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Abstract—This paper describes a novel Electric Vehicle (EV)
charging management system which was designed to control the
EV load considering simultaneously the EV owners requirements
and the electrical network technical limitations, The system was
developed to be integrated with existing commercial equipment
for smart grids, such as distribution transformer controllers,
SCADA systems and Electrical Vehicles Charging Stations. The
performance of the smart charging system was evaluated using a
typical Portuguese low voltage network as test case, where
several EV were assumed to exist. The results obtained prove the
effectiveness of the system, as it allowed charging all the EV
according to their owners’ preferences without increasing the
network peak load or creating voltages or overload problems.

Keywords—Charging Stations, Distribution Grids, Electric
Vehicles, Load Management

[. INTRODUCTION

With the expected near future integration of plug-in hybrid
and pure electric vehicles in the light-duty vehicle fleet, herein
referred to as Electric Vehicles (EV), the transportation sector
will undergo deep changes. The main consequence of this
change is a paradigm shifter. EV will promote the
diversification of final energy consumption sources in a sector
where most of the fleet would run on petrol derivatives, diesel
and gasoline. This diversification of fuel sources is very
welcomed by the society but carries great challenges to the
energy sector. EV will need to be refueled and, currently, there
is no extensive infrastructure deployed to meet their needs.
Thus, in order to successfully deploy this new technology, an
adequate recharging infrastructure must exist. It is well known
nowadays that to support the large scale integration of EV in
electricity networks, this infrastructure should be capable of
controlling the EV charging. Several works addressing the
impacts of EV in electricity networks reported that various
problems might arise in the power systems if no control
actions are taken over EV charging.

In [1], Heydt analysed the changes in the load diagram of a
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community of about 150 to 300 thousand people, in the USA,
for increasing penetration levels of EV in the vehicle fleet.
The author concluded that a salient factor to be considered in
EV deployment is their charging during peak hours and
referred that a possible method to alleviate peak loading and
temperature rise in distribution transformers is through the use
of load management techniques. Lopes et al., in [2, 3], studied
the impacts of EV in distribution grids. These authors
evaluated the EV charging impact on the grid technical
constraints and concluded that EV can lead to the violation of
statutory voltage and ratings limits, as well as to a significant
increase in the energy losses. The authors stressed the need to
develop and implement efficient management procedures for
coordinating EV charging, in order to minimize the need to
reinforce the grid infrastructures. Papadopoulos et al., in [4],
also addressed the technical challenges related with the EV
integration. Steady state voltage profiles of a typical Low
Voltage (LV) network from the UK, under different EV
penetration scenarios, were investigated and the results
obtained showed that the grid voltage profiles are highly
dependent on the number of EV integrated in the grid.
Clement et al., in [5, 6], analysed the EV impacts in
distribution grids power losses and voltage deviations. The
authors concluded that EV uncoordinated charging is very
likely to lead to voltage problems, even for low EV integration
levels. Other works, such as [7-10], presented similar studies
with analogous conclusions.

One common point from the studies presented in [1-10]
was that the technical problems identified could be easily
avoided if adequate EV load management techniques were
implemented. This was proved to be true, as described by
several authors in [11-19]. These works were focused on the
determination of optimal (or near optimal) EV charging
schedules. In [11], for instance, Lopes et al. suggested a smart
charging scheme based on a hierarchical structure that
monitors the grid operating conditions and manages EV
charging to avoid violations of the grid technical restrictions.
In [14], Geth et al. developed an algorithm to determine the
optimal charging profiles for fleets of EV in Belgium.
Sortomme et al., in [15], suggested three distinct smart
charging schemes that exploited the relationship between



feeder losses, load factor and load variance.

Although very interesting methodologies have been
proposed in these works, there is still a large gap between
research and the real implementation of the concepts. Even so,
there are some initiatives where EV charging systems were
tested in real world situations. The Mobi.E project, in
Portugal, was focused on the implementation of a nationwide
network of EV charging points [20]. Nevertheless, it did not
include charging management functionalities.

This paper presents an innovative EV charging
management system which was designed to control EV load
taking simultaneously into account the EV owners
requirements and the electricity network technical limitations.
This system was developed under the framework of the EFA
iCHARGE project, which was an initiative of EFACEC, a
global supplier of solutions in the fields of energy,
environment and transportation, in partnership with INESC
TEC, a leading R&D institution in the smart grid area. The
system was developed to be integrated with existing
commercial equipment for smart grids, such as Distribution
Transformer Controllers (DTC) and Supervisory Control and
Data Acquisition (SCADA) systems which are currently
available products of the smart grids reference architecture
used by EFACEC. The architecture of the system and the
technical description of its components are presented in
section II. The software module developed to compute optimal
charging profiles is described in section III. The performance
of the system was evaluated using the case study presented in
section IV and the results obtained are presented in section V.
The paper is finalized with section VI, where the main
conclusions are presented.

