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or ac electricity grids, the aim has always been at low-cost and
disruption-proof solutions. The power grid is inherently vulnerable
to environmental disturbances. However, the introduction of power
electronics (PEs) and changes in load and generator characteristics
have introduced a game changer at an unprecedented pace over the last decade.

During this change, load specifications, load characteristics, and control and
monitoring requirements for power system security have also dramatically
evolved. Efficiency and reliability of system components have progressed in
parallel with this evolution. However, high penetration of renewable energy
sources has reduced the percentage contribution of conventional electricity
based on synchronous generation, which affects grid stability and hence reliabil-
ity. Furthermore, numerous camouflaged dc generators and dc loads are being
embedded in ac and dc microgrids at ever increasing rates.

While embedded generation rapidly increases its share in the hybrid power
grid (where ac and dc coexist), the current developments in PE switches—based
on wide bandgap (WBG) technology—indicate that within the next two decades
Max Planck’s well-known sentiment that science advances one funeral at a time
will repeat itself on the ac grid.

This article aims to summarize the technical developments and problems
facing the utilization of ac during widescale electrification of the world using
numerous distributed energy resources (DERs). Then, it will map out evolution-
ary changes toward a future dc grid.
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I. HISTORY OF AC
POWER NETWORKS—
OPERATIONAL
PROBLEMS AND
CHALLENGES

Just over 100 years ago,
the ac electricity industry
started to develop and reached
wider communities in a short
duration (see Fig. 1). Large-
scale utilization of various major
ac system components—such
as transformers, transmission
lines and towers, switching gear
and circuit breakers, light bulbs,
motors—underpinned exponen-
tial growth based on a central-
ized power grid approach. For
many decades, a centralized ac
grid offered, stable and reliable
energy at relatively low cost.
Electricity generation sources
on the conventional ac grid
were usually far away from load
centers, requiring long-distance
transmission and multiple step
changes of voltage to reduce
losses before reaching load
centers.

The existing energy market
has also evolved out of this
centralized structure, which has
been based on limited control-
lable generation and roughly
predictable demand character-
istics of conventional ac-only
loads. However, as the utiliza-
tion of ac increased and the load
characteristics changed—mainly
due to the introduction of PE
devices—a very high imbalance
now occurs between controllable
generation (although slow, as in

0018-9219 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Vol. 108, No. 5, May 2020 | PROCEEDINGS OF THE IEEE 615


https://orcid.org/0000-0002-0945-2674

Point of View

% &
(]
(&)
o &
© @
(]
HOW IT STARTED PAST CURRENT NEAR FUTURE VISION/DC GRID
(1880s) (1900s) (2010s, (2030+, (2050+)
More AC) More DC)
©  load centres = Transmission lines @  ACtransformers
©  Conventional small generators — Distribution lines () Embedded microgrid
Conventional larger generators HVDC lines 7] AC/DC converters

Autonomous DC microgrids/load centres

Fig. 1. Overview of the grid transformation timeline and the future.

Table 1 Summary of Observed Undesirable Features and Negative Impacts of AC and the Factors

Favoring DC Supply

UNDESIRABLE FEATURES OF AC

Regulation issues (voltage, frequency, and phase)

Synchronization and time delay

Impedance and reactive power

Four quadrant control

Power quality issues including harmonics

Large initial currents in motors, lines and transformers

Imbalance issues and sequence impedances (positive, negative, and zero)

Skin effect and losses

Inductive and capacitive coupling, and induced voltage

Limited stepped regulation via conventional transformers, unidirectional
power flow

Multiple T/D lines and exposure to environmental factors

Conversion required to integrate DC sources, such as PV and wind

FACTORS THAT FAVOR DC

Drastic increase in number of DC sources and load types

Wide utilization of power electronics

Demand for high efficiency

Demand for accurate control

Demand for multiple DC voltage levels

minutes and hours) and unpredictable
demand. This gives rise to the emer-
gence of numerous problems and
complexities on the ac-based grid,
which continue to increase over time.

A. Limitations of the AC Grid

Table 1 summarizes the issues
associated with ac supply. The major
complication of ac supply is related
to difficulty in regulation since the
three parameters: 1) magnitude;
2) frequency; and 3) phase are
simultaneously affected. The same
three parameters are also the direct
causes of the other limitations such
as impedance, reactive power, power
quality, and harmonics.

The problems associated with
ac supply are amplified by the
ever-increasing trend in renewable
energy penetration and utilization
of PE converters. These have now

reached a level that cannot be
ignored, as the present momentum
in grid transformation leads to a
chronic state in terms of ac power
management. Note that a dc source
does not demonstrate any of the
negative factors listed in Table 1,
except for a small resistive power loss.
Note that ac grid-connected recti-
fiers have significant losses—due to
device conduction loss and front-
end low-frequency transformers—and
have very poor power factors and
form factors, which are also the main
sources of harmonic generation.

