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a  b  s  t  r  a  c  t

The  huge  energy  demand  coming  from  the  increasing  diffusion  of  plug-in  electric  vehicles  (PEVs)  poses
a  significant  challenge  to electricity  utilities  and  vehicle  manufacturers  in  developing  smart  charging
systems  interacting  in  real  time  with  distribution  grids.

These  systems  will  have  to  implement  smart  charging  strategies  for  PEV  batteries  on  the  basis  of  nego-
tiation  phases  between  the  user  and  the  electric  utility  regarding  information  about  battery  chemistries,
tariffs,  required  energy  and  time  available  for  completing  the charging.  Strategies  which  adapt  the  charg-
ing current  to  grid  load  conditions  are  very  attractive.  Indeed,  they  allow  full  exploitation  of the grid
capacity,  with  a consequent  greater  final  state  of  charge  and  higher  utility  financial  profits  with  respect
to approaches  based  on  a fixed  charging  rate.
ariable rate charging
mart grid

The  paper  demonstrates  that  the  charging  current  should  be chosen  also  taking  into  account  the  effect
that  different  charging  rates  may  have  on  the  charging  efficiency.  To  this  aim,  the  performances  of  two
smart variable-rate-based  charging  strategies,  taken  as  examples,  are  compared  by  considering  possible
realistic relationships  between  the  charging  efficiency  and  the charging  rate.  The  analysis  gives  useful
guidelines  for  the  development  of  smart  charging  strategies  for  PEVs  as  well  as for next-generation  battery
charging and  smart  grid  management  systems.
. Introduction

Plug-in electric vehicles (PEVs) are expected to have a rapid dif-
usion over the next few years. The potential advantages deriving
rom PEVs use are huge: lower operational costs, greater driving
omfort and often better acceleration performance compared with
raditional gasoline cars. However, probably the most important
dvantage is the reduced environmental impact due to the abate-
ent of volatile pollutants, contributing, together with the use of

enewable resources for energy production, to effectively reducing
lobal warming [1].

Typically, PEVs require 0.2–0.3 kWh  for a mile of driving and are
haracterized by battery capacity values in the range of 8–55 kWh.
he additional demand for electric power required to charge a large
eet of PEVs may  lead to extra large and undesirable peaks in elec-
rical consumption. In fact, according to the results of an analysis
arried out by the Joint Research Centre of the European Commis-
ion for a real case study, the maximum electric power request

ould increase by about 30% if PEVs should reach 25% of the vehicle
eet [2].
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Unfortunately, the increase in the grid load due to PEVs can
cause instabilities and interruptions. For example, a recent analysis
performed for a typical medium-voltage distribution grid, showed
that the line losses coming from the absence of any charging regu-
lation mechanism could lead to exceeding the lower limit allowed
for the line voltage even for a PEV penetration level higher than 10%
[3]. To avoid grid overload problems, smart scheduling strategies
for the charging processes of PEVs are increasingly gaining atten-
tion [5–11]. The implementation of these strategies will require
a smart grid infrastructure capable of communicating with bat-
tery chargers and coordinating the charging processes of plugged
in PEVs. Interestingly, this smart grid will enable also the possi-
bility of using batteries of PEVs to inject energy into the grid in
the cases of grid faults or to regulate the voltage line frequency
[1]. These key aspects, along with the possibility of achieving both
an effective exploitation of renewable resources and a significant
reduction of the global energy consumption, has made the cre-
ation of smart grids one of the crucial priorities for governments in
order to reduce CO2 emissions, as well as one of the most important
research topics for both the scientific community and the industry
[1–4].
In order to identify effective energy dispatching strategies for
PEVs, it is fundamental to distinguish between two  possible sce-
narios. On the one hand, there will be the necessity to provide
customers with ad hoc high-power charging stations allowing a
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Table  1
User profiles.

User ER0 (kWh) PMAX (kW) PMIN (kW) TA (h) TD (h) KU (D kWh−1) KF (D kWh−1)

1 15 15 1.5 0 4 0.10 0.05
2 18 18  1.8 0.25 3 0.10 0.05
3 25  25 2.5 0.5 2 0.30 0.15
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ery fast PEV charging when necessary, for example in the case of
 long trip.

