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Abstract

The widespread use of distributed energy resources in the future electric distribution
systems represents both a challenge and an opportunity for all the Smart Grid operators.
Among these resources, plug-in electric vehicles are expected to play a significant role
not only for the economic and environmental benefits they involve but also for the
ancillary services they can provide to the supplying grid. This chapter deals with real-
time operation of unbalanced microgrids including plug-in electric vehicles. The opera-
tion is achieved by means of an optimal control strategy aimed at minimizing the costs
sustained for the energy provision while meeting various technical constraints. Among
the technical constraints, the optimal control allows guaranteeing the satisfaction of
power quality requirements such as the containment of slow voltage variations and the
unbalance factors. Case studies are investigated in order to show the feasibility and the
effectiveness of the proposed approach.

Keywords: microgrids, slow voltage variations, unbalances, optimal control strategy,
plug-in vehicles

1. Introduction

Smart grids (SGs) are playing a vital role in the future of power systems mainly due to their
potential to minimize costs and environmental impacts while maximizing reliability, power
quality (PQ), resilience, and stability. These goals can be attained by means of a proper
exploitation of the SG’s distributed energy resources (DERs). However, the integration of DERs
(i.e., generation units, controllable loads, and energy storage-based devices) is a challenging
task in the view of the optimal planning and operation of the SGs. Thus, new research
contributions aimed to guarantee the DER correct behavior are of high interest for all the
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involved operators (from System Operators to Electric Utilities and Energy Traders, Indepen-
dent Power Producers and Consumers). Among the energy storage-based devices, plug-in
electric vehicles (PEVs) are achieving particular attention in the relevant literature. PEVs, in
fact, are expected to have a wide diffusion in the next future especially due to the current
attention paid worldwide to the reduction of greenhouse gas emissions mainly caused by the
use of internal combustion engines. However, PEVs require to charge from the power grid,
then their massive spread could pose critical issues. The charge of a large number of PEVs is a
huge load demand that the grid is called to face and a number of problems can occur in terms
of PQ degradation, instability of electrical networks, and degradation of operation effi-
ciency [1]. On the other hand, PEVs connection to the grid could represent also an opportunity
due to the presence of on-board batteries that could have an important role in grid operation.
The electrical energy storage devices, in fact, are a particular typology of loads that are
expected to be key components in modern power systems. When opportunely coordinated,
these devices can become distributed resources for the grid so providing benefits rather than
criticisms to it. The benefits achievable by their use are mainly related to voltage support, price
arbitrage, PQ, reliability improvement, reduction of the cost for energy provision, and renew-
able energy fostering. In order to gain these benefits, the storage systems need specific charge/
discharge control strategies able to account for the requirements of the storage itself and of the
grid they are connected to, in addition to adequate communication infrastructures. In particu-
lar, when the storage systems are included in a microgrid (µG), the control strategies should
guarantee the correct operation of the whole µG taking into account also the presence of other
controllable sources, such as DG units and dispatchable loads. In these cases, the adopted
control tasks should take into account also the possibility of load shedding or generation
curtailment in case of increased demand or generation, respectively.

A proper PEV control strategy would take into account targets such as cost minimization and
PQ improvement.

Regarding the first target, in the frame of demand response paradigms, PEVs have a great
potential. More specifically, in the case of dynamic pricing schemes, an appropriate control of
PEVs charging would allow reducing costs by shifting the peak load in response to changes in
the price of electricity over time. Different time-based rate programs are available: time-of-use
(TOU) pricing refers to different prices applying to determined periods of the day (block of
hours of the day). In these periods, the tariff is constant. Real-time pricing (RTP) is character-
ized by pricing rates typically applying on an hourly basis. Variable peak pricing (VPP) is a
hybrid of time-of-use and real-time pricing not only with different periods of the day for
pricing but also with a price for the on-peak period that depends on market conditions. With
the critical peak pricing (CPP), utilities identify critical events during a specified time period
when the price for electricity may substantially increase (e.g., very hot hours in a summer
afternoon). Finally, critical peak rebate (CPR) is a pricing structure similar to the CPP that
allows customers to be paid for cutting back on electricity during critical events relative to the
amount they normally use [2]. In this variegated pricing scenario, the optimal operation of
PEVs allows substantial reduction of the operation costs for the µG that could optimize the
expense for the energy provision. Of course, an optimized control should be performed by
taking into account the preferences and the comfort levels required by the vehicle owners.
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Regarding the PQ improvement target, several benefits can be achieved by a proper control of
the PEV charging. In the case of low voltage (LV) µGs, typically characterized by the presence
of unbalances, the benefits PEVs can provide are even more significant. LV µGs, in fact, are
characterized by significant unbalances due to their structure, to the presence of single-phase
loads and renewable generation units (i.e., single-phase photovoltaic systems). For this reason,
voltage unbalances can be excessive and represent a burdensome PQ issue [3]. Consequences
of unbalances in LV µGs can be the increase of losses and heating effects affecting power
electronic converters and induction motors [4], overloading of distribution feeders and trans-
formers [5], excessive mechanical stress and noise due to a double system frequency in the
synchronous generators equipping microgeneration units [6].

