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Abstract

Proposed to be the critical enabling component for future distribution networks, solid-
state transformers (SSTs) have drawn much attention lately. They have a massive potential
to help reduce size and weight, improve efficiency, integrate microgrids, renewables and
energy storages in distribution systems, and can fulfil multiple grid functions such as bidi-
rectional power flow control, fault isolation, system reconfiguration, and post-fault restora-
tion. The introduction of these power electronics devices in distribution systems, however,
also brings new challenges to the grid. Extra levels of electromagnetic interference, stray
current, and personnel safety are among the most prominent practical issues that proper
grounding arrangements can address. In this papet, considerations that should be factored
into the grounding scheme design for SST ports with different voltage forms and levels are
thoroughly reviewed and summarised. The characteristics of various grounding schemes
used in AC and DC distribution systems are evaluated and compared in detail from differ-
ent perspectives. Based on the comprehensive review, several combinations of grounding
schemes are recommended for typical SSTs. In addition, the inclusion of new relay pro-
tection devices in the SST grounding scheme design, considering their characteristics and
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1 | INTRODUCTION

Conventional line-frequency transformers (LEFTs) are widely
used in distribution systems at different voltage levels. In recent
years, the concepts of active distribution network (ADN) and
hybrid systems combining both AC and DC grid segments have
been proposed along with the increasing adoption of renewable
energy resources (RESs) and the development of power elec-
tronics technologies. Various power electronics-based devices
[1], e.g. soft open points [2], hybrid transformers [3], and loop
balance controller [4, 5], were proposed to act as critical nodes
in future distribution systems to interlink grid segments with the
same or different voltage levels. These new devices, herein gen-
erally classified as solid-state transformers (SSTs), share several
standard functions, including,

* Serving as multiport nodes to interconnect distribution grids
with the same or different voltage forms and levels [1];

* Serving as interfaces for distributed generation sites and
energy storage systems [1, 2];

unique requirements, to enhance protection and reliability is also discussed.

* Providing power flow and voltage control, electrical isolation,
and power quality enhancements [1-19];

* Enabling fault detection, isolation, post-fault reconfiguration
and restoration [1, 2, 4, 5]; and,

* Facilitating flexible power dispatch and optimisation when
multiple SSTs work in coordination [1, 2, 4, 5].

However, concerns on the safety, reliability, and robustness
of SSTs still hinder their acceptance in practical distribution
systems [6, 7]. In contrast to the traditional grids enabled by
LFTs, networks created with SSTs ate subject to more com-
plicated fault conditions and different types of intetferences
[8]. A thorough and reliable protection scheme is essential
for a practical SST. A comprehensive protection scheme can
be achieved using software control algorithms and hardware
protection devices, including grounding arrangements, circuit
breakers, fuses, disconnectors, and sectionalisers [9]. Ground-
ing scheme plays a critical role in protecting SSTs under differ-
ent scenarios [7, 10]. Under normal condition, common mode
interference can be effectively suppressed by propetly designed
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grounding schemes and the cooperation of control strategies.
Under fault conditions, the overvoltage and overcurrent phe-
nomena may be affected by the grounding schemes in differ-
ent manners. For example, by increasing (or decreasing) the
grounding impedance, severer overvoltage (or overcurrent) will
appear and threaten the safety of the SST. Furthermore, suit-
able grounding schemes can limit the fault voltage and current
and as such enable the fault-tolerant operation of SST. On the
other hand, grounding scheme design also affects the selection
of other protection devices in terms of sensitivity and selectivity.

Therefore, careful design of the grounding scheme of an
SST is vital to its safety, reliability, and robustness enhance-
ment. Major factors that should be considered in the grounding
scheme design for a typical SST include,

* Structure and configuration of the connected grids;

* Grounding and protection schemes used in adjacent distribu-
tion systems;

* Voltage types and levels of the SST ports;

* Converter topologies of the SSTs;

* The mutual influence between different SST ports, including
fault propagation and common-mode interference;

* Post-fault reconfiguration and restoration of the connected
grids; and,

* Selection and coordination of the corresponding protection
device.

The detailed design largely relies on the voltage levels of
the grid, as well as the objectives of the grounding
and protection. For medium-voltage (MV) distribution
networks, ensuring stable system grounding and power
quality is of primary concern, whereas for low-voltage
(LV) distribution networks, personnel safety should be
considered first.

Only a few grounding schemes have been discussed and
explicitly evaluated for SST applications. In [7], resistance
grounding and solid grounding are adopted in the MVAC and
LVAC ports of the cascaded H-bridge SST. It proves that the
MYV side grounding can significantly affect the post-fault over-
current and overvoltage by varying the grounding impedance;
the LV-side grounding scheme’s design should cooperate with
the downstream protection devices to guarantee the safety of
the SST. However, the SST DC port’s protection is not dis-
cussed, where fault happened at this port would also affect the
whole system. In [11], the evaluation of grounding design with
different schemes for a multiport modular multilevel converter
(MMC) SST was presented based on the short-circuit faults on
both AC and DC ports. It indicates that more consideration
should be taken in system reliability of the MV-side grounding
while personnel safety is the most critical factor in the LV-side
grounding;

The cooperation with the protection devices, however, was
not discussed in this work. Most of the grounding designs
for grid-scale power electronics apparatus are originated from
the existing grounding schemes used in conventional distribu-
tion systems, e.g. resistance grounding and reactance ground-

ing. However, considering their unique characteristics and dif-
ferent application scenarios from traditional equipment, no gen-
eral guidelines of the grounding scheme design for SSTs exist
in the literature. When more grid systems are interconnected
with each other with these new devices, interferences generated
under both normal and fault conditions could be propagated to
the adjacent systems. Also, fault chatracteristics of SSTs with dif-
ferent topologies and grounding schemes are mostly unknown
for the time being, For SSTs interfacing both AC and DC sys-
tems, the grounding schemes’ mutual influence on both the
AC and DC ports is not apparent. Moreover, the coordination
between the grounding schemes and new protection devices is
missing in the literature as well.

In this paper, based on a thorough review, the main issues
affecting the grounding scheme design for SSTs with different
topologies in future distribution systems are discussed and anal-
ysed. Major factors to be considered, such as the configuration
and structure of the distribution systems, SST converter topolo-
gies, the impact of the grid interfacing isolation transformer, and
coordination with relay protections, are described and evaluated
in detail. The possible use of new relay protection devices in
coordination with the SST grounding is also discussed. Sugges-
tions of grounding schemes for typical SSTs used in different
scenarios are provided based on the comprehensive analysis and
evaluation. The focus of the paper is to provide a thorough
overview of the grounding design for SSTs used in distribu-
tion systems with considerations of the relevant aspects from
different perspectives. By including the related references and
discussing the key points in a proposed framework, it intends
to reveal the challenges and the possible future directions of
this subject matter and serves as a comprehensive reference for
researchers and practicing engineers in this field.

2 | THE NECESSITY OF GROUNDING
SCHEME DESIGN FOR SSTS

The grounding scheme design for the SSTs is essential to the
devices themselves and the connected distribution systems due
to several reasons.

1. With the increasing integration of the RESs and the dc
loads, more SSTs will be implemented in the distribution sys-
tems. The existing grounding schemes of the ac grids cannot
solve the problems under normal or fault conditions caused by
the grid interconnection achieved by the SSTs.

2. The mutual influence caused by the ac and dc system inter-
connection is not clear when different grounding schemes are
adopted in the grid systems and the SSTs. Close-loop circuits
will be created via the system grounding points and the SSTs
with specific topologies under abnormal conditions leading to
fault propagation.

In general, most SSTs can be classified into the six basic types
in Figure 1, depending on their number of power conversion
stages [12]. The single-stage SSTs in Figure 1(a,b) do not use
high-frequency transformers and thus feature lower initial cost
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FIGURE 1 Typical SST structures. (a) single-stage type I, (b) single-stage FIGURE 2  External fault circuit loops with (a) isolated SST;

type 11, (c) two-stage, (d) three-stage type I, (¢) three-stage type 11, (f) four-stage

and volume. Compared with the multi-stage SSTs, they only
provide two converter ports with the same voltage type and can
only fulfil a limited number of essential functions as listed in
Section 1. Advanced functions such as fault isolation and sys-
tem reconfiguration are not achievable with these converters.
With the multi-stage SSTs as shown in Figure 1(c—f), galvanic
isolation is provided via the built-in high-frequency transform-
ers, and interference generated from either the MV- or LV-side
can be effectively limited within a specific range. More converter
ports are available in these structures for interconnecting dif-
ferent types of grids, where power can be flexibly transferred
from/to the ports via the SST. The system can be reconfigured
to isolate the faulty feeders and maintain the power supply in the
healthy connected systems with less quality degradation. How-
ever, more power conversion stages lead to higher conduction
losses, and the use of more power electronic devices decreases
the reliability of the SST. Depending on whether isolation trans-
formers are employed in their topologies, these grid-scale SSTs
can also be classified into the isolated types [7, 13, 14] and the
non-isolated types [15—18]. As shown in Figure 2, different fault
current paths can be found in these two groups. As discussed in
[7], the fault conditions can be classified into internal and exter-
nal faults. The internal faults are not as severe as the external
cases regarding the overcurrent and overvoltage levels and will
not be discussed in detail.

One of the most common external fault conditions, single
line-to-ground short-circuit (SLG) fault, happening between the
existing remote grounding and the SST is depicted in Figure 2.
Assuming there are no local protection devices installed for the
SST, the fault circuit is formed between the fault point and the
remote grounding point in the connected grid. For an isolated
SST, faults happening at one port can be effectively confined
within the SST converter’s faulty side and the feeder, as shown
in Figure 2(a), where the dashed lines with arrows indicate the
fault current paths and directions. The most common example
of isolated type SST is depicted in Figure 3 [19]. The AC fault
current loop, in this case, is created between the fault point and
the grounding points of the grid (AC and DC sides), as given

(b) non-isolated SST

in the red lines of Figure 3; the DC fault current will flow the
same paths as that of the AC fault and will not be discussed
further.

Furthermore, if a non-isolated SST is used, such as a back-to-
back converter as given in Figure 4, the fault current will flow
through the SST and common DC bus to the healthy ports with
certain switching states under an SL.G condition. The same con-
clusion can be reached in the DC fault conditions. Therefore,
regardless of which type of SST is installed, the fault circuits will
always be created involving part of the SST. The resultant phe-
nomenon of overcurrent or overvoltage would pose significant
challenges to the power electronic devices’ ratings. The ampli-
tudes of the overcurrent and overvoltage under fault conditions
can be efficiently suppressed by a feasible grounding scheme
design.