In this case, the main goal is to satisfy the user charging request
s soon as possible by performing the battery charging process in
he smallest amount of time (reasonably in the order of 10 min),
ith practically no leeway in the decision of the usable charging

ate, which should be as high as possible.
On the other hand, the typical daily usage of cars suggests that

he fast charging option will not be strictly necessary in most real
ituations, in which it will be sufficient for customers to charge their
EVs when they come home or during work hours in which their
EVs are parked [1–3,8].  It is worth noting that, despite the longer
vailable time to complete the charging process, it is estimated
hat also in these situations the occurrence of multiple charging
equests concentrated in a limited time period will have a strong
mpact on the grid load with high numbers of PEVs. Neverthe-
ess, differently from the fast charging scenario discussed above,
he main goal in this second scenario is not to perform the battery
harging process as soon as possible, but just within the expected
eparture time of the user. This allows a greater flexibility in deter-
ining an effective energy dispatching strategy with the aim of

voiding grid overload. A promising strategy is the use of vari-
ble charging rates to adapt the power drawn by the charger from
he grid to the global load conditions, in order to exploit the grid
apability fully and to guarantee a high degree of user satisfaction
8,10].  However, the development of effective charging strategies
eeds to take into account several technological and economic
spects. One of these is the charging efficiency, i.e. the ratio between
he energy stored in the battery and the energy supplied by the
rid. In previous works dealing with energy dispatching strate-
ies for PEVs, a constant charging efficiency not-dependent on the
harging rate was assumed [6,8,11]. However, the efficiency of real
harger/battery systems is typically determined by the charging
ate [12,13]. In this letter, the impact of variable charging effi-
iency on the effectiveness of charging strategies is investigated.
wo possible variable rate-based charging algorithms are consid-
red as examples and their performance is compared in both the
ase of constant and variable efficiency profiles. The two strategies
re introduced in Section 2, in which the advantages of variable-
ate-based with respect to fixed-rate-based charging approaches
re also shown; the impact of the dependence between charging
fficiency and charging rate on the performance of the two consid-
red strategies is analyzed in Section 3; finally, statistical analysis
f a large-scale system and conclusions are reported in Section 4.

. Variable-rate-based charging strategies

With the aim of clearly introducing the problem, a simple situa-
ion is firstly presented by considering the evolution of a grid node
n the presence of six vehicles in a period of 4 h (0–4 h). A constant
vailable power of 30 kW is considered for the sake of simplicity
nd without loss of generality in the analysis, which can be easily

xtended to the case of variable available power profiles caused by
ifferent existing grid load values with time. The problem was for-
ulated by taking into account the following parameters for each

ser:
1 4 0.10 0.05
1.5 3.5 0.25 0.125
2 3 0.30 0.15

• ER0: total energy required to charge the battery up to the desired
level (in kWh);

• PMAX: maximum power (in kW)  that the battery can absorb dur-
ing the charging process (related to the maximum admissible
charging current);

• PMIN: minimum power (in kW)  that the battery can absorb dur-
ing the charging process (related to the minimum admissible
charging current);

• TA: arrival time (in h) of the user in the system;
• TD: departure time (in h) of the user from the system;
• KU: electricity rate paid by the user (in D kWh−1);
• KF: penalty (in D kWh−1) the grid manager must pay to the user

in case some of the requested energy cannot be delivered to the
user by the grid.

The system performance was  evaluated by measuring both the
satisfaction of each user and the financial profit of the utility. To
this aim, the following parameters are defined:

• EA: energy allocated to the user (in kWh) at the end of the process;
• ER: additional energy required to complete charging process. It is

calculated as ER = ER0 − EA;
• EUS: actual amount of energy (in kWh) that the user can utilize

at the end of the process. It is calculated as EUS = �EA, � being the
efficiency of the charging process;

• SD:  satisfaction degree of the user (in %). It is calculated as
SD = (EUS/ER0) 100;

• PR:  profit for the utility (in D ). It is calculated as PR = KUEA − KFER.

Table 1 reports the profiles of the six users, in which PMAX and
PMIN are assigned assuming a maximum and a minimum charging
rate of 1 C and 0.1 C, respectively, C being the battery capacity. The
user tariffs and penalties were determined by considering typical
electricity costs in Europe, which range from about 0.1D to about
0.3 D kWh−1 [16]. In particular, they were fixed in order to simulate
a reasonable scenario in which users who  have less time at their
disposal to complete the charging process are willing to pay a higher
tariff for the service, with a larger penalty for the utility in the case
of poor quality of service.

First, the charging processes were managed by using the basic
approach indicated as “Fixed-Rate First-Come-First-Served” (FR-
FCFS). In this approach, the charging process of each user is
performed at a fixed rate, corresponding to the maximum charging
rate admissible for its vehicle battery. Moreover, the charging pro-
cess of each user starts when the vehicle is plugged-in, provided
that the grid is capable of allocating the power required. The anal-
ysis was initially carried out by considering a charging efficiency
� = 1. MATLAB simulation results related to the satisfaction degrees
of each user are summarized in Table 2. As noticeable, four users
leave the systems after being fully charged, but two users are com-
pletely dissatisfied. This results in an average satisfaction degree
(calculated as the mean value of the satisfaction degree of each

user) of 67%, and in a total financial profit for the utility of just
0.8D (Table 3). The disadvantages of the FR-FCFS approach can be
further appreciated by considering the plot in Fig. 1, which shows
the trend of the total allocated power during the 4-h time period.
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Table  2
User satisfaction degrees with unitary efficiency.

