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Abstract: The asymmetric operation is a method that allows High and Extra-High Voltage (HV,
EHV) power lines to function with one or two phases open. With the increasing share of Renewable
Energy Sources (RES) in National Power Systems (NPS), they are becoming more volatile and less
reliable due to decreasing inertia and other issues related to the integration and exploitation of the
Inverter-Based Resources (IBR) (decreasing short-circuit ratio, different types of interactions, etc.). On
the other hand, phase-to-ground faults are a common cause of tripping off power lines which affects
the overall reliability of the power system. Thus, for power systems experiencing a decreasing trend
in reliability and robustness, the asymmetrical operation of the power lines may enhance them. In
this way, this article reviews the state of the art and new developments in the academic landscape
regarding asymmetrical operation. The review is not, however, limited to HV and EHV systems,
so it examines cases of asymmetric operation in Low and Medium Voltages (LV, MV) as well. The
challenges and opportunities that this unique mode of operation imposes on power networks are
also presented, providing a fresh reference for researchers looking to enter this topic.

Keywords: asymmetrical operation; asymmetric operation; a phase-to-ground fault

1. Introduction

The origins of AC power transmission can be traced to 1886, when William Stanley
demonstrated an electrical system with a 2% loss, operating at 500 V, in Great Barrington,
Massachusetts, successfully transmitting power over a distance of 4000 feet [1]. This system
utilized single-phase transmission and so inherently was asymmetrical. In 1895, Westing-
house Electric Corporation initiated the construction of 90°-shifted two-phase generators
for the Niagara Falls power plant. The generated power was transmitted to Buffalo, NY, via
an 11 kV, 25-mile transmission line at 25 Hz [2]. By this time, the symmetrical three-phase
system had already been developed and showcased at the 1891 Frankfurt International
Electrotechnical Exhibition. However, the two-phase system was initially favored by the Ni-
agara Falls power plant owners due to the lack of clarity regarding the relative advantages
of the two-phase versus three-phase systems at that time. It was soon recognized that the
three-phase systems offered superior efficiency for AC machinery and power transmission,
leading to their widespread adoption—a trend that continues today.

Moving to the present day, driven by the global trend towards zero-emission targets,
the replacement of fossil-fuel-based generation with large-scale converter-interfaced Re-
newable Energy Sources (RES) [3] has altered the decades-long dominance of Synchronous
Generators (SG), introducing new mechanisms for controlling the electric power supply.
In this regard, a substantial body of research and numerous ideas have focused on the
diverse applications of Inverter-Based Resources (IBRs) to improve the reliability, stability,
and efficiency of power systems. From a modern power network perspective, IBRs pro-
viding ancillary services as Flexible Alternating Current Transmission Systems (FACTS)
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will increasingly be required in the future to compensate decreasing number of SGs. There
are different types of FACTS, which can be categorized by their connection type (series,
shunt, or a combination of the two), type of semiconductors, power electronic topology,
and control methods.

As will be discussed in this review article, the reliability and flexibility provided by
IBRs and FACTs are not limited to symmetrical three-phase systems but can also be applied
to provide asymmetrical operation of power lines. However, the applicability of these de-
vices to the asymmetrical operation of power networks has not been as widely investigated
as its three-phase counterpart. Because of this, this review seeks to highlight the relevance
of studying asymmetrical networks in the context of modern inverter-interfaced power
systems and their energy trilemma (i.e., archiving Energy Security, Energy Sustainability,
and Energy Affordability). The objective of this literature review is to explore key questions
such as: Why is the asymmetrical operation of power networks important? What has been
achieved in this area in the past? What challenges have arisen? And what opportunities
exist in modern converter-interface networks to tackle these challenges? This review paper
consists of 6 sections. Section 2 presents the definitions needed to appreciate the operation
and need for asymmetrical networks. Section 3 summarizes the historical approaches
used to operate asymmetrical power networks. Section 4 provides a review of the latest
literature dealing with the asymmetrical operation of networks. Section 5 discusses the
challenges, gaps, and opportunities in the research landscape. Finally, Section 6 presents
the conclusions of this literature review.

2. Definitions
2.1. Symmetry in Power Systems

In terms of theory, the symmetrical balanced polyphase system phasors are mathemat-
ically described by the phasors’ root of unity on the complex plain. The derivation of the
formula to calculate the exact coordinates of phasors comes from the expression

1=z, zeC, neN, k=01,...,.n—-1, 1)
which by De Moivre’s formula becomes [4]

2tk . .27k
zx = cos(T) —]szn(T). ()
here, the sign of the imaginary part is changed to *-” from the original formula (this is to
adhere to the definition that positive-sequence phasors rotate counterclockwise), and # is
the overall number of phases or roots, k is the k-th phase or root, and z; is the phasor’s
coordinate on the complex plain. The first phase or a phase phasor will always align with
the positive real axis. The other phasors will spread equally according to Equation (2).
Equation (2) provides symmetrical phasor vectors with unity length. Figure 1 shows
balanced, symmetrical polyphase systems with three and five phasors on the complex plain
as an example. In this way, for Figure 1a the phasors’ complex coordinates turn to be:

zo=A=1+/0,
Z1:B:_%_J§/
n=C=—}+j%



Energies 2024, 17, 5021

30f19

and for Figure 1b, the phasors’ complex coordinates turn out to be:

zo=A=1+/0,
2 =B = \/5471 _].\/10+2\/§

4 7

7 =C= _\/5471 _]-\/10;2\@,
23=D = _\/?21—1 +j\/10—2\/§

4 7
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Figure 1. Balanced symmetrical polyphase systems’ (unity length) phasors representation on the
complex plain. (a) Roots of unity for 3 phasors (1 = 3); (b) Roots of unity for 5 phasors (n = 5).

