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I. INTRODUCTION

ECENTLY, considerable attention has been given to
Rsustainable energy in various contexts. This rising col-
lective awareness has induced a progressively growing need
for changes, starting with the environmental impact of the
economic strategies of countries and the design of new poli-
cies and paradigms for the management of cities and leading
to attempts to reduce the carbon footprints of single human
activities [1]-[3].

The pursuit of such objectives encourages the adoption of
all electric solutions because of their better efficiency [4], [5].
One of the key aspects of this process is represented by trans-
portation systems and, in particular, by road transport. Plug-in
electric vehicles (PEVs) are part of this vision.
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However, the growth in the electrical demand caused by the
insertion of this new kind of loads (i.e., PEVs) may lead to
a stressful usage of the power system distribution infrastruc-
ture. Many works have dealt with this problem that has to
be managed by distribution system operators (DSOs) or other
players [6]. For instance, in [7], the effects of PEV penetra-
tion on low voltage (LV) distribution networks were analyzed
and compared in cases involving controlled and uncontrolled
PEV loads. The proposed PEVs demand management system
implements an agent approach, in which decisions are made
on the basis of the value of a utility function. This paper
was supported by a detailed model of the behavioral patterns
that determine the traffic flow. In [8] and [9], the effects of
PEVs recharge are analyzed on the basis of vehicle usage data.
In the former problems on thermal rating of the feeder are
detected as a consequence of PEVs connections and hosting
capacity is estimated in an N and N — 1 security scenario.
In the latter, two different recharge strategies are analyzed
and policies for peak-shifting are proposed. In [10] and [11],
several different objective functions for PEV optimal charg-
ing were described, investigated, and tested, 24-h simulations
performed to compare the outputs of the different strategies.
In [12], a probabilistic approach to estimate users behavior
is implemented to evaluate recharge profile in a 100% PEVs
penetration scenario. In [13], the three-phase optimal power
flow (OPF) framework described in [14] was applied, includ-
ing PEV constraints in the problem. Four different objective
functions were considered along a 24-h horizon. In [15], the
impact of PEV uncontrolled recharge was assessed within a
Monte Carlo framework that took into account probabilistic
models of both traditional loads and PEVs. In [16], PEVs are
included in a vehicle-to-grid (V2G) market framework and
are used to provide services to the grid (such as up and down
reserve). The schedule of PEVs charges is coordinated by a
load aggregator in order to simultaneously satisfy end-users
and network needs. The approach is focused on a transmis-
sion system level and does not include any technical constraint
on distribution network. In [17], a decentralized control strat-
egy is developed to optimally define the recharge schedule
of PEVs using a noncooperative games approach to be imple-
mented in a future electricity market and requiring an advanced
communication infrastructure.

Starting from these results and experiences, the objec-
tive of this paper is to propose and validate an algorithm
by which DSOs would easily manage PEVs’ recharge. In
this paper, an optimization algorithm for the definition of
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Fig. 1. Two-stage algorithm conceptual flowchart.

the optimal recharge profiles of PEVs is developed. The
algorithm is designed to be fast and to fully exploit the existing
communication and electrical infrastructure. The proposed
algorithm has been tested using the CIGRE European low
voltage benchmark network [18].

This paper is organized as follows. Section II is dedicated to
the formal definition of the algorithm, along with a description
of the operating condition framework for which the algorithm
was designed. Section III describes the case study used for the
test and validation of the proposed algorithm. Section IV is
devoted to the presentation of the results. The conclusion is
drawn in Section V.

II. ALGORITHM DESCRIPTION

The main idea of the optimization algorithm is that every
user who connects his/her PEV to a charging station (both
a private and a “public” one) can automatically receive a
recharge profile optimized in terms of both grid security and
user preference (e.g., charge duration).