II. CHARGING MANAGEMENT SYSTEM

The Charging Management System (CMS) was developed
with the aim of managing EV charging in real time, in order to
avoid the increase of the peak load in distribution networks.
This strategy allows flattening the load diagram by shifting
EV load from the peak to valley periods.

The management of the EV charging is made in accordance
with the preferences predefined by the EV owners and the
technical limitations of the Charging Stations.

A detailed characterization of the architecture of the system
and of the CMS is provided in the following sections.

A. Architecture of the System

As depicted in Fig. 1, the architecture of the system
encompasses five active elements: EV owner, Charging
Station, CMS, SCADA system and DTC.

When an EV is plugged-in in a Charging Station, its owner
has to define the time of disconnection and the required
battery state-of-charge. These parameters, together with the
moment of connection, capacity and current state-of-charge of
the battery (EV data set) are communicated to the Charging
Station. The Charging Station is the infrastructure that
supplies electric energy to the EV battery. It can be a public
station [21] or a home charger [22], which can support single-
phase and three-phase connections. A public station can have

various charging points. The Charging Station is responsible
for communicating the charging requests (constituted by the

EV data set and the maximum and minimum power of the

charging point) to the CMS. The CMS is the central entity
responsible for defining the EV charging profiles according to
their charging requests and with the objective of minimizing
the peak load and avoiding technical problems in the network.
To this end, the CMS accesses real-time alarms and historical
data stored by the SCADA system in order to forecast the
power demand for the following 24h.

The SCADA [23] is a central system located at the control
center of an utility or at the primary substation level that
provides solutions for protection, automation, monitoring,
control and management of the substation and the downstream
network. In this architecture the SCADA system has the
function of monitoring and storing secondary substation
related data, such as the power flow and the voltage in the
secondary substation transformers. The SCADA system
gathers this data by communicating directly with the
downstream DTC.

The DTC [24] is a controller installed at the secondary
substation level that has the capability of monitoring and
controiling micro-generation units, storage devices, charging
stations and other distributed energy resources present in the
low voltage network as well as serving as a smart meter data
concentrator, among other automation functionalities.

B. Technical Description of the CMS

The CMS is composed by four elements: Input/Output
(I/0) Module, SCADA Module, Smart Charging Module and
Database (Fig. 1).

The I/O Module is the element responsible for processing
charging requests and returning EV charging profiles. When
the CMS receives a charging request from a Charging Station,
the I/O Module communicates the data to the Smart Charging
Module. After the calculation of the EV charging profile, the
/O Module communicates the charging proﬁle to the
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responsible for the interconnection of the SCADA with the
Smart Charging Module. The SCADA Module is run every
time the Smart Charging Module needs new data from the
SCADA system. The Optimal Charging Module is responsible
for computing optimum EV charging profiles. This calculation
is made taking into account the charging request. The
Database is used to store all the information relevant to the
calculation of the EV charging profiles, such as historical data
about network load and EV charging profiles previously
attributed to EV. Every EV charging profile computed by the
Smart Charging Module is stored in the Database.
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III.  SMART CHARGING MODULE

The Smart Charging Module consists on computing an
optimal profile for the EV charging. In order to do that the
Module runs the algorithm described in Fig. 2

The first phase of the algorithm is dedicated to the analysis
of the charging request communicated by the Charging
Station. It defines if the EV is authorized to start charging or
not. In this phase, it is verified if there are any active alarms.



EV data

Time of connection: 03-02-2014,19:00
Time of disconnection: 04-02-2014,09:00
Energy requested: 20 kWh

Energy in the battery: 4 kWh

Capacity of the battery: 24 kWh
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Fig. 1. Charging Management System architecture

If this condition is verified, the algorithm stops and the
Charging Station receives a negative reply from the I/O
Module. Otherwise, the algorithm keeps running.

The alarms can be activated by the Charging Station or the
SCADA system. The Charging Station activates the alarm
when the local voltage drops below the technical limit. In turn,
the SCADA system activates a real-time alarm when a
technical problem in the MV/LV distribution transformer is
detected.

The second phase of the algorithm consists in forecasting
the network load for the next 24 hours. This forecast is
performed twice a day at 12h and 24h. The forecasting of the
network load is performed in 2 steps.