The general criteria of the symmetrically balanced operation in terms of sequence
components requires that:
1@ =0 1=, ®)

and
v@ =0 vO =y, 4)

where superscripts (2) and (0) refer to the negative- and zero-sequences, respectively. If the
sequence components of a power line are considered, the criteria must be met at both ends.
Moreover, these criteria apply to both one-phase and multi-phase systems, yet one-phase
systems are asymmetrical a priory. For two-phase systems, the phase shift between voltage
phasors must be 180° to achieve symmetry. Since phase-to-phase or line-to-line voltage
is calculated as the difference between two phasors, the magnitude of the phase-to-phase
voltage in a two-phase symmetrical balanced system will be doubled. Thus, these systems
are impractical due to the increasing insulation requirements.

If at least one of the left-hand side terms in Equations (3) and (4) differs from zero,
the system is considered unbalanced. If an unbalanced power line operates with one or
two phases open, it functions under asymmetrical conditions. The term “asymmetrical
operation” of power lines has been present in the literature since 1999, referring to the
pioneering works of A. Sana et al. in this field [5,6]. There are, however, more criteria than
Equations (3), and (4), which are related to power quality at the generation unit Point of
Common Coupling (PCC) and load. These other criteria are, however, beyond the scope
of this review paper. Furthermore, when the asymmetrical operation of a power line is
considered in [7,8], the voltages at two extremities are assumed constant and balanced
symmetrical, as they are dictated by the power flow. This assumption is true for most HV
and especially for Extra-High Voltage/Ultra-High Voltage (EHV /UHYV, 230 kV and above)
transmission power lines, but may not be the for low-voltage (i.e., distribution) networks.
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The cases presented in this review paper consider constant symmetrical voltages at the
extremities of the transmission line. As such, the methodologies discussed and presented
here are more applicable to EHV/UHYV networks.

2.2. Needs for Asymmetric Operation of Power Lines

Since single-phase-to-ground faults are among the most common causes of power line
tripping, the asymmetric operation of power lines presents a promising solution to enhance
system reliability and improve the security of supply. In the event of an open phase, the
power line retains approximately two thirds of its rated power transfer capability.

Using real data statistics, the authors in [9] show that for any fault reported in trans-
mission lines, the percentage of single-phase-to-ground faults increases with both voltage
levels and the dimensions of the power lines. For example, this percentage is approximately
60% for 220 kV, while for 750 kV, it accounts for 97% of all faults. In contrast, the success
rate of Single-Pole Automatic Reclosures (SPAR) decreases at voltage levels above 330 kV,
with a 72% success rate for 330 kV and 52% for 750 kV. Thus, for Extra-High Voltage (EHV)
and Ultra-High Voltage (UHV) power lines, there is roughly a 50% chance of recovery,
or in 50% of cases, tripping one phase leads to the tripping of the entire power line. The
authors of [9] attribute unsuccessful SPAR attempts to a significant reduction in specific
trippings as voltage levels increase, making faults that cannot be mitigated by SPAR more
common. Thus, the implementation of asymmetric operation might significantly improve
the situation. If SPAR cannot restore the phase and asymmetrical operation is used, the
phase can be opened, allowing the power line to continue functioning with a reduced
power flow (if energy storages are not used). Otherwise, subsequent contingencies, in some
cases, could lead to Power System (PS) splits, load shedding, and blackouts. This scenario
could become a reality for countries with long (>240 km), unreserved or insufficiently
reserved transmission lines, such as Brazil, Australia, Kazakhstan, etc., where electric
power is delivered by one or a few lines from distant generation stations to consumption
regions. Moreover, all the aforementioned countries are committed to increasing the share
of RES in their National Power Systems (NPSs).

For example, Kazakhstan has committed to increasing the share of renewable energy
sources (RES) from the current 6% to 10% by 2030, with a long-term target of 50% by
2050 [10]. To attain these goals, the Kazakhstan power grid requires new levels of flexibility,
robustness, and reliability. However, its capability to adopt RES is affected by its current
network topology. The backbone of Kazakhstan’s NPS is the North-South electric power
transmission network, which primarily transfers electricity from the main power plants
(PP) located in the North zone to customers in the South zone. This network consists of
three 500 kV transmission lines spanning over 1000 km. Two of these lines follow roughly
in one corridor through Central Kazakhstan, while the third goes through East Kazakhstan,
as shown in Figure 2. Despite the redundancy provided by these lines, the South zone
continues to experience significant power deficits, making the NPS highly vulnerable to the
loss of any of these critical transmission lines. This vulnerability is further compounded by
the strict frequency deviation limit (+10 mHz, dead zone) imposed by the Russian System
Operator (SO) [11].
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Figure 2. Simplified North-South electric power transmission network of Kazakhstan National Power
System (PP—power plants, the system operator divides the NPS into three zones).