B. Changing Load Landscape in
the AC Power Network

Load types have changed primarily
due to technical developments and
have been accelerated by improve-
ments in economic wealth. The key
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driving factor in this change is not
only controllability of the loads but it
is also about energy efficiency, which
is directly related to the power loss
in the PE converter and the electri-
cal load used. Table 2 outlines the
changes in load characteristics and
profiles primarily driven by the intro-
duction of PE systems and renew-
able energy to the ac grid, which
shift us toward a dc paradigm. This
trend will increase exponentially via
the introduction of new PE switching
devices, which is likely to favor a pure
dc network combined with smart dc
appliances and devices.

Note that variable speed drives
(VSDs), widely used in the industrial
world, use rectifiers with large polar-
ized dc-link capacitors, which are crit-
ical components as they increase cost,
footprint, volume, and reduce the
lifetime of the system. An immedi-
ate benefit of a dc grid is to elimi-
nate the ac/dc front end, which will
offer an increase in energy efficiency
and reduce the impact of magnetizing
current.

II. OPERATIONAL
CHALLENGES IN

HYBRID NETWORKS

Due to the undesirable features of ac,
power network operation has become
highly complex with numerous oper-
ational challenges. Specifically, the
changes in load characteristics and
profiles (variable and time shift), and
large intermittent generation, large
load variations (e.g., due to heat
waves), and increasing use of PE con-
verters give rise to these challenges.

In many countries with high pen-
etration of renewable energy, these
issues have now reached a level that
cannot be ignored as the present
momentum in grid transformation
amplifies the highlighted problems,
rendering ac power systems vulner-
able to instability. The major opera-
tional challenges in the hybrid power
network are: 1) ac grid stability;
2) reduction in power system inertia;
and 3) reverse power flow.

The primary ac network problems
associated with system stability are
usually divided into five different cat-
egories: 1) transient; 2) oscillatory;



Table 2 Classification of the Existing Load Types

AC-only loads DC loads (camouflaged) DC loads (genuine)
» Direct on-line P All variable speed drives ) Batteries
start motors - PHVDC systems »12/24/48 V DC
universal AC, » Universal AC motors that devices
induction, run on DC PEV chargers
synchronous » Computers »Modern data
» Cycloconverters | PAll consumer electronics centers/servers
» All modern high efficiency PLED lights
appliances and power tools

3) control systems; 4) voltage; and
5) frequency. These also define the
system security, which are entirely
associated with ac supply.

Conventional centralized power
networks commonly involve multiple
large synchronous generators with
large moment of inertia—which can
vary with the number of generators
active at a given time—that also assist
frequency stability due to their slower
response (smaller rate of change of
frequency). However, even known
stability solutions become difficult
to implement due to the large-scale
integration of renewable energy
sources with decoupling PE converters
and decommissioning of conventional
power stations, which reduce power
system inertia. Fig. 2(a) shows that
due to the changing generation mix,
a descending inertia trend indicates
that minimum inertia is declining, and
low inertia periods are more frequent.
Virtual system inertia concepts are
found to be ineffective due to the
fast pace of grid modernization and
transformation, regulatory issues, and
as well as political decisions. The
low inertia issue has also challenged
the control and stability of small-
scale ac power systems, including
islanding mode operation, in remote
areas, and other off-grid applications
such as in remote towns and mining
sites.

Due to increasing photovoltaic (PV)
power penetration, reverse power
flow is now a common phenomenon
not only observed at the distribu-
tion level but also at the transmission
level. Fig. 2(c) illustrates the section
of load duration curves in a transmis-
sion line that is connected to a region
with high penetration of solar roof-
top PV, which reached a level of about
16% in 2018. The impacts of reverse

power vary from overvoltages and
voltage imbalances to power quality,
protection, and stability issues.

In many cases, reverse power
flow results in primary transformer
limits being exceeded, reducing their
lifetime. Although the thermal lim-
its of transformers are symmetri-
cal, transformers with an on-load
tap changing mechanism can man-
ifest an asymmetrical thermal limit
due to frequent reverse power flow
[see Fig. 2(b)]. Unfortunately, con-
ventional voltage regulation by trans-
former tap changes and utilization of
off-peak water heaters are not found
to be sufficiently effective solutions in
practice.

Moreover, unlike the early stage of
the conventional grid, the curtailment
or “wasting generated energy,” has
become a common phenomenon in
current grid operation practice. Today,
specifically in market-based genera-
tion dispatch, curtailment has been
practiced frequently for various rea-
sons including transmission conges-
tion, excess generation during low
demand periods, and voltage, or inter-
connection issues, which are primarily
the result of large scale of penetra-
tion of intermittent renewable energy
resources.

Semi-conventional solutions, such
as static volt-ampere reactive com-
pensator (SVC), static synchronous
compensator (STATCOM), synchro-
nous condensers, network augmenta-
tion, and redesign, are considered to
address some ac network problems.
However, these methods are found to
be highly expensive and they cannot
respond to the fast changes both in
demand and renewable energy gener-
ation.

