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Abstract—The increasing penetration of distributed energy
resources in Low Voltage Distribution Grids (LVDGS) has a
severe impact on the grid’s voltage profile. In active LVDGs the
controllable assets are mainly single-phase inverters which most
often they are unevenly distributed amongst the supply phases.
The majority of voltage support schemes in the literature
assume that the phases are decoupled and utilize the single-
phase inverters in per-phase regulation methods. However, the
particularities of LVDGs, namely the inductive coupling from
the distribution lines and the neutral coupling from the fourth
wire, can result to a strong phase coupling. Consequently,
conventional voltage support schemes by single-phase inverters
in active LVDGs can cause unbalanced power deviations in one
phase and due to the phase coupling it can have a significant
impact on the voltage of a different phase. In this paper, the
phase coupling, its impact on voltage regulation, and the factors
that contribute to its intensity are analysed. In addition, it is
demonstrated how two traditional voltage regulation schemes
become ineffective due to the phase coupling. Finally, a reactive
power compensation scheme is presented that exploits the
mutual voltage deviations induced by the phase couplings in
order to improve the voltage regulation capabilities in LVDGs.

Keywords— Four-wire, low voltage distribution grid,
neutral coupling, phase coupling, voltage regulation.

I. INTRODUCTION

Incentive schemes and lower costs by technological
advancements have led to a significant increase of Distributed
Energy Resources (DERs) in Low Voltage Distribution Grids
(LVDGSs). However, to achieve the target of net-zero
emissions it is expected that the penetration of DERs, with
mainly rooftop Photovoltaic (PV) systems, and electric
vehicles (EVs) in LVDGs will increase further [1]. From a
technical prospective, high penetrations of PV systems and
EVs can introduce several challenges to the reliable operation
of the distribution grid [2]. These include the increase of
system losses, the thermal and voltage limits violations and
the increase of system asymmetry.

In LVDGs, consumers mainly have a single-phase
connection. This creates an inherent network asymmetry as
most often the consumers are not equally distributed amongst
the supply phases. PV inverters and chargers for EVs
commonly follow the same connection as the corresponding
household. Therefore, in LVDGs the PV inverters and EV
chargers are also mostly single-phase connected. For the PVs
this can create an imbalance in the generation capacity of
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each phase. Under high PV penetration the reverse power
flow that occurs during the hours of peak PV generation,
which are also the hours that a residential load has a low
consumption, can lead to an asymmetrical voltage rise. On
the other hand, the uncoordinated EV charging can increase
the peak demand and load asymmetry of the network, it can
lead to congestion of the distribution transformer and can
create under-voltage conditions within the LVDG.

In the literature several works have been proposed for
managing active LVDGs by utilizing the ancillary services
and flexibility that the PVs and EVs can offer. Typically, the
voltage rise induced by the PV generation is mitigated by
reactive power provision from the inverters [3]. In [4], a
combination of the local power factor/Watt and Var/Volt
droop based methods is presented aiming to coordinate the
inverters near the substation for providing reactive power
support when violations occur. This method is improved in
[5] by reducing the overall reactive power deployment by
considering the sensitivity of each node to reactive power
absorption. A distributed and model free method based on
sensitivity analysis is presented in [6] with five modes of
operation. In addition, active power curtailment is used only
if the available reactive power is not sufficient for preventing
voltage violations. In [7], a rule based distributed method is
presented for regulating the positive-sequence voltage with
three-phase controllable inverters. Strategies that coordinate
the charging of EVs in order to prevent thermal and voltage
limit violations are presented in [8]-[9].

In the aforementioned management schemes, single-
phase devices (PV inverters, EV chargers) connected at phase
i alter their power set points according to the phase-neutral
voltage of the specific phase. On the other hand, three-phase
devices regulate their balanced power output according to the
positive-sequence of the grid voltage. Consequently, the
mutual voltage deviations (MVD), which refer to the impact
to a phase-neutral voltage when power is altered at a different
phase due to phase coupling, is ignored. Further, the
particularities of LVDGs, namely the inductive coupling
from the distribution lines and the neutral coupling from the
fourth wire, can result to a strong phase coupling. Therefore,
a power deviation at one phase can have a significant impact
on the voltage at a different phase. This, as shown later, can
render conventional voltage regulation schemes ineffective.