2.3. Security of Supply Enhancement by Asymmetrical Operation of Transmission Lines

In general, the asymmetric operation of the generic three-phase power line is based
on suppressing negative- and zero-sequence currents at both extremities, which appear
when one phase or two phases are open. This allows the retention of some power transfer
capabilities without subjecting the sending and receiving ends to asymmetries. Therefore,
the electric networks ‘before” and ‘after’ the power line ‘see’ normal three-phase symmet-
rical operation. As mentioned, asymmetrical operation with two open phases could be
possible. However, the probability of the faulted two phases is lower than a single-phase
fault, and the probability of the second phase loss, when two phases are operational, is low
as well [12].

Figure 3 illustrates the principles of the power line asymmetric operation using filters
at the sending and receiving ends. If filters are based on power electronics, they can be
used versatile to suppress both zero- and negative-sequence currents, whereas if passive-
element filters are used, separate devices are needed for each sequence component. The
zero-sequence current flow appears between the ground connection points of the filters
when it is mitigated. A situation when electric power transmission consists of a few series
power lines, possible branches (dashed line), and its element (one power line) is shown in
Figure 4. In this situation, one phase opening traditionally leads to the loss of the entire
power transmission. However, the asymmetric operation allows the power line to function
with the open phase(s) and maintain the flow of electric power. Another scenario where the
asymmetrical operation is beneficial occurs when a power transmission has a double circuit
or a limited number of parallel lines. In this context, the asymmetric operation enhances
the share of power flow among the power lines and increases the overall reliability of the
electric power transmission system, therefore improving its security of supply [7].

—0 .

A A A I(”)’ I(Z) I("i I(Z)l\ A A
filter filter
.. (o) .

31 Ry

Figure 3. Principle representation of the power line asymmetric operation using filters at the extremities.
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Figure 4. Electric power transmission via power lines connected in series and its one element or one
power line with an open phase.

The increase of the PS reliability with asymmetric operation employment comes
from the power lines’” higher successful operational probability. Figure 5a shows the
logical scheme and formula of the power line symmetrical operation, where p—is the
one phase successful operation probability. As such, the successful operation of the entire
power line is calculated as n (number of elements) power of p. In the case when electric
power transmission consists of a few series of power lines, as aforementioned, the overall
successful probability decreases substantially. For the asymmetric operation of the power
line, Figure 5b shows the logic scheme and formula to calculate its successful operation [7].
Figure 6 represents curves of the successful operation probability in symmetrical and
asymmetrical operation with a range of p from 0.4 to 1, and their difference, py;s. Taking
into account the SPAR percentage for EHV/UHYV Overhead Power Lines (OPL) is about
50%, asymmetrical operation provides significant reliability in comparison to traditional
symmetrical operation.

A
p
B
o p °
— P p P
C
A B C p
(a) Symmetrical operation probability: (b) Asymmetrical operation probability:
ANBNC, psym = p° AUBUC, pasym =1—(1—p)®

Figure 5. Logic schemes of probability of the power line tripping [13]: (a) Symmetrical operation,
(b) Asymmetrical operation .

1
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Figure 6. Successful OPL probability in symmetric and asymmetric operation.
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3. Historical Approaches to Power Line Asymmetrical Operation
3.1. Conceptual Approach

As a conceptual approach, A. Sana et al. employ the idea that each phase of a three-
phase power transmission line can be considered as a separate circuit [7,8,12]. This approach
allows the implementation of passive or PE-based filters and zero-sequence filtering directly
by calculating sequence components at two extremities when one or two phases are open.
However, the approach does not take into account electromagnetic interactions between
the opened phase/es, the working phase, and the return current. The working phase/es
induce/es current into the open phase/es, and, moreover, the open phase/es will still
have charging current/s product of pure electromagnetic interaction with the rest of the
healthy phases of the line. It is suggested by the aforementioned research works to realize
zero-sequence current flow through the shield wire or grounding wire, which is used for
thunder strike protection in EHV/UHV OPL. However, a system like this needs to be
investigated in terms of electromagnetic interactions. It is evident that this system cannot
be represented by a 2-port network, with equal A, B, C, D parameters for each phase (which
is used for transposed power line with symmetrical parameters modeled as rr-equivalent
circuit) [14].

Another way of organizing the return path is proposed in [15]. The method is based
on the approach that has been used in practice by HVDC power lines when the return
path is through the earthing electrodes located distantly (10—45 km) from the power sub-
station. Due to the lower resistivity of deeper ground layers, deep electrodes are more
effective [16,17]. In addition, the proper design and geometry of the electrodes reduce the
risk of electrical hazards. Moreover, using this technology for AC is corroborated by the fact
that HVDC electrodes, according to CIGRE standard [18], must be able to carry transient
currents of equal magnitude to that of the HVDC power line. For instance, a sample
calculation example in [18] shows that the amplitude of the transient currents in the HVDC
electrodes is larger than the amplitude of the zero-sequence currents in asymmetrical
operation for a 500 kV power line load at 900 MW Surge Impedance Loading (SIL).