3. In general, the rated load current is between 40% to 50%
of the maximum ratings of the selected power electronic devices
used in the SST. To deal with the abnormal conditions, SSTs can
use different reactions, such as enabling fault-tolerant operation
and completely shutting down the SST. Fault-tolerant operation
requites the coordination of the grounding scheme design and
the fault ride-through control scheme to suppress the fault volt-
age and current within the rated values. If the voltage or cur-
rent exceeds the protection threshold, the SST needs to be shut
down to ensure device safety.

4. The SSTs ate more vulnerable than traditional devices.
It should be noted that the traditional LFT can sustain 20 kV
dielectric for 1 min during short circuit condition and the oil
insulated LFT has the overload capabilities of 25X the rated
current for 2's, 11X for 10 s and 3X for 300 s [7]. In contrast
to the LFT, the SSTs can bear the maximum overcurrent of
1.5X for several minutes and 4X for some milliseconds [0, 7,
20]. Besides, power electronic semiconductors cannot withstand
voltages higher than their maximum blocking voltage capability
and usually keep 40% to 70% voltage margin to deal with the
short-circuit fault conditions for several hundred milliseconds
20, 21].
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3 | GROUNDING SCHEMES FOR SSTS

Because of the interference propagation issue [22] and the
vulnerability of semiconductor devices, a comprehensive pro-
tection scheme is indispensable to guarantee the safety, relia-
bility, and robustness of the SST systems and the connected
distribution networks. Figure 5 gives an overview schematic of
the protection scheme based on traditional protection devices,
including grounding methods, circuit breakers, fuses, surge
arrestors, and disconnectors [7]. (1) The disconnectors are used
to isolate the SST under the small current condition for device
maintenance; (2) Fuses and breakers are applied to segregate the
overcurrent with different time selectivity. (3) Surge arrestors are
implemented at each port to clamp large overvoltage; (4) Nev-
ertheless, the grounding scheme not only coordinates with the
protection devices to isolate the fault conditions, but it provides
a stable reference for the normal operation of the SST as well.
Therefore, the grounding scheme plays an important role in the
protection scheme of the SST and influences the selection of

IN FUTURE DISTRIBUTION SYSTEMS

A grounding scheme usually has three essential purposes,
namely, safety grounding, functional grounding (or signal
grounding), and electromagnetic interference (EMI) control
grounding [23]. While safety grounding is related to the pro-
tection of the system and personnel from electric shock, risk of
fire hazard, and appliance damage; and functional grounding is
used to offer a stable reference potential for circuits and sys-
tems; EMI control grounding, on the other hand, is designed
to satisfy the electromagnetic compatibility requirement of the
systems. The selection criteria of grounding schemes for SSTs
vary depending on the connected distribution systems’ voltage
levels. In an MV network, functional grounding and EMI con-
trol grounding are primary concerns, as service continuity and
power quality need to be guaranteed to the maximum extent. By
contrast, LV distribution systems ate more accessible to end-
users, and therefore personnel safety should be considered in
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FIGURE 5 Schematic of the protection scheme of the SST
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the first place. At the LV level, the EMI control grounding also
needs to be considered to mitigate power losses and EMI pol-
lutions. Two fundamental rules should, in general, be followed
in the grounding scheme design of SSTs: (1) the design should
comply with local grid codes and ensure maximum consistency
of the system grounding and protection practice; (2) the design
should also take into consideration the characteristics of the
SSTs and satisfy their requirements.

Starting with a general overview of grounding schemes for
both MV and LV distribution systems, this section will clar-
ify the primary considerations in the design of grounding for a
distribution-level SST. Detailed discussions and recommended
designs will follow according to the same categorisation based
on voltage levels and types.

3.1 | General considerations of grounding
design for an SST

Several major factors should be considered in the detailed
grounding scheme design for distribution-level SSTs, including
(1) the types and configurations of the connected distribution
systems; (2) the existence of isolation transformers at the SST
ports; (3) the topologies of the SSTs. Most SSTs proposed so
far can be generally categorised into the AC/DC, AC/AC, and
DC/DC types. As a generic representation, Figure 0. illustrates
a simplified SST with multiple ports of different voltage forms
and levels, i.e. MVAC, MVDC, LVAC, and LVDC. Factors that
need to be considered in the grounding design for each port are
also given in the figure. The grounding schemes can be imple-
mented in conjunction with circuit breakers (CBs).

As shown in Figure 6, grounding design at all the SST ports
should first consider the local distribution system configuration.
The AC ports are usually connected with three-phase three-
wire or three-phase four-wire distribution networks, where the
systems should be grounded to the earth or neutral line, respec-
tively. For systems tied to the DC ports, as shown in Figure 7,
typical arrangements include the asymmetrical monopolar,

A

FIGURE 7
monopolar; (b) asymmetrical monopolar; (c) symmetrical bipolar

DC distribution system configurations. (a) symmetrical

symmetrical monopolar, and symmetrical bipolar configura-
tions [24, 25]. Each of these has its specific grounding design
and implementations. Due to the possible combinations, the
design and location choice of the grounding schemes around
an SST is mostly dependent on the type and configuration of
the distribution networks the SST is interfaced with.

For example, for an SST interconnecting an AC grid and
a DC grid with the same voltage level, two possible sites,
one at the AC port and the other at the DC port, can be
found for implementing the grounding. Assuming the AC side
is ungrounded, if the symmetrical monopolar configuration is
adopted on the DC side [26, 27], as shown in Figure 7(a), the
grounding scheme at the DC port can be implemented at the
DC mid-point to create a stable reference potential; However,
if the SST is connected to a DC network with asymmetrical
monopolar configuration [28-30], as can be seen in Figure 7(b),
one of the DC buses should be grounded to serve as the return
path; If the DC side is of the symmetrical bipolar configuration
[24, 31-30], as shown in Figure 7(c), the grounding should be
arranged at the natural DC neutral point to provide a stable ref-
erence potential. Therefore, the bus voltages and currents of the
positive and negative poles can be maintained separately, and the
whole DC structure can be regarded as the combination of two
asymmetrical monopolar systems.

The SST grounding scheme selection also depends on
whether line-frequency interface isolation transformers are
present at their AC ports. If an interface isolation transformer
exists, it provides a convenient location for implementing
grounding and helps mitigate mutual influences such as EMI
and fault propagation from both the grid- and the converter-
side. Different AC-side fault characteristics with or without
interface isolation transformers were investigated for a modular
multilevel converter (MMC) based HVDC system [37]. It
was revealed that the transformer could be readily used to
implement the grounding for the MMC and effectively contain
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FIGURE 8 Interface isolation transformers. (a) Yg/Yg; (b) Y/A;
(© Yg/A; (d) A/A; () A/Yg

potential fault propagation. Characteristics of faults happening
at different locations on the DC side of an SST under different
grounding designs are analysed and compared in [38] for an
MVDC distribution system, based on which several suitable
schemes for the SST were provided. It indicated that trans-
formers with A/Yn configuration are preferred due to their
low common-mode voltage under SLG faults and their fault
restoration capability under SPG faults.

Additionally, the transformer’s winding configuration also
affects the location choice of the grounding scheme. As shown
in Figure 8, an isolation transformer can have several differ-
ent winding configurations such as Yg/Yg, Y/A, Yg/A, A/A,
and A/Yg in both MV [24] and LV distribution networks
[39]. All the wye-connected configurations can provide a neu-
tral point to implement the grounding directly. However, for
delta-connected windings, extra grounding transformers (zig-
zag transformers or Y/A transformers) or star-connected reac-
tance are requited to provide an artificial neutral point. A zig-zag
transformer has several advantages: low installation area, low
loss, and low reactive power consumption, as indicated in [40].

Thanks to the development of converter topologies and con-
trol strategies, many transformer-less SSTs have been proposed
lately to further reduce the initial cost and volume [41-40].
Since there is no interface transformer to provide isolation
and place the grounding, these SSTs are more vulnerable to
various fault conditions. In these cases, extra devices such as
differential- and/or common-mode filters are often employed
to reduce the interference from both grids- and converter-side
of the SST. During normal operation, the EMI generated by
the SSTs can be limited by the filters to an acceptable degree
to comply with the local grid code. Under fault conditions, an
extra fault current loop can be constructed between the filters’
grounding points and the fault point. The amount of fault cur-
rent flowing through the filters’ grounding points may exceed
the devices’ rating limits in this loop if there is not a suitable
grounding scheme in place. So far, fewer studies can be found
on the grounding scheme design of transformer-less SSTs. In
[21], the grounding concept accompanied by a common-mode
filter design for a transformer-less MV drive was presented,
where the common-mode interference can be limited within the
drive system under normal conditions. However, grid-side fault
conditions were not covered in the work. In the transformer-
less concept, additional high-amplitude common-mode voltage
sources would be introduced to the system under fault condi-
tions. Excessive faulty current cannot be entirely suppressed by
the filters and will be further transferred to the other grounding
points, and even destroy the connected devices if the impedance
of the fault current loop is low. To that end, grounding schemes
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FIGURE 9  Examples of the SST topologies. (a) MMC-SST type I;
(b) MMC-SST type II; (c) B2B MMC; (d) CHB-SST; (¢) AC/AC direct MMC

are indispensable in transformer-less cases and should be even
more carefully considered for normal and fault conditions.

Finally, the topologies of the SSTs also influence their
grounding scheme design from different perspectives, especially
at the DC ports. Various SST variants have been adopted to
interface distribution systems with different MV systems’ volt-
age levels. The proposed topologies include MMC [41], two-
level full-bridge converter [42], neutral point clamped converter
[47], and cascaded H-bridge converter [48]. Figure 9 illustrates
several modular SSTs constructed by multiple submodules (SM)
and/or dual active bridge modules (DABs). These modular
SSTs can be regarded as the expansion of the SST given in Fig-
ures 3 and 4. Modular multilevel structures are preferred in the
MYV distribution level to solve the semiconductors’ limited volt-
age issue and obtain better output performance. Figure 9(a,b)
illustrate the single-phase diagram of two types of modular
multilevel converter (MMC) based SST that four ports can
be attained to interconnect different distribution systems. Fig-
ure 9(d) shows the single-phase cascaded H-Bridge converter
(CHB) based SST, which provides three ports, such as MVAC,
LVDC, and LVAC ports. In Figure 9(a,b,d), dual active bridge
modules are adopted to transfer the power between the MV and
LV level and realise the galvanic isolation. A back-to-back MMC
based soft open point and a direct AC/AC MMC are depicted in
Figure 9(c,c). No transformers are used in these two subfigures,
and as such, the connected feeders are not galvanic isolated.