The contributions of this paper are: (1) the impact of the
MVDs to the voltage regulation is analysed and the factors to
its severity are revealed for different earthing types for active
LVDGs, (2) based on this analysis, recommendations are
made of how the MVDs due to the phase coupling can be
exploited for more efficient voltage regulation and (3) a
centralized reactive power provision scheme that coordinates
single-phase PV inverters based on the established sensitivity
analysis framework is presented.



The structure of the paper is as follows. In Section 1l the
phase couplings and MVDs in LVDGs are analysed. Two
traditional voltage regulation schemes are presented and
evaluated in Section Ill along with the reactive power
provision scheme based on sensitivity analysis. Finally, the
paper concludes in Section 1V.

Il. PHASE COUPLING AND MUTUAL VOLTAGE DEVIATIONS

Most LVDGs are four-wire networks with three wires for
phases a, b, and ¢ and one additional wire for the neutral
conductor n. Figure 1 illustrates the two main earthing
configurations that are used in most LVDGs. The most notable
difference is that the neutral conductor in TN-C-S networks is
earthed with auxiliary earth electrodes within the LVDG at set
intervals. In a TT network, the neutral conductor is only
grounded at the transformer. In Fig. 2, the voltage deviation
due to the voltage drop across the self and mutual impedance
of the distribution line is illustrated when the power of phase
a is altered for both types of earthing. For this analysis a
simplified LVDG is considered with three single-phase loads
connected at the end of the feeder. The loads are served by a
three-phase voltage source through a 0.5 km over-head line.
The parameters of this line are given in Table | and are
calculated with the Carson’s equations [10] for a vertical abcn
layout with 30 cm spacing between 100 mm? conductors.

From Fig. 2, it can be seen that in a TT network both the
self and mutual voltage deviations are higher compared to a
TN-C-S type network. Further, Fig. 2(b) shows that there is a
strong phase coupling between P, and V. From similar
investigations for other phases it is concluded that an active
power deviation at phase i will have a strong impact on the
voltage of the phase that is 8; — 120°. A similar observation
can be made in Fig. 2(f) regarding the reactive power with
however the voltage of the phase that is 8; + 120° affected
the most. In fact, from Fig. 2(a), (d) and Fig. 2(b), (f) it can be
seen that the MVDs are almost as strong as the self-voltage
deviations. Further, Fig. 2(f) shows how a strong phase
coupling can render traditional voltage management solutions
ineffective. By absorbing inductive reactive power (positive
sign) at phase a the voltage of phase c rises. Thus, the reactive
regulation of phase a can be beneficial for phase a; however,
it negatively affects the regulation of phase c.

On the other hand, the phase coupling can be utilized to
share resources between phases. For example, if phase c is
problematic and experiences regular overvoltage conditions,
the reactive power resources at phase a can be utilized in a
counter-intuitive manner. By injecting capacitive reactive
power at phase a, the voltage of phase ¢ decreases. This
requires that there is available voltage headroom at phase a as
the voltage of this phase will rise. In addition, the phase
coupling regarding the active power can be utilized for fair PV
curtailments. While most curtailment schemes consider the
upstream/downstream fairness for voltage regulation [11], a
strong phase coupling allows for more fair schemes as the
curtailment requirements can also be shared between phases.
Similarly, EV charging strategies can be enhanced so that
under-voltage conditions in one phase can be mitigated
through management of the charging power across all phases.

A. Contributing Factors

In this subsection the key contributing factors to the phase
coupling phenomena in LVDGs are analysed.

1) Neutral Coupling: The power supply to consumers in
an LVDG is established through one or three supply phases
and the neutral wire. Therefore, the neutral voltage that is
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Fig. 2. Self (a), (d) and mutual (b)-(c) (e)-(f) voltage deviation for TT and
TN-C-S systems with variation in the active/reactive power of phase a.
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Fig. 3. Impact of varying neutral voltage on all voltage phasors.