The algorithm, as depicted in Fig. 1, can be divided into
two parts: 1) power margin definition; and 2) smart profiles
definition. The former, which must be carried out by the dis-
tribution system operator (DSO), involves the use of an OPF
algorithm in order to define the bounds to which each PEV
is subject during the assigned recharge time—by either the
user, a PEV-recharge-service operator, the DSO itself or any
other subject in charge. Once these limits are defined the latter
phase, which can be performed either by the DSO itself or by
an independent service provider (e.g., a load aggregator), finds
the optimal recharge profile for each connected PEV. Each of
these profiles is constrained by the bounds imposed by the pre-
vious optimization (i.e., the power margin definition) and by
the bounds imposed by the user preferences (e.g., the amount
of energy that should be provided, recharge time, etc.).

A. Power Margin Definition

This first step aims at the definition of the maximum power
that each PEV can drain from the grid without exceeding
the technical constraints of the network, i.e., busbar voltages
and line currents [19]. In order to obtain this result, an OPF

algorithm has been used. Each PEV is modeled as a “negative
generator” (i.e., dispatchable load) and the associated cost
function is suitably designed so that OPF algorithm obtains, by
means of a minimization, the desired results (i.e., maximum
limit values).

OPF algorithm receives as
following:

1) network topology;

2) electrical loads;

3) renewable energy sources (RES) production;

4) PEVs connection node;

5) PEVs recharge time;

6) PEVs recharge energy.

After performing the optimization, returns, for every time
interval, the maximum power that each PEV can drain from the
grid. It is worth noting that data concerning loads and RESs
production are forecast values. Many works have presented
different approaches for RESs and load modeling, which can
be used as a starting point to build a managed scheduling of
PEVs [20], [21].

The power injection P; (¢) of the ith PEV at rth time step is
always negative
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OPF algorithm computes the optimal negative or positive
power injections for every dispatchable load and every dispatch-
able generator respectively, minimizing an objective function
which, in general, depends on active and reactive powers
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where V is the vector of the magnitude of the voltage pha-
sor of the busses, # is the vector of the angle of the voltage
phasor of the busses, P is the vector of active power injec-
tions, @ is the vector of reactive power injections, Ngep is the
number of dispatchable generators, and Npgy is the total num-
ber of PEVs. In this paper, without lacking of generality, the
only “dispatchable generator” in the LV distribution network is
the main supply derived from the medium voltage feeder and
the associated cost is set to zero for both active and reactive
power. Moreover, PEVs cost function is assumed to have no
dependence on the reactive power consumption—PEV's absorb
power at unit power factor—and it is chosen proportional to
the power drained by each PEV
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In this way, the minimization of the objective function of
the OPF algorithm implies the maximization of the power
absorbed by PEVs
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B. Smart Profiles Definition

Once the OPF establishes the maximum power that
each PEV can absorb within the technical constraints—i.e.,
IA’,'(t) = argj (f)—a linear optimization is performed aiming at
satisfying the users’ needs (basically recharge time and energy)
in an economic and sustainable way.

Let x be the vector of the power values which define the
smart charge profiles for each PEV
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where Nj is the number of PEVs connected in the interval
[k, 4 +maXi(Tichg)]—being Tf he the recharge time for the ith
PEV—and each vector x; (which defines the smart charge
profile for the ith PEV) has TiC " clements. Each element of
the vector x; has to respect the constraint on power consump-
tion, i.e., Pi(r), imposed by the OPF at every time interval.

Using the matrix formalism this results in

Ax; < P; (6)
or, in a more explicit way
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where A; is a unit matrix of size Tl.Chg . If more than one PEV
at a time is considered, inequality (6) becomes