Furthermore, the ac power grid
presents further limitations as it is

Point of View

transforming from a traditional cen-
tralized to a decentralized structure,
which is driven by the embedded
and distributed generation concept.
This has allowed the development
of nano-/microgrids within a macro-
grid or standalone, which primar-
ily involves numerous alternative
energy generators (see Table 3) such
as wind generators, PV systems,
fuel cells, flywheels, microturbines,
batteries, supercapacitors, and even
plug-in electric vehicles (EVs).

Note that all of these alternative
energy generators have intermediate
dc power converter stages, which are
then inverted and synchronized to the
ac grid by adding mostly bi-directional
PE converters (inverters). Such a
topology is necessary to link to the
ac grid; but it increases the system
cost and reduces system reliability
and round-trip efficiency. Moreover,
inverter operation is highly complex
and requires significant processing
power, which limits the instant pro-
tection measures and produces delays
in the action time. In addition, con-
ventional inverter structures utilize
Si-based switching devices that have
higher losses—specifically, at higher
frequency switching that is desir-
able for increasing power density and
reducing physical size—and have sig-
nificant cooling requirements.

As can be observed in Table 3, the
dc grid versions of the distributed gen-
eration sources eliminate the grid con-
nected inverter stages and associated
disadvantages.

As is already known, the
centralized ac grid usually requires
longer T/D lines (costly and higher
losses) and is highly exposed to
environmental factors with insecure
communication. Currently, we are
experiencing significant grid transfor-
mation, while accommodating both ac
and dc systems—generators and loads
(primarily dc)—in a hybrid manner.
Moreover, there are numerous load
types and embedded generation
options—with PE converters—
including traction systems, all-electric
sea and air vessels, EVs (cars, buses,
and bikes), charging stations, data
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Fig. 2. Critical observed results of the transforming ac power grid. (a) Declining power system inertia [1]. (b) Increased activity in on-load
transformer cycling due to reverse power. (c) Section of load duration curves over multiple years with increasing reverse power flow in a

transmission line.

centers, DERs, and mining sites
(dc trolley trucks, mining lifts, and
crashers). However, this volatile
and centralized hybrid grid cannot
adequately handle bi-directional
power flow, and its operation becomes
excessively complex and unstable
due to the ever-increasing decoupled
converter structure and reduced
power system inertia.

IINI. STRUCTURAL
CHANGES IN THE
POWER GRID TOWARD
AUTONOMY AND A DC
GRID PARADIGM

In some regions around the world,
the “instant” renewable energy
generation-demand balance [2], if
not curtailed, can reach 100% when
the environment permits. As the ac
grid grows with population increase
and increased wealth, predictability
of demand reduces. Yet wind and PV
solar farms are on the increase. These
have already initiated a debate about
the reliability of the power network,
energy cost, as well as the validity of
the conventional centralized power

grid and its operational practices that
are currently driven by preexisting
market rules.

Various short-term measures have
been considered to address some of
these issues. These measures include
building large grid-scale battery stor-
age systems, installing synchronous
condensers, developing virtual power
plant concepts, distributing gas peak-
power plants, as well as defin-
ing new regulatory frameworks for
both grid operation and for exist-
ing/new large-scale renewable energy
sources—such as dispatchable wind
farms and PV farms with battery
storage.

The potential solutions for the
future demand increase also include

using demand response enable
devices, smart appliances, and
smart meters. However, as add-

on solutions are developed, they
lead to technically and economically
complex grid systems resulting in
a  Verschlimmbesserung or disim-
provement. This contributes to an
increase in energy cost, which is then
amplified by market rules that were
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designed for the conventional grid.
It is envisioned that the changing
paradigm for ac grid transformation
is likely to occur in the following
three ways.

A. Decentralization

Decentralization will occur first
in remote cities/towns and other
community-level applications. This
will be motivated by improved
reliability and low cost of energy. It
will also allow sharing reserves—such
as solar roof-top PV—and power to
be transmitted short distances with
low electrical losses. Moreover, it
will improve system security due
to its autonomy and use a one-way
communication feature for system
monitoring purposes. Decentralized
generation has faster generation
ramp up and connection times,
hence it can manage both power and
energy, and can accommodate local
prosumers easily.

Furthermore, it can offer inte-
grated high-power dc charging sta-
tions for future EVs [3] and utilize
the localized network capacity to its
maximum.
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Table 3 Embedded Modern Generation Sources and Converter Topologies to Couple the AC Grid, and Topologies for the DC Grid

Embedded Modern | Converter Topologies for Converter Topologies
Generation Sources AC Grid for DC Grid
DC DC DC
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B. Role of High-Voltage DC
(HVDC)

Any long-distance connection and
different frequency norms will require
HVDC, which can offer bi-directional
and four-quadrant power flow at a
stable frequency. Large-scale HVDC
systems have already been installed
in Germany and China, where
HVDC transmission corridors expand
to increase transmission capacity
between regions rich in power
sources—such as wind power—and
major far-away load centers. The cost
of HVDC systems is likely to go down
significantly by the utilization of WBG
devices, also making shorter HVDC
links economical. As the decentralized
structure expands and demonstrates
its capabilities and reliability to the
wider community, public acceptance
for big overhead line expansions
will diminish. Hence, the technology
will even make underground HVDC
common for shorter distances. Note

also that dc transmission is already
the primary choice for sea-crossing
and off-shore wind farms.