This chapter is framed in this multifaceted scenario of µG real-time operation and deals with
advanced strategies for the control of µG’s distributed energy sources (DERs) aimed at mini-
mizing operation costs and at ensuring an optimal grid and storage systems operation with
reference to various technical constraints. More specifically, the DERs to be optimally con-
trolled in the considered µG are: the batteries on board the electric PEVs connected to the grid
for charging and the DG units connected to the grid through power converters. The optimal
operation of µG refers to the cost minimization under real-time pricing while grid constraints
on bus voltages and line currents are satisfied. Among the voltage constraints, a maximum
allowed voltage unbalance factor is imposed on the basis of the current standards [7]. Specific
requirements for the storages (e.g., a vehicle’s battery has to be fully charged at a specified
departure time) are also guaranteed.

The proposed control strategy refers to real-time operation and helps the µG’s operator better
control the operational processes and plan appropriate energy market bidding, due to the most
proficient use of electrical storage systems. It is formulated as a multi-period non-linear
constrained optimization problem (OP) which aims at minimizing the energy costs for the
whole µG while satisfying technical constraints related to the correct operation of the compo-
nents and of the grid as well as to the needs of the vehicle owners.

The technical strength of the proposed operation strategy is related to the proper control of
DERs which allows

• minimizing the costs for energy provision;

• complying with the standard limits for the slow voltage variations and voltage unbal-
ances, which are among the most severe PQ phenomena in LV µGs;

• mitigating the impact of very large loads, by containing line currents and bus voltages
within admissible ranges; and

• increasing grid capability in terms of power injection from distributed energy sources.

This chapter is structured as follows. The state of the art of the PEV charging devices and the
challenges and benefits related to their inclusion in µGs are described in Section 2. Section 3
shows the analytical formulation of the proposed control strategy. The results of numerical
applications are reported in Section 4. Finally, Section 5 draws conclusions and opens problems
for future research.
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2. Plug-in vehicles in the frame of low voltage microgrids: State of the art

The relevant literature on plug-in electric vehicles is very wide and rich. In this section, review
papers are mentioned to a large extent and, in some cases, research papers are shown on particular
topics.

2.1. Classification of charging systems

One of the key elements of a successful electric vehicle diffusion is the charging equipment.
Some common features are required for the electric vehicle charger (EVC), for example, battery
performance, high reliability of the charger, high power efficiency, and minimum impact on
the PQ [8]. In addition, since a large-scale diffusion of PEVs can also pose new challenges for
the power system operators (e.g., congestions, voltage profiles, etc.), the “smart” charging
solutions may transform PEVs in a resource for the system [9–11].

With specific reference to PEVs, in Ref. [1], the battery charging schemes are classified as
follows: uncontrolled, indirectly controlled, smart, and bidirectional. In the uncontrolled
charging, the vehicle immediately begins recharging as soon as it is connected to the grid.
Indirectly controlled, smart, and bidirectional charging schemes are used to control energy
prices; in the smart charging schemes, the battery charging is subject to some measure of
intelligent control by the utility or system operator.

Regarding the charger device, an AC/DC converter is required since the batteries charge by
absorbing DC power. The main function of this converter is to rectify the AC power from
the electrical grid. Chargers can be installed on board and off board of the vehicles. On-
board charger is often designed in small size to reduce the weight burden for PEV. Off-
board chargers are particularly convenient in fast charging service [12].

Different charging methods can be implemented. Ref. [12] classifies the charging methods as
constant current, constant voltage, constant power, taper charging, trickle charging, advanced
charging that involves combination of the above methods, pulse-charging and negative pulse-
charging.

2.2. Adverse effects and services provided by plug-in electric vehicles

PEVs can be operated in two configurations when connected to the electric grid:

• Grid-to-vehicle, usually referred to as V1G (also G2V); and

• Vehicle-to-grid, usually referred to as V2G.