Ax <P (8)

where the matrix A is a unit matrix of size vaz" ] T,.Chg made
up of the different matrices A;
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The elements of the vectors x; have also to fulfill an energy
requirement: the sum of the energies absorbed during the
recharge time has to be equal to the energy thg requested
by the user

kEquxi = El-Chg
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where A?q is a row vector constituted by as many “1” as the
number Tf "2 and kg is a constant whose value depends on the
considered time interval (e.g., if quarter-hour time intervals
are considered—during which power consumption is assumed
to be constant—kg has to be equal to 0.25 to obtain energy

values expressed in kWh). If more than one PEV at a time is
considered (10) becomes

kpA%x = EP2 (12)

where A®? is a matrix with Zivz"l Tehe
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columns and Nj rows,
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Finally, the upper and lower bound limits have to be con-
sidered. Each element x;(f) cannot be either lower than a min-
imum value (zero, since in this scenario V2G is not allowed)
or higher than the power limits defined upon contractual
agreement between DSO and vehicle owner

0 < xi(t) < P (14)

The optimization aims at the minimization of a cost function
within a subspace defined by the aforementioned constraints.
The cost function J depends on the smart charge profiles
(i.e., the unknown variables) and its simpler (and linear)
formulation can be expressed as

J =minfTx (15a)
S.t. )
Ax <P (15b)
kgA®9x = E°he (15¢)
0 < x (< P™). (15d)

If f is a column vector of —1, (15a) corresponds to maxi-
mize the total energy supplied to the PEVs. Other formulations
of the cost function may easily consider the dependence on
other variables, such as the cost of energy in the different
moments of the day or CO, production. It is worth noting that
constraint (15d) may be reduced by omitting the part within
brackets, since the maximum value for each PEV and for every
time interval is already defined in constraint (15b).

C. Benchmark Recharge Profile

In order to comparatively evaluate the benefits related to
the implementation of a smart charge algorithm a nonop-
timal recharge algorithm is needed. The term “nonoptimal
charge” usually refers to a charge at the maximum contractual
power lasting as long as the battery has been fully charged
(i.e., constant-power recharge in [9]). Comparing this “tradi-
tional” nonoptimal charge with the proposed charging strategy
would be somewhat unfair because the recharge duration
would be significantly different in the two cases. In addition to
that, the energy requested by each PEV would be constrained
to integer multiples of 3.3 kW x 0.25 h = 0.825 kWh, which
approximately correspond to a 5 km range. This would result
in an excessive homogeneity of the daily traveling distances
and consequently in a homogenization of the energy requests.
Thus, the nonoptimal charge profile is defined by dividing the
requested energy by the recharge time, the result of this ratio
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Fig. 2. Comparison among a smart charge (solid blue line), a nonopti-

mal charge as considered in this paper (dashed red line), and a traditional
nonoptimal charge (dash-dotted black line).

being the power that the PEV constantly demands during the
recharge time (i.e., constant-time recharge in [9]).

It is worth mentioning that, should the proposed opti-
mal charging strategy perform better than the aforementioned
nonoptimal charge, it would also perform better than the
“traditional” nonoptimal charge . The three different recharge
profiles are compared in Fig. 2.

A marginal note concerns the 3.3 kW value. It has been
chosen because it is the minimum (and most common) size
for Italian private power supply contracts.

III. CASE STUDY

Due to the stochastic nature of the phenomena under
examination (private cars travel habits and load profiles), the
long-term effects of the algorithm and the impact of not com-
pletely reliable forecasts will be investigated in subsequent
works with Monte Carlo simulations. In this paper, we focus
on describing the algorithm and illustrating its operation in a
case study simulation.

A. Benchmark Distribution Network

The test network used for the simulations is the residential
feeder of the CIGRE LV benchmark network [18], the sin-
gle line diagram of which is depicted in Fig. 3. The feeder
is made up of a MV/LV transformer, 18 lines and 19 nodes.
There are five load nodes (i.e., R11, R15, R16, R17, and R18)
to which PEVs connect for recharge. For more detailed infor-
mation concerning network parameters and configuration refer
to [18] and, for analyses of PEVs impact on LV networks and
its possible use refer to [22].

B. PEV Connections and Requests

The number of PEVs in the network is chosen equal to
300. This figure is relatively high and addresses a situation in
which the PEVs market penetration is extremely consistent, as
if almost all private vehicles were PEVs. This assumption is
made to provide clearer evidences of the algorithm operation.