C. Microgrid Paradigm, DER,
and Autonomous Microgrids

With the evolution of the ac power
grid, new concepts and definitions
have emerged including nano/micro/

embedded/distributed grids (ac,
dc, or  hybrid), smart/future/
intelligent  grids, smart appli-

ances/meters/inverters, smart cities,
grid modernization, and even the
concept the electronic grid and
the Internet of Energy (IoE). The
common specifications of these
definitions primarily all center around
controllable load/generation aspects,
to be able to reduce and quickly
respond to the generation and
demand imbalance, which aims
to improve grid security/reliability,
reduce energy cost and mitigate cost

escalation due to the way the energy
market plays out.

Three common aspects of the new
paradigm also include improved uti-
lization of existing T/D capacity to
be ready for emerging and growing
new load types (such as air con-
ditioning systems and EVs), energy
management, control via Internet of
Things (IoT), and faster communica-
tion tools, but all within the context of
an ac grid that was originally designed
and operated in a centralized manner.

An embedded microgrid with DERs
is characterized in recent years by
local generation of sufficient power
near demand centers, which can func-
tion either in the presence of a larger
grid or standalone. The deployment of
DERs: 1) offers relatively continuous
power; 2) provides power at a higher
levels of reliability; 3) offers low vari-
able cost and low maintenance cost;
4) presents higher capacity factor
hence reduced overall electricity cost;
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5) is resilient since it serves low power
demands continuously and sustain-
able renewable sources of power; 6)
reduces the losses due to close prox-
imity to the loads; and 7) has a posi-
tive impact on the voltage profile [4].

Note that dc is the critical cou-
pling method in every subsection of an
ac microgrid that is currently utilized
widely in remote communities, high
rise buildings, university campuses
and housing communities, and in data
centers (as a dc microgrid [5]). One
very successful ac microgrid project
has also been reported in the Nether-
lands [6]. It is owned and run by each
village or neighborhood and is also
operated in islanded mode. Although
Navigant Research has reported 4475
microgrid projects (27 GW) around
the world [7], Tata Power has recently
announced the set up of 10 000 addi-
tional renewable microgrids (10.7
GW) in India by 2026 [8].

In an autonomous nano or micro-
grid, power consumption is managed
locally and autonomously. The key
benefit is to enhance grid security
because the loads interact directly
through the local network and not
the communications network as in the
conventional approach. Since power
imbalance is reduced and eliminated,
conventional market complexity does
not have any impact on the system
operation. Therefore, an autonomous
microgrid [9] is defined as being able
to make its own decisions to reg-
ulate electrical quantities and per-
form energy management. A unique
application of an autonomous micro-
grid has been developed and tested
in Australia [10], where solar roof-
top PV penetration is high, and
the demand profile contains signifi-
cant reverse power flow. In a micro-
grid, the ac bus voltage is regu-
lated by four-quadrant power con-
trol, the peak active power is limited,
and islanded operation is achieved
autonomously.

IV. WBG DEVICES IN PE
FOR THE POWER GRID

Advancements in PE primarily aim to
make a system more efficient result-
ing in significant energy savings. For

example, energy savings from VSDs,
in the 500-1000 HP range, can be as
high as 3.2% [11]. Therefore, higher
efficiency is the primary target in any
electrical system as it results in mul-
tiple benefits including: 1) reduced
energy consumption; 2) reduced cool-
ing requirements—smaller fan and
space for heatsinking, in enclosed
spaces (as in converters, data cen-
ters, and stationary or mobile battery
storage systems); 3) less heat hence
increased insulation and system life;
and 4) higher short-term overloading

capacity.

A. Progress in WBG Devices

In PE converters, WBG devices
(see 3.26 €V for SiC versus 1.1 €V for
Si) offer revolutionary changes that
are already finding markets in a wide
spectrum of power system applica-
tions. For example, SiC devices have
ten times lower total power dissipa-
tion than Si switches. With higher
voltage (400-1700 V) and current rat-
ings (up to 325 A), higher breakdown
voltage, and lower ON-resistance, SiC
devices are now commercially avail-
able. Much higher voltage (10-15 kV)
SiC devices—such as insulated gate
bipolar transistor (IGBT), MOSFET,
and junction barrier Schottky (JBS)
diodes—also are designed with mod-
ular structures that offer high power
density and desirable high-frequency
(HF) switching characteristics.