In the first configuration, the flow of the electric power is uni-directional, that is, the electric
power flows from the grid to the PEVs. In the second configuration, the flow of the electric
power is bi-directional, that is, the PEV can absorb electric power from the grid and inject
electric power to the grid. In this case, PEVs can be assimilated to a distributed energy resource
(distributed generator or storage system).

A large number of studies indicates some adverse effects of PEVs on electric distribution systems
(for instance, see the review Ref. [13]). Among them, we can mention voltage instability, increased
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peak demand, PQ problems (e.g., voltage profile, voltage unbalance, harmonics, etc.), increased
system energy losses, transformer heating, and overloading [12–14]. It should be noted that most
of them occur when the charging of vehicles is uncoordinated.

In spite of the impact on the distribution systems, PEVs are considered valuable resources for
the electric power grids because they can provide a large number of services to the local
distribution system and also to the power system. When V1G configuration is adopted, the
charging method assumes an important role. For instance, shifting the charging to off-peak
periods can be exploited to better integrate a large diffusion of PEVs into the electricity grid.
Another contribution [15] proposes an integration of PEVs able to improve the PQ levels of the
distribution system. An autonomous control of PEVs charging systems (in V1G configuration)
is proposed in order to reduce voltage unbalances in a distribution network, in which local
voltage measurements drive the modulation of the charging current.

However, the most promising configuration is the V2G.1 V2G power is an interesting concept
that was first proposed in Ref. [16]. Operating in V2G mode, a PEV can provide services to the
grid when it is parked. Considering that PEVs are parked much of the time (e.g., Ref. [17]
estimates a parking time equal to 96% of the time), the contribution can be important. Typical
services that PEVs are able to provide in the V2G operating mode are [12, 18]:

• baseload power and peak power provision; and

• ancillary services (frequency control, load balance, and spinning reserve services).

Other services provided in V2G mode [18, 13, 9] are reactive power support (for instance, Ref.
[19] proposes a coupled energy and reactive power market considering the contribution of
PEVs), power leveling (i.e., valley filling and peak shaving), and PQ improvement (for
instance, harmonic filtering). In addition, in the presence of high penetration of intermittent
renewable power generation, the V2G mode can be exploited to use PEVs as storage systems,
backup systems, and to balance power fluctuations.

As a consequence of V2G diffusion, an increase of stability and reliability of the distribution
system and a reduction of distribution costs are expected [20].

2.3. Plug-in electric vehicles modeling in µGs

µG operation is significantly affected by the wide diffusion of PEVs, in both configuration V1G
and V2G. In the relevant literature, a lot of scientific contributions inquire into the possible
exploitation of PEVs to provide numerous services at µG level and to strengthen the operation
of a µG.

An early contribution [21] analyzes a large exploitation of PEV batteries in islanded operated
µGs and proposes several control strategies to improve µG islanding.

One issue considered in the relevant literature is the day-ahead scheduling when PEVs are
present in the µGs. Many contributions are available [22–29]. The proposed models may take

1
A thorough comparison between V1G and V2G configurations is provided in Ref. [13].
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into account the uncertainties of the problem variables, characteristics of different intermittent
energy resources, and different optimization objectives. The integration of intermittent gener-
ation and PEVs into scheduling problems is taken into account in [23, 24, 26–29].

A two-stage energy scheduling for a µG with renewable generation is proposed in Ref. [23]
and the impact of PEVs on the energy scheduling is evaluated considering different charging
schemes. A two-stage framework for a µG, including PEVs and solar energy generation, is
proposed also in Ref. [26]; at the first stage, a stochastic energy schedule problem is formulated
for the next 24-h operation; then at the second stage, a predictive online charging control
method is implemented to account for uncertainties. Also in Ref. [28], the uncertainty of the
load demand and of PEVs along with the intermittency of the renewable energy resources are
taken into account in the µG energy scheduling. In particular, peculiarities of wind generation
and coordination among wind power plants and PEVs are considered in Refs. [22, 30, 31]. In
Ref. [22], a solution of the coordinated wind and PEV (in V2G configuration) energy dispatch
problem in a stochastic framework is proposed; uncertainties of wind power and of PEV
driving patterns are taken into consideration. In Ref. [30], the problem of power balance in a
µG including PEVs and wind turbines is addressed and a hierarchical stochastic control
scheme for the coordination of PEV charging and wind power is proposed.

The presence of responsive loads together with PEVs and intermittent generation is considered
in Ref. [27], where the PEVs are used to reduce peak power and modify load curves.