User Satisfaction degree (%)

FR-FCFS MEWP  SEWP

1 100 100 100
2  100 84.7 97.2
3  0 100 100
4 100 100 100
5 100 100 100
6  0 87.5 80.3

Table 3
Average satisfaction degree and total profit.

Average satisfaction degree (%) Total profit (D )
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FR-FCFS 67.0 0.8
MEWP  95.4 21.4
SEWP 96.3 22.6

t appears that the potentialities of the grid are strongly underex-
loited, the total allocated power being significantly less than the
aximum available power for the greater part of the entire pro-

ess. Thus, the FR-FCFS approach is practically unusable to solve
he problem, which can be instead conveniently managed by using
lgorithms which exploit variable charging rates and schedule the
ifferent charging processes on the basis of the user priorities.

Two different variable rate charging approaches are used as
xamples. This does not limit the general validity of the discus-
ion presented in the following, which can be extended to any
ther scheduling strategy. In both the considered strategies, users
re ordered in decreasing priority, and the energy is allocated at

 given charging rate to users with the highest priority until the
ower available from the grid is exhausted. In general, the user pri-
rity changes with time. In fact, both the time at disposal and the
mount of energy still required to complete the battery charging of
ach user change as the process evolves. For this reason, the entire
indow of observation of the process is divided into time slots of
uration �t  in which the user priorities are updated.

Obviously, the priority function is determined by the specific
ystem performance of interest, therefore its definition is not uni-
ocal. In this work, the priority function (G) for each user is defined
s follows:

E (t)

G = GS + GP; GS = ˛1

R

PAVMAX · TR(t)

GP = ER(t)
PAVMAX · �t

(
˛2

KU

KUMAX
+ ˛3

KF

KFMAX

) (1)

Fig. 1. Trend of the allocated power by using the FR-FCFS approach.
Fig. 2. Trend of the allocated power by using MEWP  and SEWP approaches.

In (1),  ER(t) is the energy still required to complete the charg-
ing process at the time instant t, TR(t) is the time which is still
available before the user leaves the system, PAVMAX is the max-
imum available power from the grid, KUMAX and KFMAX are the
maximum values admissible for KU and KF, respectively, and ˛1,
˛2 and ˛3 are weighting coefficients. The priority function (1) is
formulated to take into account both the user satisfaction and the
utility profit by means of GS and GP, respectively. In particular,
˛1 = 0.5 and ˛2 = ˛3 = 0.25 are fixed in order to balance the require-
ments in terms of degree of user satisfaction and utility profit,
and to have G = 1 when the user is characterized by the maximum
tariff and penalty (i.e. KU = KUMAX and KF = KFMAX), and the power
required to complete the charging process is equal to the maxi-
mum  available power (i.e. ER(t)/TR(t) = PAVMAX). Obviously, although
the user priority function exceeds 1 when ER(t)/TR(t) > PAVMAX, the
maximum power which can be allocated to the user is limited to
PAVMAX.

The next step after the user priority evaluation is the defini-
tion of its assigned charging rate (indicated as CR).  Two  different
strategies are considered herein to determine the charging rate of
a user in a generic time slot. The first approach is called “Maxi-
mum Energy With Priority” (MEWP), and consists in allocating all
the energy required by the user in order to complete his charg-
ing process by the end of the current time slot. In this case, the
charging rate is given by the ratio between the energy still required
by the user and the slot duration, i.e. CR = ER(t)/�t. The second
approach is called “Spread Energy With Priority” (SEWP), and con-
sists in spreading the energy to be still supplied to the user over
the entire time period available before the user leaves the sys-
tem. In this case, the charging rate is calculated as CR = ER(t)/TR(t).
Simulations were performed to evaluate the impact of the MEWP
and SEWP approaches for the six vehicles of Table 1. As shown by
results in Tables 2 and 3, the two  smart approaches lead to a signif-
icant increase in both the degrees of user satisfaction and the total
profit of the utility with respect to the FR-FCFS strategy because
of a better exploitation of the grid potentiality. Fig. 2 clearly evi-
dences that the total allocated power by using MEWP  and SEWP
is almost equal to the maximum power available from the grid for
the greater part of the process. The comparison between data in
Tables 2 and 3 shows that the MEWP  and SEWP methods are almost
equivalent when a unitary constant charging efficiency is assumed.

In the next section, the impact of the charging efficiency will be
analyzed.
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Table 4
Average satisfaction degree with different efficiency profiles.