Similarly, GaN HEMT devices have
been developed offering excellent
short-circuit robustness (600 ns at
350 V) [12]. Moreover, GaN FETs
are an emerging technology that
can improve the size, cost, and
efficiency of various hard switch-
ing converters. The current GaN
device market is mainly dominated by
devices < 200 V, which is predicted to
increase to 600 V when GaN begins
to replace MOSFETs. Note that GaN
is already well-established in high-
end computing and telecommunica-
tion power supply applications [13].
In addition, GaN devices offer high
power density dc/dc converters that
are likely to be packaged in solar PV
systems at the cell level [14].
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Briefly, the desirable characteris-
tics of WBG devices in PE applica-
tions are: higher operating tempera-
tures (resulting in smaller heatsinks,
smaller die sizes, and lower costs),
faster switching speed (reduced size
of passive element, but potential for
electromagnetic interference (EMI)
problems), and higher dv/dr and di/dt
ratios (30-50 kV/us and 1 KkA/us).
However, high dv/dr and di/dt wave-
forms contain significant HF compo-
nents. Therefore, single-ended passive
voltage probes and high accuracy cur-
rent shunts are required for measure-
ments, which reinforce the modular-
ization of WBG devices.

Note that WBG power modules
without anti-parallel Schottky-barrier-
diodes (SBDs) have been developed
to reduce switching time and power
module size. Therefore, in WBG
inverters without anti-parallel diodes,
power loss remains constant for any
power factor. Moreover, they are effi-
cient, reliable, and smaller in size. For
example, SiC inverters have reduced
loss by about 50% and improved
inverter efficiency by about 8% com-
pared to Si IGBT-based conventional
inverters at the same frequency [15].
Note also that a SiC inverter reduces
motor losses with higher switching
frequency (as in high speed and high
pole number motors) and has reduced
heating.

Moreover, WBG devices offer
further increase in the system power
density at HF since the dc-link
capacitor is replaced by ceramic
capacitors. For example, three-phase
HF inverters for motor control
are now developed up to 10 kW
and with an efficiency >99% at
a power density of 11 kW/dm?.
Moreover, converters using WBG
devices have opened up a new horizon
for numerous other applications and
have been demonstrated via Google
and the IEEE’s Little Box Challenge
on inverters and solutions for power
grids [16], which achieved a power
density of 142.9 W/in®. An impressive
power density of 900 W/in® has also
been achieved in a synchronous buck
converter (12 V at 2-MHz switching)
using GaN devices [17].



Table 4 Solid-State Benchmark Applications Using WBG Devices in AC and DC Power Networks

Point of View

Solid State Transformer (SST) for AC Grid

(as compared to conventional transformers)

Solid State Transformer for DC Grid
(DC SST) (as compared to AC SST)

MV DC bus

Dual-Active Bridge

LV DC bus

1 or 3 phase
MV grid

DC

Front-End

DC

DC

-/

HF transformer

1 or 3 phase

LV grid

1©

DC DC

_

DC AC

Front-End

converter

Smaller volume and weight

Bi-directional power flow

elimination)

Improved efficiency and reduce cooling requirements
Improved power quality (unity power factor, harmonic

Voltage regulation by reactive power control if battery
storage capacity is added on the DC bus.

Flexibility in control, also as an AC circuit breaker
Renewable energy integration with AC or DC links

EV chargers can be connected to either MV or LV sides
Complex control and higher processing power required

converter

e Much simpler hardware and controller,
reduced processing power, higher
efficiency, greater power density and
reduced footprint.

e This is the basic building block in SSTs (or
DC-DC transformers). Input and output
sides can be connected in series for higher
voltage levels in HV applications.

e Can be used as an DC circuit breaker

Transformerless Intelligent Power Substation (TIPS)
for AC Grid (as compared to conventional substations)

Transformerless Intelligent Power
Substation in DC Grid (DC TIPS)
(as compared to AC TIPS)

22kv
DCBus

Dual-Active Bridge

800V
CBus

Ac /| ||P€ °C i O
| DC AC
DC DC 3 phase
3 phase MV For isolation be be e
(13.8kv) / }' (10kHz) DC AC
_ DC
SICIGBES SiC MOSFETs AC

e With similar benefits as in AC SST
e Isolated DC microgrid can be added (using an isolated
output of the transformer with a DC/DC converter)

e Similar improvements as in DC SST
benefits as in AC SST.

