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Abstract: The paper provides a novel approach for controllably meshing traditional medium-voltage
networks by means of a fast-charging parking station with multiple points of delivery connected to
different radial feeders. Regulating power flows at each point of delivery while the charging service
is being provided, which means actively controlling power exchanges between radial distribution
feeders can significantly increase the hosting capacity of the power system. Remarkable benefits are
expected when the distribution networks to which the charging infrastructure is connected differ in
terms of main characteristics, e.g., rated voltage level, end-user type and operating profiles, and the
number and type of renewable plants. The paper focuses on technical targets, such as loss reduction
and power quality in terms of admitted voltage deviation from the rated value. The power exchanges
between distribution feeders are made possible by a controlled DC link, where bi-directional DC/DC
converters are connected so as to charge or discharge vehicles according to the Vehicle-To-Grid
approach. A multiplexer topology in which several vehicles can be alternatively connected to the
same DC/DC converter is modeled. The proposed concept can contribute to network flexibility by
controllably meshing distribution feeders and, jointly, by modulating charging processes according
to assigned charging constraints.

Keywords: controllable meshing; smart charging; V2G; flexibility services

1. Introduction

Fast-charging stations are required to reduce range anxiety and narrow the gap be-
tween Electric Vehicles (EVs) and traditional thermal ones, which have the advantage of
refueling in a few minutes [1]. In general, vehicles can be recharged with an AC or DC
supply [2]. However, the AC supply is limited by the rated power of the vehicle’s on-board
charger according to cost, weight, and volume constraints [3]. To overcome this limitation,
high-power DC charging stations, where the AC/DC power converter is located outside
the vehicle, are spreading rapidly. This could increase the impact of charging stations on
the network, particularly in urban areas, if the charging process is required immediately at
maximum power to limit the time the EV is connected to the charging infrastructure. As
far as the distribution network is concerned, the presence of DC charging stations causes
short-duration power peaks, particularly when EVs are connected during high-demand
hours (e.g., the evening in urban areas) according to citizens’ typical habits [4]. The con-
sequential increase in line currents involves the deterioration of voltage profiles, possible
branch congestion, network reliability issues, and higher distribution losses [5,6].

By adopting a proper control logic [7], EVs could increase the performance, efficiency,
and power quality of the electrical system during the recharging process. Vehicles could
operate as controlled loads by managing the charging profile according to the permitted
recharging time duration (mode Grid-To-Vehicle, G2V, [8]). Additionally, EVs could feed
power to the utility grid by discharging their batteries following a Vehicle-To-Grid (V2G) ap-
proach [9]. The Vehicle-To-Vehicle (V2V) mode is another alternative, where EVs connected
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to the same charging station can share the energy stored in their batteries [10,11]. Imple-
menting such approaches requires an appropriate infrastructure, which, in the V2G and the
V2V modes, is required to manage bi-directional power exchanges between the charging
station and EVs [3,12]. The common structure of a DC off-board charger is composed of
an AC/DC converter and a series-connected DC/DC converter to control the charging
voltage and current [6]. For a fast-charging station with several charging sockets, there
are economic advantages in sharing the DC link between DC/DC chargers while using a
limited number of AC/DC converters. This could increase both the overall efficiency of the
station and the flexibility of the system [13,14].

In the method proposed in this paper, AC/DC converters are connected to different
radial distribution feeders through dedicated points of delivery (PODs) to create the Multi-
Leg Smart Charging Infrastructure (MLSCI) as depicted in Figure 1.
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DC/DC Charger k
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…

…

…
POD 1
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…
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…

~ 
= 

~ 
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= 
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~ 
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……

Figure 1. Single line scheme of the novel MLSCI.

The application of this architecture seems feasible, especially in urban contexts, where
several distribution lines (e.g., supplied by different primary substations) may converge
close to the same point. Considering the charging constraints, the proposed scheme makes it
possible to accurately regulate the active power exchanged between medium-voltage (MV)
feeders which are usually independent from the others, since they are radially operated [15].
Additionally, the MLSCI has the ability to independently regulate reactive power exchanges
at each POD. Distribution System Operators (DSOs) would consequently be able to operate
networks as controllably meshed (which is not easily achieved with traditional meshing),
and, therefore, the MLSCI could be a resource to both mitigate line congestion and support
network voltage regulation [16]. Since at least one AC/DC converter is interposed between
the PODs, no relevant variations in network short circuit currents are expected, requiring
no special adaptations to the existing protection systems, which would preserve the same
operational effectiveness.

The proposed approach can subsequently supply several vehicles downstream from
the same DC/DC charger, as better described and modeled in the following section. Dis-
connectors added along the DC connections between DC/DC chargers and vehicles avoid
the parallel connection of vehicle batteries. With this scheme, each EV can remain con-
nected to the charging socket for longer, with the following benefits for both end users and
network regulation:

• From the end-user perspective, EVs are no longer required to be immediately discon-
nected once the charging process is concluded (with logistic benefits and increased
comfort for vehicle users);

• From the charging infrastructure point of view, additional sockets do not imply an
associated cost increase, and this approach can coordinately manage the charging
process of the entire park within the considered time window.

