Another significant advantage is its nature of free of
reverse recovery charge (No pn-junctions). This allows
cleaner totem-pole switching with lower current and voltage
stresses. A third potential is its ability to be extended for bi-
directional blocking capability.

SiC MOSEFETs are vertical devices that resemble Si
MOSFETs. The reverse recovery charge is significantly
smaller that of Si devices, allowing faster switching and
lower voltage stress on switching devices. Devices in 10’s of
kilovolt are emerging on market to support the needs for high
power designs [22, 23].

It is noted that Si power devices will continue play an
important role because of its competitive or even better
performances for low to medium power applications.
However, both GaN and SiC has the potential to allow bi-
directional voltage blocking capability, making them very
appealing for future bidirectional power and energy
processing applications [24, 25].

B.  Multilevel,
Technology:

Modular and  Multi-timescale

(3M)

While a major technology breakthrough for power
electronics is usually ushered in by the newer, faster and
more powerful switching devices, as we discussed above,
power electronic circuits play an important role in extending
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power switches’ capability, in introducing controllability,
and in improving reliability.

The modular multilevel converter (MMC) [26] is a
quintessential example. As illustrated in Figure 8, the basic
circuit of an MMC has two poles with bipolar supply
voltages. Each pole can use a number of power modules
connected in series to scale up the total voltage it can sustain.
Each pole can also use a number of power modules
connected in parallel to scale up current it can sustain. And
hence the MMC can scale up power in order of magnitude
higher than a single switch device is capable of. The
multilevel approach brings improved reliability because of
more even sharing of voltage and current [27]. This
technological breakthrough enabled HVDC applications with
voltage-source converters, replacing in many applications the
traditional phase-controlled counterparts.
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Fig. 8. modular multilevel converter represents a quintessential

example where circuit techniques enhances the power switching
capabilities.

C. Megawatt System Design and Design Verifications:

Another breakthrough happened in the area of megawatt
systems design and design verification. The technology
barrier for megawatt system design lies in two critical
aspects of the design and design verification: 1) Megawatt
systems are cost prohibitive for actual physical prototyping,
unlike its counterparts for low power or medium power
design, and 2) Simulation is too time consuming and is
plagued with convergence problems to be useful for practical
designs, not to mention for system deployment [28].

The first problem prevents engineering design teams to
verify critical circuit behaviors beforehand. The entire
system has to be then assembled on site without adequate
prior simulation or testing to predict steady-state and,
particularly, transient operations and performances.
Consequently, problems frequently occur, particularly at
interfaces where unintended interactions between modules
and subsystems happen. Debugging potential
hardware/software problems usually take long time, causing
large schedule delays and unacceptable cost overruns. The
second problem is often so severe that it renders the
simulation tool virtually useless for design iteration and
optimization, particularly at unit, subsystem and system
levels [28].

The IEEE Power Electronics Magazine featured an article
on a recent breakthrough in the Sep, 2020 issue [29]. The
discrete-time, event-driven simulation technique has
increased the speed by 3 orders of magnitude for complex
systems and it is virtually free of convergence problems [29-
31]. Inside the algorithm is a revolutionary approach
developed on the principal of event-driven simulation (As
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compared to traditional variable time steps). In addition, it
employs a piece-wise linear model for the device
characteristics. Figure 9 presents a case study of a 10kV 2-
MW electronic energy router. The design has a total of 576
switching devices. As shown in the figure, the algorithm is
1,200 times faster than leading simulation software.

Figure 10 presents the simulated waveforms for a 50-kVA
solid-state transformer. The waveforms on the right are the
zoomed-out view of the switch 1 voltage, current and
inductor L1 current. The waveforms on the left are the
zoomed-in view of the switch 1 voltage, current and inductor
L1 current. Both sets of the waveforms were obtained within
a single simulation run. It is clearly seen from the figure that
the waveforms captured the transient behavior of the
complex system with adequate details to predict voltage and
current transient stresses on switches. This groundbreaking
capability represents a breakthrough for megawatt system
design and design verification. This breakthrough overcomes
the two barriers we discussed above.

The simulation package can effectively support: 1) Very
large converter system simulation, 2) Design optimization, 3)
Sensitivity analysis and worst-case analysis, and 4) Device
transient simulation. This breakthrough will usher in a new
era in megawatt power electronic system design and
verification and in other applications throughout the industry.

D. Power Supply on Chip (PwrSoC) Technology:

PwrSoC technology has made significant progress as it is
evidenced by hundreds of papers published every year and
dedicated single-topic workshop.