Variable Speed Drives for MV Motors in AC Grid

VSDs for MV Motors in DC Grid

Front-End Rectifier

Voltage-source Inverter

AC DC DC Grid DC
C ZZ DC AC AC
VSD >IMW
Wit SiE T wWith $ic™ >15000rpm | 77T withsic

Voltage-source Inverter

B. Utilization of WBG Devices
on the Power Grid

A number of research projects from
EV chargers [3] to circuit break-
ers [18] have been reported using
WBG devices. Table 4 illustrates solid-
state solutions using WBG devices in
utility scale benchmark applications.
The research results indicate that in
the very near future, the conventional
ac transformer will be replaced by

the ac solid-state transformers (SSTs),
which is an ac grid-tailored smart
transformer (ST) with control and
communication functions [19], [20].
Other functions of SSTs include: soft
load reduction to avoid load shedding
(in the case of faults and overload)
and ac grid voltage support (with the
addition of BSS), active dumping, low
voltage (IV) grid fault current limit,
providing medium voltage (MV) dc

link (e.g., for EV charging), load man-
agement, IV grid load identification,
phase load balancing, frequency sup-
port, and increased reactive power
support for an MV grid.

When an ac SST gathers informa-
tion from generators, consumers, and
storage units, it can optimally man-
age the power grid and can act as a
multiple port converter system allow-
ing ac and dc coupling at different
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levels. Bi-directional active and reac-
tive power flow can be provided by ac
SSTs and will be an alternative to line
frequency transformers for connecting
MV (13.8 kV) to LV (480 V) distribu-
tion lines. Smaller and lightweight HF
transformers in such converters can
provide electrical isolation.

The future ac power networks will
also accommodate Transformerless
Intelligent Power Substation (TIPS)
units. As shown in Table 4, TIPS
(13.8 kV to 480 V) typically involve
frontend converters (with SiC IGBTs),
dual-active bridges (with SiC IGBTs
and HF transformer for isolation) and
LV side converters (with SiC MOS-
FETs). Industry adoption of HV SiC
devices in MV power converters (such
as SSTs and TIPS) is very close.

V.STRUCTURE OF THE
FUTURE DC GRID

Widespread  utilization of dc
microgrids will depend on the
following factors: 1) technologi-
cal readiness; 2) development of
regulatory and legal frameworks;
3) demonstration of power quality
and reliability; and 4) economic
benefits. Note that dc nanogrids
will also be developed as a subset
of microgrids mainly around “low
or zero net energy”’ or dc-powered
houses with energy management

integrated with smart appliances and
dc switches.

The ST will be the backbone of
the future dc grid. Future dc grids
(see Fig. 3) will include highly simpli-
fied dc SST and dc TIPS units, which
will eliminate the problems related
to ac sources. In addition, the SST
front end will offer dc integration of
commonly used ac synchronous gen-
erators as in wind turbines and con-
ventional power stations. Also, MV dc
microgrids will be readily developed
using the dual-active bridge with HF
dc/dc converters. By utilizing multi-
ple converters and connecting their
input and output terminals in series,
higher voltage dc/dc converters will
be achieved.

Autonomous  microgrids  with
advanced WBG device-based convert-
ers will be developed around the load
centers and critical common coupling
points of the dc network. This is
very likely to stimulate a ground-
up network design as well as new
market rules. The transition timeline
given in Figs. 1 also illustrates the
transmission network level evolution
toward the dc grid where reduction
in transmission lines and associated
losses are significant. Note that the
maintenance cost of poles and wires,
environmental cost, and retail cost
are almost 80% of the energy bill,
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which can be reduced drastically by
transformation to dc decentralized
generation.

During the transition stage toward
the dc grid, hybrid grid in sea ves-
sels and traction systems for long-
range applications are likely to use
fuel cell technologies accommodat-
ing hydrogen as a fuel, which can
be sustainably produced via renew-
ables [21]. The experience gained
in stationary dc microgrids will be
adapted in the development of the
on-board dc grids in sea and air ves-
sels and land vehicles. In addition, all
industrial and domestic motor drive
applications will utilize VSD tech-
niques primarily to improve drive sys-
tem efficiency. Note that dc battery
storage technology will offer not only
community level storage [22], it will
also offer reserve power storage, dis-
patchability for intermittent sources,
and will eliminate curtailment (1%-—
3% in the United States [23]) of
large-scale wind and PV energy
generation.

The security of the power system
is likely to involve two major aspects:
cybersecurity with one-way commu-
nication and localized autonomous
control [24]. One-way communica-
tion, as shown in Fig. 3, will reduce
the complexity associated with mul-
tiple embedded microgrid systems.



Decoupled asynchronous operation of
dc microgrids eliminates stability con-
cerns and will not be affected from
disturbances in the dc main grid.
Solid-state dc converters will also
regulate voltage continuously and
in bi-directional manner. Short-circuit
current protection in autonomous
microgrids will utilize WBG devices
that can interrupt very large cur-
rents in microseconds, leaving nearby
microgrids unaffected by the fault.
Hence full selectivity among multiple
dc microgrids will be achieved.

Due to the specifications of the
existing dc loads, the dc grid is highly
suitable for both domestic and indus-
trial applications.

Therefore, dc power points will be
supported by WBG-based dc switches
and high-power density modular
dc/dc converters will offer various
voltage levels for dc power points.