In Ref. [25], a regional energy management strategy based on the use of PEVs and battery
swapping stations whose charging is coordinated by a price-incentive model is proposed.

The optimization models formulated for the µG energy scheduling take into account several
objectives, such as the minimization of the expected total operation costs [28], the minimiza-
tion of the total cost of PEVs and maximization of the profit of battery swapping stations [25],
the minimization of the total cost of the network including the cost of power supply for loads
and PEVs as well as the cost of energy not supplied [29].

Particular case studies are presented in Refs. [32–34]. Ref. [32] proposes to jointly control the
electricity consumption of home appliances and PEVs in a µG context; in Ref. [33], an office
building µG, and in Ref. [34], a commercial µG are considered.

Further topics related to the presence of PEVs in µGs are considered in the relevant literature.
Refs. [35, 36] address the problem of the unit commitment for µGs including also PEVs. In
particular, Ref. [36] proposes a probabilistic model able to account for the uncertainties on
wind power generation, loads, and PEVs operation.

V2G strategies are developed to allow PEVs to contribute to congestion management to help
maintain a secure state of the grid supporting the system in critical conditions [37]. The
presence of PEVs can also be used to actively participate in µG service restoration, as shown
in Ref. [38]. In addition, PEVs have been demonstrated to be able to support the system also in
smoothing frequency fluctuations due to insufficient load frequency control capacity. In Ref.
[39], the power control of PEVs in V2G configuration is applied to compensate for the inade-
quate load frequency control capacity and to improve the frequency stability of µGs, especially
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in island operation mode. Ref. [40] proposes a new controller able to take instantaneous power
available from the fleet of PEVs in order to provide a frequency support service.

Finally, a day-ahead scheduling strategy is proposed in Ref. [3] which refers to unbalanced
µGs including in addition to PEVs, other distributed resources. The operation strategy is based
on a multi-objective approach, whose objective functions refer to cost minimization, PQ
improvements, and energy savings.

3. Plug-in vehicles in the frame of low voltage microgrids: The proposed
optimal operation strategy

SGs need to optimally operate its DERs. PEVs are particular types of DERs whose benefits can
be achieved by adopting appropriate charge/discharge control strategies able to account for
the requirements of the on-board storage units and of the grid they are connected to. These
control strategies should take into account also the presence of other DERs and should guar-
antee the correct operation of the whole µG during its operation.

In this section, we formulate a control strategy based on the solution of a multi-period, non-
linear, constrained OP which aims at minimizing the energy costs for the whole µG while
satisfying technical constraints related to the correct operation of the components and of the grid
as well as to the needs of the vehicle owners. In particular, the technical constraints include limits
on some power quality disturbances such as slow voltage variations and unbalances.

The strategy is applied to a three-phase LV µG that includes loads and distributed resources,
such as DG units and batteries on board PEVs, and is connected to the MV distribution grid
through an MV/LV transformer.

The loads of the µG are supposed to be non-responsive, single-phase and three-phase loads.

The DG units are assumed non-dispatchable, single-phase PV systems which are the most
extensively used type of DG units in LV systems. The connection to the distribution network of
the PV units through power converters allows the control of their reactive power.

The PEVs’ batteries are connected to the µG using EVCs which consist of single-phase devices
connected to the grid through power converters that allow the control of active power and
reactive power in both charging and discharging stages.

The proposed control strategy is used to evaluate the reference signals for the converters which
connect the DERs to the grid. To obtain the above signals for the kth control interval, the non-
linear, constrained OP: (i) is formulated over a time horizon Ωk, composed of elementary time
intervals, each of duration Δt, and (ii) is solved within one elementary time interval ahead the
considered control interval (e.g., the control signals for the kth elementary time interval are
obtained within the (k-1)th elementary time interval).

More specifically, the dispatching of the DERs must guarantee the desired energy level to be
stored in all of the connected PEVs at their departure time; thus, the procedure for the kth
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control interval takes into account all of the time intervals included within the longest among
the plug-in times of the connected vehicles (time horizon Ωk). Based on this consideration, the
time horizonΩk to be considered will change along with the arrivals of PEVs, and, at each new
arrival, it has to be properly defined once more. To explain how to select the adequate time
horizon Ωk for the kth control interval, let us refer to the example shown in Figure 1, in which
the time is discretized in time intervals of duration Δt, as mentioned above. In Figure 1, NEV is
the total number of EVCs in the μG.