There are three major challenges in making a power
supply on chip: 1) Silicon integration to include the
controller, housekeeping and switching devices; 2)
Fabrication of monolithic capacitors; and 3) Fabrication of
monolithic inductors.

Success in silicon integration led to the establishment of
the micro-power modules (Micro-modules for short) in the
early 2000’s [32]. As illustrated in the upper left corner of
Figure 11, a micro-module integrates all active and discrete
parts into a single package and then encapsulated into a chip-
like final package. There are many products offering on the
market as shown in Figure 11, for example, the LMT4608
can output 8Adc with greater than 85% typical efficiency in a
package of 9x15x2.82 mm3 [32].

Fabrication of monolithic capacitors has made great
progress. The achievable capacitance values are typically
from 10’s to 100’s nF, approaching 500 nF/mm2 [33]. The
so-called deep-trench capacitors are most producible and
economical. Fabrications of monolithic inductors remain
more challenging. The difficulty lies in the requirement for
high permeability and low loss (High Q value). It is also less
scalable [34]. The current achievable inductance values are
typical in 10’s to 100nH. Recent reported results are
approaching 500 nH/mm2. They can also obtain high Q
values on thin film-based techniques [35].

Because of the challenges outlined above, the Power
Supply in Package (PSiP) technology is still prevalent in
industry. This is the underlining reason as to why the micro-
modules are still popular. With the advancement of Si feature
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size reduction, the PSiP size is expected to continue to fall.
There are many different approaches in implementing PSiP.
For instance, Figure 12 shows one approach for integration
of magnetic into a board [36, 37]. This has demonstrated the
capability of delivering 400A [36, 37]. Because of its
proprietary nature, its applications have been limited.

Example: 10-kV 2-MW Electric Energy Router

(1]

10KV ZMNY Electric Energy Router

DSIM is 1200 times faster than a leading power
electronics simulation software (10sec. vs. 3hr 20min_)

- 576 switches at up to 20 kHz
- Total time: 0.1 sec

Sill el 1 ¥ = - Time to complete simulation: 10 sac.
Simulink is not a viable solution due to the system size. P
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Fig. 9. case study 576 switches demonstrated breakthrough speed
improvement and robustness
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Fig. 10. Simulated waveforms for a 50kVA Energy Router: Left —
Inverter Switch 1 current, voltage and inductor L1 current
waveforms (Zoomed out); Right — Inverter Switch 1 current,
voltage and inductor L1 current waveforms (Zoomed in). Step-load
change happens 35 ms as shown in the left figure.

Fig. 12. Board integration of inductors (left and center) and
switched-capacitor circuit (right) [36, 37].
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For low power applications, modern version of the above
mentioned switched-capacitor techniques can do an excellent
job. Figure 13 shows a photo of a 3mW 120V/230V off line
micro-power supply. The design employs the so-called
charge pump circuit without any power inductors [38].

IV. CONTEMPORARY TRENDS

The six (6) system application arcas and four (4)
technological trends described in [1] are still continuing
today even after 5 years. The same author recently extended
the discussion into the following top ten power electronics
challenging areas [39, 40].

1. Powering smart buildings, smart factories, and

smart infrastructure

Renewable energy integration and structured

microgrids

EV drives and vehicle power systems

Ultra-fast and ultra-efficient chargers

Appliances : “White goods”

Server and data center power systems

Wireless power transfer

Powering IoT and wireless sensor networks

Storage and “power dump”

0. ATGC (All things grid connected),
integration, and dynamic control

N

= 0 0 Wk

system

In the following, we will provide a summary discussion.
Interested readers can follow specific topic(s) through with
the cited references.

A. Powering Smart Buildings, Smart Factories, and Smart
Infrastructure:

Powering smart buildings, smart factories, or in general,
smart infrastructure requires the PEAS technology to provide
distributed smart systems. Distributed smart systems are
electronic, digital, inter-connected and autonomous. All
decisions are local and autonomously join the whole system
[41]. Examples are smart homes, mart buildings, smart
factories and smart infrastructure.

B.  Renewable
Microgrids:

Energy  Integration and  Structured

Structured microgrids are natural vehicles for renewable
energy integration into the power grids. Structured
microgrids can provide the ultimate inertia for the grid’s
support. Detailed discussions can be found in [1, 6] on the
structured microgrids (SuGs).