The generic model of a balanced power line, with sequence components taken into
account, is provided in Appendix A. The model shows that when sums of phase currents
are a non-zero value at the O and O’, the excessive current (zero-sequence current) will
start to flow through Cq /2 capacitance. Moreover, if 2 phase conductor is open at both ends
and points O and O’ are not grounded (thus having non-zero potentials), current will start
to flow through the opened phase conductor as well. However, the situation is different if,
somewhere along the line, the open phase is grounded due to a phase-to-ground fault. In
this case, this phase/es will split into two parts, and the charging current will reduce.

3.2. Unbalanced and Asymmetric Operation in Low-Voltage and Distribution Systems

In general, in Low-Voltage (LV) distribution systems, the unbalance of currents and
voltages, as well as power quality issues, can be found often. It is so due to connected
one-phase linear and non-linear loads, and IBRs (rooftop PV panels, batteries). Moreover,
where power electronics are involved either on the generation or consumption (load) side,
it inherently injects higher order harmonics [19]. However, if the harmonics are not taken
into account, one of the major issues in LV systems is voltage unbalance at various points
due to the massive integration of single-phase generation units, which leads to the reverse
of active power flow. This is explained by the fact that Distributed Generation (DG) changes
the usual passive networks into active ones. Unlike high-voltage systems where X /R ratio
is high and so resistance can be neglected, in low-voltage systems, the ratio might be one
(X = R). Moreovert, because the voltage level usually is not controlled in LV systems, active
power generation changes not only the voltage angle J (EZJ) but the voltage levels as well,
|E|, |V|. Figure 7 represents one-phase AC voltage source connected to the distribution line,
and Formulae (5) and (6) show active and reactive power calculation, P and Q, respectively,
when resistance, R, is not neglected. Thus, ref. [20] proposes coordinated and local voltage
control using PV panels to mitigate overvoltage issues, as it does not require additional
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investments. The proposed method combines central and local voltage control, addressing
the limitations of each. It overcomes the inability of central control to adapt to operational
changes due to communication delays, and it improves the accuracy of local control, which
can result in suboptimal reactive power absorption due to non-optimal parameter settings.
The influence of DG on distribution systems is considered in [21] using the Canadian rural
benchmark. The authors show that using three-phase DG far from the substation reduces
the Voltage Unbalance Factor (VUF). For single-phase DG, the maximum DG penetration
reached at least 4 times the rated load with a three-phase regulator and 3 times with
three single-phase regulators. However, using three single-phase regulators may increase
VUF due to varying tap positions across the phases, especially in scenarios with either
three-phase or single-phase DG.

R _jX pQ
M=
Z/0 T

E/d @ V/0°

Figure 7. One-phase AC voltage source connected to the distribution line.

—EVZcos(6 — 6) + RV?

P= (ZZ ) ®)
EV Zsin(é — ) — XV?
Q= ( 7 ) (6)

In general, the devices dedicated to enhancing symmetry and power quality, located
at the loads, are Active Power Filters (APF), which can be one-phase as well. The APFs
not only balance currents and voltages, but also eliminate harmonics and so improve
power quality. For these purposes, different control methods are used. The most spread
is approaches based on different power theories (Akagi’s p-q theory [22], special power
theory, FBD-Method, IEEE Standard 1459-based Reference Compensation method etc.) and
synchronous reference frame-based methods [23].

In distribution voltage levels (2 kV-35 kV), D-STATCOMSs are one of the proposed
devices to balance voltages and currents, improve power quality, and eliminate voltage
flickers that appear when power flow or load changes rapidly [24]. E-STATCOMs are
equipped with energy storage which allows the controlling of active power at PCC. This
helps to enhance the generation output of RES by making output power more stable [25].

One of the solutions, in case of a lost phase or the desire to minimize investments in MV
distribution systems with isolated neutral, is the reconfiguration of transformer windings at
both extremities to form Delta connections (if they were not Delta before the fault) as shown
in Figure 8. The open Delta connection requires only two transformers/windings at each
extremity yet provides symmetry with reduced power transmission (~57.8%) and overall
efficiency, however. Meanwhile, there is no need for additional equipment to suppress
negative- and zero-sequence components. This solution has been well known since the
early 20th century when two-phase power lines were used [26,27]. There are two main
limitations to using open Delta for HV/EHYV systems. First, in HV/EHYV systems, Y or Star
connections of transformers are used as relays on the neutral point to detect single-phase-
to-ground faults. Second, a Delta connection of a transformer requires higher electrical
insulation due to the higher phase-to-phase voltage compared to phase-to-ground voltage.
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A=

Figure 8. A power line asymmetric operation after a short circuit supported by Delta-connected

transformers at the extremities.