The paper aims to develop a complete model of the MLSCI, to implement the control
strategies on a daily basis, and to demonstrate the advantages of the proposed architecture
with respect to a traditional approach with single POD. Network operative constraints, EV
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requirements, conversion efficiencies, and battery charging/discharging efficiencies are
considered. Section 2 details the peculiar characteristics of the novel MLSCI scheme, and
Section 3 explains the constraints involved and defines the optimization function. Section 4
introduces a case study, and achieved results are presented and discussed in Section 5. The
main conclusions are summarized in Section 6.

2. Charging Infrastructure

The developed MLSCI has two peculiar characteristics: it is connected to several PODs
and takes advantage of the concept of the Single-Charger, Multiple-Socket (SCMS) [17]
scheme to increase the number of parking places equipped with charging sockets without
linearly increasing the number of DC chargers. Figure 1 shows the layout of the charging
infrastructure. It is made up of the following components:

• NI MV PODs and corresponding NI bi-directional AC/DC inverters;
• NC EV fast chargers (DC/DC converters);
• NPk sockets for the k−th fast charger;
• The overall number of fast-charging sockets is thus equal to ∑NC

k=1 NPk.

Each charging outlet has a corresponding disconnector to avoid any uncontrolled
power exchange between EVs simultaneously connected to sockets downstream from
the same DC/DC converter. Consequently, the V2V mode can be applied only between
different DC/DC converters in a controlled manner. Considering that costs related to a DC
fast charger seem to be mainly related to converters, increasing the number of cables and
disconnectors pertaining to a DC charger is expected to have a minor impact on the final
cost. Compared to a traditional charging station where the number of DC chargers is equal
to the number of parking places, this approach leads to an increase in the utilization factor
of each DC/DC converter, reducing the amount of time that converters are unused or are
operating at partial load [18]. At the same time, end-user comfort in using the charging
infrastructure is enhanced, since connected EVs do not have to be immediately removed
when their charging process ends (currently, leaving the EV connected when it reaches the
fully charged status usually involves a cost for users).

The SCMS approach requires a coordinated charging procedure because only one
vehicle connected to the k−th charger can exchange power at the same time, i.e., at most
one disconnector for each DC/DC converter is closed at a time. The optimization algorithm
defines the closed disconnectors automatically. Since DC/DC converters actively control
power exchanges with EVs, the opening and closing of disconnectors are no-load operations,
so specific breaking capacity seems unnecessary.

On the AC side, the shared DC bus is interfaced with the NI PODs by using at
least NI converters. When POD power increases or redundancies are required, multiple
parallel-connected AC/DC converters could be considered for each POD. The internal
current control loop installed in AC/DC converters is generally able to rapidly limit the
flowing current to preserve the reliability of power electronic components, resulting in fast
limitation of short circuit current flowing between different distribution feeders. Taking
advantage of this, the MLSCI is not expected to remarkably alter the network’s short circuit
levels, with negligible impacts on the effectiveness of network protections.

The AC/DC converters are series-connected with step-down transformers, at least one
for each POD. Transformers adapt the network voltage level to the rated voltage of AC/DC
converters so that the MLSCI can be connected to feeders operating at different voltage
levels. Additionally, transformers provide the galvanic insulation between the DC section
of the charging infrastructure and each distribution feeder. In the proposed scheme, both
AC/DC converters and DC/DC converters are considered bi-directional. Consequently,
the MLSCI can operate in G2V, V2G, and V2V mode and can regulate both the active power
flow between distribution feeders and the reactive power exchanges independently at
each POD.
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3. Model Definition

The main goal of the proposed algorithm is to reduce network losses in the MV feeders
connected to the MLSCI, while modeling as problem constraints the following: (i) the
resolution of network congestion, (ii) the permitted network voltage deviation, (iii) the
charging requirements in terms of final State Of Charge (SOC) for connected EVs, and
(iv) the rated power of MLSCI components.

The optimization problem is structured into four groups of constraints as summarized
in Figure 2. Two main blocks (black dotted lines) are defined: the charging infrastructure
block and the distribution network block. The first includes three groups representing
constraints on EVs, on chargers (DC/DC converters), and on inverters (AC/DC converters).
In the latter block, all the network constraints are included in the Optimal Power Flow
(OPF) problem.

1. EV Constraints

Linking Constraints

4. BFM Constraints

Charging infrastructure

Boundary Constraints

Distribution network

2.  Charger Constraints 

Linking Constraints

3.  Inverter Constraints

Figure 2. Classification of the MLSCI constraints.

Additional sets of constraints, called linking constraints, are required to coordinate
adjacent groups of constraints in the first block, whereas boundary constraints allow
the charging infrastructure to correctly interface with PODs. The following subsections
describe in detail each group of constraints depicted in Figure 2. Please note that, without
any specification, the following constraints are intended to be set for each time step ∆t of
the simulation.

3.1. EV Constraints

Both the V2G and the V2V modes are considered in the proposed MLSCI; thus,
EVs can be charged or discharged. For the p−th socket of the k−th DC/DC converter,
Figure 3 shows the meaning of both the charging power Pck,p, and the discharging power,
Pdk,p. The block CHECK is introduced to avoid the simultaneous connection of more
EVs downstream from the same DC/DC converter. Both quantities Pck,p and Pdk,p are
positive and constrained within zero and the rated power of the corresponding EV, Pnk,p,
as represented in (1) and (2). The binary variables, αck,p and αdk,p, are added to (1) and (2)
and constrained in (3) to prevent the possibility of the charge power and the discharge
power being simultaneously different from zero at the same time for the same vehicle.