C. EV Drives and Vehicle Power Systems.

EV drive has made tremendous progress in recent years.
The focus used to be on the performance and cost reduction.
In recent years, the focus is increasingly on machine and
drive integration to maximize performance and mileage per
charge. With the advancement WBG devices, fully integrated
machines and drive are emerging. A recent article [42]
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presents a good summary. Figure 14 shows s conceptual
design of the IMW integrated motor drive assembly for
aircraft propulsion. The drive system is composed of six
modular multilevel inverters mounted around the
circumference of the stator. Each the module excites a
dedicated set of three-phase windings. The project is
currently in prototype development for completion in 2022.

Fig. 13. A fully integrated power supply on chip for low-power off-
line applications [38].

Fig. 14. A conceptual design of 1MW integrated motor drive
assembly for aircraft propulsion (Courtesy of Jin Wang of Ohio
State University).

D. Ultra-fast and Ultra-efficient Chargers:

Ultra-fast charging has emerged as key enabler for long-
distance driving, for instance, from West coast to the East in
the United States. The power required is nontrivial. For
instance, an ultra-fast charging time of 10-15 minutes
requires a total power of 350 kW for up to 80% of charge. If
we use 4 ultra-fast chargers to form a charging station,
analogous to a typical gas station, the power requirement is
about 1.5 MW when factored inefficiency. For this amount
of power, the best configuration is to use a structured
microgrid to minimize its impact to grid power and to
harvest available renewable energy in the local area [6, 43].

E. Appliances: “White goods”:

PEAS technology is providing unparallel impetus for
appliances industry to modernize its designs and products
offering for more efficiency, light weight, and higher
performance for the same or lower cost. An excellent
detailed discussion on the topic can be found in [44].

F. Servers and Data Center Power Systems:

With the proliferation of the Internet, more and more data
are stored and processed. Data storage and data center power
processing has become an important issue for data-center
operators. The electricity used for data center accounts for
2.2% of total electricity generated in 2015 and continues to
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grow [45]. The total ownership cost is composed of power,
cooling, space and network. Once built, the power cost is
dominant. The driving force behind this huge interest is
simply economics: the cost electricity bill. For instance, a 10-
MW data center for 10 year life, the cost difference is $2.6M
for electricity bills for a total efficiency of 93% and 94%,
assuming $0.10 kW/hr [46].

So power electronic designer are driving for higher power
efficiency from the utility interface to the rack and to the
module and to the board. In recent years, multi-stage power
processing regain momentum because it ability for squeeze
last a few percent of efficiency out of the end-to-end
efficiency. In this particularly regard, the near adiabatic
power conversion technology helps to get the best efficiency
[46] and the 99% duty ratio technology can help improve the
achievable power density, and hence further reducing the
cost [46-49].

G. Wireless Power Tranfer:

Wireless power transfer is emerging as an important
application area for power electronics. This is one typical
example that technology (re)emergence spurred huge
technological interest and progress that are enabled by new
materials, devices, and techniques [50, 51]. The IEEE Power
Electronics Society (PELS) and the Microwave Technology
and Techniques Society (MTTS) are jointly sponsored the
Wireless Power Week (WPW) inaugurated in 2018 [52]. The
WPW is being formalized as a joint venue for both PELS and
MTTS to sponsor in order to provide an active international
forum for people in this technological area to convene and to
discuss their most recent progress and challenges.

One particularly interesting and potential groundbreaking
area is the so-called the technology where Shannon meets
Tesla [53, 54]. This area is typically known as wireless
information and power transfer (WIPT). The WIPT
technology is promising to eliminate any dedicated power
charging requirement. The power is transferred (beamed
safely) together with the information content [54]. Here
power electronics needs to be able to step up to provide
efficient energy processing at hundreds of megahertz of the
frequency spectrum safely.

H. Powering IoT and Wireless Sensor Networks:

Powering Internet f Things (IoTs) and wireless sensor
networks is a closely related technological area to wireless
power transfer. This is also coupled with wireless power
transfer for implants and for various different forms of
energy harvesting [55]. Ambient energy harvesting is one
particularly interesting idea, but required efficient low-power
devices and controllers to make it more feasible in real world
applications [5], since the electromagnetic field in ambient is
less 200 pW [56].

1. Storage and “Power Dump”’:
Energy-storage has now come to speed up the transition

from electric and electromechanical grids to electric,
electromechanically and electronics grids (eGrids, for short).
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The Australia Hornsdale battery system, supported by
associated wind and solar farms, has proved it to be fast,
accurate and valuable to the grid operators in supplying the
ancillary services required for the South Austrian grid [57,
58] during peak demand.

