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a  b  s  t  r  a  c  t

This  paper  proposes  three  metaheuristic  optimization  techniques  to solve  the  plug-in  electric  vehicle
(PEV)  charging  coordination  problem  in  electrical  distribution  systems  (EDSs).  Optimization  algorithms
based  on  tabu  search,  greedy  randomized  adaptive  search  procedure,  and a  novel  hybrid  optimization
algorithm  are  developed  with  the  objective  of  minimizing  the  total  operational  costs  of  the  EDS,  consid-
ering  the impact  of charging  the electric  vehicle  batteries  during  a specific  time  period.  The  proposed
eywords:
lectrical distribution system
ybrid algorithm
etaheuristic

lug-in electric vehicle charging

methodologies  determine  a charging  schedule  for  the  electric  vehicle  batteries  considering  priorities
according  to the  PEV  owners  charging  preferences.  A 449-node  system  with  two  distributed  generation
units  was  used  to  demonstrate  the  efficiency  of the  proposed  methodologies,  taking  into  account  dif-
ferent  PEV  penetration  levels.  The  results  show  that  the charging  schedule  found  makes  the  economic
operation  of  the  EDS  possible,  while  satisfying  operational  and  priority  constraints.

© 2016  Elsevier  B.V.  All  rights  reserved.

oordination

. Introduction

The future large-scale penetration of plug-in electric vehicles
PEVs) will bring both positive and negative consequences, depend-
ng on different points of view [1]. In the environmental context,
EVs reduce greenhouse gas emissions (CO2, SO2, and NOx) by
ecreasing fossil fuel consumption [2]. On the other hand, PEVs
enefit the transportation sector by providing low operational
osts [3]. However, from the point of view of the electrical dis-
ribution system (EDS) operation, PEVs represent a significant new
oad that must be supplied efficiently by the system, fulfilling the
nal consumers needs [1]. Previous works have shown that the
DS operation is strongly affected when PEV charging is not prop-
rly coordinated [4]. Several problems, such as higher load peak,
ecrease in service quality, degradation of the voltage profile, over-
oad of circuits, and increase in energy losses are consequences of
EV penetration [4–6]. Nevertheless, those impacts can be mit-
gated by using heuristic procedures to solve the PEV charging

∗ Corresponding author at: PUC -Campinas - Pontifícia Universidade Católica de
ampinas, Faculdade de Engenharia Elétrica, Campinas, Sao Paulo, Brazil.

E-mail addresses: natycanta@gmail.com
N.B. Arias), jffranco@gmail.com (J.F. Franco), mlavorato@gmail.com (M.  Lavorato),
uben@dee.feis.unesp.br (R. Romero).

ttp://dx.doi.org/10.1016/j.epsr.2016.09.018
378-7796/© 2016 Elsevier B.V. All rights reserved.
coordination (PEVCC) problem [4,7–10]. Charging strategies based
on quadratic optimization models [6,11] and mixed-integer lin-
ear programming (MILP) [12,13] have been proposed. An MILP
approach that minimizes the total daily cost due to EV charging
to define the charging schedule in real-time was  proposed in [13].
Other approaches based on decentralized PEV charging strategies
have been investigated in [13–15]. In these latter works, each PEV
is allowed to determine its own  charging pattern, i.e., there is no
central operator deciding when and at what rate each individual
PEV will be charged.

On the other hand, centralized approaches have been considered
for the PEVCC problem [10,16,17]. An algorithm for real-time smart
load management applied to the PEVCC problem, which minimizes
the total generation cost and the energy losses of the network,
was developed in [10]. Furthermore, an evolutionary algorithm [16]
and a metaheuristic method based on particle swarm optimization,
genetic algorithms, and simulated annealing [17] were developed
in order to provide quality solutions for the PEVCC problem.