TABLE |

R, X VALUES OF A FOUR-WIRE LINE WITH 30 cm VERTICAL SPACING
R (Q/km) X (Q/km)

0.0482 0.0482 0.5058 0.4618

0.3157 0.0483 0.7854  0.5058

0.0483 0.3157 0.5058 0.7854

0.0483 0.0483 0.4618 0.5058

0.3157
0.0482
0.0482
0.0483

0.0483
0.0483
0.0483
0.3157

0.7854
0.5058
0.4618
0.4367

0.4367
0.4618
0.5058
0.7854

induced across this conductor is common and influences all
consumers. By varying the power at phase i it results to a
current variation A1; but also to a neutral current variation. In
turn, this neutral current variation induces a neutral voltage
variation, indicated in (1), which, as shown in Fig. 3 and
expression (2), influences all phase-neutral voltages,

Vo = Zunln + ) Zudh O
i

Vinl = |IVi146; — |V, |56,

@)
=JIViI2 + [V, |2 = 2[V;[[V,[ cos(6; — 6,)

where Z,,,, is the self-impedance of the neutral wire and Z,,;
the mutual impedance between the neutral and phase i €
{a, b, c}. The neutral coupling can be considered as form of
phase coupling as the injection/absorption of power in one
phase influences all phases. In TN-C-S systems, the earth
electrodes provide parallel paths for the neutral current back
to the substation via the earth. As a result, the induced neutral
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Fig. 4. Voltage response for different R/X ratios for a TT type LVDG.

voltage in these systems is limited as the neutral current that
is flowing through the conductor is reduced. This explains
why the MVDs are stronger in TT systems (Fig. 2), as the
neutral coupling is mostly negligible in TN-C-S systems.

2) Inductive Coupling: An additional source of coupling
between the phases is the inductive coupling introduced by
the distribution line. Note that, as indicated in Table I, a
distribution line can also have a resistive coupling between
the phases. However, the mutual resistance is usually
negligible and therefore the resistive coupling can be ignored.
When balanced conditions are assumed then regulating the
positive sequence is adequate for voltage management. This
is because the impedance matrix can be simplified to a
diagonal matrix with Z; + Z,, as the diagonal, where Z; and
Z ., are the self and mutual impedance of the line respectively.
As indicated by [10], the strength of the mutual coupling is
determined by the type and geometry of the line. In three-wire
MYV distribution grids the neutral coupling does not exist and
the line configuration and conductor type can be such that the
inductive coupling between conductors is minimal [12]. In
this case the MVDs become negligible and management
solutions based on a per-phase approach are effective. In
LVDGs, the conductors in distribution lines are placed closer,
and as shown in Table | by the off-diagonal elements, a
significant inductive coupling between phases is introduced.

Figure 4 shows the self and mutual voltage deviations of
the TT based LVDG with distribution lines of different R /X
ratios. Note that the distribution line given in Table | has an
R/X ratio of approximately 0.4. For R/X ratios of 1 and 3,
the inductive elements of this line are scaled appropriately
while the resistive elements remain constant. Therefore, for
an R/X ratio equal to 3, the mutual terms of the distribution
line are greatly reduced. Consequently, the MVDs are also
greatly reduced, as indicated in Fig. 4.(b), (f). Note that for
R/X =3, the MVDs are mostly induced by the neutral
coupling and therefore, in a TN-C-S system they can be
negligible. Further, with a high R/X ratio, reactive power
compensation for voltage regulation is not a viable option as
shown in Fig. 4(d). In this case the voltage regulation is
insensitive to reactive power flow since the voltage drop
across the self-inductive component is insufficient to achieve
any significant voltage regulation. Consequently, most
conventional voltage management schemes usually resort to
active power management, through PV curtailments or by
charging/discharging energy storage systems, for voltage
regulation. However, in a TT based system even under high
R/X ratios the MVDs, due to the neutral coupling, can be
leveraged in unconventional manner by utilizing the reactive
power capacity at one phase in order to regulate the voltage
of a different phase.