3.3. Practically Realized Medium-Voltage (2.4-69 kV) Asymmetric Systems

From a practical point of view, if an electric power transmission requires a return wire
or the return current comes through the ground, it might be counted as an asymmetrical
operation of the electric system. Thus, one of the major advantages of a symmetrically
balanced system is that it does not require a return wire or a path because of the return
current absence. There are, however, some other modern HV electric systems that operate
inherently in asymmetrical (one-phase) mode. One example of such medium-voltage
systems is utilized in railways, where electric locomotives draw power from an overhead
single-phase power line, with the return current path provided by the rails. Such systems
encompass both AC and DC types, with AC voltage levels (among others) of 15 kV at
16.7 Hz and 25 kV at 50 Hz. However, the 25 kV system is the most widely used, accounting
for over 50% of all-electric traction systems worldwide [28]. Figure 9 schematically illus-
trates the powering system of an electric locomotive. The widespread adoption of 25 kV
electrification is attributed to its optimal voltage level, which ensures efficient power distri-
bution by aligning the electric load (locomotive) with the power supply. While increasing
the voltage level may offer benefits, such as reducing the number of required substations
and minimizing resistive losses (I2R), further increases are constrained by the growing
requirements for insulation and clearance.

Utility grid

Traction
substation

Current in contact wire 25kV

/ A / - —

-l B

L

<

Return current through rail

Figure 9. Electric locomotive powering schematic (adapted from [29]).

Another technology is the Single-Wire-Earth Return (SWER) electric system, which
is used in distribution networks in rural areas, especially with distant low-load locations
and sparse populations in some countries (African countries, New Zealand, Australia, the
USA (Alaska)) [30]. First, it was implemented in New Zealand in 1920, with further growth
there and in Australia. The modern SWER length in these countries is about 200 thousand
kilometers [31]. The reasonableness comes from using only one wire, which requires less
massive towers, and this, with design simplicity, increases construction speed. Together, all
these factors reduce the capital cost of SWER systems. However, the limitations imposed
by safety restrict the return current to 25 A at 19.1 kV, with the line rating at 480 kVA.
Moreover, the earth resistivity limit, which has to be less than 1000 2/m, comes from the
efficiency of the SWER line, which decreases dramatically when it has higher values. The
other disadvantages are higher voltage drop and higher interference with telephone lines
in comparison to the conventional three-phase systems [31,32].
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Figure 10 shows a general SWER connecting scheme to a distribution line. One of the
key devices in Figure 10 is the isolating transformer, which is used to feed the SWER system
with lower voltage from a conventional three-phase medium-voltage distribution system.
The other devices are used for protection purposes and earth return. The grounding of
the one-phase HV transformer, however, has to be separate from the grounding of the LV
transformer to avoid an electrical connection between HV and LV systems.

22/12.7kV Isolator

transformer
/ >
P 240V 1 ( ———240V
12.700.24 kV Single| I I I
phase transformer | —0 [
(240 L (2407

Figure 10. Typical SWER powering configuration.

From 1930 to the 1950s in the USSR, “Two Wire-earth” (TWE) systems were commonly
used to power three-phase loads in rural area power distribution networks (6-10 kV) with
isolated neutral. One of the main reasons for the TWE powering spread was the material
economy. Figure 11 represents a typical three-phase load powered by the TWE system
when one of the phases’ current flows through the ground. TWE system is analyzed in [33]
and shows acceptable (~15%) current asymmetry for a loaded TWE power line. However,
the unloaded power line at 35 kV might produce large current asymmetry (~150%) due
to the Ferranti effect. This asymmetry produces harmonics and so might interfere with
communication lines. Thus, the author in [33] concludes that TWE systems have to be used
at the lower voltage (6-10 kV) levels. The more recent article [34] states that TWE systems
were superseded by usual three-phase systems due large impedance of the distribution
substations” grounding systems, which were not regulated at that time and had values
about 4-5 (). However, at present, according to the regulations (Regulations for Electrical
Installation, Russia), this value has to be 0.5 (2, which makes the employment of TWE
systems beneficial again for 6-35 kV power lines, by the authors’ conclusion. Furthermore,
the current asymmetry can be minimized, too, by using filtering capacitors at the load side,
as well as earth current if two parallel TWE power lines are used.

Figure 12 shows a summary and some features of different types of asymmetrical
operation systems, categorized according to voltage levels. It demonstrates MV systems
currently in use, TWE systems that have been discontinued, and HV/EHV systems for
which theory is still under development.

D=

(s

Figure 11. Typical “two wire-earth” (TWE) configuration.
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| Asymmetrically operated systems in use

N - - - - - . O

Figure 12. Asymmetrical operation systems summarizing diagram.

3.4. Passive-Element Filters and Specific Transformers

According to the formulae provided in [35], passive-element filters can be used to
suppress negative-sequence currents at the extremities of the power line. These filters
consist of capacitive and inductive reactances connected in Y or A. In this review paper, Y-
connected negative-sequence filters are considered because of the similarity of the principles
with A connected filters.

3.5. Y-Connected Passive Filter

The Y-connected passive filters are shown in Figure 13. The reactances of the sending
end filter are calculated using Formulae (7)-(9), and those of the receiving end filter using
(10)=(12), [35].