𝑃𝑐𝑘,𝑝𝑃𝑑𝑘,𝑝

CHECK

Figure 3. Powers exchanged by EVs: sign convention and nomenclature.

The last set of expressions reported in this subsection is required to model each battery
and introduces the power–energy relation. In detail, the energy stored in each vehicle is
related to its charging/discharging power. It is assumed that the power exchange between
the DC/DC converter and the EV is constant during the time step, ∆t. Relation (4) computes



Energies 2024, 17, 1960 5 of 17

Ek,p, which is the energy stored in the EV battery at the end of the time step as a consequence
of the charging or discharging power in the t−th time interval and considering the amount
computed in the previous time step as the initial value. The battery round-trip efficiency is
represented, decreasing the charged energy by the charging efficiency, ηck,p, and increasing
the discharged energy by the inverse of the discharging efficiency, ηd−1

k,p . To preserve the
generality of the approach, the charging efficiency and discharging efficiency may differ.

The SOC of each EV battery, defined as the ratio between Ek,p and the corresponding
battery rated energy Enk,p, must remain constrained between a minimum value, SOCmink,p ,
and a maximum value, SOCmaxk,p , as represented in (5), to prevent accelerated aging or
damage of batteries. Other technical constraints define the conditions of the EV batteries
before and after the time periods when they are connected to the MLSCI. For a generic
vehicle, equality (6) sets the energy stored in the battery at the time the EV is connected
to the charging infrastructure (time hsk,p ), computed as the initial SOC, SOCsk,p , multiplied
by Enk,p. Equation (7) imposes the charging target (generally chosen by the EV owner) in
terms of stored energy when the EV is disconnected from the MLSCI socket (time hek,p ),
computed as the target SOC, SOCek,p , multiplied by Enk,p. Conditions SOCsk,p ≥ SOCmink,p

and SOCek,p ≤ SOCmaxk,p must be verified.

0 ≤ Pck,p ≤ Pnk,p · αck,p (1)

0 ≤ Pdk,p ≤ Pnk,p · αdk,p (2)

αck,p + αdk,p ≤ 1 (3)

Ek,p(t) = Ek,p(t − 1) + (Pck,p(t) · ηck,p − Pdk,p(t) · ηd−1
k,p) · ∆t if t ≥ hsk,p (4)

SOCmink,p ≤
Ek,p

Enk,p
≤ SOCmaxk,p (5)

Ek,p(t) = SOCsk,p · Enk,p if t ≤ hsk,p (6)

Ek,p(t) = SOCek,p · Enk,p if t > hek,p (7)

3.2. Charger Constraints

Constraints related to chargers compose the second group of MLSCI constraints. The
first four relations deal with the powers that flow through each charger, represented in
Figure 4. The last three relations represent the set of linking constraints needed to connect
EVs to chargers. Firstly, for the k−th DC/DC converter, inequalities (8) and (9) ensure
that the power flowing from or to EVs (Pck and Pdk) is lower than the rated power of
the DC/DC converter, PnCk. In general, these constraints are required as the nominal EV
charging power might be greater than the rated power of the converter.

𝑃𝐷𝐶𝑘
+

𝑃𝐷𝐶𝑘
−

𝑃𝑐𝑘

𝑃𝑑𝑘

𝑃𝑐𝑘,𝑝𝑃𝑑𝑘,𝑝

= 

= 

Figure 4. Powers flowing trough DC/DC chargers: sign convention and nomenclature.

Relations (10) and (11) take into account the efficiency of the converters in obtaining
PDC

+
k and PDC

−
k , which are the powers absorbed and injected into the DC bus, respectively.

Equations (12) and (13) link the charging and discharging powers of each converter with
the powers of downstream connected EVs. Inequality (14) imposes that only one vehicle
per charger can exchange power during each ∆t. This is the typical constraint of a SCMS
approach and represents the CHECK box in Figure 3. Relation (14) constrains the NPk binary
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values, αck,p, and the NPk binary values, αdk,p, (defined in Section 3.1) associated with the
NPk sockets connected to the k−th charger, so that only one can be other than zero.

0 ≤ Pck ≤ PnCk (8)

0 ≤ Pdk ≤ PnCk (9)

PDC
+
k =

Pck
ηck

(10)

PDC
−
k = Pdk · ηck (11)

Pck =
NPk

∑
p=1

Pck,p (12)

Pdk =
NPk

∑
p=1

Pdk,p (13)

NPk

∑
p=1

αck,p +
NPk

∑
p=1

αdk,p ≤ 1 (14)

3.3. Inverter Constraints

The following constraints model the inverters that connect the DC bus of the MLSCI
to the corresponding PODs. The sign convention for powers exchanged by inverters is
described in Figure 5. The AC side of the converter is characterized by a circular-shaped
capability described by relation (15) to allow the bi-directional power exchange of both
active and reactive power while limiting the apparent AC power of the converter within
the nominal value SnIj. Inequalities (16) and (17) introduce binary variables αI

+
j and αI

−
j ,

which, in combination with (18), for each j−th inverter, can be different from zero only one
of the active powers PI

+
j (absorbed from the network) or PI

−
j (injected into the network).