The operation of the EDS, considering PEV charging and inte-
gration of DG sources, is a challenge for the EDS operator. Some
authors have addressed this subject [8,10,18,19]. Ref. [18] proposed

an online fuzzy coordination algorithm for the PEVCC problem that
minimizes the total cost of energy generation and power losses,
while maintaining the network’s operational constraints and
considering priority charging and DG resources. An optimization

dx.doi.org/10.1016/j.epsr.2016.09.018
http://www.sciencedirect.com/science/journal/03787796
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ethodology for designing integrated PEV charging systems with
ultiple chargers, renewable DG, and storage units was proposed

n [19].
Some other studies have considered the relationship between

EV charging and photovoltaic (PV) generation [20–22], as well as
he relationship between PEV charging and wind power generation
23,24]. Likewise, the PEVCC problem, including DG operation in a
hree-phase generic LV distribution network, was investigated in
25]; nevertheless, control of the DG units was not considered. The

anagement of DG units, demand response, and electric vehicles
ith V2G technology in a smart grid environment were considered

n an optimization approach based on simulating annealing (SA)
n [26]; additionally, a methodology based on mixed-integer non-
inear programming (MINLP) was proposed to compare the results
btained with the SA approach, showing an important reduction in
he computational times.

.1. Contributions

Classical optimization techniques can be used to solve the PEVCC
roblem. However, in practice mathematical formulations for this
roblem, such as MINLP, are affected by scalability and conver-
ence issues, due to the non-convex nature of the problem. The
omputational effort of the algorithms (e.g., non-linear branch and
ound) used to solve this kind of problem is directly related to the
umber of binary variables. For the PEVCC problem, this number is
roportional to the number of PEVs in the EDS. Therefore, the com-
utational effort to solve the PEVCC problem increases with the
enetration level of PEVs, as well as with the size of the network,
aking it hard to solve using classical optimization techniques. For

his reason, the application of alternative optimization techniques,
uch as metaheuristics, should be investigated [18]. This work pro-
oses novel optimization algorithms based on the metaheuristics
abu Search (TS) [27] and Greedy Randomized Adaptive Search Pro-
edure (GRASP) [28], to minimize the total operational costs of the
DS by finding the best possible PEV charging schedule that satisfies
he PEV energy requirements, the priority charging conditions of
he PEVs, and the operational constraints of the EDS. Also, a hybrid
lgorithm that, improves on the solutions found using the classical
S and GRASP algorithms is proposed. The performance of the pro-
osed optimization methods was investigated in a 449-node EDS

ncluding medium and low voltage feeders.
The main contributions of this paper are as follows:

. Novel metaheuristic algorithms for solving the PEVCC problem
in EDSs, considering DG units, as well as the electrical and oper-
ational constraints of the system;

. A procedure to obtain a suitable charging schedule for the PEVs
with efficient computational behavior, which uses a sensitivity
index for the variation of the energy costs related to the PEV
charging.

. Mathematical formulation of the PEVCC problem

The PEVCC problem can be formulated as an MINLP model in
hich the steady-state operation of the EDS is modeled based on

29,30]. The solution of this model provides the optimal charg-
ng schedule for the PEV batteries. In order to model the PEVCC
roblem, the following assumptions are considered:

. The PEV batteries must be charged in a defined time period

divided in time intervals, in which the charging process is exe-
cuted;

. The energy required by each PEV battery is known at the begin-
ning of the time period;
s Research 142 (2017) 351–361

3. The EDS operator controls the PEV charging process, i.e., the PEVs
are equipped with communication devices that make it possible
to control their charging state in each time interval;

4. Additionally, in each state of the charging schedule the opera-
tional constraints of the EDS must be satisfied.

2.1. Objective function

The main objective of the PEVCC problem is to minimize the total
operational cost of the EDS (1). The objective function proposed in
this work is formed by three components, calculated over the time
period as the sum of the cost of the energy supplied by the substa-
tion and the DG units (2); a term that encourages the charging of
PEVs with priority conditions (3); and the penalization costs asso-
ciated with voltage limit violations, current limit violations, and
non-charged PEV energy (4). The cost represented in (3) enables
PEV charging with priority conditions, where �t is a decreasing
parameter that can be calculated by using the cost function defined
by the equation 2[6+24H(t−18)−t], and H(t) is a Heaviside function. This
term encourages the charging of priority PEVs as soon as possible
over the charging of non-priority PEVs.

min   ̌ + � + ı (1)

where

 ̌ =
∑

t ∈ T

�t�tP
g
SE,t + �

∑

t ∈ T

�t

∑

j  ∈ N

Pg
j,t

∀j ∈ N, ∀t ∈ T (2)