FODE
/ b 5

-

XS“ Xm
Xsb Xs[ Xrb ch
Figure 13. Y-connected passive filters at the power line extremities.
Vs
Xoa = =2 % @)
Isa
V. %
X = —V3R = | +S & 8)
Isa ISLZ
X = VAR( 22 ) o L ©)
@ JIe)
sa sa

where X4, Xgp, Xsc are sending end filter phase reactances, Vg, and Is(s ) are sending end

a-phase voltage phasor and negative-sequence current phasor, respectively.
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Vru
Xrq :2%( 2)> (10)
_ Vra o~ Via

Vi Vi
Xre = —V3R % -9 % (12)
Iru Ii’ﬂ
where X,4, X;p, Xic are receiving end filter phase reactances, V;, and Ir(,f ) are receiving end
a-phase voltage phasor and negative-sequence current phasor, respectively.

These reactances can be represented in practice by reactive power compensation
devices as proposed in [12].

3.6. Specific Transformers for Suppressing Zero-Sequence Currents

The zero-sequence currents can be filtered using grounding Zigzag, A-Y, or T-connected
transformers at the extremities. In this paper, T-transformer is considered, and others can
be found in [12]. Figure 14 shows a generic T-transformer connection to a power line for
suppressing zero-sequence currents at one of the ends. As Delta-connected secondary
winding of the transformer prevents zero-sequence current, I ©) from circulating in it, they
will be filtered out by the T-transformer and flow through the designated path.

a

Y

»
>

,_
(@)
Y

Y

(0)

Y 31’

I

Figure 14. Connection of T-transformer for zero-sequence filtering (adapted from [12]).

The rated power of the T-transformer can be found by
St = 0.933| V| |1©)]. (13)

where V,, is phase voltage and I(?) is zero-sequence current. Figure 15 shows power for
different zero-sequence currents values calculated by Equation (13).

200
150
100

50

Rated power, ST, (MW)

100 200 300 400 500 600 700

Zero-sequence current, 19 , (A)

Figure 15. Power ratings of T-transformers for different voltage levels.
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The disadvantage of such suppression method is the necessity of different power
transformers for the different values of zero-sequence currents. Moreover, in normal
operation, these transformers are not used.

3.7. Comparison of Passive Element with Power Electronic Filters

In opposite to negative- and zero-sequence currents suppression by passive ele-
ments/devices, when one device is used to compensate negative- and another zero-
sequence currents, power electronic devices can be used to suppress both. In Table 1,
the comparison is made between the passive-element filters and Power Electronic (PE)
filters for providing asymmetric operation. Therefore, passive-element filters have the ad-
vantage of their location along the line [12]. PE filters have crucial advantages, such as the
use of IBRs, which can be used to support asymmetric operation and high controllability.

Table 1. Comparison of Passive Element with Power Electronic Filters.

Passive-Element Filters Power Electronic Filters
Pros  Can be located anywhere along the line IBRs can be used in fault conditions
Flexible to the power flow changes
High controllability

Cons Low controllability of controllable shunt Complicated implementation along the line
reactors [36]
Different devices for negative- and zero-
sequence current components

4. Review of Latest Academic Literature on the Asymmetrical Operation Subject

The recently developed modular multilevel converter (MMC) offers significant ad-
vantages, including its applicability to high-voltage and high-power systems, as discussed
in [37]. An MMC-based E-STATCOM is proposed in [38] for the stabilizing power output of
solar power plants. Similarly, ref. [39] explores an MMC-based E-STATCOM and proposes
a hybrid storage configuration, along with a control method for ancillary services, including
the mitigation of negative-sequence currents. The shared DC-link among the storage sys-
tems in [39] ensures balanced current distribution across each leg of the converter. In [40], a
fuzzy inference system controller is employed to mitigate voltage sags following symmetri-
cal and asymmetrical faults using a D-STATCOM equipped with hydrogen fuel cells. The
authors demonstrate the controller’s effectiveness and the system’s robustness. Further-
more, a multi-objective control strategy for a Battery Energy Storage System (BESS) using a
cascaded H-bridge MMC is proposed in [41]. The study presents control methods aimed at
reducing harmonics at the BESS output, therefore improving power quality. A comparative
analysis of the performance of a Dynamic Voltage Restorer (DVR) and a D-STATCOM
is provided in [42], focusing on scenarios with large single-phase and three-phase loads.
The authors conclude that DVRs outperform D-STATCOMs in terms of voltage regulation,
as DVRs are connected in series with the power line and directly influence the voltage,
whereas D-STATCOMs, being connected in parallel, primarily control current injection.
However, the asymmetric operation (as defined in this paper) is not investigated in the
aforementioned studies, although voltage and current imbalances, as well as asymmetrical
faults, are considered.