Note that ac  synchronous
generators with field windings are the
primary choice in large-scale power
generation. When they are coupled
with ac/dc PE converters based on
WBG devices, replacing transformers
as in Fig. 3, the speed regulation of
their prime mover will not require
strict control, as required in the
thermal power stations. This will then
allow ease of control—as in wind
turbine generators—both in steam
and hydro turbines, which reduces
the system cost and improves system
reliability.

VI. CONCLUSION

Reliability of the grid is of highly
strategic importance to the wellbeing
of modern societies and economies.
The centralized electrification
approach has been accommodated for
over 100 years using a few large ac
generation sites and unidirectional ac
power flow to remote load centers.

REFERENCES

[1] Australian Energy Market Operator (AEMO).
(2018). Power System Frequency Risk Review Final
Report. [Online]. Available: https://www.
aemo.com.au

Australian Energy Market Operator (AEMO).
(2018). South Australian Generation Forecasts South
Australian Advisory Functions. [Online]. Available:
https://www.aemo.com.au

On Board Charging. [Online]. Available: https://
visic-tech.com/

[2

[3

The electricity market was also
developed around this centralized
approach.

However, within the last decade an
ever-increasing hybrid structure (with
ac and dc sources and almost entirely
with dc loads) has reduced the relia-
bility of the power grid significantly
and increased the cost of energy while
threatening national security. The cost
of energy is also related to the losses
in the system and interruption due to
the unreliability.

Therefore, this article has primarily
considered technical challenges and
issues that affect the reliability of the
ac power grid first. As the hybrid grid
is becoming dominated by dc, some of
the inherent problems and limitations
of ac are becoming apparent.

Moreover, the security aspects of
the grid have become critical given
that PE converters have become
ubiquitous for both domestic and
industrial consumers, and a greater
number of intermittent renewable
power sources are being integrated
onto the ac grid. Furthermore, since
decentralized operations using many
modern DERs and autonomous smart
microgrids take hold, new market
players and new market trading rules
are emerging at an ever-increasing
pace.

A number of major unforeseen
phenomena have also occurred within
the last decade in the traditional uni-
directional grid: 1) bi-directional and
unpredictable power flows; 2) large
voltage sag and swells both in dis-
tribution and at transmission lev-
els; and 3) frequent switching of
on-load tap changing transformers.
The renewable energy uptake, accep-
tance of DERs, and microgrid concepts
are trending toward a reliable and
low-cost energy solution manifesting
to decentralized dc.

[4] K. Balamurugan, D. Srinivasan, and T. Reindl,
“Impact of distributed generation on power
distribution systems,” Energy Procedia, vol. 25,
pp- 93-100, Jan. 2012.

[5] U.S. Department of Energy (DoE). Energy 101:
Energy Efficient Data Centers. Accessed: Apr. 3,
2020. [Online]. Available:
https://www.energy.gov/eere/videos/energy-101-
energy-efficient-data-centers

[6] E de Graaf. (2018). New Strategies for Smart

Point of View

The roadmap to the dc grid is
likely to develop around the micro-
grid concept, which will start with
an ac-coupled design first. As WBG
devices produce high-power density
units and facilitate autonomous struc-
tures, the dc microgrid will be the
choice in any embedded microgrid
applications. The developments in PE
and associated technologies from gen-
erators to energy storage options will
seamlessly facilitate a decentralized
topology. The direct outcomes of these
changes are the reduction of main-
tenance and infrastructure cost of
T/D lines, increasing capacity uti-
lization and most critically offering
reliable supply.

Efficiency  improvements and
changes in dc load specifications
are also two primary driving forces
toward the dc grid. For various
scales and applications, WBG devices
will offer high efficiency and high-
power density converters to replace
conventional  transformers  and
substations. In addition, WBG devices
will replace switching devices in
common PE converters heavily used
in renewable energy sectors, VSD,
and EV charging applications. This is
likely to reduce the power demand
and energy consumption significantly
(10%-30%). Efficiency improvements
will also be considered in future
systems—such as integrated inverters,
motors and loads [25], and PV
systems.

Acknowledgment

The authors would like to thank
Dr. Pouyan Pourbiek of Power and
Energy, Analysis, Consulting and Edu-
cation, PLLC, Flower Mound, TX,
USA, for many useful critical com-
ments on an earlier version of their
article. [ |

Integrated Decentralised Energy Systems.
Accessed: Sep. 2019. [Online]. Available:
https://www.metabolic.nl/publications
/sidesystems/

[7]1 P Asmus. (2018). Global Microgrid Tour: All Signs
Point to Australia, Navigant Research. [Online].
Available: https://microgridknowledge.com/
wpcontent/uploads/2018/05/Global-Microgrids-
Asmus.pdf

[8] India’s Largest Power Company Plans 10,000

Vol. 108, No. 5, May 2020 | PROCEEDINGS OF THE IEEE 623



Point of View

91

[10]

[11]

[12]

[13]

Microgrids, Swelling the Global Count. [Online].
Available: https://microgridknowledge.com/india-
renewable-microgrids-tata-power/

Q. Li et al., “Networked and distributed control
method with optimal power dispatch for islanded
microgrids,” IEEE Trans. Ind. Electron., vol. 64,

no. 1, pp. 493-504, Jan. 2017.