� = −
∑

j ∈ N

∑

t ∈ T

�j�tP
v
j,t ∀j ∈ N, ∀t ∈ T (3)

ı = �
∑

j ∈ N

max[(V − Vj), 0]2 + 	
∑

ij ∈ L

max[(Iij − Iij), 0]
2 + ϕ

∑

j ∈ N

�j (4)

A solution is only feasible when the penalizations related to the
violation of voltage and current limits in (4) are equal to zero, which
guarantees a feasible operation. Furthermore, the terms related to
the PEVs in (3) and (4) indicate the charging preferences and the
level of satisfaction of the PEV owners. Therefore, it is expected that
all PEVs with priority charging conditions will be charged as soon as
possible and that their energy requirements will be totally fulfilled,
given that the system operates without limit violations.

2.2. Network constraints

Three types of constraints are considered in the proposed
model:

• Active and reactive power balance constraints along with the
voltage drop in the circuits, which represent Kirchhoffs laws and
make it possible to calculate the steady-state operation of the
EDS.
∑

ij ∈ L

Pij,t−
∑

jk ∈ L

(Pjk,t+Rjk,t I
2
jk,t)+Pg

j,t
=Pd

j,t+Pv
j,t ∀j ∈ N, ∀t ∈ T (5)

∑

ij ∈ L

Qij,t −
∑

jk ∈ L

(Qjk,t + Xjk,t I
2
jk,t) + Q g

j,t
= Q d

j,t ∀j ∈ N, ∀t ∈ T (6)

V2
j,t − V2

k,t = 2(RjkPjk,t + XjkQjk,t) + Z2
jkI2

jk,t ∀ij ∈ L, ∀t ∈ T (7)

V2
k,t I

2
jk,t = P2

jk,t + Q 2
jk,t ∀jk ∈ L, ∀t ∈ T (8)
Eqs. (5) and (6) represent the active and reactive power balance
and guarantee that all loads are supplied. Eqs. (7) and (8) rep-
resent the application of Kirchhoff’s voltage law [31]. The set of
Eqs. (5)–(8) is used to represent the steady-state operation of
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the EDS, assuming a radial operation of the network [32]. Nev-
ertheless, the operation of weakly meshed networks can be
represented by including additional constraints related to the
voltage phase angle; alternatively, the set of Eqs. (5)–(8) can be
replaced by the standard AC power injection equations.
Operational constraints such as voltage limits, current capacity,
and DG limits.

0 ≤ Pg
j,t

≤ P̄g
j

∀j ∈ N, t ∈ T (9)

Q g
j

≤ Q g
j,t

≤ Q̄ g
j

∀j ∈ N, t ∈ T (10)

|Q g
j,t

| ≤ Pg
j,t

tan(arcos(pfj)) ∀j ∈ N, t ∈ T (11)

Constraints (9)–(11) represent the operational limits of the
DG units, taking into account that these constraints only appear
for nodes with DG, and not substation nodes. The voltage limits
and current capacity constraints are not presented individually
because they are treated as penalizations in the objective function
(1).
Constraints associated with the PEVs: energy balance in the
batteries, PEV maximum power consumption, and priority con-
ditions.

�j = Ev
j − SOCini

j − εch
j

∑

t ∈ T

�tP
v
j,t ∀j ∈ N (12)

Pv
j,t = P̄vxv

j,t ∀j ∈ N, t ∈ T (13)

Eq. (12) represents the energy balance of a PEV battery, which
is expressed in terms of the energy not charged in the battery at
the end of the time period (�j), the energy required by the battery

(Ev
j
), the initial state of charge of the PEV battery (SOCini

j ), and the
total power demanded (Pv

j,t
) affected by the efficiency of the PEV

battery charger (εch
j

). This equation allows for the calculation of
�j, which penalizes the objective function when �j > 0, i.e., when
there is energy not charged in the PEV battery. Eq. (13) determines
the power demanded by a PEV, according to the maximum power
of the PEV battery and its charging state (where xv

j,t
is 1 if the

battery has been charged at time interval t; otherwise, xv
j,t

is 0).