In relations (16), (17) and (19), the binary activation variables, Pon+
j , Pon−

j and Qonj, are
introduced to quickly enable or disable the j−th inverter functions in terms of active power
absorption, active power injection, and reactive power exchange, respectively. It should be
noted that these three constraints include the presence of SnIj to use binary variables with
higher computational simplicity, whereas the inverter capability constraint is represented
by (15).

No losses converter model
𝑃𝐼𝑗

−
𝑄𝐼𝑗

𝑃𝐼𝑗
+

𝑃𝐼𝑗
−

𝑃𝐼𝑗
+𝑅𝐼𝑗𝑍𝑐𝑐𝑇𝑅𝑗

Converter Model

𝐼𝐼𝑗
~ 

= 

Figure 5. Powers flowing trough AC/DC inverters: sign convention and nomenclature.

For each j−th inverter, in per-unit representation, a resistance, RIj, in series with the
ideal AC/DC converter, models the converter’s internal losses, as defined in (20). This
parameter depends on the inverter efficiency, ηIj, whereas VnIj is the AC rated voltage of
the converter. The resistance RIj is put in series with the per-unit short circuit impedance of
the MV/LV transformer that interfaces the MLSCI to the j−th MV POD.

Finally, Equation (21) links the operating conditions of the NC downstream DC/DC
chargers to the active powers flowing trough the NI inverters. This is performed by
imposing the DC power balance at the common bus. It is remarkable to note that (21)
does not prohibit power exchanges between EVs connected to different DC/DC chargers,
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whereas power exchanges between EVs downstream from the same DC/DC charger are
inhibited by Equation (3). Therefore, V2V mode implementation is allowed.

0 ≤
√
(PI

+
j − PI

−
j )

2 + (QI j)
2 ≤ SnIj (15)

0 ≤ PI
+
j ≤ SnIj · αI

+
j · Pon+

j (16)

0 ≤ PI
−
j ≤ SnIj · αI

−
j · Pon−

j (17)

αI
+
j + αI

−
j ≤ 1 (18)

0 ≤ QI j ≤ SnIj · Qonj (19)

RIj = (1 − ηIj) ·
VnI

2
j

SnIj
(20)

NI

∑
j=1

(PI
+
j − PI

−
j ) +

NC

∑
k=1

(PDC
−
k − PDC

+
k ) = 0 (21)

3.4. Branch Flow Model (BFM) Relations and Constraints

This step concludes the scheme introduced in Figure 2. Lines, loads, generators,
transformers, and inverter equivalent resistance are represented in the AC Optimal Power
Flow (ACOPF) by using the Branch Flow Model (BFM) according to [19]. The problem is
then written in the form of Second-Order Cone Programming (SOCP) as proposed in [20].
To clearly explain the following equations, Figure 6 represents a simplified three-node radial
distribution network. Please note that vm and imn are the square magnitude of the voltage
at node m and the square magnitude of the current flowing in the line connecting nodes m
and n, respectively. Parameters rmn and xmn are the real and the imaginary components of
the m−n branch impedance.

~

𝑚 𝑛 𝑜

𝑃𝐺𝑛𝑃𝐿𝑛

𝑃𝑚𝑛
𝑄𝑚𝑛

𝑃𝑛𝑜
𝑄𝑛𝑜

𝑣𝑚 𝑣𝑛 𝑣𝑜

𝑖𝑛𝑜𝑖𝑚𝑛

𝑄𝐺𝑛𝑄𝐿𝑛

Figure 6. General representation of the BFM model.

In (22) and (23), the active and reactive powers flowing from m to n are computed
according to (i) the active losses and the reactive consumption of the line branch; (ii) the
total power absorbed by loads connected to the ending node n (PLn and QLn ); (iii) the
overall active and reactive generation connected at the ending node n (PGn and QGn ); and
(iv) the active and reactive powers flowing in the line departing from the ending node n (in
the case of multiple branches departing from node n, it becomes the sum of powers flowing
in those branches). Equation (24) defines the correlation between voltages at consecutive
nodes, while (25) describes a second-order rotated cone constraint that allows the problem
to become an SOCP.

Pmn = rmn · imn + PLn − PGn + Pno (22)

Qmn = xmn · imn + QLn − QGn + Qno (23)

vn = vm − 2(rmn · Pmn + xmn · Qmn) + imn(r2
mn + x2

mn) (24)

imnvm ≥ P2
mn + Q2

mn (25)

The voltage at the generic a−th node is constrained by (26) to remain within the
permitted range bounded by va,min and va,max for all the network nodes. Similarly, the
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current flowing from the generic a−th node to the generic the b−th node is limited by (27)
according to the branch ampacity (iab,max) for all the network branches.

va,min ≤ va ≤ va,max (26)

0 ≤ iab ≤ iab,max (27)

The last two equations represent boundary constraints able to coherently interface
the MLSCI with the BFM formulation. Equation (28) computes the active power absorbed
by the j−th inverter as the load power withdrawn at the a−th network node, given that
the a−th network node is the POD of the j−th leg of the MLSCI. The load convention is
adopted (a negative value represents an injection of power into the grid). In this way, the
MLSCI is treated by the ACOPF as an end user capable of absorbing both positive and
negative active power at all its PODs, according to the internal power constraints described
in the previous subsections. The same concept is applied for the reactive power in (29).