The characteristics of the PEVs simulated in this paper cor-
respond to an average city car. The most significative data
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Fig. 3.  Single line diagram of the residential feeder of the CIGRE LV
benchmark network.

TABLE I
GENERAL PARAMETERS OF PEVS USED FOR BUILDING THE
SIMULATION SCENARIO

Symbol Description Value

rangemax  Maximum range 150.0 km

n tank-to-wheel efficiency 0.15 kWh/km
Tlchg recharge efficiency 0.9 —

pmax maximum recharge power 33 kW

are listed in Table I. These data have been used to build
the simulation scenario and to define the energy request of
each PEV. Starting from the daily mileage—rangenax is the
upper bound—the energy request is calculated using the tank-
to-wheel efficiency. This energy request is increased by 1/nchg
to take into account losses in power conversion stages.

The times of connection and the energy requests are selected
according to indications derived by regional mobility sur-
veys [23]. These data are processed in order to take into
account the residential nature of the studied network, thus the
connections are more numerous during the lunch-break time
and of course in the evening starting from 6 P.M. The num-
ber of PEVs which connect to the network in each quarter
of an hour is depicted in Fig. 4. The energy request is equal
to the daily consumption (deducted from the daily mileage)
and there is a consistency check that verifies the feasibility
of the recharge within the desired time taking into account
the charge power limit and efficiency. It is also assumed
that the customers can select one of three possible recharge
slots: 3, 5, or 8 h. Shorter durations are preferred during
the day while longer ones are more common in the evening
connections. Finally, the node of connection is randomly
selected.

In this paper, OPF and power flow calculations are per-
formed with MATPOWER [24]. The proposed methodology
can be easily implemented using other tools that allow
to customize the OPF objective function (Step 1 of the
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(solid blue line), and nonoptimal recharge (dotted red line).

proposed algorithm) and solve a linear optimization problem
(Step 2). As mentioned before, this paper does not investigate
different and new power flow and OPF solving algorithms.
It is instead about proofing how tools already commercially
available to DSOs, load aggregators and other stakeholders can
be efficiently used to address the issue of PEV smart charge.

IV. RESULTS

Simulation results related to a full day extended analysis are
reported in this section. The optimal and nonoptimal recharge
strategy effects on load profiles, bus voltages, and branch
element load factors are compared and discussed.

The whole algorithm runs in few seconds (average value of
2.22 s on a normal desktop) with simultaneous connections
of nearly 45 PEVs. It is also worth noting that the proposed
algorithm can be easily implemented in order to run in parallel
(i.e., one task for every primary distribution station) and/or in
a distributed control framework. Therefore, this procedure is
suitable to be deployed on a real-time on-line application.

The active power profile at the LV side of the distribu-
tion transformer is depicted in Fig. 5: without PEV (solid
black line) and with PEV in the two cases, optimal recharge
(solid blue line) and nonoptimal recharge (dotted red line).
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Fig. 6. Maximum PEV recharge profiles: optimal recharge (solid blue line)

and nonoptimal recharge (dotted red line).

Fig. 5 clearly shows that the algorithm limits the power con-
sumption during the evening hours, when the LV distribution
peak occurs. Thus, PEVs are forced to complete the recharge
later in the night. This result can be seen as a combination of
“valley-filling” and “peak-shifting” behaviors.

It is worth noting that the objective function, as defined
in (15a), maximizes energy absorption in every time interval
without violating network constraints. In this way, among cus-
tomers’ possible needs top priority is given to time recharge.
This fact means that even more significant changes in the load
shape could be obtained inserting in the objective function
other—typically price-based—constraints.

Fig. 6 shows a comparison between smart and nonoptimal
recharge profiles of the PEV which requires the maximum
energy during the simulation. These curves depict how the
algorithm acts on a single PEV and how the peak shift is
achieved.