The optimization model, (1)–(13), is an MINLP, due to the square
erms in (4)–(8), as well as the product of variables in (8). This kind
f model can be solved using different techniques, as presented
n [30], in order to solve the problem more easily. Nevertheless,
lassical optimization techniques could present performance issues
hen the problem has large dimensions. As a result, it might be
ifficult to solve the problem in reasonable computational time. On
he other hand, heuristic and metaheuristic techniques can provide
ood-quality solutions that are close to the optimal solution or even
he optimal solution with less computational effort, which makes
hem suitable for solving the PEVCC problem.

. Metaheuristic optimization algorithms for the PEV
harging coordination problem

New optimization algorithms based on TS and GRASP are pre-
ented in this section to solve the PEVCC problem. These algorithms
ave been developed to solve the PEVCC problem in EDSs and to
inimize the total operational costs defined by (1). Additionally, a

ybrid algorithm that combines TS and GRASP is developed.
In order to assess the steady-state operation of the EDS, includ-
ng PEV charging and DG source operation, a specialized radial load
ow based on the backward/forward load flow proposed in [32]

s used. All loads are represented as constant active and reactive
ower loads.
Fig. 1. Example of the proposed codification.

3.1. Tabu search algorithm for the PEVCC

As any local search method, TS employs four basic components
[30]:

1. A codification structure that represents a solution proposal and
defines the search space;

2. A procedure to generate an initial solution;
3. A neighborhood structure to generate a subset of solutions;
4. A transition mechanism that establishes how to pass from a solu-

tion proposal to a new solution.

3.1.1. Codification structure
A solution proposal is represented in a matrix in which each

row corresponds to a PEV and the number of columns is defined as
the maximum number of time intervals required to charge the PEV
batteries, as given by (14).

 =
Ev

j

P̄v�t
(14)

As illustrated in Fig. 1, the elements of the codification matrix are
integer numbers that belong to the set of time intervals T and repre-
sent the time interval in which the PEV batteries are charged. In this
way, the number 1 represents the time interval between 18:00 and
19:00, the number 2 represents the time interval between 19:00
and 20:00, and so on. For a given PEV, the chosen codification
indicates the time intervals in which the PEV battery is charged;
however, it does not necessarily indicate the sequence in which
the PEV battery is charged. Fig. 1 illustrates the case in which three
time intervals are needed to charge the PEVs ( = 3).

3.1.2. Initial solution
As the energy costs could change over the time intervals, an

initial solution can be built by charging the PEV batteries without
priority conditions during the time intervals with the lower energy
costs. In this case, usually the chosen time intervals are in the early
morning. On the other hand, the charging of PEVs with priority
conditions should be carried out during the first hours of the time
period because it is expected that these PEVs need to be charged as
soon as possible. So, following these conditions, the initial solution
is easy to be generated. However, voltage and current limit viola-
tions may  appear due to the simultaneous charging of the PEVs. If
necessary, the optimization process can search in the solution space
to eliminate such unfeasibilities and find a good-quality solution.
The proposed initial solution simulates an uncoordinated charging

process in which the PEVs are connected to the network without
being managed by the EDS operator. The proposed methodology
allows the EDS operator to identify suitable time intervals to charge
the PEVs.
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.1.3. Neighborhood structure
For a given solution proposal, a neighbor solution can be gen-

rated by changing the time intervals stored in one position of the
odification matrix. That operation can be carried out for each row
f the matrix (associated with a PEV) and for each column (asso-
iated with a charging time interval), with the condition that the
ew generated time interval differ from the current time intervals
resent in the selected row. Additionally, the new time interval
ust belong to the set of time intervals T. Thus, the feasibility of

he new solution proposal is maintained from the point of view of
he codification.

.1.4. Transition mechanism
After evaluating all the neighbor solutions for a current config-

ration, a solution is chosen by applying the TS criteria and using a
hort-term memory structure, as explained in [27].

.1.5. Steps of the tabu search algorithm
Step 1: Generate the initial solution.
Step 2: Evaluate the neighborhood.
Step 3: Select the solution according to the TS transition mecha-
nism.
Step 4: Update the TS short-term memory structure.
Step 5: Verify the stopping criterion. If it is satisfied, stop. Other-
wise, return to Step 2.