PLa = PI
+
j − PI

−
j (28)

QLa = −QI j (29)

3.5. Objective Function

All the above-defined powers refer to a generic time instant t and are supposed to be
constant for the entire time step duration ∆t. Since integral parameters are introduced in
the problem formulation, such as the stored energy in EVs, the optimization must consider
a global time interval composed of Nt time steps of duration ∆t. For each time instant t,
the overall system losses, L, defined in (30), include the energy losses of the entire system,
which means in EV batteries, in the MLSCI (DC/DC chargers, AC/DC converters and
MV/LV transformers), and in the distribution network (network branches and HV/MV
transformers). In detail, for each time instant t:

• EVlossk,p represents the energy losses in the p−th EV connected to the k−th charger, as
a consequence of the charging and discharging efficiencies of its battery, as described
in Equation (31);

• Clossk represents the energy losses in the k−th charger due to the DC/DC converter
efficiency, as in (32);

• Iloss j represents the energy losses in the j−th AC/DC converter, as in (33), where IIj is
the current flowing on its AC side;

• MVloss stands for the distribution network losses, including all the feeder branches
and the transformers (both HV/MV and MV/LV machines).

L =
NC

∑
k=1

(
NPk

∑
p=1

EVlossk,p + Clossk

)
+

NI

∑
j=1

Iloss j + MVloss (30)

EVlossk,p =
(

Pck,p · (1 − ηck,p) + Pdk,p · (ηc−1
k,p − 1)

)
· ∆t (31)

Clossk =
(
(PDC

+
k − Pck) + (Pdk − PDC

−
k )
)
· ∆t (32)

Iloss j = (3 · RIj · II
2
j ) · ∆t (33)

Finally, the objective function to be minimized, Objective, corresponds to the overall
system losses in the global time interval (Nt time steps), as represented in Equation (34).

Objective =
Nt

∑
t=1

L (34)
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4. Case Study

The case study, implemented to test features and potentials of the proposed MLSCI,
is described in this section in terms of the distribution network, charging infrastructure
data and charging scenarios. The case study was assessed in MATLAB R2023b, using
YALMIP R20230622 [21] and GUROBI 11.0 as a solver, on a PC equipped with an Intel(R)
Core(TM) i7-10700 CPU and 32 GB RAM. Results will be presented and discussed in the
following section.

4.1. Network Data

The Cigrè Medium-Voltage Distribution Network Benchmark, European Configura-
tion (Section 6.2 of [22]), is considered to be the reference distribution system to which
the MLSCI is connected. The network consists of two MV feeders with a rated voltage
of 20 kV. The left one is mainly realized with Overhead Lines (OHLs), with a high reac-
tance/resistance ratio as a consequence, whereas the right feeder uses cables. In [22], the
network topology can be modified by acting on disconnectors. In this paper, the stan-
dard radial asset of the benchmark network is considered, as graphically simplified in
Figure 7. The MLSCI (with NI = 2) permits controllable interconnection of the feeder ends
(consequently, switch S1 is considered open in all the following analyses).

…

DC bus
=



S1

0.2 km

1
.8

 k
m

1.11

1.12

1.13

1.8

2.4

1.6

1.7

1.5

1.4

1.3

1.2

HV transmission network 220 kV

1.9

1.10 2.5

2.2

2.3

Feeder 2Feeder 1

20
kW

20
kW

30
kW

30
kW

30
kW

30
kW

40
kW

10
kW

2x
1,5 MW

2x
7 MW

SW1
(POD1)

SW2
(POD2)

=


=
=

=
=

=
=

Figure 7. Cigrè benchmark network scheme including the proposed MLSCI.

Equivalent parameters of lines and HV/MV transformers, as well as network topology
and power profiles of both generators and loads, are unchanged with respect to [22]. To
emphasize the MLSCI operation and correlated advantages in the proposed case study, the
changes made, depicted in gray in Figure 7, are as follows:

• Nomenclature of network nodes (from 1.2 to 1.13 for the left feeder, named as Feeder
1, and from 2.1 to 2.5 for the Feeder 2);

• Only PV and wind generators are considered, while batteries, fuel cells, and Co-
Generators of Heat and Power (CHPs) are put out of service;

• The rated power of the wind generator connected to node 1.9 is doubled (from 1.5 MW
to 3.0 MW);

• Two PV units, 7.0 MW each, are added at node 2.4;
• The rated power of the equivalent residential load supplied by node 2.4 is increased to

2.58 MW.
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Additional specifications in terms of line ampacity are introduced to complete the
network description. Reference [22] defines the line type for each network branch without
reporting the line ampacity. The following assumption are considered:

• For Feeder 1, ref. [22] specifies cable lines, type NA2XS2Y, aluminum cross-sectional
area of 120 mm2, and underground installation. Considering a touching trefoil layout,
0.7 m laying depth, solid bonding of cable screens, ground temperature of 20 °C, and
soil thermal resistivity of 1.0 K·m/W for wet soil and 2.5 K·m/W for dry soil, a rated
ampacity of 285 A is considered (in accordance with data-sheets of real cables);

• For Feeder 2, ref. [22] considers OHLs with an aluminum cross-sectional area of
63 mm2, then a rated ampacity of 200 A is assumed, taking into account the exposure
to direct solar radiation.