The first one consists in forecasting the network load and
the EV load using 3 months of historical data obtained from
the SCADA system (overall load) and local Database (only
EV load). Then, the forecasted network load is obtained by
subtracting the EV load to the overall load.

The second step consists in adding the load profiles of the
EV that are currently charging to the forecasted network load.

In the third phase of the algorithm, the EV charging
requirements and restrictions needed to define the optimal
charging profile are characterized.

Finally, the fourth phase of the algorithm consists in
computing an optimal charging profile through an restrictions
optimization algorithm that takes into account the forecasted
network load and the EV charging requirements and
restrictions (described in section A).

A. Electric Vehicle Charging Requeriments and Restrictions

Before the definition of the EV charging profile by the
optimization algorithm (Section B), it is necessary to
characterize the EV charging requirements and restrictions.

This characterization is based on the definition of the
maximum and minimum charging power limits and the energy
requirements.

The definition of the EV charging requirements and
restrictions can be divided in two steps:

e Step [: Calculate the maximum and minimum
charging power limits and the energy requirements of
the EV, taking into account the technical limits of the
secondary substation transformer;

e Step II: Calculate the new maximum charging power
limit considering the connection time of the EV.

1) Stepl
The first step consists in calculating the maximum and
minimum charging power limits (LY%* and L¥™ — kW) for
each time step t. The maximum and minimum charging power
limits are calculated using the following equations:

a, = TM% — FNL, t=tc,..td (1)
PMax, lf at > PMax
Lf*™ =Ja,  ifP"™ <ap < PM t =tc,..td (2)
0, if a, < pMin
. : Max Min
LMin _ {O,M_ if L™ <P t=tc,..td (3)
PYM™M  otherwise

The index t defines the time step (hour) and a, is the
ancillary variable used to represent equation (1). tc and td
represent the time of connection and disconnection,
respectively. The parameter TM3* (kW) is the maximum
capacity of the transformer. FNL, (kW) is the forecasted
network load. The parameters PM%* and PM™ (kW) are the



maximum and minimum power of the charging point,

respectively.
Eguations (1). (2) and (3)
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limits of the EV, in order to avoid the violation of th
maximum capacity of the MV/LV distribution transformer.
The maximum charging power limit should also be
analyzed to verify if it is possible to supply the energy
requested by the client (E™®? — kWh). The E™9 can be
supplied if the sum of the maximum charging power limits is
greater than the energy requested. Thus, the energy available
for EV charging (E4V) is defined by the following equation:

if B, (e (1)) > pres

st
td (Max timeg
t=tc t st ’

The parameter st is the standard time of the step (60
minutes). time, is the time of step t in minutes.
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otherwise

The second step calculates the new maximum charging
power limit to be used in the optimization algorithm, in order
to distribute the load by the time intervals available. This is
made considering that only three charging levels (CL,) are
allowed, as this will force the EV charging profile to be more
uniform, preventing the intermittency of the power absorbed
by EV and consequently reducing the battery degradation. The
charging levels considered were 50%, 75% and 100% of the
maximum possible power. The charging level for each time
step can be defined by the following equations:

level € {0.5,0.75,1} )
i
ot = Nit (*52) ©)
Min Av 3
e <P
B = E;"/ct g t=tc, .. td (7)
Lg/’ax ) lf 7 2 PlVllTL
level;, if0<B,<05
CL, ={level,, if0.5<p, <0.75 t=tc,..td (8)
level;, if B, =0.75

B: is the ancillary variable used to represent equation (7)
and ct is the number of hours during which the EV is
connected (connection time).

In certain scenarios, the use of charging levels can lead to
the allocation of the EV load in non-optimal time intervals. To
avoid this type of scenarios, it is important to check if there is
margin to reduce the charging levels. This analysis is made by
using equation (9). In case of being possible, equation (10) is
used do redefine the new charging levels:

( o )
M
L' CLg

ct

Ve = t=tc ..td (9)

Then, the redefinition of the charging levels is defined by
the following equation:

_ {CLt +0.25, ify,>07andCL, <1
t—\CL,, otherwise
t=tc,..td (10)

Finally, the maximum charging power limit to be used in
the optimization algorithm is calculated using equation (11),
considering the charging levels previously computed.

ngflax — CLtLl;’ax t=tc, ..td (11)

I. Analyze the charging
request

ioad
II1. Calculate the EV
charging requirements
and restrictions
IV. Compute the EV
charging profile