The following articles consider asymmetric operation, its implementation, and eco-
nomic feasibility. In [13], the use of a spare conductor to replace a power line faulted phase
is proposed and analyzed. This conductor can be automatically activated in the event of a
phase-to-ground fault. While this solution has clear advantages, the costs associated with
specialized towers and equipment render it impractical, particularly for extra-high voltage
(EHV) and ultra-high voltage (UHV) long transmission lines. C. Todde et al. show in [5] the
influence of the N — 1 criterion on the asymmetric operation of the power line. In addition,
the costs of the compensation equipment to provide asymmetric operation are presented
for the different voltage level power lines (400 kV, 500 kV, 735 kV) with 2, 3, and 4 parallel
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power lines in one corridor. The main conclusion, in [5], is that the more parallel power
lines are used, the less the cost of compensation compared to the total electric transmission
cost. Thus, it is 48% for two parallel lines at 500 kV and 30% for 4 parallel lines at the same
voltage level. This gradation is expected due to the cost calculation of the compensation
equipment made for the one-phase loss of one power line. This approach is reasonable be-
cause the probability of the second phase loss, when two-phase conductors are operational,
is low [12]. A. Sana et al. show in [7] that considering three-phase power line separately in
terms of phases allows the use of filtering techniques to provide balanced symmetry at the
extremities of a power line. A simple probability analysis shown superficially in Section 2.3
and provided in [7] shows the increasing flexibility of a power line when/if asymmetrical
operation is adopted. In particular, a few parallel working power lines are considered in [7].
In case of the loss of one of the phases of one of the lines, ref. [7] suggests employing series
capacitors implemented beforehand into the working phases. This allows a decrease in the
impedance of the power line after opening a phase conductor. However, the reactive power
and sequence components of voltage and current at the extremities of a power line must be
assessed. In addition, ref. [7] provides formulae to calculate series capacitance and shunt
reactance for the asymmetric operation of N parallel power lines when one conductor open
and pre-fault power flow is restored and the numerical example is demonstrated as well.
The single OPL asymmetric operation with one open phase analysis is shown in [6].
The asymmetric operation is realized by passive-element filters for the negative-sequence
currents and T-transformer for filtering zero-sequence currents. It is suggested to connect
neutrals of T-transformers of sending and receiving ends by shielding wire. The calculations,
however, were made with the assumption that with an open phase, the voltages and
currents will be the same as before the fault, whereas, in fact, they will change due to
electromagnetic interaction discussed in Section 3.1. Mohamedi et al. in [43] compare
asymmetric operation versus symmetric in terms of costs for 300 km long 400 kV 4 parallel
power lines corridor when pre-fault power flow is restored and taken as SIL and by N — k
criterion. The N — k criterion is a broaden form of N — 1 criterion when removing one of
the elements (power line, transformer, etc.) will not lead to load shedding or generation
relocation. In the symmetrical operation scenario in [43], one of the power lines is tripped
off, so traditional balanced symmetry is not compromised, and, in asymmetrical operation,
one phase of one of the power lines is open. For series compensation, the cost is taken as
20% per kVAr, and for shunt compensation, it is 8% per kVAr, according to [36]. Therefore,
in all considered scenarios the costs for compensation of asymmetrical operation are higher
than for symmetrical operation. Thus, in a multi-line corridor, asymmetric operation,
in terms of economical point of view, might not be beneficial. In [44], a comparison is
made of the investments in a corridor, similar to the analysis in [43], when operating
after a phase-to-ground fault under both symmetrical and asymmetrical conditions. The
authors show by making transient stability analysis that using Distributed Static Series
Compensator (DSSC) modules is more beneficial in terms of the investment cost and the
overall increasing controllability of the power flow effect. Assala et al. in [45] consider
using Interphase Power Controller (IPC) 240 to support the asymmetrical operation of a
30 kV power line with pre-fault 3 MW power flow. For the simulations, the short power
line model was used. Since compensating the negative- and zero-sequence currents does
not restore the pre-fault power flow, PV generation is implemented to achieve this, and
it is considered to be a separate scenario. Thus, it is shown that power transfer without a
PV system and compensation is 2 MW and IPC before the fault is non-active. However,
with the PV generation unit, the pre-fault 3 MW is achieved. The full pre-fault power flow
restoration is desirable because the overall power flow in the grid will not change in this
case, and other measures, such as load shedding and generation relocation, will not be
necessary. Steva et al. in [46] consider symmetric and asymmetric operation (one and two
phases open) of 225 kV 168 km long power line. For compensation of the power line in
asymmetric operation, two IPCs 240 at the extremities and a STATCOM at the receiving
end are used. Thus, the implementation of the STATCOM in asymmetric operation reduces
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the voltage magnitude difference between phases and so balances them, and, in addition,
increases voltage magnitude at the receiving end making it closer to the nominal voltage
level. Moreover, the use of STATCOM increases active power flow capability. It is also
shown that the employment of IPC 240 allows for balancing voltages and currents at the
power line extremities with two open phases. However, the main disadvantage is that
the dual IPCs need centralized control, so communication between them is necessary.
Asymmetric operation of the 500 kV 400 km long transmission power line is considered
in [15]. The asymmetrical operation is provided using E-STATCOMs at the extremities of
the power line. E-STATCOMs are represented by VSCs equipped with batteries, Figure 16.
The use of energy sources is not necessary if the pre-fault power flow restoration is not
the goal, however. The applied power line model is similar to that in Appendix A, so
the sequence components are taken into account. To suppress sequence components, two-
degrees-of-freedom internal-model-controllers are used. In the meantime, if the pre-fault
power flow is desired to be restored, the energy storages at the sending and receiving ends
consume and provide active power, respectively. Therefore, the energy storage at the sending
end consumes excessive power as the power flow capability of the power line is decreased
with an open phase, and receiving end battery storage provides the necessary amount. It is
suggested, for the zero-sequence current path, to use the HVDC OPL approach described
in Section 3.1 due to the current absence of the theory behind the use for this purpose of
shielding wire.
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Figure 16. A power line’s asymmetric operation after a short circuit, supported by E-STATCOMs at

I

the extremities.