For safety reasons, in the following case study, the admitted current in each network
branch is limited to 80% of the corresponding rated ampacity.

4.2. Charging Infrastructure

The MLSCI is connected to nodes 1.10 and 2.5, which are added along the 2 km line
connecting nodes 1.8 and 2.4 in [22]. It is supposed that the MLSCI is 200 m from node
1.8. As a consequence, the considered MLSCI has two PODs, each equipped with an
MV/LV transformer and a bi-directional inverter (NI = 2). The transformers’ rated power
is 1.6 MVA, and active losses are considered in accordance to Table a of Section 4 of [23]. A
rated power of 1.5 MVA and an efficiency of 0.98 characterize both the AC/DC converters.

On the car side, the implemented algorithm allows each DC/DC charger to be in-
dependently configured in terms of the number of sockets, rated power, and efficiency.
However, for a clearer presentation of results, in this case study, all chargers have the
same technical characteristics. The considered MLSCI is equipped with 40 parking places,
each with a fast-charging socket. The number of DC/DC chargers is equal to 10, and each
DC/DC charger can alternatively supply one of the four downstream sockets according to
the control scheme detailed in Section 3.2. Finally, Table 1 gives the main characteristics of
the implemented MLSCI.

Table 1. Main parameters of inverters and chargers.

Parameter Value

NI 2
SnIj 1.5 MW ∀ j ∈ (1 : NI)

ηIj 0.98 ∀ j ∈ (1 : NI)

NC 10
NPk 4 ∀ k ∈ (1 : NC)

PnCk 100 kW ∀ k ∈ (1 : NC)
ηck 0.99 ∀ k ∈ (1 : NC)

4.3. Charging Scenarios

A daily simulation (24 h) is considered, subdivided into 96 time intervals of 15 min
(∆t = 0.25 h). The modeled MLSCI recharges a total of 80 EVs during the day in two
consecutive time windows of 7 h and 45 min, as depicted in Figure 8 (e.g., the case study
models two working shifts).

0 246 12 18

1st time window 2nd time windowSimulation
start

Simulation
end 

Figure 8. Identification of the two time windows for charging.
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With the aim of facilitating the interpretation of results, all the EVs have the same data
in terms of:

• Battery capacity;
• Admitted power (in charge and in discharge);
• Charging energy requirement, i.e., all the EVs have the same starting SOC when the

charging time window starts (SOCs) and the same target SOC to be reached within
the charging time window end (SOCe).

However, in a general application, the proposed approach is able to consider EVs with
different values of SOCs and SOCe if they are included in the admitted range constrained
by (5). Table 2 provides the parameters of EVs recharged in the two time windows. Please
note that s and e on the label of the parameters refer to start and to end of the corresponding
time window, respectively.

Table 2. EV parameters.

Parameter ∀ k, p ∈ (1st Time Window) ∀ k, p ∈ (2nd Time Window)

Pnk,p 100 kW 100 kW
Enk,p 90 kWh 90 kW
hsk,p 6 14
hek,p 13.45 21.45

SOCsk,p 0.30 0.30
SOCek,p 0.80 0.80

SOCmink,p
0.10 0.10

SOCmaxk,p 0.90 0.90
ηck,p 0.95 0.95
ηdk,p 0.95 0.95

5. Discussion of Results

The proposed concept of the MLSCI permits the operation of the charging infrastruc-
ture according to different configurations. Table 3 identifies the seven configurations tested
to prove and validate the performance of the MLSCI and its possible positive interactions
with network regulation. The details of the configurations are as follows:

• Configurations A to D are single-leg topologies, since the charging infrastructure is
alternatively supplied by Feeder 1 (configurations A and B, with SW1 closed and SW2
open) or by Feeder 2 (configurations C and D). Therefore, no power exchanges between
the distribution feeders are possible. In configurations A and C, the charging power
can be modulated, but DC/DC converters operate unidirectionally, and, therefore, EVs
cannot be discharged (V1G mode). Oppositely, in configurations B and D, DC/DC
converters are bi-directional machines, and EVs are able to operate in V2G mode.

• Configurations E to G consider the MLSCI connected to both PODs (SW1 and SW2
both closed). In configuration E, the PODs jointly provide the required charging
power, but each inverter operates unidirectionally since it is not enabled to inject
active power into the network. Consequently, no active power can be transferred
between the distribution feeders. In configuration F, active meshing is activated since
the AC/DC converters operate in a bi-directional way. Consequently, a controlled
amount of active power can be exchanged between feeders through the MLSCI internal
DC bus, independently from the charging power delivered to EVs while respecting
the operating constraints detailed in Section 3. Finally, configuration G includes the
bi-directional operation of DC/DC converters; therefore, the V2G mode is combined
with the active meshing of feeders to maximize the MLSCI’s ability to contribute to
network regulation while charging EVs.

The charging infrastructure is designed and controlled to optimally manage the charg-
ing schedule according to EV constraints, and at the same time, to attempt to solve voltage
violations and grid congestion while minimizing overall system losses. In all of the defined
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configurations, AC/DC converters can exchange reactive power through the corresponding
POD to provide voltage support within the inverter capability constraint.