Refer to Figure 15. The left graph is a time response of the
frequency-control-ancillary-service (FCAS) response
obtained from the traditional and expensive approach. Te
black curve is the command and the red curve is the
response. It can be seen that the response is sluggish and in
many places the system was simply “stuck” for a while
before responding the FCAS command. The right graph is
the same FCAS response, but with the battery based power
reserve. It is clearly seen that the command and response
curves are virtually indistinguishable with one another. This
unprecedented speed and accuracy has enabled the grid
operator to stabilize the frequency while reduce the cost
during the peak demand.

Economically, the Hornsdale facility has reduced the
networks cost by $76M in 2019 over three major system
outages, according to a report by Bloomberg. Recent reports
indicated that major utilities are installing large battery
facilities together with wind/solar farms to replacing aging
gas-turbine-based peaker services with solar/battery peakers
for improve accuracy, higher speed and lower cost [59].

J. ATGC (All things grid connected), System Integration, and
Dynamic Control:

Another phenomenon with renewable energy is occasional
excessive power because of the intermittent nature of
renewables. There three typical solutions are: 1) Transmit it
to other parts of the big grids; 2) More accurate forecasting
of variations of renewable energy availability during the
planning phase [60]; and 3) “Power dump” to a dummy load
to absorb the excess such as combined heat and power [6].

All the above three options require the power grid to be
actively controllable through PEAS technology. SuGs [1]
and FeLPTs [1, 6] are the two major fundamental building
blocks. A flexible electronic large power transformer
(FeLPTs) is the combination of a traditional large power
transformer and a flexible ac transmission (FACT) device
[61, 62]. Together with SuGs (with storage), a FeLPT
provides traditional power processing for voltage scaling and
galvanic isolation. It can also provide independent and active
control to support the grid operations by providing ancillary
services. Power substations equipped with these capabilities
will be able to be flexible and autonomous, as first discussed
in [63].
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Fig. 15. Hornsdale battery installation has been proven as "Rapid,
accurate and valuable." [58].
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Flexible autonomous power substations (FAPS’s) will
serve as the basic functional building block for eGrids [6] to
enable transactive energy, hence making the entire grid
power flow controllable [2-5, 62]. The benefits are many as
discussed in [2-5]. A simple example is provided in Figure
16, where a weak feed can be strengthened by retrofitting
existing power substations with FAPS’s. The top portion is a
voltage profile illustration and bottom indicates locations of
substations [63, 64]. This illustrates that the notion of “weak
feeder or grid” may be a thing in the past once FAPS’s are
deployed widely. The initial cost for FAPS’s can be easily
offset by reduced cost for operation. As a matter of fact, the
total ownership cost of FAPS’s can be lower than traditional
power substations because of high efficiency, renewable
generation and ability for ancillary services [6].

IV. SUMMARY

Power electronic technology can be traced back as early as
1903, when the mercury arc valve (rectifier) was invented.
Power electronics technological progress is typically paced
by the advances in switching devices, such as from thyratron
to SCR to bipolar transistors to MOEFETS to IGBT, etc.
But some of the key advances were ushered in by circuits
and control techniques such as state-space averaging, current
programming, multilevel power conversion, etc. Today,
power electronics technology is advancing to power
electronics and systems technology.

Emerging technology and system applications were
presented previously. Recent advances are summarized in all
emerging areas. WBG devices are entering mainstream for
power processing. GaN will have an edge in low-power and
high speed designs, while SiC will predominantly in high
power applications. Si power devices will continue in low-
power and controller IC applications. Multilevel power
conversion technique is continuing its progress from high
power to medium and low power applications where
complexity is traded for higher performance. A recent
breakthrough in megawatt power system design verification
allows simultaneous steady-state and transient behaviors to
be simulated in a single simulation run for systems with
hundreds or thousands of switching elements with record
speed (1,000x faster) and free of convergence problems.
PwrSoC technology has progress with the capability of
making monolithic capacitors up to 500 nF/mm2 and 500
nH/mm?2.

Contemporary trends are then summarized. The following
areas represent the challenges and opportunities for PEAS
technology: Powering smart buildings, smart factories, and
smart infrastructure, Renewable energy integration and
structured microgrids, EV drives and vehicle power systems,
Ultra-fast and ultra-efficient chargers, Appliances - “White
goods,” Server and data center power systems’ Wireless
power transfer, Powering IoT and wireless sensor networks,
Storage and “power dump,” and ATGC (All things grid
connected), system integration, and dynamic control. Each of
the 10 areas represents significant challenges for PEAS
technology. It is anticipated that an unprecedented growth of
PEAS technology and the associated workforce will
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accompany the progress as we face the challenges and solve
these problems.

G 3
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Fig. 16. Strengthening a weak feeder by deployment of SuGs and
FeLPTs [63, 64]
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