It should be noted that only full-bridge SM can be used in
Figure 9(c). CHB-SST owns a natural neutral point that can be
used to implement the grounding schemes. However, in MMC-
SST, the DC capacitors ate evenly distributed in the submodules
where no original neutral point can be provided at the MVDC
port. Hence, auxiliary devices, e.g. split resistors, are required to
form an artificial neutral point. For the other topologies, such
as the ones shown in Figures 3 and 4, grounding schemes can
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TABLE 1 Potential grounding schemes implementation points for the existing SST prototypes
Potential grounding schemes implementation points
Types Prototypes Power MVAC MVDC LVAC LVDC
CHB based ABB [111, 112] 1.2 MVA Neutral point NA Neutral point Mid-point
1 ph
FREEDM 20 kVA Neutral point NA Neutral point Mid-point
1ph [113]
HUST 500 kVA Neutral point NA Neutral point Mid-point
3 ph[114]
UNIFLEX 300 kVA Neutral point NA Neutral point Mid-point
[115]
3 ph
MMC based IEECAS T 1 MVA Neutral point Mid-point Neutral point Mid-point
[116]
NPC based EPRI [117] 100 kVA Neutral point NA Neutral Point Mid-point
1 ph
FREEDM 20 kVA Neutral point NA Neutral point Mid-point
1ph[113]
be implemented at the DC ports’ neutral points provided by the HVMY HVMV HVMV HV/MY HV/MV
split DC capacitors. KE
So far, only a few grounding schemes are investigated in J_
simulations to deal with certain abnormal conditions of SSTs. - < = = =
These schemes are yet to be tested in practical systems. For a b ¢ d e
existing SST prototypes, seven implementations are listed in
Table 1 and categorised based on their topologies, including the FIGURE 10 MVAC grounding schemes. (a) neutral distributed with

neutral point-clamped (NPC) type, the CHB type, and the MMC
type. While the specific grounding arrangements of these proto-
types were not discussed in detail in the above-listed references,
the potential points of grounding implementation of the NPC
based SSTs are similar to those of the CHB based systems. In the
CHB based SSTs, the MV-side grounding can be implemented
at the natural neutral point of the MVAC port. The LV ground-
ing schemes can be arranged at the neutral point of the LVAC
portand the midpoint of the LVDC port. By contrast, the MMC
type SSTs do not have a natural neutral point at the MVAC port,
and therefore require devices such as isolation transformers
or grounding transformers to create artificial neutral points
for implementing the grounding. The DC-side grounding
schemes can be realised at the mid-points of the MVDC and
LVDC ports. The LVAC grounding scheme can also be realised
via the grounding transformers and/or three-phase-four-leg
converters. The specific grounding schemes of the prototypes
may vary due to the different regulations set by the local grid
operators.

It should be noted that the detailed grounding arrangements
are related to the requirements on system fault isolation and
protection. Since the SSTs are the interface devices between the
AC and DC distribution systems, fault incidents should be con-
fined to not to harm the SSTs and the connected feeders. All
the factors mentioned eatlier should be considered to design
an optimal grounding scheme for any SST. Moteover, trade-
offs may have to be made to meet a specific system’s grounding
requirements.

multiple grounding points; (b) neutral grounded directly and undistributed;
(c) neutral grounded via an impedance; (d) neutral grounded via a designated
circuit; () ungrounded

3.2 |
level

Grounding schemes for SSTs at the MV

In general, the grounding schemes at the MV level share sim-
ilar design criteria with the high-voltage (HV) systems, focus-
ing mainly on functional and EMI control grounding, In MV
and HV grids, solid grounding, resistance grounding, reactance
grounding, resonant grounding, and ungrounded systems atre
typically adopted to meet different grid codes [49, 50].

3.2.1 | Grounding schemes at the MVAC port

On the MVAC side of an SST, grounding schemes implemented
in current MVAC distribution systems can be readily adopted.
As shown in Figure 10, MVAC grounding schemes mainly
include the following types, i.e. neutral distributed with multiple
grounding points, neutral grounded directly and undistributed,
neutral grounded via an impedance [51], neutral grounded
via a designated circuit such as a Peterson coil, and neutral
ungrounded [50, 52]. Moreover, the hybrid grounding scheme
was proposed to achieve a better protection performance in the
MYV generators by adjusting the value of the grounding resis-
tance from low to high [53]. Though the hybrid grounding
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scheme has been proposed where grounding resistance can
be shifted under different conditions, the adopted switch’s
response speed is still unknown for the SSTs used in the ADN.
These grounding schemes can be categorised into the large fault
current group and the small fault current group based on the
amplitude of the zero-sequence fault current and the arc self-
extinguishing capability [49, 54].

The SLG fault is usually accompanied by overvoltage and
overcurrent issues which influence the insulation level, safety
of the connected apparatus, and power service continuity of
the affected grid. To verify the effectiveness of any possible
grounding scheme on the MVAC side of an SST, the ratio
between the SLG short-circuit fault current and the three-phase
fault current, /51 /[, is used as an evaluation metric. The
large fault current group includes the solid grounding and small
impedance (resistance, reactance) grounding schemes. The
ungrounded, high impedance (resistance, reactance) grounding
and resonant grounding schemes belong to the small fault
current group. These grounding schemes are usually separately
used based on the SLG fault current amplitude in practical
applications. At the MV level of 10-66 kV, if /51 i is under 10
A, ungrounded systems are recommended for the distribution
network. When the fault current falls in the range of 10 A to
100 or 150 A, it is preferred to use resonant grounding to limit
the fault current to be within 10 A. If the fault current is larger
than 100 or 150 A, low-resistance grounding is usually the
preferred choice, where circuit breakers or fuses will be easily
tripped by the large fault current to isolate the fault in such
systems.

These grounding schemes are associated with different char-
acteristics in terms of requirement of the basic insulation level
(BIL), transient overvoltage (TOV) level under SLG fault, ser-
vice continuity under SLG fault, personnel safety, thermal stress,
EMI level, and relay protection sensitivity and coordination [49,
55-57].

As shown in Figure 10(a,b), the two solid grounding schemes
with different configurations are usually adopted in the current
North American MVAC distribution systems. Under these
schemes, the TOV associated with the SL.G fault condition can
be propetly controlled. However, a large fault current will be
generated due to the fault circuit’s small impedance, leading to
potential fire hazards and arc-flash. The ground potential would
be raised from 0 to /.Z; and may result in step-voltage issue
[58], where /; and Z; are the fault current and the equivalent
resistance of the fault point, respectively.

As shown in Figure 10(c,d), the grounding schemes via a
neutral impedance include several possible subtypes, i.e. low-
resistance grounding, low-reactance grounding, high-resistance
grounding, high-reactance grounding, and resonant grounding
[49, 56, 58]. Although the ratio of /5; //3¢ can be limited to
between 5% to 25%, the high reactance grounding is not pre-
ferred because its excessive TOVs during an SLG fault would
necessitate extra protection devices to be added. Low-resistance
grounding is popular in MV systems ranging from 2.4-34.5 kV
with the capacitive short circuit fault current larger than 150 A.
Distribution systems with low-resistance grounding needs to

be shut down to prevent high magnitude fault currents once
the fault is identified [49, 58—60]. High-resistance grounding is
often used in systems in the range of 480—4,160 V, where the
fault current can be suppressed to 0.5-10 A, thereby minimising
fire hazard and personnel safety issues. In such cases, the TOV
can be reduced to less than 2.73 p.u. of the nominal line voltage.
However, the sensitivity and selectivity of relay protections
are restricted because of the small fault current magnitude. As
power is allowed to be transferred continuously during the fault,
these systems are required to have a high insulation level, which
increases the initial cost [55, 58, 60-62]. Low-teactance ground-
ing is often used for managing high ground-fault currents
in substations and generators with single-phase loads where
voltage levels are below 600 V or above 15 kV. It is largely
replaced by the more modern resonant grounding schemes
in today’s distribution systems worldwide and is rarely used
anymore [58, 60]. Resonant grounding schemes are popularly
adopted in countries and regions such as Italy, Northern and
Eastern Europe, Israel, and China. Its capacitive fault current
can be compensated to essentially zero, and the TOV caused by
the SLG fault can be limited to below 2.73 p.u. This method is
usually designed to work in overcompensation mode to cope
with the abnormal conditions and the increasing use of cables.
The trade-off between the overvoltage and overcurrent issues
caused by different grounding impedance is discussed and
verified in [38], where it was shown that the fault performance
could be optimised by adjusting the grounding impedance.

Ungrounded systems have been adopted in Germany, Italy,
UK, Japan, Ireland, and China, with the advantages of the least
initial investment and service continuity under the SLG fault
condition [50, 63]. As shown in Figure 10(e), since the neutral
point is floating in such systems, the fault current can only circu-
late from the fault point via the power lines’ distributed capac-
itors back to the ground. The magnitude of the fault current is
low, and Z5; ;//3¢ is typically less than 1%. The phase voltages
of the healthy feeders increase to the line voltage level during
the fault, and the TOV can be even larger than three p.u. [49].
To maintain the power supply, the relay protections’ sensitivity
should be low to avoid spurious tripping, Also, although the line
voltages remain unchanged under the SLG fault, appliances can
only be connected between the live lines to prevent damages
caused by the rapid change of phase voltages.

Detailed comparisons of the above-described grounding
schemes for the MVAC port are given in Table Al. Here, Xj and
Ry represent system zero-sequence reactance and resistance,
respectively; and X is the positive-sequence reactance. For the
large current grounding schemes, due to the small impedance of
the fault loop, the grounding location is determined by the local
grid system configuration and the existence of isolation trans-
former. The grounding scheme design should also consider the
SST specifications such that the safety of the circuit elements
can be guaranteed. Moreover, the detailed design should fol-
low the local grid codes to ensure proper coordination with the
existing grounding implemented and the corresponding relay
protections of the MVAC distribution system to avoid conflicts
and spurious tripping.
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FIGURE 11 MVDC grounding schemes. (a) ungrounded; (b) solidly

grounded asymmetrical monopolar; (c) diode or thyristor grounded
asymmetrical monopolar; (d) capacitance mid-point solidly grounded
symmetrical monopolar; (e) capacitance mid-point grounded symmetrical
monopolar with neutral resistor; (f) clamped resistance grounded symmetrical
monopolar; (g) solidly grounded symmetrical bipolar; (h) grounded
symmetrical bipolar with neutral resistor

3.22 | Grounding schemes at the MVDC port

Figure 11 illustrates the typical grounding schemes used in
the current MV and HV DC applications. These include:
ungrounded [40, 64], solidly grounded asymmetrical monopo-
lar [30], capacitance mid-point solidly grounded symmetrical
monopolar [64], capacitance mid-point grounded symmetri-
cal monopolar with neutral resistor [65], clamped resistance
grounded symmetrical monopolar [65, 66], solidly grounded
symmetrical bipolar [32], and grounded symmetrical bipolar
with neutral resistor [31].