I1l. IMPACT ON VOLTAGE MANAGEMENT SOLUTIONS

To investigate the impact of the unintended MVDs in
voltage management solutions, the simplified TT type LVDG
system illustrated in Fig. 1(a) is utilized. The distribution line
has a length of 0.5 km, which is the typical end-of-feeder
distance in residential LVDGs, and its parameters are shown
in Table I. Each residential load is also equipped with a
single-phase PV system. Two scenarios are examined to
investigate the impact of the unintended MVDs.

In the first scenario a balanced PV capacity (42 kW total)
is assumed. Under these conditions it is expected that the
traditional compensation schemes will be effective in
managing the grid voltage as the MVDs will mostly balance
out. It is noted that this scenario is equivalent to having three-
phase controllable assets regulating the positive sequence.
For the second scenario an unbalanced PV capacity is
considered with 15, 8 and 10 kWp in phases a, b and ¢
respectively. In both scenarios two traditional voltage
management solutions (presented in Section I11.A) based on
reactive power compensation from PV inverters are
evaluated. To illustrate how voltage management solutions
for active LVDGs can be improved, a reactive power
compensation scheme is presented in Section I11.B that
leverages the MVDs. The considered reactive power
compensation schemes are evaluated in Section I11.C.

A. Traditional Reactive Power Compensation Schemes

System voltage rise due to excessive PV generation is
conventionally mitigated by operating the PV inverters in a
non-unity lagging power factor. Local methods for Var
compensation include constant power factor and droop-based
control of reactive power with either power factor/Watt
cos¢(P), power factor/Watt-Volt cos¢ (P, V) or Var/Volt
Q (V) curves [3]-[4]. While relatively simple and easily
applicable, the methods that are based on the active power
generation by the PVs can result to unnecessary reactive
power flow when the grid voltage is within the admissible
limits. This increases the overall grid losses as well as the
stress on the PV inverters which can reduce their lifespan. In
addition, local methods lack an upstream/downstream node
coordination (in the case of Var/VVolt scheme) which can lead
to saturation of the inverters at the end of the feeder while
inverters near the transformer can still be operating at a unity
power factor. Central and distributed methods leverage a
higher network observability to coordinate the provision of
reactive power across the whole grid. These methods reduce
the amount of reactive power needed for voltage management
and fully utilize the available resources when needed but
require a two-way communication between different assets.

Expression (3) shows the basis for a per-phase voltage
regulation where it is assumed that the phases are decoupled,

Ry 1P + Xie-1Qk
[Vie-1l

where P, and Q, is the total active and reactive power of
node Kk, Ryx—1 and Xy ,_1 is the line resistance and
inductance, and |V, |, |Vj—1| the voltage magnitude at nodes k
and k-1. To illustrate how the effectiveness of methods based
on (3) can be reduced under unbalanced reactive power flow
originating from asymmetrical single-phase PVs, the local
cos¢(P) and Q (V) methods are considered. The settings and
set points of these droop-based schemes are given in Fig. 5
while the active power generation profile in the numerical
simulations corresponds to a sunny day during summer in
Cyprus [2].

[Viel = [Vie-1] —
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Fig. 5. Settings of local reactive power compensation modes for smart
inverters: (a) cos¢(P), (b) Q(V).