.2. GRASP algorithm for the PEVCC

The GRASP algorithm is used to solve the PEVCC problem by
dapting its construction and local search phases [28]. The codifi-
ation of the solution proposal is presented in Section 3.1.1.

.2.1. Construction phase
In the construction phase, an initial solution is iteratively formed

y selecting one element at a time. The construction phase begins
ith an empty initial solution and, in each iteration, a PEV is chosen

o be charged in a specific time interval. The process stops when 
ime intervals have been assigned to all PEVs, i.e., all the periods
equired to charge the battery of each PEV in the system have been
ssigned. In each iteration of the construction phase, the next ele-
ent to be added is selected from a Restrict Candidates List (RCL),
hich is built using a sensitivity index (15) and parameter  ̨ ∈ [0,

]. The sensitivity index ˚k,t estimates, in each iteration, the varia-
ion of the objective function when the charging of a new element
s considered, e.g., the kth PEV at the tth time interval. The use of
his index to evaluate the objective function avoids the calculation
f a complete load flow for all possible candidates.

k,t = �t�t�PLoss
k,t + �t�tP̄

v − �n�tP
v
k,t (15)

hus, the sensitivity index improves the efficiency of the algorithm
y reducing required computational effort. Using the sensitivity

ndex, the RCL is defined by (16).

CL = {k, t ∈ X|˚min ≤ ˚k,t ≤ ˚min + ˛(˚max − ˚min)} (16)

here X is the set of index that represent the elements allowed to
e added to the solution. ˚min and ˚max are the minimum and the
aximum values for the index. The objective of (16) is to select the

lements with the lowest values of ˚k,t. The value of  ̨ is adjusted

xperimentally by doing simulations with different values.

When the RCL is created, an element is chosen using a linear
robability distribution function described in (17), where ri repre-
ents the position of element i in the sorted RCL, according to the
s Research 142 (2017) 351–361

quality of ˚k,t. Therefore, the probability of choosing element i is
found using (18).

bi = 1
ri

(17)

pi = bi∑

j ∈ RCL

bj

(18)

The selection of the ith element is implemented using a ran-
dom number generator and a proportional selection criterion. The
selected element is added to the solution in construction, and then,
the objective function is calculated again using (1). This iterative
process ends when a solution has been completely constructed. The
construction phase of the proposed GRASP algorithm is comprised
of the following steps:

Step 1: Read the input data and set ˛.
Step 2: Define an empty set as the initial solution, i.e., the EDS
with no PEVs connected to the network. Calculate the steady-state
operation of the EDS without PEVs.
Step 3: Calculate ˚k,t using (15) for all the PEVs in all time intervals
t ∈ T, which have not yet been added to the solution.
Step 4: Create the RCL using (16).
Step 5: Calculate pi for all elements of the RCL and choose the
element that will be added to the solution in construction.
Step 6: Evaluate the objective function.
Step 7: Check the stopping criterion. If it is satisfied, stop. Other-
wise, return to step 3.

3.2.2. Local search phase
The main objective of the local search phase is to improve the

solution obtained in the construction phase. A steep descent heuris-
tic algorithm is implemented using the neighborhood structure
proposed in Section 3.1.3. After all the neighbors have been evalu-
ated, the next solution will be the best neighbor solution found.

The local improvement process ends when none of the neigh-
bor solutions are better than the current solution. The local search
phase of the proposed GRASP algorithm has the following steps:

Step 1: Read the current solution found in the constructive phase
of the GRASP algorithm.
Step 2: Generate a neighbor solution.
Step 3: Evaluate the objective function.
Step 4: If the neighbor solution is better than the current solution,
make the transition to the neighbor solution.
Step 5: Check the stopping criterion. If there is no neighbor solu-
tion better than the current one, then the local search phase is
finished. Otherwise, return to step 2.

3.2.3. Stopping criterion of the GRASP algorithm
The stopping criterion established in the GRASP algorithm is

a maximum execution time. At the end of the process, when the
maximum time is reached, the best found solution is the solution
for the PEVCC problem.

3.3. Hybrid optimization algorithm (HOA)

Hybrid algorithms are frequently used to obtain good solutions
for a certain problem by combining different search strategies from
two or more methodologies in the solution space [34]. They are

developed in order to improve the solutions found using simple
algorithms. In this work, a novel hybrid optimization algorithm is
proposed in order to improve the found solutions via the TS and
GRASP methodologies previously presented.
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Fig. 2. Pseudocode of the proposed h

Table 1
PEV charging scenarios.