As shown in Figure 11(b,c), the grounding schemes are
usually adopted in DC systems with asymmetrical configura-
tions, e.g. DC rail systems. Although the ungrounded solution
in Figure 11(a) generates the least stray current, personnel
and equipment safety are threatened by the increase of the
voltage potential under fault conditions [67]. It is also difficult
to identify abnormal conditions because of the lack of proper
fault current measurement locations. A diode or a thyristor can
be added to the negative bus of the ungrounded DC system
to provide a site for the installation of fault detection and
isolation devices, as shown in Figure 11(c) [30, 66]. It should
be noted that the added diode or the thyristor also introduces
a higher level of stray currents, which increases the risks of
corrosion of the metallic conductors around the grounding
point. The method illustrated in Figure 11(b) is not preferred
in modern systems because the DC system’s negative bus is
directly grounded, which increases the threat of corrosion to
underground facilities close to the rail tracks [30].

The grounding arrangements illustrated in Figure 11(d—f)
are usually used in symmetrical monopolar systems, and which
one to choose in a specific design should be determined by
the topology of the SST. For instance, if the SST is based on
the MMC topology, as the DC capacitors are floating and dis-
tributed in the MMC submodules, no neutral point on the DC
port can be provided [28]. Thus, extra resistances are needed to
form an artificial neutral point, as shown in Figure 11(f). How-
ever, if the SST is built with topologies that offer a natural neu-
tral point on the DC side, all the schemes in Figure 11(d—f)
can be readily applied. For the capacitance mid-point solidly

grounded symmetrical monopolar configuration shown in Fig-
ure 11(d), large discharging fault current and high TOV will be
generated under an SPG fault, the level of which may exceed
the rated voltage of the power electronics devices and result in
undesirable damage. Due to the large current amplitude, the
fault can be easily detected and cleared by the relay protec-
tions. In Figure 11(c), a neutral grounding resistor is added to
limit the magnitude of the fault current, where the value of the
resistor should be carefully designed to maintain the voltage
balance between the two poles. Extra control schemes may be
required to further reduce the common-mode voltage between
the poles such that the power loss can be curtailed [65, 60].
As described above, the configuration of Figure 11(f) consists
of two additional resistors to form the artificial neutral point
and is often used with MMC based SSTs [28, 66, 68, 69]. The
last two grounding schemes, as given in Figure 11(gh), are
always applied in symmetrical bipolar systems [24, 31-35, 65,
66]. These methods share the same features with the symmetri-
cal monopolar types in Figure 11(d—f).

The above-mentioned grounding schemes’ assessment
should take different perspectives such as the magnitude of the
zero-sequence fault current, TOV, BIL, EMI, the difficulty of
the fault diagnosis, power loss, and the fault-tolerant opera-
tion of the SST. The EMI level, stray current, and power loss,
among others, are the main criteria for the evaluation of the
grounding schemes under normal operation. The other crite-
ria are used to test the grounding schemes’ performance under
fault conditions. All the small fault current grounding schemes
share almost the same features, such as high TOV and low
fault current due to the high impedance in the fault current
loop. The fault detection and system protection are set with
lower sensitivity to achieve fault-tolerant operation. However,
the fault-tolerant operation is associated with several hidden
issues, such as the high possibility of secondary faults occur-
rence and the challenge to the connected distribution feeders’
insulation level, threatening system and personnel safety. The
large current grounding schemes are associated with opposite
characteristics to the small current grounding schemes. They are
generally characterised by high fault current, low TOV, and low
BIL. Given the high fault current amplitude, high-speed fault
identification can be easily realised to improve both the system
and personnel’s safety. But the system cannot continue opera-
tion under faults because the DC voltage cannot be maintained.
The choice between adopting the large fault current ground-
ing schemes with potential overcurrent and using the small fault
current grounding schemes with possible overvoltage depends
on specific design objectives. These issues would challenge the
voltage and current ratings of the power electronic devices in
the SST and the connected feeders.

A comparison of feasible grounding schemes at the MVDC
port is given in Table A2. In deciding the grounding location
and type at the MVDC port of an SST, both the SST’s topol-
ogy and the DC distribution system’s configuration should be
considered. Like the MVAC side, a detailed grounding scheme
design for the MVDC port relies on the existing grounding and
relay protections implemented in the connected DC distribution
system.
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FIGURE 12  Fault current paths with grounding schemes arranged at
both the AC and DC ports. (a) SLG fault condition; (b) SPG fault condition

3.23 | Recommendation of grounding
combinations for the SST MV ports

Due to the nature of the multiport SSTs, a holistic design
approach combining MVAC and MVDC configurations and
grounding schemes should be adopted to improve the system
function and performance. The grounding designs should fol-
low the local grid codes and maintain consistency in terms of
grounding fault current magnitude. Otherwise, potential spuri-
ous triggering of the fault protection schemes could happen and
affect system operation because of different grounding groups’
inconsistent sensitivity levels.

On the MVAC side, there ate two possible grounding sce-
narios: (1) the SST shares the same grounding scheme with the
grid, and (2) the SST has its AC grounding scheme. In the first
case, investment in the extra grounding scheme arranged on the
SST AC port can be saved at the cost of the possible fault prop-
agation on the AC distribution system. The second scenatio is
more suitable and preferred as it avoids fault propagation and
provides better protection for the system and SST under abnor-
mal conditions. In this case, faults can be mostly isolated within
the faulty feeders to improve system safety [70].

For MVDC, although having better reliability from the
bipolar structure, the symmetrical bipolar DC configuration
is rarely used at the MV-level due to its high cost. The most
popular choices are symmetrical monopolar and asymmetrical
monopolar configurations. Figure 12 shows an SST example
under typical fault conditions where the symmetrical monopo-
lar configuration is adopted on the MVDC side. Considering
the possible fault propagation with the interconnection of AC
and DC and forming a hybrid distribution system, grounding
implementations are preferred on both the MVAC and MVDC
ports, such that the fault current from either side can be largely
isolated from the SST and the healthy feeders. This arrange-
ment can also help with the DC post-fault restoration of the
SST by providing the DC capacitor’s close-loop discharging
path.

To further explain, Figure 13 illustrates the post-fault AC
equivalent circuit of the configuration in Figure 12(b) when the
DC SPG fault occurs. In the figure, Usj (= a,by) is the AC grid
voltages; Uy (/ = ab0) is the controllable AC port voltage of
the SST; R, and L, are the equivalent resistance and inductance
between the AC port and grid; 17, is the common-mode voltage
between the DC buses, which is contributed by both switching
operation of the SST and the SPG fault. If no grounding is pro-
vided on the AC side (K open), no close-loop can be formed,
and the DC capacitors cannot be charged or discharged after
the fault is cleared. The pole-to-ground voltages are thus still in
unbalanced mode. And the system needs to be shut down and
restart to restore the DC pole voltages.

DC system with asymmetrical monopolar configuration is
usually adopted in railway systems accompanied by the solid
grounding scheme. However, it should be noted that solid
grounding is not recommended on the AC side if no interface
isolation transformer is present. Otherwise, a permanent short
circuit fault can be created between the AC and DC sides due to
the common grounding.

3.3 |

level

Grounding schemes for SSTs at the LV

In designing the LV-level grounding schemes for the SSTs,
ensuring personnel safety should be the priority objective.
Limiting common-mode interference resulting from the SST
switching operations must not be ignored since it can impose
a severe influence on the connected appliances on the affected
feeders. Like the MV level, elements that should be factored into
consideration for the LV SST grounding design include config-
urations of the connected AC and DC distribution networks,
topology of the SST, and the existence of the interface isolation
transformer [71, 72]. In terms of network configuration, three-
phase three-wire, and three-phase four-wire networks are popu-
lar in the current LVAC distribution systems. Similar to MVDC,
the asymmetrical monopolar type and the symmettrical monopo-
lar type are the preferred structures for LVDC as well consid-
ering cost and function, where the detailed configurations play
an essential role in the selection of a proper grounding scheme
[73]. As traditional LVAC distribution systems make up most
of the current grid, grounding design for the LVDC side must
consider the requirements of the AC systems to ensure consis-
tency in grounding choices such that the relay protections can
operate adequately [72]. Similar to the MV systems, if there is no
interface isolation transformer at the AC port of the SST while
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TABLE 2  Comparison of LV grounding systems
TN

IT TT TN-S TN-C
Fault current Low Moderate High High
Fault voltage High Low Low Low
Personnel safety Good Good Good Good
Property safety Good Moderate Moderate Poor
EMC Poor Good Moderate Poor
Service continuity Good Average Average Average

the LVDC side is of asymmetrical monopolar configuration, a
permanent short circuit fault will happen if the solid grounding
scheme is adopted on both the AC and DC sides.

Three grounding systems, namely, TN, TT, and IT are com-
monly defined by IEC 60364-1 for the LV level (< 1 kVAC or
1.5 kVDC) electrical network grounding in both AC and DC
systems [23, 62, 74-77]. In the naming of these solutions, the
first letter stands for the state of the neutral point, and the sec-
ond letter defines the state of the exposed conductive parts of
the electrical installations [78]. “I” indicates that the neutral
point is directly connected to the ground; whereas “I” denotes
that the neutral point is isolated from the ground; and “N”
means that the protective line is connected to the ground via
the neutral point. “N” and “PE” indicates the neutral line and
the protective line, respectively. The N and PE lines can have
different configurations in a TN network, including:

* TN-S: the neutral line and the protective line ate separated
throughout the system.

* TN-C: the neutral and protective functions are combined in
a single PEN line throughout the system.

* TN-C-S: the neutral and protective functions are combined
in a single conductor in a part of the system.

Unlike the TN systems, the protective grounding conductors
in the TT scheme are connected to the local earth directly so
that the interference caused by other appliances on the same
feeder can be significantly suppressed. The I'T grounding sys-
tem for both LVAC and LVDC networks is illustrated where
the supply sources are isolated from the earth, and all the appli-
ances exposed are directly connected to the local earth. A com-
patison between these grounding options, for both LVAC and
LVDC systems, is given in Table 2 in terms of electrical charac-
teristics (fault current and fault voltage), protection (personnel
and property safety), electromagnetic compatibility (EMC), and
service continuity [75, 79].

The fault current and fault voltage have an opposite relation-
ship and can be affected by the grounding impedance. IT sys-
tem provides the best performance in personnel and property
safety by suppressing the fault current with continued system
service. However, it is associated with larger fault transient volt-
age and worse EMC interference since there is no grounding
path in its configuration. Due to the relative larger fault cur-

rent in the TT system, personnel safety can be guaranteed via
fast fault detection and isolation. But the power supply will be
cut, which affects the service continuity. Due to the existence
of a grounding path in this case, a better EMC profile can be
achieved. TN system almost shares the same features with the
TT system. The personnel safety is ensured by the fast fault
detection and isolation, but the EMC interference is worse than
that in TT since the harmonic components may circulate via
the common neutral line. The power service cannot be kept in
TN due to the fault isolation. Furthermore, property safety may
be affected by the large fault current. According to the above-
mentioned features of the candidate grounding systems, TN-S
system is usually utilised in lighting, heating, and computing cen-
tres; whereas T'T system is adopted in the machines, communi-
cation systems, and premises with fire hazards; and I'T systems
is applied in safety systems, medical facilities, and industrial pro-
cess [69].