5. Discussion

One of the crucial current challenges and/or research opportunities regarding asym-
metrical operation is the lack of the OPL model, which can reflect the asymmetrical opera-
tion (with one/two open phases) and to what extent the consideration phases separately
approach can be employed. Perhaps this approach might be appropriate for short power
lines. However, for long power lines, where electromagnetic interaction is an unavoidable
phenomenon, new models are needed to be developed. Moreover, although some of the
early works [43,44] concluded that asymmetrical operation of a power line in a few parallel
OPL corridors is less beneficial in terms of costs of the compensation equipment. There are
cases in some National Power Systems (NPS) when electric power is transferred over long
distances by one or two parallel OPLs. There tripping off the power line is more vulnerable.
These cases need to be investigated to figure out the possible consequences. However, the
positive fact regarding the implementation of the asymmetric operation is the growing
share of IBRs in NPSs. Thus, one of the additional ancillary services provided by IBRs
in the future might be providing asymmetric operation of the power line. Here, another
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question rises: the implications if asymmetrical operation is provided by wind or solar
power plants. In this case, positive-sequence current at PCC can be controlled, yet these
power plants have intermittent power output, which complicates the solutions.

When grounding electrodes are used for the zero-sequence current flow between
compensators, factors such as safety (risk of hazardous ground potentials), soil acidification,
and electrode corrosion must be taken into account. So far, monopolar and bipolar HVDC
OPLs have been using earth-return DC, which may provide a pattern for the case of AC
systems. However, AC systems may impose more challenges in safety than DC systems.
Additionally, if ground currents circulate for an extended period of time, the current flowing
through the earth triggers an electrolysis process, which in in the long term may lead to
unsuitability of soil in terms of agricultural use [47]. Another issue to consider is the
natural corrosion of earth electrodes, which would trigger electrode degradation over time.
References mention that electrodes would degrade about 20 pounds per DC ampere if they
are used continuously for a year [17]. In asymmetrical systems, the zero-sequence current
would be AC, which has the potential to accelerate electrode degradation. Because of the
aforementioned issues, a recommendation would be to limit the time a system operates in
an asymmetrical mode, maybe for minutes or hours until backup generation can be brought
online or the location of the faulted line has been found. The use of passive elements to
enable the asymmetrical operation of an energy corridor may not be economically viable
given the level of investment needed and the fact that such passive elements will be used
very sporadically. However, if active elements are already present in the transmission line
(for example, STATCOM s to regulate voltage levels), then such elements could be used to
provide asymmetrical compensation without the need for extra investment.

Lastly, due to the historical philosophy of using three-phase symmetrical, balanced
voltages and currents, the protection schemes have to be adapted to allow power flow in
a line operating asymmetrically. This may call for adaptive protection schemes, giving
researchers the opportunity to innovate on this topic.

6. Conclusions

This review revised the current challenges of power networks and the arguments to
consider asymmetrical operation as an option to increase the reliability and security of
power supply. In general, this review demonstrates that faults in long transmission lines
and their eventual disconnection are negative factors in the renewable energy integration
plans of major countries. The opportunity to retain most of the power flow after a fault,
using the asymmetrical operation of transmission lines, is extremely useful to improve the
reliability and security of supply in many countries. From a methodological perspective,
this paper demonstrates that there exist several historical methods to operate electricity
corridors asymmetrically, some of which are still in use today. In terms of modifications to
symmetrical systems to allow asymmetrical operation, this review showed the work done
by pioneers in the subject but also highlighted the limitations of their methodologies and
the places where more research is needed. For example, the electromagnetic interactions of
healthy lines with disconnected ones. Next, this review demonstrated and listed research
currently underway in the control of inverters that has applications for asymmetrical op-
eration of power systems. Finally, this review demonstrates that operational experience
and standards from other types of power transfer systems (HVDC) can be adapted, and
their methods applied to asymmetrical operation. The union of historical methodologies,
pioneering work, and current research has the potential to initiate a new line of research in
power systems where asymmetrical operation is an integral part of the different methodolo-
gies applied to improve the security of supply, enabling greater penetration of renewables
in modern power systems. Researchers interested in the asymmetrical operation topic have
vast opportunities to contribute in the realms of FACTS, STATCOMs, active power filter
controllers, ground electrodes, and electromagnetic interactions.
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Abbreviations

The following abbreviations are used in this manuscript:

APF Active Power Filter

DG Distributed Generation

DSSC  Distributed Static Series Compensator

EHV Extra-High Voltage

FACTS Flexible Alternating Current Transmission System
IBR Inverter-Based Resources

IPC Interphase Power Controller

NPS National Power System

OPL Overhead Power Line

PCC Point of Common Coupling

PP Power Plant
RES Renewable Energy Sources
SIL Surge Impedance Loading

SWER  Single-Wire-Earth Return
UHV Ultra-High Voltage

Appendix A. Generic Three-Phase Power Line Model

If electromagnetic waves which persist in power lines are not under consideration,
a power line can be described by Figure Al.
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Figure A1l. Power line mode in sequence-components [48].
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