B. Reactive Power Compensation with Cross-Phase Voltage
Response Using Sensitivity Analysis

The MVDs in active LVDGs can be leveraged for an
effective and unconventional voltage management. In recent
works, the MVD impact in LVDGs has been ignored or not
explicitly exploited by either assuming a balanced operation
[6], conducting voltage regulation in each phase individually
[13] or by considering only three-phase inverters as the
controllable assets [7]. In a different direction, an
optimization problem for controlling the reactive power of
the single-phase PV systems in a centralized manner is
presented in (4)-(8). The objective function (4) aims to
minimize the overall deployment of reactive power which
results to lower grid losses and less stress on the PV inverters.
The decision variables are the required reactive power
deviations AQ;(t), with i € {a, b, c}, of each single-phase
inverter such that there aren’t any voltage violations (7) while
the inverter limits for reactive regulation (8) are satisfied for
the current time step t.

min Q3(6) + Q3(0) + Q2()) » min ) Q2®)  (4)
s.t Qi(t) = Qi(t — 1)+ AQ: (D) (%)

Vi(t) = V() + AV; ©)

= V() + qia0Q4 () + qipAQ (1) + qicAQ.(2)
Vv <V @)
Q<M <Q ®)

The above optimization problem, referred to as Q,,;, is
based on sensitivity factors gq;; = dV;/0Q; , with j€
{a, b, c}, that indicate how the voltage magnitude V; at phase
i is affected by deviations of reactive power at phase j, as
given in (6). Note that V;(t) from (6) refers to the voltage
magnitude of phase i at time step t before the control decision
for this time step is applied. This value can be extracted by
either a power flow solution, it can be measured by the local
sensors of inverters, or it can be provided by a monitoring
system based on advanced metering infrastructure with smart
meters [14]. The sensitivity factors gi can be determined
either by inverting the Jacobian matrix after a Newton-
Raphson power flow or by a perturb-and-observe approach
[15]. In the latter method, a radial power flow method is
utilized by altering the power set points at the node and phase
of interest and determining through the power flow results the
impact on the voltage magnitude across the system. Another
approach to directly calculate g;j is by the use of the linearized
power flow equations for radial distribution grids [16].

The formulation in (4)-(8) is similar with the optimal
power flow approach with linearized power flow equations
for radial unbalanced MV grids. However, in LVDGs the
available controllable assets are mostly single-phase and the
MVDs can be more severe. This allows to exploit the MVDs
in a counter-intuitive and unconventional manner which

results to a more effective and more efficient utilization of the
available reactive power resources as shown in Section I11.C.

C. Case Studies

In Fig. 6 the phase-neutral voltages are illustrated for the
case with balanced PV capacity across the phases under the
different reactive power compensation schemes. Note that the
No PRC refers to the case that the single-phase PV inverters
operate in a unity power factor and hence there is no reactive
power control for overvoltage mitigation. Under these
conditions the voltage in all three phases exceeds the
overvoltage limit ¥V =253V . From Fig. 6 it can be
concluded that all reactive power compensation schemes
manage to restore the grid voltage within the admissible
limits. Unlike the local modes, Q. deploys inductive
reactive power only when there are voltage violations, as
explained in Section I11.C. As a result, it requires the least
amount of reactive energy, only 58 kVar-h in comparison with
113 and 127 kVarh of the cos¢(P) and Q(V) modes
respectively. The Q(V) mode in this case uses the most
reactive energy as the grid voltage remains above 1.05 p.u for
a significant amount of time. The cos¢ (P) mode reduces its
deployment of reactive power based on the active power
generation (which after solar noon starts to decrease), while
Q (V) continues to absorb reactive power until the local grid
voltage is below 1.05 p.u. Nonetheless, under balanced PV
capacity the considered reactive power control schemes are
effective and operate in the expected manner as the MVDs
are balanced out.

In Figs.7-8 the phase-neutral voltages and reactive power
per phase are illustrated for the case with unbalanced PV
capacity. From these figures several observations can be
made. First, under these conditions, only the voltage in phase
a and ¢ exceed the upper voltage limit (asymmetrical voltage
rise). Second, in Fig. 7(c) it can be seen that both the cos¢ (P)
and Q (V) modes fail to restore the grid voltage V., within the
acceptable limits. In fact, under the cos¢ (P) mode, despite
of a maximum reactive power absorption of Q. = 4.8 kVar
(Qi = Pi, - tan(acos(pf = 0.9)) from the inverter, there is
negligible voltage regulation at phase c. This happens
because the impact of reactive power absorption at phase c is
reduced by the MVDs. Let t, be the time when solar noon
occurs. At this time all PV inverters absorb maximum
reactive power and V,,, is expressed as,