For LVAC, on top of the above grounding choices, a possible
grounding design is discussed in [80, 81], where high resistance
is inserted between the transformer’s neutral and the earth to
cope with TOV. A trade-off should be made in the design of the
resistance though to suppress flash hazard and guarantee timely
tripping of the relay protections [82].

At the LVDC port, similar to the methods used in the MVDC
networks in Figure 7, different grounding strategies can be
applied via the neutral point, including solid, resistance, diode,
and thyristor grounding schemes [83—-87]. Based on [75, 83,
84, 88, 89], a summarised comparison of the features of these
grounding schemes in LVDC systems is given in Table 3.

The diode and thyristor grounding arrangements can be
regarded as ungrounded systems that possess almost the same
features, such as lower stray current. However, high sensitiv-
ity fault detection can be achieved using the diode or thyrtis-
tor to improve the system’s reliability. On the other hand, these
grounding schemes also have their inherent drawbacks. For
example, a relatively high stray current in the diode ground-
ing results in increased power loss, and the high common-
mode interruption in the thyristor grounding deteriorates the
performance of the connected appliances. The solid grounding
schemes used in TT and TN systems may result in high ampli-
tude current and cause potential damage the connected devices.
Therefore, grounding resistance is applied to reduce the fault
current at the cost of increased power loss.

Considering the mutual influence between the LVAC and
LVDC grids under SPG fault [72], several valid AC and DC
grounding strategy combinations are listed in Table 4. The fault
circuit analysis and system behaviour are similar to those pre-
sented in Figure 2 for MV systems. For the cases with the IT
system implemented at the LVAC port, most of the fault cut-
rent will flow into the SST and back to earth via the designated
grounding point on the LVDC side under the SL.G fault. Like-
wise, most of the fault current will flow through the SST under
the SPG fault if I'T is chosen on the DC side.

Four combinations are not recommended from the table if
asymmetrical monopolar configuration is used on the DC side.
Because of the absence of isolation transformers and filters
at the SST ports, these combinations can lead to permanent
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TABLE 3  Comparison of the possible grounding strategies for LVDC systems

LVDC grounding strategies Pros

Cons

IT Ungrounded * Low stray current

¢ Less cost in the initial investment and

post-fault repairment

* Fault ride-through capability under SPG fault

condition

Diode grounding
Thyristor grounding

TT, TN Solid grounding

¢ Low/moderate common-mode interference
¢ Low/moderate stray current

¢ Low common-mode interference

* Low insulation requirement

* FEasy to detect and locate the fault

Resistance grounding

¢ Limited fault current under SPG condition

* Low insulation requirement

¢ Tault ride-through capability under SPG fault

condition

High common-mode interference

Difficult to detect and locate the fault

High risk of pole-to-pole short-circuit fault if the
SPG fault does not clear in time which threatens
the property safety

Moderate/high stray current
Moderate/high common-mode interference

High stray current

Not capable of ride-through the SPG fault
High fault current on the ungrounded pole
leading to high risk of damage

The overcurrent protection is required on both
DC buses

Susceptible to the noise and disturbances
Difficult to detect and locate the fault

TABLE 4 Recommended grounding scheme for SSTs in LV distribution systems

SST LVDC Port
Symmetrical
Asymmetrical monopolar solidly
monopolar solidly grounded (TT or Ungrounded
SST LVAC Port grounded (TT or TN) TN) IT)
TT With isolation v v v
transformer
Without isolation Not recommended for Not recommended for \/
transformer asymmetrical asymmetrical
monopolar DC monopolar DC
system system
TN With isolation v vV
transformer

Without isolation
transformer

IT Vv

Not recommended for
asymmetrical
monopolar DC
system

v

Not recommended for
asymmetrical
monopolar DC
system

v

short-circuit fault between the LVAC and LVDC sides. All
the other listed combinations inherit the drawbacks of their
constituent types. For example, any combinations including a
TT or TN will produce a high amplitude fault current under
both SLG and SPG conditions, which threatens personnel and
appliance safety. To limit the current amplitude, grounding
resistors are further needed at the grounding points at the
cost of high-power loss and difficulty in detecting the fault
conditions. In distribution systems with I'T grounding, the high
voltage will appear on the fault side, and the neutral point shift
can be transferred to the healthy ports via the SST. Although
the service of power may be maintained for a certain period,
the connected feeders’ higher insulation capability requirement
increases the initial cost. Additionally, high voltage is a potential
threat to personnel safety.

The grounding combinations can thereby be applied to dif-
ferent applications according to their characteristics under the
fault conditions. The impedances of the grounding schemes
implemented at AC and DC sides should be approximately
equal for consistency. For critical applications that require a con-
tinuous power supply, I'T grounding is preferred on both the AC
and DC sides of the SST. For applications sensitive to abnot-
mal conditions and EMI, better performance can be obtained
by adopting T'T or TN systems.

Another issue that should be considered at the LV level is
the protective grounding design for the SSTs, especially for
those with voltage level conversion capability. For example,
the conventional line-frequency transformer frame’s protective
ground is usually connected to the neutral point of the LV
functional grounding. Temporary overvoltage may be generated
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when phase/frame disruptive short -circuit fault occurs [23, 63],
and the fault analysis is similar to that of the MV fault con-
ditions. Hence, in future distribution networks, considerations
should also be taken in the protective grounding of the SSTs
due to the integration of different distribution systems. The pro-
tective grounding point of the SSTs is suggested to be separate
from the functional grounding point to mitigate fault propaga-
tion. In summary, the grounding combinations with TT or IT
systems are recommended for the protective grounding on the
LV sides of an SST [90].

3.4 | Grounding of AC/AC and DC/DC SSTs
with different voltage levels

For SSTs used to interface the same form of distribution
systems, i.e. AC to AC and DC to DC, the voltage level con-
version and electrical isolation are usually achieved by either
line-frequency interface isolation transformers at their AC
ports or the high-frequency transformers embedded in the
SST converters. The grounding scheme design should be done
separately for the MV and LV sides, with the detailed options
being the same as the choices mentioned above.

Overall, the grounding scheme design for the SSTs should
prevent the potential conflicts between the ports and the
connected distribution systems. When the consistency of
the grounding scheme design of the connected feeders and
the SSTs’ ports cannot be maintained, the protection schemes
and the corresponding devices are not capable of detecting
and isolating the abnormal conditions. For example, when
the MVAC grid adopts low-impedance grounding scheme and
the MVAC port of the SST uses high-impedance ground-
ing arrangement, the protection schemes of the SST may not
be tripped in time due to the different characteristics of the
grounding schemes. On the other hand, if the consistency
between the AC port and DC port with the same voltage level
cannot be kept, spurious tripping will occur. For instance, the
galvanic isolation of the MMC based SST shown in Table 1 is
achieved by the high- or medium-frequency transformers such
that the grounding scheme design for the SST can also be
divided into the MV- and LV-side grounding schemes. When
a high-impedance grounding scheme is used at the MVAC
port and a low-impedance grounding scheme is applied at the
MVDC port, conflict will occur between these two ports where
the MVAC side protection schemes and devices will experience
spurious tripping when the system encounters abnormal con-
ditions. Therefore, the grounding scheme arrangement for the
SSTs should be carefully designed considering multiple angles
as discussed above.

4 | INCLUSION OF RELAY
PROTECTION IN THE GROUNDING
SCHEME DESIGN

Protection schemes in AC or DC distribution systems are gener-
ally evaluated based on four primary metrics: speed, selectivity,

sensitivity, and reliability [91]. In most scenarios, protection for
the distribution system and the connected electrical equipment
is always done by coordinating the grounding schemes and the
relay protections implemented on the adjacent feeders.

However, conventional relay protection methods and devices
may not operate properly when SSTs are introduced to the dis-
tribution systems because of the changed fault characteristics
[7]. Traditional relay protections are usually separately designed
for AC or DC distribution systems. Due to the integration of
the AC and DC grids and the mutual influence, relay protection
devices will encounter more complicated abnormal conditions
such as fault propagation in future distribution systems [92, 93].
The characteristics of SLG/SPG faults will be transferred to
the healthy DC/AC feeders and affect the performance’s corre-
sponding relay protections.

In terms of relay protection methods, conventional relay pro-
tection devices may be tripped sputiously if directional protec-
tion is adopted when an AC side fault propagates to the DC side
via the SST. This is mainly because of the possible reverse power
transfer transients. Another case is that conventional relays with
current sensitivity and selectivity levels will not suffice when dif-
ferential protection is used. Furthermore, if distance protection
is applied, the protection scope will be decreased due to the sys-
tem impedance increase. The large amount of harmonic cur-
rents introduced by the transient fault propagation could cause
mis-triggering of the DC relay protection devices and commu-
tation failure if AC fault occurs.

Additionally, since the power electronic elements in the SSTs
are more vulnerable and sensitive, conventional relay protection
devices cannot correctly deal with the abnormal conditions [85].
Relay protection devices with higher sensitivity and selectivity
are therefore necessary. The traditional protection methods [75,
94-96] should also be modified and upgraded with these new
protection devices, sensors with a high sampling rate, and fast
communications systems [97, 98]. For example, the traditional
differential protection used in the line-frequency transformer
cannot be used to protect the SSTs because of the altered fault
characteristics of future distribution networks. At present, solid-
state relays, such as solid-state circuit breakers (SSCB) [99-103],
and advanced current limiters [100, 104, 105] shown in Fig-
ure 14, are becoming more attractive due to their fast switch-
ing speed, high reliability, capability in suppressing fault current
and arc-flash, and compact size [94]. During the past decade,
there was an increasing interest on the SSCBs and the current
limiters with low loss, high efficiency, and fast response speed.
As depicted in Figure 14(a), SSCBs generally consist of sensors,
gate drivers, power semiconductors and voltage clamping cit-
cuits. Different types of SSCBs based on different power semi-
conductors and circuit topologies can be found in the recent
articles. An IGBT based SSCB was proposed with a system volt-
age up to 10 kV DC and 1000 A, with an 800 ns opening time
[106]. A 4.5-kV MVDC SSCB based on 15-kV SiC ETO was
tested for a unidirectional circuit breaker for MVDC power dis-
tribution with a maximum turn-off current 200A [107]. Gener-
ally, the SSCBs can be categorised into three types depending
on the device topologies, including the type using fully con-
trolled switches, the type using semi-controlled switches, and
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FIGURE 14

breaker; (b) solid-state current limiter

Typical relay protection devices. (a) Hybtid solid-state circuit

the type with advanced topologies. Besides, the hybridisation of
the mentioned SSCB topologies which shares the merits of dif-
ferent SSCB topologies is also possible [108]. Current limiters
can be classified by their principle of operation and key techno-
logical component adopted. As shown in Figure 14(b), current
limiters are usually formed by passive nonlinear elements, induc-
tive devices, vacuum switches, and the power semiconductors as
well as the superconductor topologies. Similar to the SSCBs, the
hybrid topologies can be applied which shares the benefits of
different topologies of the current limiters. The current limiters
are divided into three types based on the detailed topologies,
including the series switching-type, the bridge-type, and the res-
onant type [104].