In the figure, for each EVC, the time intervals between the arrival and the departure of the
vehicle are highlighted. For instance, the vehicle charged at the ith bus is already connected
at the kth time interval and its departure is scheduled at the end of the (k+nk,i)th time interval.
The set of time intervals {k,…, k+nk,i } is referred to as ωk,i. The time horizon of the optimiza-
tion has to account for all the vehicles connected at the kth control interval. Generally
speaking, since the control procedure would account for the desired energy stored into the
batteries of all of the plugged vehicles, the time horizon of the optimization at the kth control
interval is:

Ωk ¼ {k,…, kþ nk}, ð1Þ

being

nk ¼ max{nk,1,…, nk,NEV } ð2Þ

that is the last interval of the time horizon Ωk that has to be considered when the procedure is
applied to the kth time control interval.

Due to the presence of constraints referring to different time intervals, the OP involved in the
desired control strategy is multi-period and solved for all the time intervals of Ωk at the same
time.

Figure 1. Time horizon of the procedure at the kth control interval.
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The OP is a single-objective (SO) OP that uses as inputs the values, for all of the time intervals
included in Ωk, of (i) forecasted load demand, (ii) forecasted DG production, and for all of
the vehicles that are plugged in at the time interval k, (iii) initial state of charge (SOC) of
the on-board batteries, (iv) departure time, and (v) desired value of SOC at the departure
time.

Regarding the outputs of the solution of the OP, they are control actions and/or data useful
for the monitoring of µG operation. More in detail, in the case of control action, the outputs
of the procedure are reference signals that the CCS sends to the interfacing converters of the
distributed resources that are the active and reactive phase powers that the EVC exchange
with the grid when the vehicles are plugged in, and the reactive phase power requested to
the DG units. Outputs useful for the monitoring are (i) the voltage profile at each bus, (ii) the
unbalance factor at each bus, and (iii) the currents flowing in the lines. The active power
exchanged with the upstream grid at the Point of Common Coupling (PCC) is another
output of the procedure that is useful for the knowledge of the µG’s energy request and the
corresponding cost. Figure 2 shows a schematic of the proposed control strategy evidencing
its inputs and outputs.

Figure 2. Schematic of the proposed control strategy.
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The OP to be solved is formulated as:

min FðxÞ ð3Þ

subject to:

Ψ hðxÞ ¼ 0, h ¼ 1;…, neq ð4Þ

ηmðxÞ ≤ 0; m ¼ 1;…, nin ð5Þ

where Ψh is the hth equality constraint, ηm is the mth inequality constraint, x is the vector of the
optimization variables, F(x) is the objective function.

The objective function refers to the cost of the energy purchased from the upstream grid, that is:

CEk ¼
X
τ∈Ωk

στðP1
1;τ þ P2

1;τ þ P3
1;τÞΔt ð6Þ

where P1
1;τ, P

2
1;τ, and P3

1;τ are the phase active powers imported from the upstream grid at the
τth time interval and στ is the price of energy during the τth time interval. Regarding this last,
a real-time tariff is considered whose variation is on an hourly basis. It has to be noted that, in
this formulation, it is assumed that the µG is not allowed to sell energy to the upstream grid.

The equality and inequality constraints can be classified on the basis of the part of the system
they refer to. Thus, they are grouped into constraints imposed on:

i. the whole µG;

ii. the slack bus;

iii. the busses where loads are connected;

iv. the busses where DG units are connected, and

v. the busses where plug-in vehicles are connected.

For the sake of clarity, in what follows, busses are supposed to be pure load or pure generation
or EVC busses; it is trivial to derive the case of mixed typologies.

3.1. Constraints on the whole µG

Since we deal with unbalanced µGs, the three-phase grid, loads, and generations systems were
modeled in phase coordinates [41, 42], and then the three-phase load flow equations are
included in the optimization model:

Pp
i,τ ¼ Vp

i,τ

Xng

j¼1

X3
q¼1

Vq
j,τ½Gpq

ij cosðϑp
i,τ � ϑq

j,τÞ þ Bpq
ij sinðϑp

i,τ � ϑq
j,τÞ� ð7Þ

Qp
i,τ ¼ Vp

i,τ

Xng

j¼1

X3
q¼1

Vq
j,τ½Gpq

ij sinðϑp
i,τ � ϑq

j,τÞ � Bpq
ij cosðϑp

i,τ � ϑq
j,τÞ�,

τ∈Ωk, i∈ΩG, p ¼ 1; 2; 3

ð8Þ
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where ng is the number of μG busses, Bpq
ij and Gpq

ij are the terms of the susceptance matrix and

of the conductance matrix, respectively, corresponding to the bus i with phase p and the bus j
with phase q; Vp

i,τ ðVq
j,τÞ is the magnitude of the ith (jth) bus voltage with phase p (q) during the

τth time interval; ϑp
i,τ (ϑ

q
j,τ) is the phase-voltage argument of the ith (jth) bus voltage with phase

p (q) during the τth time interval; Pp
i,τ and Qp

i,τ are the active and reactive powers injected at the
phase p of the ith bus during the τth time interval; ΩG is the set of µG busses.