Cases Priority DG

A
√

–
B

√ √
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of the PEV batteries was 20 kWh, according to information pro-

T
C

C  – –
D  –

√

The HOA takes advantage of the TS and GRASP characteristics.
his way, the proposed HOA uses the GRASP’s construction phase
o generate a good-quality initial solution, and then the short-term
trategies of the TS algorithm are applied in the local search
hase. The HOA is an iterative process that, can be executed in a

imited amount of time. Due to the features of GRASP, a different
nitial solution is generated in each iteration, making it possible to
iversify the search process by exploring different regions of the
earch space. A pseudocode of the proposed hybrid optimization
lgorithm is shown in Fig. 2.

One advantage of the proposed HOA is its simple and prac-
ical application. Furthermore, the results demonstrate that the
roposed HOA has better performance than the TS and GRASP
ethodologies, as shown in the results section.

.4. PEV charging and DG units

As mentioned in [35], DG units enhance the performance of
he system, improving the voltage profiles and reducing the active
ower losses and total operational cost. Therefore, DG units were

ncluded in the optimization methodologies in order to identify
heir impact on the EDS operation and the scheduling of the PEV
attery charging. Each methodology (TS, GRASP, and HOA) is used
o define the optimal power injected by the DG units in each time

nterval. This optimization process consists of a unidimensional
earch, which makes small variations in the DG unit power, starting
ith an initial value, in order to improve the objective function.

able 2
omparative table of the objective function in each PEV charging scenario.

Time limit 300 s 600 s 

Case Grasp Tabu Hybrid Grasp Tabu Hybrid 

47%

A −1540.67 −1540.67 −1540.67 −1540.67 −1540.67 −1540.6
B  −1616.62 −1614.93 −1616.28 −1616.28 −1614.93 −1616.6
C  515.12 515.47 514.85 514.90 515.17 514.59 

D  449.12 450.69 448.90 448.70 450.69 448.53 

63%

A  −2856.42 −2856.76 −2856.92 −2857.30 −2856.76 −2857.3
B  −2926.39 −2926.43 −2927.51 −2927.05 −2926.43 −2927.6
C  557.82 2264.29 557.41 556.99 557.93 556.87 

D  492.35 493.73 491.98 492.06 493.73 491.78 
ybrid optimization algorithm.

4. Test and results

The algorithms were developed in the programming language
C++ and were executed using a Dell PowerEdge R910x64 computer
with six processors at 1.87 HGz Model i7 4807. A 449-node dis-
tribution system was  used to compare the performance of the TS,
GRASP, and HOA methods. Four PEV charging scenarios, as shown in
Table 1, were taken into account. In these scenarios, two PEV pene-
tration levels were considered: 47% (198 PEVs) and 63% (264 PEVs).
The number of binary variables for all cases was  calculated as 2772
and 3696 for 47% and 63% PEV penetration, respectively. Addition-
ally, it was assumed that some of the PEVs should be charged with
priority. The 449-node system, whose data are available in [10],
consisted of a network with 31 medium-voltage nodes (23 kV) and
22 low-voltage feeders (415 V), each with 19 nodes. The PEVs were
connected in the low-voltage network.

The energy cost and the load for each time interval are available
in [30]. The considered time period for the charging spanned from
18:00 h until 08:00 h, broken down into time intervals of 1 h, i.e.,
�t = 1 h. Therefore, time interval 1 was from 18:00 h to 19:00 h, time
interval 2 was from 19:00 h to 20:00 h, and so on. The voltage limits
for all cases were V = 0.9 pu and V̄ = 1.0 pu, while the maximum
current for all the low-voltage feeders was 200 A.

There were two DG units connected at nodes 14 and 17,
corresponding to a DG penetration of about 40% of the maxi-
mum  demand. One of the DG units was  a small hydro power
plant with a fixed generation in each time interval. The other
was a DG unit whose generation can vary over time depend-
ing on system requirements. The cost of the energy supplied
by both DG units (�) was 0.04 US$/kWh. The active and reac-
tive power limits were P̄g

n = 200kW, Q̄ g
n = 100 kVAr, and Q g

n
=

−100 kVAr with a fixed power factor equal to 0.9. The capacity
vided in [33]. The maximum power of the battery was 4kW as
assumed in [10] and the battery charger efficiency was assumed as
100%.