G. Haines, N. Ertugrul, G. Bell, and M. Jansen,
“Microgrid system and component evaluation:
Mobile test platform with battery storage,” in Proc.
7th IEEE Innov. Smart Grid Technol.-Asia
(ISGT-Asia), Auckland, New Zealand, Dec. 2017,
doi: 10.1109/1SGT-Asia.2017.8378466.

S. Bhattacharya and R. B. Beddingfield, “High
power/voltage power converters and
applications-opportunities and challenges offered
by HV SiC power devices,” in, Tutorial, Proc. IEEE
Energy Convers. Congr. Expo (ECCE), Portland, OR,
USA, Sep. 2018.

L. Xu and J. Wang, “Electric machines and wide
bandgap power electronics for high speed high
performance electric machine drives,” in Proc. 12th
IEEE Int. Conf. Power Electron. Drive Syst. (IEEE
PEDS), Honolulu, HI, USA, Dec. 2017, pp. 12-15.
System Plus Consulting. (Apr. 2018). GaN Power
Device Industry: The Supply Chain is Acting to
Support Market Growth. [Online]. Available:
https://www.systemplus.fr/gan-power-device-

[14]

[15]

[16]

[17]

[18]

[19]

[20]

industry-the-supplychain-is-acting-to-support-
market-growth/

N. Ertugrul, “Small-scale PV systems used in
domestic applications,” in A Comprehensive Guide to
Solar Energy Systems, T. M. Letcher and

V. M. Fthenakis, Eds. New York, NY, USA:
Academic, 2018, ch. 16, pp. 333-350.

R. Erickson, ‘A disruptive approach to electric
vehicle power electronics final report,” Univ.
Colorado, Boulder, CO, USA,

Tech. Rep. DOE-COLORADO-0006921, 2017.

Little Box Challenge. [Online]. Available:
http://littleboxchallengecetpower.com/

W. Wang, “Electromagnetic design of high
frequency PFC boost converters using gallium
nitride devices,” Ph.D. dissertation, Delft Univ.
Technol., Delft, The Netherlands, 2017. [Online].
Available: https://doi.org/10.4233/uuid:fafbbfcb-
9ed1-4920-8b9b-e4e64d143daf

P Patel. Atom Power is Launching the Era of Digital
Circuit Breakers. Accessed: May 21, 2019. [Online].
Available: https://spectrum.ieee.org/energywise/
energy/thesmarter-grid/

L. E Costa, G. Buticchi, and M. Liserre, “Optimum
design of a multiple-active-bridge DC-DC converter
for smart transformer,” IEEE Trans. Power Electron.,
vol. 33, no. 12, pp. 10112-10121, Jan. 2018.

R. Zhu and M. Liserre, “Continuous operation of

624 PROCEEDINGS OF THE IEEE | Vol. 108, No. 5, May 2020

[21]

[22]

[23]

[24]

[25]

smart transformer-fed distribution grid with
single-phase faults,” in Proc. IEEE Energy Convers.
Congr. Exposit. (ECCE), Sep. 2018, pp. 458-464,
doi: 10.1109/ECCE.2018.8558226.

D. Abbott, “Hydrogen without tears: Addressing the
global energy crisis via a solar to hydrogen
pathway [point of view],” Proc. IEEE, vol. 97,

no. 12, pp. 1931-1934, Dec. 2009.

N. Ertugrul and E Castillo, “Maximizing PV hosting
capacity and community level battery storage,” in
Proc. 29th Australas. Universities Power Eng. Conf.,
Suva, Fiji, Nov. 2019, pp. 26-29.

L. Brid, J. Cochran, and X. Wang, “Wind and solar
energy curtailment: Experience and practices in the
United States,” Nat. Renew. Energy Lab., Tech. Rep.
NREL/TP-6A20-60983, Mar. 2014. [Online].
Available: http://www.nrel.gov/docs/
fyl4osti/60983.pdf

Q. Li, E Chen, M. Chen, J. M. Guerrero, and

D. Abbott, “Agent-based decentralized control
method for islanded microgrids,” IEEE Trans.

Smart Grid, vol. 7, no. 2, pp. 637-649,

Mar. 2016.

G. Haines and N. Ertugrul, “Application sensorless
state and efficiency estimation for integrated motor
systems,” in Proc. IEEE 13th Int. Conf. Power
Electron. Drive Syst. (PEDS), Toulouse, France,

Jul. 2019, pp. 9-12.


http://dx.doi.org/10.1109/ISGT-Asia.2017.8378466
http://dx.doi.org/10.1109/ECCE.2018.8558226


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [576.000 782.640]
>> setpagedevice