These devices also come with inherent disadvantages such as
high conduction loss, short device lifespan, and high cost, which
hinder their widespread use. It is worth noting that some of the
MMC based SSTs have intrinsic DC blocking capability owing
to their specific submodule structures [109]. In MMCs with full-
bridge submodules, clamp-double submodules, and three-level
cross-connected submodules, the protection device such as DC
circuit breakers, can be saved to further reduce the volume and
investment of the system at the cost of the increased use of the
power electronic elements [110]. The coordination of the relay
protection and grounding scheme design of the SSTs used in
the future distribution system should be comprehensively con-
sidered to improve the reliability and robustness.

5 | CHALLENGES OF THE
GROUNDING SCHEME DESIGN FOR SSTS

SSTs enable the interconnection between different types of dis-
tribution networks with varying voltage levels. The grounding
scheme design plays a vital role in the operation of the SSTs
under different scenarios in terms of both device and personnel
safety. So far, although the reliability of the traditional ground-
ing schemes is varied and widely used in the current SST appli-

cations, these devices cannot feasibly and flexibly deal with the
complicated conditions caused by the distribution system inte-
gration. Several problems are still unsolved in the grounding
scheme design for the SSTs.

5.1 | Optimisation of the existing grounding
schemes

The current grounding devices are bulky and heavy comparing
to the SSTs, which can be reduced through optimising the size
of the fundamental circuit elements, such as the reactor and the
resistors.

5.2 | Advanced grounding device
development

Although a resonant grounding scheme can adjust its ground-
ing impedance among the grounding schemes, automatic
impedance control is unavailable. Owing to the development of
the semiconductors, the advanced grounding device equipped
with solid-state switches is prominent such that the impedance
can be adjusted automatically under various conditions to
reduce the cost and losses. Besides, the advanced grounding
devices’ control should cooperate with the system fault detec-
tion algorithm to improve system safety and reliability.

5.3 | Cooperation of the grounding schemes
of different SSTs

In the meshed hybrid distribution network, different SSTs are
connected where the separated grounding schemes may lead
to mutual influence on each other. Detailed analysis is required
from the system-level in terms of the impedance sharing and
fault propagation such that cooperation of the different ground-
ing schemes can be achieved economically and efficiently by
proper control.

54 | New testing methods and standards for
grounding schemes in SSTs

Since different distribution networks are interconnected, and
the whole system is becoming more complicated, a conventional
testing method for specific grounding schemes may not suit the
SST applications. Also, there are currently no grounding scheme
design standards for SSTs. Standardisation will be necessary as
SST technology continues to grow since mutual influence com-
plications may arise due to different grounding schemes of the
connected SSTs.

6 | CONCLUSION AND FUTURE
TRENDS

This paper presents a comprehensive overview of grounding
scheme design for SST-enabled future distribution networks.
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Because of the introduction of the SSTs and the increased
penetration of the distributed generations, the conventional
grounding arrangements and relay protections are no longer
feasible according to the higher flexibility of the future grid
systems and the more complicated fault characteristics. The
EMI should be carefully addressed under the normal condition
such that the performance of both the SSTs and the grids
can be guaranteed. The overvoltage and overcurrent under
abnormal conditions need to be effectively restricted to enable
the potential fault-tolerant operation of the SSTs or activate the
corresponding protection schemes with the shortest response
time. Thus, equipment and personnel safety can be ensured.
Besides, the fault propagation among the ports of the SSTs
under abnormal conditions can be significantly limited by the
proper grounding scheme design to maintain the power supply
in the non-faulty area.

With a thorough evaluation and compatison of existing
grounding schemes used in current AC and DC distribution
systems, several grounding strategy combinations are recom-
mended considering the structure and mutual influence of
the connected distribution networks, topologies of the SSTs,
and the existence of the isolation transformers. Additionally,
novel grounding schemes associated with solid-state devices
are expected to achieve faster response time and lower interfer-
ence in the future distribution grids under different operation
conditions.

Moreover, to cooperate with the grounding schemes and
address the challenges in fault identification and localisation,
novel relay devices with faster response speed and higher sen-
sitivity and reliability are surveyed. However, these devices are
associated with high conduction loss, short lifespan, and high
cost. Furthermore, due to the interconnection of the AC and
DC distribution networks, the mutual influence among the ports
of the SSTs under different conditions may cause false trigger-
ing of the relay protection devices. Hence, more investigations
and developments of the relay protection devices and cooper-
ation with the grounding schemes are required to improve the
entire system’s safety and reliability.

REFERENCES

1. Huang, A.Q., Burgos, R.: Review of solid-state transformer technologies
and their application in power distribution systems. IEEE J. Emerg,. Sel.
Top. Power Electron. 1(3), 186-198 (2013)

2. Bloemink, .M., Green, T.C.: Benefits of distribution-level power elec-
tronics for supporting distributed generation growth. IEEE Trans. Power
Delivery 28(2), 911-919 (2013)

3. Burkard, J.,, Biela, J.: Protection of hybrid transformers in the distribu-
tion grid. In: 2016 18th European Conference on Power Electronics and
Applications, EPE 2016, pp. 1-10. IEEE, Piscataway, NJ (2016)

4. Okada, N.: Autonomous loop power flow control for distribution sys-
tem. In: Seventh International Conference on AC and DC Transmis-
sion, pp. 150-155, Institution of Engineering and Technology, London
(2001)

5. Okada, N, etal.: Development of a 6.6 kV—1 MVA Transformerless Loop
Balance Controller. In: 2007 IEEE Power Electronics Specialists Confer-
ence, pp. 1087-1091. IEEE, Piscataway, NJ (2007)

6. Madhusoodhanan, S., et al.: Protection of a transformerless intelligent
power substation. In: 2013 4th IEEE International Symposium on Power
Electronics for Distributed Generation Systems, PEDG 2013, pp. 1-8.
IEEE, Piscataway, NJ (2013)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Guillod, T., Krismer, F, Kolar, ].W.:: Protection of MV converters in the

grid: The case of MV /LV solid-state transformers. IEEE J. Emerg. Sel.
Top. Power Electron. 5(1), 393—-408 (2017)

. Xie, R., Li, H.: Fault performance comparison study of a dual active

bridge (DAB) converter and an isolated modular multilevel DC/DC
(iM2DC) converter for power conversion module application in a
breaker-less shipboard MVDC system. IEEE Trans. Ind. Appl. 54(5),
5444-5455 (2018)

. Vukojevic, A., Lukic, S.: Microgrid Protection and Control Schemes for

Seamless Transition to Island and Grid Synchronization. IEEE Trans.
Smart Grid 11(4), 2845-2855 (2020)

Vygoder, M., et al.: A hardware-in-the-loop platform for DC protection.
IEEE ]. Emerg. Sel. Top. Power Electron. 9(3), 2605-2619 (2020)

Zang, ], et al.: Grounding design and fault analysis of MMC based flexi-
ble interconnection device in future distribution networks. In: 2018 IEEE
International Power Electronics and Application Conference and Expo-
sition, PEAC, pp. 1-6. IEEE, Piscataway, NJ (2018)

Kolar, ] W, Huber, J.E., Solid-State transformers in future traction and
smart grids, Paper presented at PCIM South America 2014, Zurich, 14—
15 October 2015

Yuan, L., et al.: Design and implementation of AC-DC hybrid multi-port
enetgy router for power distribution networks. In: 2015 18th Int. Conf.
Electr. Mach. Syst. ICEMS 2015, pp. 591-596. IEEE, Piscataway, NJ
(20106)

Falcones, S., Ayyanar, R., Mao, X.: A DC-DC multiport-converter-based
solid-state transformer integrating distributed generation and storage.
IEEE Trans. Power Electron. 28(5), 2192-2203 (2013)

Bloemink, J.M., Green, T.C.: Increasing photovoltaic penetration with
local energy storage and soft normally-open points. In: IEEE Power and
Energy Society General Meeting, pp. 1-8. IEEE, Piscataway, NJ (2011)
Sayed, M.A., Takeshita, T.: All nodes voltage regulation and line loss min-
imization in loop distribution systems using UPFC. IEEE Trans. Power
Electron. 26(6), 1694-1703 (2011)

Vahedi, H., Labbe, P--A., Al-Haddad, K.: Sensor-less five-level packed (U-
cell) inverter operating in stand-alone and grid-connected modes. IEEE
Trans. Ind. Informatics 12(1), 361-370 (2015)

Pereda, J., Green, T. Direct modular multilevel converter with six
branches for distribution networks. IEEE Trans. Power Delivery 31(4),
1728-1737 (2016)

Karady, G.G., Huang, A.Q., Baran, M.: FREEDM system: An electronic
smart distribution grid for the future. In: Proc. IEEE Power Eng. Soc.
Transm. Distrib. Conferences, pp. 1-6. IEEE, Piscataway, NJ (2012)
Huber, J.E., Kolar, ].W.: Volume/weight/cost comparison of a IMVA 10
kV /400 V solid-state against a conventional low-frequency distribution
transformer. In: 2014 IEEE Energy Convers. Congr. Expo. ECCE 2014,
pp. 45454552, IEEE, Piscataway, NJ (2014)

Backlund, B,, et al.: Topologies, voltage ratings and state of the art high
power semiconductor devices for medium voltage wind energy conver-
sion. In: 2009 IEEE Power Electronics and Machines in Wind Applica-
tions, PEMWA 2009, pp. 1-6. IEEE, Piscataway, NJ (2009)

Xu, E, et al.: Single-phase grouding fault analysis and control scheme of
transformerless flexible multistate switch. J. Eng. 2019(16), 1683—1686
(2019)

Joffe, E.B., Lock, K.-S., Grounds for Grounding: A Circuit-To-System
Handbook. IEEE, Piscataway, NJ (2010)

Li, G, et al.: Analysis of single-phase-to-ground faults at the valve-side of
HB-MMCs in HVDC systems. IEEE Trans. Ind. Electron. 66(3), 2444—
2453 (2019)

Sheng, W/, et al.: A preliminary study on voltage level sequence and typical
network architecture of direct current distribution network. Proc. CSEE
36(13), 3391-3403 (2016)

Ling, B., et al.: Analysis of DC transmission line disconnection fault char-
acteristics based on MMC-HVDC system under symmetrical monopole
connection mode. In: 2018 2nd IEEE Conference on Energy Internet
and Energy System Integration (EI2), pp. 1-4. IEEE, Piscataway, NJ
(2018)

Ma, Z., Jiao, Z., Li, R.: Network structures and key technologies of DC
distribution systems. Power Syst. Technol. 41(10), 3348-3357 (2017)