I
I
I
I
I
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I1. Forecast the network |
I
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I
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I

Fig. 2. Algorithm flowchart of the Smart Charging Module

B. Optimization Algorithm

The optimization algorithm consists in computing optimal
load profiles for EV charging, taking into account the
forecasted network load and the EV requirements and
restrictions. The objective of the optimization algorithm is
avoiding the concentration of EV load in the peak periods and
technical problems at the MV/LV distribution transformer. For
this purpose, the following mathematical model was

developed:

Min Y%, FNL.P, (12)
Subject to:
8 LM < p, < §, LM t=tc,..td (13)
8, € {0,1} t =tc,.. td (14)
Bidy (P () = B4 (15)

As mentioned before, the optimization algorithm defines
EV charging profiles, in order to avoid increasing the peak
load of the network. To this end, the optimization algorithm
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forecasted load. The charging point can assume two states (1-
ON/0-OFF) defined by the variable .. When the state is ON,
the charging point can assume continuous rates of power (P)
limited by L¥%* and LY™. The constraint (15) is used to assure
that the amount of energy requested by the EV owner is
satisfied. Mixed Integer Programming techniques were used to
solve the problem.

IV SAE pVAIUMLD Vs AU TYva

IV. TEST CASE

A typical Portuguese LV distribution network was selected
to test the CMS (Fig. 3). The LV distribution network has
twenty nodes, six charging stations, eighteen loads and a
transformer in the secondary substation of 100 kVA.
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Fig. 3. LV distribution network used as test case

The EV fleet considered is constituted by six EV, whose
characteristics are described in Table I, II and III. Table I
shows the EV owners’ preferences. Table II presents the EV
data defined by the EV owner in the beginning of the charging
request. This data, together with the EV owners’ preferences
are communicated to the Charging Station.

IABLE Il EV DATA

Time of Battery capacity Energy in the

connection (kWh) battery (kWh)
EV1 18-06-2014, 12:00 16 4
EV2 18-06-2014, 14:05 20 2
EV3 18-06-2014, 18:00 22 2
EV 4 18-06-2014, 19:04 24 4
EVS 18-06-2014, 20:02 22 2
EV 6 18-06-2014, 21:03 18.8 0.8

Table III presents the maximum and minimum power of
the charging point for each case.

TABLE IIL. CHARGING STATION DATA

Maximum power of the | Minimum power of the
charging point (kW) charging point (kW)

EV 1and3 53 22.0

EV2,4,5and 6 1.4 7.0

TABLE L EV OWNERS’ PREFERENCES (EV DATA)
Time of disconnection Energy requested (kWh)
EV1 18-06-2014, 22:00 12
EV2 18-06-2014, 23:30 18
EV3 19-06-2014, 09:30 14
EV 4 19-06-2014, 08:00 20
EVS 19-06-2014, 07:00 20
EV 6 19-06-2014, 09:00 18

The EV can charge in single-phase or three-phase
depending on the characteristics of the EV and of the Charging
Station. In single-phase, the power of the charging point varies

V. RESULTS

This section presents the results obtained from the
simuiations performed. Two different charging strategies were
considered: non-controlled charging and controlled (smart)
charging.

In the non-controlled charging mode, the EV charge freely
without being subjected to any control action. The charging
starts automatically when EV plug-in and lasts until their
battery is fully charged or the charge is interrupted by the EV
owner. Thus, EV are regarded as normal loads, like any other
home appliance.

In the smart charging mode, the EV charging is managed
by the CMS, which has the objective of avoiding the increase
of the peak load.

The analysis of the results is divided in two parts:
aggregated and individual behavior of the EV. An overall
comparison between the two charging strategies is also made.

A. Aggretated Behavior of the Six Electric Vehicles

In the smart charging mode, the CMS is responsible for
computing optimal load profiles for the EV. This can be
observed in Fig. 4 (lower graph), where the EV load is
allocated in the periods of lower grid load (valley hours).

In the non-controlled charging mode, it is assumed that the
EV start charging as soon as they connect to the electricity
network. This behavior is shown in Fig. 4 (upper chart), where
all EV charge at maximum rate until they reach the state-of-
charge requested by their owners. As it is obvious, this
strategy can increase the peak load of the distribution network,
what can provoke grid technical problems.

It is important to stress that both charging modes take into
account the EV owners preferences. For the same conditions,
the smart charging strategy allows flattening the load diagram,
bringing benefits for the system such as avoiding voltage
drops, branches and transformers overloading which, in turn,
allow improving the reliability indices and the energy
efficiency of the system.