Table 3. Analyzed configuration of the MLSCI.

Configuration POD V1G/V2G Meshing SW1 SW2

A POD 1 V1G none closed open
B POD 1 V2G none closed open
C POD 2 V1G none open closed
D POD 2 V2G none open closed
E BOTH V1G 1 dir closed closed
F BOTH V1G 2 dir closed closed
G BOTH V2G 2 dir closed closed

Figure 9 summarizes the overall achieved results. For all of the studied configurations,
several admitted deviations of network voltage have been considered. For each simulation,
Figure 9 reports the following:

• In histogram form, the compliance to network constraints during daily simulation
for both feeders: voltage compliance (VFeeder1 and VFeeder2) and ampacity compliance
(IFeeder1 and IFeeder2). If the corresponding rectangle is green, the network constraint is
satisfied for the specific simulation (in terms of MLSCI configuration and admitted
voltage deviation, as reported on the horizontal axis).

• In the gray line, referring to the right vertical axis, the daily overall system losses in
[MWh], which is the objective function of the optimization problem defined by (34).
In case the information is absent for a specific MLSCI configuration and an admitted
voltage deviation, the problem may not be solved due to the network constraints in
the distribution feeder to which the charging infrastructure is connected. In this case,
the entire column of the histogram describing the compliance to network constraints
becomes white.
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Figure 9. Loss and constraint compliance in all the analyzed configurations.

In the first four configurations, with the single-leg connection, the optimized schedule
of charging makes it possible to contain network voltage deviation and solve contingencies
in the feeder to which the charging infrastructure is connected. This is achieved by (i) mod-
ulating the charging process, (ii) exchanging reactive power at the POD, and (iii) enabling
the V2G mode (only in configurations B and D). Enabling the V2G mode, the permitted
voltage deviation can be reduced by up to 3.35% of the rated value in the feeder that
supplies the charging infrastructure. No impacts on the other feeder are possible (e.g., in
configurations A and B, SW2 is open and thus no interactions are possible between the
charging infrastructure and Feeder 2). Contributing to network regulation generally results
in increased overall losses due to (i) increased current flowing trough the AC/DC converter
in use due to the reactive power exchange and (ii) increased losses in DC/DC converters
and EVs when the V2G mode is enabled.

Considering the network constraints applied to both feeders, the MLSCI in configura-
tions E and F is not able to satisfy a voltage deviation lower than 4%. This is caused by the
high evening load peak in Feeder 1, which cannot be supplied by the other feeder through
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the MLSCI without causing voltage violations in Feeder 2. However, in comparison with
the single-leg configurations A to D, two benefits clearly appear: (i) the voltage deviation
can be maintained within 4% in the entire network (not only in the feeder hosting the
charging infrastructure), and (ii) losses are remarkably reduced by sharing the charging
energy requirement between PODs. Configuration G maximizes the benefits achievable
through an MLSCI approach with bi-directional AC/DC converters, combined with the
V2G mode. In this case, the charging infrastructure is able to reduce the voltage deviations
in the entire network by up to 3.35% of the rated value while avoiding network congestion
in both feeders. This is the only configuration able to reach this result since enabling V2G
allows EVs to share the energy stored in their batteries to mitigate the effects of evening
load peak. A worthwhile reduction in overall losses is confirmed in comparison with
single-leg configurations.

The influence of MLSCI management in terms of overall losses is shown in Figure 10
for configurations E to G as a function of the admitted network voltage deviation. In all of
the depicted simulations, the decrease in the permitted voltage deviation does not increase
network losses in either of the feeders (Feeder1 losses, in gray, and Feeder2 losses, in black).
The power transfer between PODs, obtained by enabling AC/DC converters to inject
active power (configurations F and G) remarkably reduces network losses. Focusing on the
MLSCI, its losses are divided in two parts: (i) losses in MLSCI electrical components, i.e.,
DC/DC converters, inverters, and transformers, named MLSCI losses (w/o EV), in orange,
and (ii) losses in the EVs’ batteries due to charging and discharging efficiencies (EV losses,
in blue).
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Figure 10. Loss share between distribution network, MLSCI, and EVs in configurations (E–G).

The trend of MLSCI losses depending on permitted network voltage deviation clearly
shows the role of power converters in satisfying network constraints, with increased
currents and losses, while decreasing the admitted network voltage deviation. With the
most stringent constraints (permitted voltage deviation lower than 4%), only the V2G mode
makes it possible to respect network constraints. This causes an increase in losses both in
MLSCI components and in EV batteries, since generally the energy provided by EVs must
be restored in EV batteries to reach the target SOC at the end of the charging time window.

Figure 11 shows how the MLSCI control algorithm manages internal power flows in
the simulation depicted with the black dot in Figure 9, i.e., MLSCI with the bi-directional
AC/DC converter, with the V2G mode enabled and a network permitted voltage deviation
of 3.5%. The gray dotted vertical lines are the boundaries of the charging time windows
when the two fleets of EVs are connected. The bars represent the DC powers exchanged
by AC/DC converters with the DC bus (in red the converter connected to POD1, in blue
the other). The power is positive if the converter supplies the DC bus. This means that, for
example, in the first hours (when no EVs are connected to the MLSCI), Feeder 1 supplies
Feeder 2 through the MLSCI to reduce network losses while respecting network constraints.
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1st time window 2nd time window

Inverter1 - Power to the DC bus
Inverter2 - Power to the DC bus
Total power to DC/DC chargers

Figure 11. Power flows at DC bus in configuration G with admitted voltage deviation of 3.5%.