Figs. 7 and 8 show branch elements load factors and voltage
profiles. In both figures right-hand-side plots are the results
obtained when the smart charge algorithm is active, while left-
hand-side plots show the same quantities when PEVs connect
and charge without any control.

It can be noticed that in the present test network capacity
limits of the cables are the most stringent constraints. In fact,
while Fig. 8(a) shows voltage profiles in all load buses are
within the limits (i.e., £10%), Fig. 7(a) clearly shows that the
first lines after the MV/LV transformer are overloaded during
peak hours if no corrective action is performed. The proposed
smart charge algorithm, as depicted in Fig. 7(b), reduces load
factors below the limits.

Obviously, the smart charge algorithm positively affects the
voltage profiles as well. In Fig. 9, the voltage profile of the
bus located at the bottom of the feeder, i.e., the more exposed
to under voltage problems, is reported. It can be seen how the
smart charge algorithm makes the voltage profile smoother and
avoids the deep voltage sag that corresponds to the overlapping
of the evening peak with the PEVs connection peak.

A final remark can be done on the overall characteristics
of the simulations. As shown in Table II, each PEV recharges
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TABLE II
OVERALL SIMULATION RESULTS OF 300 PEVs
RECHARGE OVER FIVE YEAR

Average recharge | Average number of full
time capacity charge per year
[% h/year]
22.9% 107

on average for about 22.9% of time during a year and per-
forms, on average, 107 full charges (i.e., from fully depleted
to fully charged). It is also worth mentioning that for every
run the maximum number of variables in the second optimiza-
tion level is 9600 whereas in the first optimization level the
maximum total number of variables is 10848, which corre-
sponds to 32 consecutive runs of the OPF algorithm, each
run optimizing 339 variables. The first number (i.e., 9600)
derives from considering a total number of 300 PEVs simulta-
neously recharging with an 8 h recharge time. The second one
(i.e., 10848) derives from considering the variables involved
in the OPF of the network (i.e., 39), to which a maximum
number of 300 “generators” has been added. Power produc-
tion of these generators (indeed, each of them is a load,
but is treated as a generator with a specific cost function

== optimal charge
= = = non-optimal charge %

voltage magnitude [p.u]

0 4 8 12 16 20 0 4 8
time [h]

Fig. 9. Voltage profiles of bus R18: optimal recharge (solid blue line) and
nonoptimal recharge (dotted red line).

as described in Section II-A) is minimized by the OPF. The
heaviest condition occurs when 300 PEVs recharge simultane-
ously with an 8 h recharge time (i.e., a 32-quarter-of-an-hour
time horizon).

V. CONCLUSION

In this paper, a two-stage margin-based algorithm for opti-
mal PEV recharge is proposed and described. A proof of



concept of the algorithm operation is provided by a one-day
simulation. The scenario depicts a residential feeder with high
PEV penetration (300 PEVs). The vehicles connection times
and energy requests are defined according to data retrieved
from mobility surveys and used for setting up a Monte Carlo
simulation framework.

The proposed algorithm optimally exploits the power mar-
gin of the network while respecting end-user desired perfor-
mances. Results show that the algorithm behaves as expected.
In fact, it completes the recharge without trespassing cables
capacity and bus voltage limits. This results in a peak shift
and a “valley fill” of the feeder load curve, thus achieving a
more regular voltage profile.

The obtained recharge schedules utilize the calculated mar-
gin according to a simple objective function which is not
related to energy prices or other external signals. Different
recharge profiles can be obtained modifying the objective
function. This would lead to a different utilization of the avail-
able power margin without causing technical problems to the
network.

As mentioned in Section III, future works will investi-
gate the algorithm long-term average performances and its
sensitivity to forecast uncertainties with Monte Carlo simu-
lations. Another issue of interest might be the simulation of
different objective functions in order to compare the resulting
recharge schedules and assess their effects on the upstream
power system.
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