Inequality constraints are imposed on the phase-voltage magnitudes that must be within admis-
sible ranges and on the unbalance factor at all busbars that cannot exceed a maximum value:

Vmin ≤V
p
i,τ ≤Vmax, τ∈Ωk, i∈ΩG, p ¼ 1; 2; 3 ð9Þ

kdi,τ ≤ kdmax, τ∈Ωk, i∈ΩG ð10Þ

where Vmin and Vmax are minimum and maximum values for voltage magnitudes, kdi,τ is the
unbalance factor at the ith bus during the τth time interval and kdmax is the maximum value
imposed to the unbalance factor. The unbalance factor is given by the ratio of the positive and
negative components of voltages that are expressed as functions of the bus phase voltages.

The line phase currents cannot exceed the lines’ ampacities:

Il,τ ≤ Irl , τ∈Ωk, l∈Ωl ð11Þ

where Il,τ is the phase current flowing through line l during the τth time interval expressed as
function of bus voltages, Irl is the ampacity of the line l, and Ωl is the set of the μG lines.

3.2. Constraints on the slack bus

Constraints (ii) refer to the magnitude and phase of the voltage at the slack bus (Vp
1;τ), (ϑ

p
1;τ)

and on the apparent three-phase power ðP1;τ
2 þQ1;τ

2Þ1=2 that can be exchanged with the
upstream grid and that must be within the size of the interconnecting transformer (Str):

Vp
1;τ ¼ Vslack, τ∈Ωk, p ¼ 1; 2; 3 ð12Þ

ϑp
1;τ ¼

2
3
πð1� pÞ, τ∈Ωk, p ¼ 1; 2; 3 ð13Þ

ðP1;τ
2 þQ1;τ

2Þ1=2 ≤ Str, τ∈Ωk ð14Þ

with Vslack the specified value of the voltage magnitude at slack bus, P1,τ and Q1,τ are the three-
phase active and reactive powers at the slack bus expressed as functions of the active and
reactive phase powers.

3.3. Constraints on the load busses

They refer to the load busses (whose set is ΩL) where active and reactive powers are equal to
specified values (Pp, sp

i,τ and Qp,sp
i,τ ):
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Pp
i,τ ¼ Pp,sp

i,τ , τ∈Ωk, i∈ΩL, p ¼ 1; 2; 3 ð15Þ

Qp
i,τ ¼ Qp,sp

i,τ , τ∈Ωk, i∈ΩL, p ¼ 1; 2; 3 ð16Þ

3.4. Constraints on DG busses

They refer to the active power (Pξi
i,τ) at the ith bus DG busses (whose set is ΩDG) with phase ξi

that must be equal to a specified value (Pξ, sp
i,τ ) and to the maximum DG unit’s apparent power

that is constrained by the rating of the interfacing converter at the ith bus with phase ξi (S
ξi
DG, i):

Pξi
i,τ ¼ Pξi , sp

i,τ , τ∈Ωk, i∈ΩDG, ð17Þ

ðPξi , sp2
i,τ þQξi2

i,τÞ
1
2 ≤SξiDG, i, τ∈Ωk, i∈ΩDG ð18Þ

Since we deal with single-phase DG units, the active and reactive powers at the other phases
are imposed equal to zero.

3.5. Constraints on EVC busses

Finally, constraints on the EVC bus refer to the limits on the active power at ith bus with the

specified phase ξi during the τth time interval (Pξi
i,τ) that is limited by the maximum power that

the EVC can absorb from (Pξi , ch
EVCi,τ ) or supply to (Pξi , dch

EVCi,τ ):

�Pξi , ch
EVCi,τ ≤P

ξi
i,τ ≤P

ξi , dch
EVCi,τ , τ∈ωk, i, i∈ΩEVk ð19Þ

with ΩEVk the set of nodes where the vehicles are plugged in at the time interval k and ωk, i the
set of time intervals within Ωk in which the vehicle at the ith bus is connected (see Figure 1).