Vcn(tsn) = ]/C?ls (tsn) + qcaéa + qep Qb + qcc éc (9)

where V.2S is the voltage of the base scenario with no reactive
power compensation, the sensitivity factors q.q, qcp, Gcc are
calculated using the perturb-and-observe approach and are
equal to 1.04, —0.24 and —1.32 V/kVar respectively, Q, =
7.2 kVar and Q, = 3.9 kVar. From the above it can be
calculated that the voltage regulation is less than 0.5 V as the
impact of Q.. is cancelled by phase coupling between @, and
Ven (16caQal = 19.cQc] ). This means that the voltage
regulation at phase c is actually provided by the reactive
power at phase b. Because of the weak phase coupling
between V., and @}, (|9c»| < |gcc|) and because of the lower
PV capacity at phase b, the overall voltage regulation at phase
c is negligible. Third, the previous observation is also valid
for the Q(V) mode. Note that the voltage regulation at phase
¢ is higher under Q(V) because, as it is evident in Fig. 8(a),
the maximum reactive power Q, is lower than Q, while Q, is
saturated at Q.. In addition, under the Q(V) mode it is
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observed in Fig. 7(b) that while reactive power is absorbed at
phase b the voltage, counter-intuitively, increases. This is due
to the low reactive power absorption Q,, as this phase does
not exhibit over-voltage conditions as well as due to the high
reactive power absorption at phase c. The relationship
between AV, /AQ, is similar to AV, /AQ,, illustrated in Fig.
2(f), and therefore absorption of reactive power at phase ¢
results to a voltage rise at phase b.

Finally, Qo is the only reactive power compensation
scheme that manages to restore all phase voltages within the
admissible limits and with minimal use of reactive power. In
fact, the total reactive energy deployed under Q.. is 27
kVarh while cos¢(P) and Q(V) use 94 and 69 kVarh
respectively and still failed to manage the grid voltage. The
Qope SCheme provides an unconventional and counter-
intuitive phase coordination of the single-phase PV inverters.
The strong phase coupling between @, and V,,, (qqp = 1.17
V/kVar) is exploited in an effort to share the voltage
regulation of phase a between two phases (a and b). The
available voltage headroom at phase b is utilized by injecting
capacitive reactive power as illustrated in Fig. 8(b). This
results to a voltage rise at phase b but also to a reduction of
V.. The aim of this operation is to reduce the voltage rise
introduced to V,, by the voltage regulation at phase a such
that the available reactive power capacity at phase c is
sufficient to mitigate the local overvoltage. Injecting
capacitive reactive power at phase b reduces the amount of
voltage regulation needed at phase a which in turn decreases
the voltage rise at phase ¢ due to the MVD between V., and
Q.- This is shown in Fig. 8(b) as the reactive power Q, is
significantly lower with Q,,,, in comparison with Fig. 8(a)
and the Q(V) mode. As Q, is now substantially lower, the
reactive power capacity at phase c is sufficient (|q., Q.| <
lq.cQ.]) and all grid voltages are restored within the
admissible limits.

IV. CONCLUSIONS

The controllable assets in active LVDGs are mostly
single-phase connected and their installed capacity is most
often uneven across the phases. The particularities of these
networks can lead to a strong phase coupling voltage
phenomena arising from the neutral coupling in TT based
networks as well as by the inductive coupling of the
distribution line. An analytical investigation in this work
demonstrates that voltage regulation schemes based on a per-
phase approach may become ineffective in such LVDGs
when the available assets have predominantly a single-phase
connection and operate under unbalanced conditions.
However, by exploiting the MVDs arising from strong phase
couplings it allows for unconventional voltage regulation
schemes where the provision of reactive power or the burden
of PV curtailments can be coordinated in a centralized
manner and shared across the three phases. An example of
such voltage regulation scheme based on reactive power
provision by single-phase PV inverters has been presented in
an optimization framework utilizing a sensitivity analysis.