3096

ZANG ET AL.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Xiong, X, etal.: An overview of key technology and demonstration appli-
cation of DC distribution and consumption system. Proc. CSEE 38(23),
6802-6813 (2018)

Lee, C.-H., Lu, C.-J.: Assessment of grounding schemes on rail potential
and stray currents in a DC transit system. IEEE Trans. Power Delivery
21(4), 1941-1947 (2006)

Paul, D.: DC traction power system grounding. IEEE Trans. Ind. Appl.
38(3), 818-824 (2002)

Wenig, S., et al.: Active DC fault management of a bipolar full-bridge
MMC-HVDC scheme with metallic return. In: 2016 IEEE International
Energy Conference (ENERGYCON), pp. 1-6. IEEE, Piscataway, NJ
(20106)

Xue, Y., Xu, Z.: On the bipolar MMC-HVDC topology suitable for bulk
power overhead line transmission: Configuration, control, and DC fault
analysis. IEEE Trans. Power Delivery 29(6), 24202429 (2014)

Chen, J., et al.: Simulation and analysis of fault characteristics of the
MMC-HVDC system under bipolar connection mode. In: 2016 IEEE
PES Asia-Pacific Power and Energy Engineering Conference (APPEEC),
pp- 2534-2538. IEEE, Piscataway, NJ (2016)

Hu, J., et al.: Voltage polarity reversing-based DC short circuit FRT strat-
egy for symmetrical bipolar FBSM-MMC HVDC system. IEEE J. Emerg.
Sel. Top. Power Electron. 6(3), 1008—1020 (2018)

Hu, J., et al.: Analysis and enhanced control of Hybrid-MMC-based
HVDC systems during asymmetrical DC voltage faults. IEEE Trans.
Power Delivery 32(3), 1394-1403 (2017)

Wang, Y., et al.: Performance of shipboard medium-voltage DC system
of various grounding modes under monopole ground fault. IEEE Trans.
Ind. Appl. 51(6), 5002-5009 (2015)

Shi, X, et al.: Characteristic investigation and control of a modular mul-
tilevel converter-based HVDC system under single-line-to-ground fault
conditions. IEEE Trans. Power Electron. 30(1), 408—421 (2015)

Dai, Z., et al.: Effects of grounding mode on fault characteristics in flexi-
ble DC distribution system. Dianwang Jishu/Power Syst. Technol. 41(7),
2353-2362 (2017)

(Sunetra) Chowdhury, S., Crossley, P., Chowdhury, S.P., Microgrids and
Active Distribution Networks. Institution of Engineering and Technol-
ogy, London (2009)

Wang, H., et al.: Efficient grounding for modular multilevel HVDC con-
verters (MMC) on the AC side. IEEE Trans. Power Delivery 29(3), 1262—
1272 (2014)

Khamphakdi, P, et al: A transformerless back-to-back (BTB) system
using modular multilevel cascade converters for power distribution sys-
tems. IEEE Trans. Power Electron. 30(4), 18661875 (2015)

Vazquez, N., et al.: A new common-mode transformetless photovoltaic
inverter. IEEE Trans. Ind. Electron. 62(10), 6381-6391 (2015)

Vazquez, N, et al.: Integrating two stages as a common-mode trans-
formerless photovoltaic converter. IEEE Trans. Ind. Electron. 64(9),
7498-7507 (2017)

Mechlinski, M., et al: Grounding concept and common-mode filter
design methodology for transformerless MV drives to prevent bearing
current issues. IEEE Trans. Ind. Appl. 53(6), 5393-5404 (2017)

Yang, S., et al.: Modulation and control of transformerless UPFC. IEEE
Trans. Power Electron. 31(2), 1050-1063 (2016)

Yang, B, et al.: Improved transformerless inverter with common-mode
leakage current elimination for a photovoltaic grid-connected power sys-
tem. IEEE Trans. Power Electron. 27(2), 752-762 (2012)

Siddique, H.A.B,, et al.: Comparison of modular multilevel and neutral-
point-clamped converters for medium-voltage grid-connected applica-
tions. In: 2016 IEEE International Conference on Renewable Energy
Research and Applications (ICRERA), pp. 297-304. IEEE, Piscataway,
NJ (2016)

Cuartas, J.M., et al.: Start-up, functionalities and protection issues for
CHB-based solid state transformers. In: 2017 IEEE International Con-
ference on Environment and Electrical Engineering and 2017 IEEE
Industrial and Commercial Power Systems Europe (EEEIC /I&CPS
Europe), pp. 1-5. IEEE, Piscataway, NJ (2017)

IEEE Std 142TM Grounding of Industrial and Commercial Power Sys-
tems (2007). https://icecexplore.icee.org/document/6042272. Accessed
30 Sep 2020

52.

55.

50.

59.

60.

61.

62.

63.

64.

65.

606.

67.

68.

69.

70.

71.

72.

Sallam, A., Malik, O.: Earthing of electric distribution systems. In: Electric
Distribution Systems, 2nd ed., pp. 73-109. Wiley, Hoboken, NJ (2018)

. Song, G, etal.: A high speed single-ended fault-detection method for DC

distribution line—Part II: Protection scheme. IEEE Trans. Power Delivery
35(3), 12571266 (2020)

Xu, Q. et al.: Researches on grounding modes of the AC/DC hybrid
system with various distributed renewable energy. J. Eng, 2019(16), 3035—
3038 (2019)

Panetta, S.A.R.: Hybrid grounding. IEEE Trans. Ind. Appl. 51(6), 5058—
5002 (2015)

IEEE Std C62.92.4TM-2014 IEEE Guide for the Application of Neu-
tral Grounding in Electrical Utility Systems—Part IV: Distribution (2014).
https://ieeexplore.icee.org/document/7010855. Accessed 30 Sep 2020
Mohammadi, J., Badrkhani Ajaei, E, Stevens, G.: Grounding the AC
microgrid. IEEE Trans. Ind. Appl. 55(1), 98—105 (2019)

IEEE Guide for the Application of Neutral Grounding in Electrical
Utility Systems—Part I: Introduction (2017). https://iceexplore.icec.org/
document/7891430. Accessed 30 Sep 2020

Roberts, J., Altuve, H.J., Hou, D., Review of ground fault protection meth-
ods for grounded, ungrounded, and compensated distribution systems.
In: 2001 Proceedings. 27th Annual Western Protective Relay Conference,
pp. 1-40. IEEE, Piscataway, NJ (2001)

El-Sherif, N., Kennedy, S.P: A design guide to neutral grounding of
industrial power systems: The pros and cons of various methods. IEEE
Ind. Appl. Mag, 25(1), 25-36 (2019)

Paul, D., Venugopalan, S.I.: Low-resistance grounding method for
medium voltage power systems. In: Conference Record of the 1991 IEEE
Industry Applications Society Annual Meeting, pp. 1571-1578. IEEE,
Piscataway, NJ (1991)

Pillai, P, et al.: Grounding and ground fault protection of multiple genera-
tor installations on medium-voltage industrial and commercial systems—
Part 2: Grounding methods working group report. IEEE Trans. Ind.
Appl. 40(1), 17-23 (2004)

Nelson, J.P: The grounding of power systems above 600 volts: A prac-
tical view point. In: IEEE Industry Applications Society 50th Annual
Petroleum and Chemical Industry Conference, pp. 13-22. IEEE, Piscat-
away, NJ (2003)

Das, J.C., Osman, R.H.: Grounding of AC and DC low-voltage and
medium-voltage drive systems. IEEE Trans. Ind. Appl. 34(1), 205-216
(1998)

Lacroix, B., Calvas, R., Earthing Systems Worldwide and Evolutions
(1995).
books-and-guides/schneider-electric/system-earthings-worldwide.
Accessed 30 Sep 2020

Song, G., et al.: Detection method for single-pole-grounded faulty feeder
based on parameter identification in MVDC distribution grids. Int. J.
Electr. Power Energy Syst. 97, 85-92 (2018)

Leterme, W, et al.: Overview of grounding and configuration options
for meshed HVDC grids. IEEE Trans. Power Delivery 29(6), 2467-2475
(2014)

Farhadi, M., Mohammed, O.A.: Protection of multi-terminal and dis-
tributed DC systems: Design challenges and techniques. Electr. Power
Syst. Res. 143, 715-727 (2017)

Park, ].-D.: Ground fault detection and location for ungrounded DC trac-
tion power systems. IEEE Trans. Veh. Technol. 64(12), 56675676 (2015)
Li, R., Luo, F, Jiao, Z.: Grounding mode research of medium voltage DC
distribution system. Power Syst. Technol. 38(1), 1-11 (2014)

Le Blond, S., et al.: Design of protection schemes for multi-terminal
HVDC systems. Renew. Sustain. Energy Rev. 56, 965-974 (2016)

Yang, ]., et al.: Grounding design analysis of VSC-HVDC system. Proc.
CSEE 30(19), 14-19 (2010)

De Oliveira, T.R., Bolzon, A.S., Donoso-Garcia, PF.: Grounding and
safety considerations for residential DC microgrids. In: IECON Proceed-
ings (Industrial Electronics Conference), pp. 5526-5532. IEEE, Piscat-
away, NJ (2014)

Kumar, D., Zare, E, Ghosh, A.: DC microgrid technology: System archi-

https://electrical-engineering-portal.com/download-center/

tectures, AC grid interfaces, grounding schemes, power quality, communi-
cation networks, applications, and standardizations aspects. IEEE Access
5,12230-12256 (2017)


https://ieeexplore.ieee.org/document/6042272
https://ieeexplore.ieee.org/document/7010855
https://ieeexplore.ieee.org/document/7891430
https://ieeexplore.ieee.org/document/7891430
https://electrical-engineering-portal.com/download-center/books-and-guides/schneider-electric/system-earthings-worldwide
https://electrical-engineering-portal.com/download-center/books-and-guides/schneider-electric/system-earthings-worldwide

ZANG ET AL.

3097

73.

74.

75.

76.

77.

78.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

Mohanty, R., Pradhan, A.K.: Protection of DC and hybrid AC-DC micro-
grids with ring configuration. In: 2017 7th International Conference on
Power Systems (ICPS), pp. 607-612 (2017)

IEC 60364-1 Low-Voltage Electrical Installations—Part 1: Funda-
mental Principles, Assessment of General Characteristics, Defini-
tion (2005). https://www.document-center.com/standards/show/IEC-
60364-1. Accessed 30 Sep 2020

Beheshtaein, S., et al: DC microgrid protection: A comprehen-
sive review. IEEE ]. Emerg Sel. Top. Power Electron. (2019).
doi:10.1109/JESTPE.2019.2904588

Kamel, R.M., Chaouachi, A., Nagasaka, K.: Design and testing of three
earthing systems for micro-grid protection during the islanding mode.
Smart Grid Renew. Energy 01(03), 132-142 (2010)

Jacobson, B., Walker, J.: Grounding considerations for DC and mixed DC
and AC power systems. Nav. Eng, J. 119(2), 49-62 (2007)

Calvas, R., Lacroix, B., System earthings in LV (2004). https://electrical-
engineering-portal.com/download-center/books-and-guides /
schneider-electric/system-earthings-lv. Accessed 30 Sep 2020

. Electrical installation guide According to IEC international standards.