Obviously, when the ith vehicle is not connected to the grid, its active power (Pξi
i,τ) and reactive

powers (Qξi
i,τ) must be equal to zero:

Pξi
i,τ ¼ 0, τ∉ωk, i, i∈ΩEVk ð20Þ

Qξi
i,τ ¼ 0, τ∉ωk, i, i∈ΩEVk ð21Þ

Again, the apparent power at the ith bus, phase ξi, must be limited by rating of the charging

equipment (SEξi
EVC, i):

ðPξi
i,τ

2 þQξi
i,τ

2Þ12 ≤SEξi
EVC, i, τ∈ωk, i, i∈ΩEVk ð22Þ

Finally, constraints on the SOC of the on-board batteries impose that it is limited by the size of

the battery (SEξi ,max
i ) and by a minimum value corresponding to the admissible depth of

discharge (SEξi ,min
i ):
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SEξi ,0
i, k �

Xτ
m¼k

ðδξii,mPξi
i,mΔtÞ ≤SEξi ,max

i , τ∈ωk, i, i∈ΩEVk ð23Þ

SEξi ,0
i, k �

Xτ
m¼k

ðδξii,mPξi
i,mΔtÞ ≥SEξi ,min

i , τ∈ωk, i, i∈ΩEVk ð24Þ

where SEξi ,0
i, k is the initial value of the energy stored in the battery on board the PEV plugged

into the EVC connected to the ith bus with phase ξi, and where

δξii,m ¼
1

ηEVC
if Pξi

i,m > 0

ηEVC if Pξi
i,m ≤ 0

8<
: ð25Þ

with ηEVC the charging efficiency related to the EVC. A specified SOC value is also imposed to
the vehicle’s battery at the time of departure:

SEξi ,0
i, k �

Xkþnk

m¼k

ðδξii,mPξi
i,mΔtÞ ¼ SEξi , exp

i , τ∈ωk, i, i∈ΩEVk ð26Þ

where, SEξi ,exp
i is the specified value of the energy stored in the battery of the PEV plugged-into

the EVC connected to the ith bus with phase ξi, at the departure time.

4. Numerical applications

In this section, some results of numerical applications of the proposed control strategy are
reported. The test µG considered in this application is the three-phase unbalanced µG reported
in Figure 3, whose lines’ parameters are reported in Tables 1 and 2.

The µG is connected to the upstream medium voltage (MV) distribution network through a
250 kVA, 20/0.4 kV transformer. Both single-phase and three-phase loads are connected to the

Figure 3. Test network.
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µG: their nominal active values are reported in Table 3 (cos φ= 0.9 is assumed for all of the
loads).

In Table 3, bus locations and rated active powers of the photovoltaic systems connected to the
µG and of the EVCs are also reported. In this application, it is assumed that all the considered
DG units are able to control their reactive power according to the control signals that are
outputs of the proposed strategy performed by the µG operator. The rated power values of
the converters interfacing DG units correspond to the rated powers of the DG units.

PEVs can be connected to different busses of the µG through EVCs. As an example, the
numerical application was performed with reference to the case of two PEVs connected to the
µG according to the locations and time schedule of Figure 4. The batteries on board the PEVs
are assumed to have capacities of 24 kWh; it is assumed that the full SOC is requested at their
departure time. The charging (discharging) efficiency is 90% (93%).

With reference to the case of Figure 4, the control strategy was applied at each elementary time
interval (Δt = 10 min) of the following two time horizons:

• T1: one PEV is connected to bus i = 13 with phase p = 1: it corresponds to the plugged-in
time of the first PEV (from 6:20 to 8:40 a.m.);

• T2: two PEVs are connected to the µG; the first is connected to bus i = 13 with phase p = 1
(from 8:00 to 8:40 a.m.) and the second is connected to bus i = 8, phase p = 2 (from 8:00 to
11:00 a.m.): it corresponds to the plugged-in time of the PEV connected at 8:00 a.m.

Bus Type Length [m] Bus Type Length [m]

From To From To

2 3 T1 100 9 10 T2 81

3 4 T2 137 10 11 T2 70

4 5 T2 168 11 12 T2 93

5 6 T2 10 12 13 T4 174

3 7 T4 107 12 14 T4 66

7 8 T4 102 14 15 T4 86

3 9 T3 162 15 16 T4 173

Table 1. Network data.