The black line represents the total net power delivered to DC/DC chargers, i.e., the
second summation in (21). Since the charging process is planned to minimize the objective
function while respecting imposed constraints on the concerned network, MLSCI operation,
and EV recharge, it tends to be scheduled when a power surplus caused by high renewable
generation with respect to supplied load might involve network criticalities. The role of
the V2G is clear in the time steps after 6 p.m., when EVs contribute in supporting grid
voltages by injecting active power to both feeders during the evening load peak. The SOC
of the batteries is later restored to the target value before the end of the second charging
time window.

For the same simulation described in Figure 11, Figure 12 shows the daily behavior of
bi-directional AC/DC converters in terms of active and reactive power exchange on the AC
side. The load sign convention is used for both the active power and the inductive reactive
power, whereas the color legend is the same introduced for Figure 12. Markers depict
the complex power of each time step, whereas the black circle represents the rated power
of converters introduced by (15). During the day, AC/DC converters typically support
network voltage by behaving as capacitors to compensate for inductive absorption of loads
(as defined in [22]), which makes it possible to increase the power factor along distribution
feeders and consequently to reduce line currents and losses.

Figure 12. Working conditions of AC/DC inverters and corresponding capability curves in configu-
ration G with a permitted voltage deviation of 3.5%.

Referring to the same simulation, Figures 13 and 14 show how the SCMS logic operates.
The behavior of the DC/DC charger number 8 during the afternoon charging time window
is reported in Figure 13. Positive values with green background represent the charging
power delivered to the EVs connected downstream from the charger (EV29 to EV32), while
negative values representing an EV discharge have a brown background. The intensity of
the cell colour is proportional to the modulus of the reported value.
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Charging Power [kW] Energy [kWh]

CHARGER 8

EV 29 100 · · · · · · · 86 · · · · · · · -55 · · · · · · · · · · · · · 65 49

EV 30 · · · · 95 94 · · · · · · · · · · · · · · · · · · · · · · · · · 47

EV 31 · · 90 84 · · · 18 · 18 · 1 · · · · · · -19 · · · · · · · · · · · · 48

EV 32 · 98 · · · · 72 · · · 30 · · · · · · -34 · · -2 · · · · · · · 10 20 · 48

Total 100 98 90 84 95 94 72 18 86 18 30 1 0 0 0 0 -55 -34 -19 0 -2 0 0 0 0 0 0 0 10 20 65

14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00 21.45

Figure 13. Charging management strategy of charger 8 during the second time window in configura-
tion G with a permitted voltage deviation of 3.5%.

In Figure 14, the SOCs of vehicles EV29 to EV32 are reported for the same time period.
It is confirmed that, in each time interval, only one EV exchanges power with the DC/DC
converter. Vehicles EV29, EV32, and EV31 participate in providing power to the network
in a V2G approach after 6 p.m. The SOCs of EV29 and EV32 are later restored to the
corresponding target value in the last time intervals of the charging time window (after
9 p.m.), when network load decreases while wind production slightly increases, as reported
in [22]. In contrast, EV31 is not recharged after being discharged. This is admitted in
accordance with (5) to (7) since the target SOC at the end of the charging time window
(SOCe) is lower than the maximum SOC tolerated by the EV battery during the charging
phase (SOCmax). Differences in the power profiles between EVs connected to the same
DC/DC charger are caused by the nature of the problem, considering that: (i) a purely
technical optimization is performed; (ii) no prioritization criteria are applied; and (iii) in
this case study, all the EVs have the same characteristics in terms of both technical data and
charging demand.

20%
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40%

50%

60%

70%

80%

90%

14:00 14:45 15:30 16:15 17:00 17:45 18:30 19:15 20:00 20:45 21:30

EV 29 EV 30 EV 31 EV 32

Figure 14. SOCs of vehicles connected to charger 8 during the second time window in configuration
G with a permitted voltage deviation of 3.5%.

6. Conclusions

The article introduces the novel MLSCI concept based on multiple connections with
the distribution network. This, combined with an SCMS scheme, makes ancillary services
available to support the DSO in regulating voltage and solving line congestion, with an
estimated cost burden that is limited when compared to traditional charging stations.
Through the internal DC link of the MLSCI, traditional radial distribution feeders can be
controllably meshed, which means that active power exchange between feeders is actively
regulated by AC/DC converters while provide recharge of vehicles.

Considering traditional charging infrastructures connected to the network through
a single POD as the present benchmark, the MLSCI permits both a relevant containment
of network losses and a remarkable improvement in network quality of supply in terms
of admitted voltage deviation and congestion management. It is confirmed that the most
significant benefits are achieved by combining the MLSCI, equipped with bi-directional
AC/DC converters, with the V2G mode.

Future work will be focused on translating the technical purposes implemented in this
paper into an economic domain in order to include both energy costs, the economic value
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of aging EV batteries, and charging tariffs specifically developed to encourage EVs to be
available in supporting network operation, quality of supply, and stability.
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