Average satisfaction degree (%)

Unitary efficiency Linear efficiency
profile

Parabolic efficiency
profile

MEWP  95.4 60.9 63.4
SEWP 96.3 66.3 73.0

Table 5
Main statistical analysis results with different efficiency profiles.

Average satisfaction degree (%)

Unitary efficiency Linear efficiency profile Parabolic efficiency profile
Fig. 3. Two possible charging efficiency profiles.

. Impact of charging efficiency

The correct evaluation of the real effectiveness of a smart charg-
ng strategy requires taking into account carefully the energy losses
n the charging process in order to estimate the energy actually
tored into the battery at the end of the charging process.

The charging efficiency is usually considered as a constant,
hose typical values are comprised between 0.6 and 0.9 [6,8,11,14].
owever, this assumption is far from describing phenomena char-
cterizing real charging processes, in which the efficiency strongly
epends on the charging current [12,13].

Therefore, the efficiency profile (i.e. the relationship between
harging efficiency and charging current) has to be considered
or a coherent analysis of the performance of variable-rate-based
trategies. This profile strongly depends on the specific battery
echnology and charger circuitry. In the following, the analysis will
e carried out by assuming two possible realistic efficiency profiles

n which the efficiency varies between 0.6 and 0.9 according to the
atio between the charging rate and the maximum value admissible
or the battery charging rate (CRMAX) (Fig. 3).

The two profiles of Fig. 3 are constructed by considering that
he efficiency usually drops at high charging rates in real situations
12,13], essentially because of the increasing of power losses on the
nternal resistances of both the battery and the battery charger. On
his basis, the first efficiency profile is simply assumed to be linearly
ecreasing with the charging rate.

For the sake of completeness, the second efficiency profile is
nstead assumed to be parabolic in order to take into account also
ossible efficiency drops at low charging rates which can occur in
he battery charger [15,17].

Clearly, the assumption of the two generic efficiency profiles
epicted in Fig. 3 does not limit the general validity of the analy-
is, which could be directly extended to any other specific profile
haracterizing the specific battery/battery charger system used.

In both the situations considered, the total profit of the utility
emains unchanged with respect to the case of unitary efficiency,
ecause the profit is calculated on the basis of the energy allocated
o the user, which does not vary. Instead, the degree of satisfac-
ion of each user changes, since it is determined by the energy
hich is actually usable by the users. Table 4 compares the aver-

ge satisfaction degree of the users obtained by using the MEWP

nd SEWP methods in the presence of the two  profiles consid-
red. Differently from the previous case in which constant unitary
harging efficiency was assumed (Table 3), the two strategies do
MEWP  77.5 MEWP  47.0 MEWP 46.6
SEWP 79.5 SEWP 54.4 SEWP 57.6

not lead to similar average satisfaction degrees in the presence of
the two  variable charging efficiency profiles considered. In partic-
ular, it appears that the SEWP proves to be more suitable than the
MEWP  approach in the cases under examination. This is because
the efficiency drops at high charging rates in both the efficiency
profiles used, and the MEWP  approach leads to using higher charg-
ing rates than the SEWP one on average (in the SEWP approach the
energy allocated to the user is spread over the entire time period
allowed for the user charging). As shown by the above example, the
dependence of the charging efficiency on the charging rate may  be
a fundamental aspect to be taken into account in order to evaluate
the actual effectiveness of variable-rate-based charging strategies
aiming to find the most convenient solution for the PEVs charging
problem.

4. Statistical analysis and conclusions

In order to investigate further the system performance in a
large-scale scenario, the evolution of a portion of the grid character-
ized by a maximum available power of 6 MW during an 8-h period
was  also analyzed. Statistical simulations were performed for 10
different cases in which the arrivals of the users were modelled by
using Poisson distributions with a mean value of 100 per 30 min,
and random charging profiles were assumed. The analysis of the
process was carried out by considering the three different efficiency
profiles assumed in the previous analysis. The values of the utility
profit obtained by using the SEWP and the MEWP  approaches are
9210D and 8811D , respectively.

Simulation results related to the average degree of user satis-
faction in the different scenarios considered are summarized in
Table 5. The data in the table evidence that, also in a large-scale sce-
nario, although the two  strategies show similar performances when
a constant unitary efficiency is considered, the SEWP approach per-
forms significantly better than the MEWP  one in the presence of
variable charging efficiency profiles.

As shown, taking into account the relationship between the
charging efficiency and the charging rate is therefore crucial when
aiming to develop effective variable-rate-based charging strategies.

The study, which has been carried out by comparing two  strate-
gies taken as examples, can be also applied in order to evaluate
the real effectiveness of any other possible charging method. Thus,
the analysis performed gives useful well-founded guidelines for
the development of smart charging strategies for PEVs, as well as
for next-generation battery charging and smart grid management
systems.
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