Type Material n�mm2 Diam. [mm] Ampacity [A]

T1 Copper 3�150+95N 53 311

T2 Copper 4�25 28.3 112

T3 Aluminium 3�70+54.6N 37 180

T4 Copper 4�16 24 85

Table 2. Line type.
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The energy tariff used in this application is an actual real-time tariff [43] whose values in the
two considered time horizons are reported in Figure 5. This price is assumed to be known 24 h
ahead. Loads and DG units’ active powers are derived by short-term forecasting procedures.
Figure 6 shows the active power injected at bus i = 6 (phase p = 1) where both the load and the
PV unit are connected. In the figure, two forecasted profiles are shown: the first forecast
(Figure 6a) refers to all of the intervals of T1 and is known one time interval ahead the first
interval of T1; the second forecast (Figure 6b) refers to all of the intervals of T2 and is known
one time interval ahead the first interval of ahead the first interval of T2.

Figures 7 and 8 show the active and reactive power profiles of the PEVs connected in the two
considered time frames. They are outputs of the procedure and correspond to control signals
for the EVCs. Figure 9 shows the energy stored by the PEVs during the two time horizons.

Type Bus # Phase Active power [kW] Type Bus # Phase Active power [kW]

PV 6 1 5 Load 7 2 6

PV 14 2 5 Load 7 3 3

PV 16 3 5 Load 8 1 3

EVC 8 2 7.4 Load 8 2 3

EVC 13 1 7.4 Load 8 3 3

Load 4 1,2,3 12 Load 13 1 6

Load 10 1,2,3 12 Load 13 2 3

Load 5 1 3 Load 13 3 3

Load 5 2 3 Load 14 1 3

Load 5 3 6 Load 14 2 3

Load 6 1 9 Load 14 3 3

Load 6 2 3 Load 16 1 3

Load 6 3 3 Load 16 2 6

Load 7 1 3 Load 16 3 6

Table 3. Allocation nodes and rated power of loads and DG.

Figure 4. Case study: plug-in time of two plug-in electric vehicles (PEVs).
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Figure 5. Price of energy.

Figure 6. Forecasted value of the injected active power at bus i = 6 (phase p = 1).

Figure 7. Active power of the PEVs.
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By the analysis of Figure 7a, it clearly appears that in T1 the EVC reduces its charging in the
time interval from 7:00 to 8:00 a.m., that is, the time interval characterized by a higher value of
the energy price. In this time interval, the EVC’s reactive power increases, in order to reduce
both losses and the power requested at the PCC, thus reducing the overall cost for the energy
supply sustained by the µG. The same consideration applies to the case of Figure 7b. Due to
the shortness of the PEV connection time, it can also be noted that the EVCs never discharge.

Figure 10 shows the active power imported at the PCC during T1 and T2 in both the
uncontrolled and controlled cases. The uncontrolled case corresponds to PEVs charged at the
maximum EVC’s rated power until the full charge is reached and neither the DG units nor the
EVCs provide reactive power support. The figure shows that in the time interval characterized

Figure 8. Reactive power of the PEVs during T1 (a) and T2 (b).

Figure 9. Stored energy of the PEVs during T1 (a) and T2 (b).
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by higher energy price (i.e., 7:00–8:00 a.m.), the energy imported at the PCC in the uncontrolled
case is higher than that imported in the controlled case.

Finally, Figures 11 and 12 show the voltage profile and the voltage unbalance factor, both at
the first time interval of T1.

Figure 11 demonstrates that the bus voltages are always within the limits imposed by regula-
tions (i.e., 0.9–1.1 p.u.). Figure 12 shows that, in the controlled case, the unbalance factor is

Figure 10. Active power imported at the PCC during T1 (a) and T2 (b).

Figure 11. Voltage profile at the first time interval of T1 in the uncontrolled case (a) and in the controlled case (b).
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always lower than the limit of 2%. The proposed control strategy is able to satisfy the require-
ments in terms of unbalance limits even in particularly critical cases such as the case of bus i =
13, when in the uncontrolled case, the unbalance factor limit is exceeded. In this case, the use of
reactive power provided by the DG units (here not reported for the sake of conciseness) and
the PEVs is able to reduce the unbalances.

5. Conclusions

In this chapter, an optimal operation strategy was proposed that allowed managing the
charging/discharging patterns of the plug-in vehicles connected to an unbalanced LV µG.
Aim of the proposed procedure was the minimization of the costs sustained by the µG for the
energy provision. The operating strategy allowed complying also with the standard limits for
voltage unbalances and slow voltage variations.
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