Schneider Electric (2016). https://electrical-engineering-portal.com/
res/Electrical-Installation-Guide-2015.pdf. Accessed 30 Sep 2020
Dunki-Jacobs, J.R.: The reality of high-resistance grounding. IEEE Trans.
Ind. Appl. IA-13(5), 469—475 (1977)

Nelson, J.P.: Improved electrical safety through high resistance grounding.
IEEE Trans. Ind. Appl. 51(6), 5198-5203 (2015)

Skibinski, G.L., et al.: Part II: Application guidelines for high-resistance
grounding of low-voltage common AC-bus and common DC-bus PWM
drive systems. IEEE Trans. Ind. Appl. 51(2), 13851397 (2015)
Mobarrez, M., et al.: Grounding architectures for enabling ground fault
ride-through capability in DC microgtids. In: 2017 IEEE Second Inter-
national Conference on DC Microgrids ICDCM), pp. 81-87. IEEE, Pis-
cataway, NJ (2017)

Naghizadeh, M., et al.: Efficient grounding method for DC microgrid
with multiple grounding points. In: 2018 Clemson University Power Sys-
tems Conference (PSC), pp. 1-6. IEEE, Piscataway, NJ (2018)
Salomonsson, D., Soder, L., Sannino, A.: Protection of low-voltage DC
microgrids. IEEE Trans. Power Delivery 24(3), 1045-1053 (2009)

Park, J.-D., Candelaria, J.: Fault detection and isolation in low-voltage DC-
bus microgrid system. IEEE Trans. Power Delivery 28(2), 779-787 (2013)
Mohammadi, J., Ajaei, EB., Stevens, G.: DC microgrid grounding strate-
gies. In: 2018 IEEE /IAS 54th Industrial and Commercial Power Systems
Technical Conference (I&CPS), pp. 1-6. IEEE, Piscataway, NJ (2018)
Dragicevic, T., et al.: DC microgrids—Part I1: A review of power architec-
tures, applications, and standardization issues. IEEE Trans. Power Elec-
tron. 31(5), 3528-3549 (2016)

Jayamaha, DKJ.S., Lidula, N.W.A., Rajapakse, A.D.: Protection and
grounding methods in DC microgrids: Comprehensive review and analy-
sis. Renewable Sustainable Energy Rev. 120, 109631 (2020)

Xie, W, et al.: Study on grounding method of DC system in AC and DC
hybrid power system of industrial park. In: 2020 Asia Energy and Electri-
cal Engineering Symposium, AEEES 2020, pp. 285-290. IEEE, Piscat-
away, NJ (2020)

Ma, J., Wang, Z.: Basic theoties of power system relay protection. In: Hier-
archical Protection for Smart Grids, pp. 1-16. Wiley, Singapore (2018)
Telukunta, V., et al.: Protection challenges under bulk penetration of
renewable energy resources in power systems: A review. CSEE J. Power
Energy Syst. 3(4), 365-379 (2017)

Yuan, C., Haj-ahmed, M.A., Illindala, M.S.: Protection strategies for
medium-voltage direct-current microgrid at a remote area mine site.
IEEE Trans. Ind. Appl. 51(4), 2846-2853 (2015)

IEEE Std C37.234-2009: IEEE guide for protective relay applica-
tions to power system buses. IEEE (2009). https://iceexplore.icec.org/
document/5325912. Accessed 15 Oct 2020

C37.95-2014 IEEE guide for protective relaying of utility-consumer inter-
connections. IEEE. https://iceexplore.ieee.org/document/8807435.
Accessed 15 Oct 2020

C37.91-2021 IEEE guide for protecting power transformers. IEEE
(2008). https://iceexplore.icee.org/document/9471045. Accessed 15
Oct 2020

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

. Sharaf, H.M., Zeineldin, H.H., El-Saadany, E.: Protection coordination

for microgrids with grid-connected and islanded capabilities using com-
munication assisted dual setting directional overcurrent relays. IEEE
Trans. Smart Grid 9(1), 143-151 (2018)

. Sortomme, E., Venkata, S.S., Mitra, J.: Microgrid protection using

communication-assisted digital relays. IEEE Trans. Power Delivery 25(4),
2789-2796 (2010)

. Franck, CM.: HVDC circuit breakers: A review identifying future

research needs. IEEE Trans. Power Delivery 26(2), 998-1007 (2011)
Song, S., et al.: New simple-structured AC solid-state circuit breaker.
IEEE Trans. Ind. Electron. 65(11), 8455-8463 (2018)

Beheshtacin, S., et al.: Review on microgrids protection. IET Gener.
Transm. Distrib. 13(6), 743-759 (2019)

Rodrigues, R., et al.: A review of solid-state circuit breakers. IEEE Trans.
Power Electron. 36(1), 364-377 (2021)

Pei, X., et al: A review of technologies for MVDC circuit breakers.
In: IECON Proceedings (Industrial Electronics Conference), pp. 3799—
3805. IEEE, Piscataway, NJ (2016)

Abramovitz, A., Smedley, K.M.: Survey of solid-state fault current lim-
iters. IEEE Trans. Power Electron. 27(6), 2770-2782 (2012)

Radmanesh, H., et al.: Bridge-type solid-state fault current limiter based
on AC/DC reactor. IEEE Trans. Power Delivery 31(1), 200-209 (2016)
Kempkes, M., Roth, I., Gaudreau, M.: Solid-state circuit breakers for
medium voltage DC power. In: 2011 IEEE Electric Ship Technologies
Symposium, ESTS 2011, pp. 254-257. IEEE, Piscataway, NJ (2011)
Zhang, L., et al: High current medium voltage solid state circuit
breaker using paralleled 15kV SiC ETO. In: Conference Proceedings—
IEEE Applied Power Electronics Conference and Exposition—-APEC,
pp. 1706-1709. IEEE, Piscataway, NJ (2018)

Song, X., Peng, C., Huang, A.Q.: A medium-voltage hybrid DC circuit
breaker, Part I: Solid-state main breaker based on 15 kV SiC emitter turn-
off thyristor. IEEE J. Emerg. Sel. Top. Power Electron. 5(1), 278-288
(2017)

Qin, J., et al.: Hybrid design of modular multilevel converters for HVDC
systems based on various submodule circuits. IEEE Trans. Power Deliv-
ery 30(1), 385-394 (2015)

Adam, G.P, et al.: Review of technologies for DC grids — power conver-
sion, flow control and protection. IET Power Electron. 12(8), 1851-1867
(2019)

Dujic, D,, et al.: Power electronic traction transformer-low voltage proto-
type. IEEE Trans. Power Electron. 28(12), 5522-5534 (2013)

Zhao, C., et al.: Power electronic traction transformer-medium voltage
prototype. IEEE Trans. Ind. Electron. 61(7), 3257-3268 (2014)

Yu, X., Wang, X., Huang, F.Q., Design and demonstration of a 3.0KV-
120V/10KVA solid state transformer for smart grid application. 2014
IEEE Applied Power Electronics Conference and Exposition—APEC
2014, pp. 3429-3436. IEEE, Piscataway, NJ (2011)

Wang, D., et al.: A 10-kV/400-V 500-kVA electronic power transformer.
IEEE Trans. Ind. Electron. 63(11), 6653-6663 (2016)

Bifaretti, S., et al.: Advanced power electronic conversion and control sys-
tem for universal and flexible power management. IEEE Trans. Smart
Grid 2(2), 231-243 (2011)

Li, Z., et al.: Power density analysis of 10kVac-750Vdc /1IMVA power
clectronic transformer /solid-state transformer for medium voltage dis-
tribution grid. Advanced Technology of Elextrical Engineering and
Energy 35(6), 1-6 (2016)

Maitra, A., et al.: Intelligent universal transformer design and applications.
In: CIRED 2009-The 20th International Conference and Exhibition on
Electricity Distribution, pp. 1-9, IEEE, Piscataway, NJ (2009)

How to cite this article: Zang, J., et al.: Overview of
grounding schemes for solid-state transformers in
distribution networks. IET Gener. Transm. Distrib. 15,
3081-3099 (2021). https://doi.org/10.1049 /gtd2.12249



https://www.document-center.com/standards/show/IEC-60364-1
https://www.document-center.com/standards/show/IEC-60364-1
https://electrical-engineering-portal.com/download-center/books-and-guides/schneider-electric/system-earthings-lv
https://electrical-engineering-portal.com/download-center/books-and-guides/schneider-electric/system-earthings-lv
https://electrical-engineering-portal.com/download-center/books-and-guides/schneider-electric/system-earthings-lv
https://electrical-engineering-portal.com/res/Electrical-Installation-Guide-2015.pdf
https://electrical-engineering-portal.com/res/Electrical-Installation-Guide-2015.pdf
https://ieeexplore.ieee.org/document/5325912
https://ieeexplore.ieee.org/document/5325912
https://ieeexplore.ieee.org/document/8807435
https://ieeexplore.ieee.org/document/9471045
https://doi.org/10.1049/gtd2.12249

3098 | ZANG ET AL
APPENDIX
TABLE A.1 Compatison of grounding schemes at the MVAC port
Large fault current group Small fault current group
Solid
MVAC neutral grounding Low Low High
schemes Undistributed  Distributed  resistance  reactance resistance High reactance Resonant Ungrounded
Ratio of Xo/X;  0-1 0-10 3-10 N/A > 10 N/A N/A
symmetrical - p /v (01 N/A 0-1 > 100 N/A N/A N/A
component
parameters  Ro/Xp  N/A >2 N/A < (-1) [56] <2 N/A N/A
SLG fault current in Vaties, /g /3¢ may exceed 100% < 25% 25%-100% < 1% < 25% 1% 1%
percent of three-phase
fault current (Is g /L;p)
BIL Vin VoL
TOV < 15p.u. <25p.u. <23 pu. <273 pu. <273 pu. <273 pu. >3 p.u.
Common-mode High Low Average
interruption
Power supply continuity No Yes No Yes Yes (conditional)
Personnel safety Medium Good Medium Good Bad
Protection sensitivity High Low High Low Low
Thermal stress High Low Average
Countries applied USA, Spain, UK, Australia, France, Spain, Belgium. Japan, Portugal, N/A Italy, Germany, UK,
France Canada, China, USA Northern, Ttaly, Ireland,
USA, Latin and Japan, China
America Eastern
Europe,
Israel,
China
Relay coordination Good Good Good Excellent Good Excellent Difficult
Protection sensitivity Good Good Good Average Good Average Average
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