REFERENCES

[1] Monitor Deloitte (Jan. 2021). Connecting the dots: Distribution grid
investment to power the energy transition. [Online]. Available:
https://www2.deloitte.com.

[2] A. Kotsonias, L. Hadjidemetriou, E. Kyriakides and Y. loannou,
“Operation of a low voltage distribution grid in Cyprus and the impact
of photovoltaics and electric vehicles,” in Proc. IEEE ISGT-Europe,
Romania, Oct. 2019, pp. 1-5.

[3] P. Chaudhary, M. Frederiksen, “Voltage regulation mitigation
techniques in distribution system with high PV penetration: A review,”
Renew. and Sust. Energy Reviews, vol. 82, pp. 3279-3287, Feb. 2018.

[4] E. Demirok et al., “Local reactive power control methods for
overvoltage prevention of distributed solar inverters in low-voltage
grids,” IEEE J. Photovolt., vol. 1, no. 2, pp. 174-182, Oct. 2011.

[5] A. Safayet, P. Fajri and . Husain, “Reactive power management for
overvoltage prevention at high PV penetration in a low-voltage
distribution system,” IEEE Trans. Ind. Appl., vol. 53, no. 6, pp. 5786-
5794, Dec. 2017.

[6] F. Olivier, P. Aristidou, D. Ernst and T. Van Cutsem, “Active
management of low-voltage networks for mitigating overvoltages due
to photovoltaic units,” IEEE Trans. Smart Grid, vol. 7, no. 2, pp. 926-
936, March 2016.

[71 G.C. Kryonidis et al., “Distributed reactive power control scheme for
the voltage regulation of unbalanced LV grids,” IEEE Trans. Sust.
Energy, vol. 12, no. 2, pp. 1301-1310, April 2021.

[8] R.Mehta, D. Srinivasan, A. M. Khambadkone, J. Yang and A. Trivedi,
“Smart charging strategies for optimal integration of plug-in electric
vehicles within existing distribution system infrastructure,” IEEE
Trans. Smart Grid, vol. 9, no. 1, pp. 299-312, Jan. 2018.

[9] J. Quirds-Tortds, L. Ochoa, S. Alnaser and T. Butler, “Control of EV
charging points for thermal and voltage management of LV networks,”
IEEE Trans. Power Syst., vol. 31, no. 4, pp. 3028-3039, July 2016.

[10] W. H. Kersting, Distribution System Modeling and Analysis, CRC
Press, Boca Raton, FL, 2007.

[11] M. Liuetal., “On the fairness of PV curtailment schemes in residential
distribution networks,” IEEE Trans. Smart Grid, vol. 11, no. 5, pp.
4502-4512, Sept. 2020.

[12] R. Yan and T. K. Saha, “Investigation of voltage imbalance due to
distribution network unbalanced line configurations and load levels,”
IEEE Trans. Power Syst., vol. 28, no. 2, pp. 1829-1838, May 2013.

[13] 1. Wasiak et al., “Innovative energy management system for low-
voltage networks with distributed generation based on prosumers’
active participation,” Applied Energy, vol. 312, April 2022.

[14] A. Kotsonias, M. Asprou, L. Hadjidemetriou and E. Kyriakides, “State
estimation for distribution grids with single point grounded neutral
conductor,” IEEE Trans. Instrum. Meas., vol. 69, no. 10, pp. 8167-
8177, Oct. 2019.

[15] Z. Zhang, L. F. Ochoa and G. Valverde, “A novel voltage sensitivity
approach for the decentralized control of DG plants,” IEEE Trans.
Power Syst., vol. 33, no. 2, pp. 1566-1576, March 2018.

[16] V. Kekatos, L. Zhang, G. B. Giannakis and R. Baldick, “Voltage
regulation algorithms for multiphase power distribution grids,” IEEE
Trans. Power Syst., vol. 31, no. 5, pp. 3913-3923, Sept. 2016.


https://www2.deloitte.com/