1200 s 4 h

Grasp Tabu Hybrid Grasp Tabu Hybrid

7 −1540.67 −1540.67 −1540.67 −1540.67 −1540.67 −1540.67
2 −1616.62 −1614.93 −1616.62 −1615.69 −1614.93 −1617.30

515.23 514.62 514.59 515.02 514.62 514.59
449.23 450.69 448.47 449.47 450.69 448.30

4 −2857.33 −2856.76 −2857.34 −2857.34 −2856.76 −2857.34
1 −2927.38 −2926.43 −2927.72 −2927.05 −2926.43 −2927.72

557.04 556.95 556.71 557.05 556.95 556.58
492.10 493.17 491.35 491.93 491.62 491.28
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Table 3
Percentage deviation of the objective function in each PEV charging scenario.

Time limit 300 s 600 s 1200 s

Case Grasp Tabu Hybrid Grasp Tabu Hybrid Grasp Tabu Hybrid

47%

A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B  0.00 0.10 0.02 0.02 0.10 0.00 0.00 0.10 0.00
C  0.10 0.17 0.05 0.06 0.11 0.00 0.12 0.01 0.00
D  0.15 0.50 0.10 0.05 0.50 0.01 0.17 0.50 0.00

63%

A  0.03 0.02 0.01 0.00 0.02 0.00 0.00 0.02 0.00
B  0.05 0.04 0.01 0.02 0.04 0.00 0.01 0.04 0.00
C  0.20 306.73 0.13 0.05 0.22 0.03 0.06 0.04 0.00
D  0.20 0.48 0.13 0.15 0.48 0.09 0.15 0.37 0.00
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than with optimized charging. The solution found by the proposed
HOA distributed the PEV charging adequately, avoiding an increase
in the peak load and achieving a significant reduction in energy
Average deviation 0.09 38.51 0.06 0.04

With the purpose of maintaining a balance between a random
nd greedy selection in the GRASP and HOA algorithms, the alpha
alue chosen was  ̨ = 0.5 for all scenarios. In order to investigate
he performance of the proposed methodologies, tests considering
ime limits of 300, 600, and 1200 s were carried out. Moreover, an
dditional test considering a relatively large time limit (4 h) was
xecuted to study the convergence of the proposed methodolo-
ies. Table 2 shows the objective function value for each of the
EV charging scenarios for different time limits. In this table, it can
e observed that, in most cases, the best objective function val-
es were found using the HOA methodology. For this reason, the

nformation presented about power consumption, minimum volt-
ge, and power losses correspond to the results obtained using the
OA methodology. Note that there was little difference between

he three proposed methodologies in terms of the value of the
bjective function. Table 3 shows the deviation of the objective
unction (in percentage) found by all methodologies for each PEV
harging scenario relative to the best solution found in each case.
he last row of the table contains the average deviation percentage
or each case. The results show that all values corresponding to the
OA methodology had the smaller average deviation, close to zero,
onfirming that this methodology provides better solutions for the
EVCC problem. Additionally, Fig. 3 illustrates the improvement on
he objective function for each proposed methodology: GRASP, TS,
nd HOA, with 63% of PEV penetration for case B. It is possible to
bserve that good-quality solutions are quickly found, specifically
y the GRASP and Hybrid methods.

The power consumption of the system (power generated by
he substation and DG units) is shown in Figs. 4 and 5. The red
reas represent the consumption of PEVs with priority condi-
ions, the green areas represent the consumption of PEVs without
riority conditions, and the white areas represent the conven-
ional loads. As mentioned in Section 3.1.2, the initial solution
roposed (uncoordinated charging) had low voltage problems and
ongestion in the feeders, as well as an increase in energy losses.
igs. 4 and 5 show that, after applying the proposed HOA, the
ower consumption of the system was modified to eliminate these

nfeasibilities.
The minimum voltages in each time interval are presented in

igs. 6 and 7. Figs. 6(a) and 7(a) show that for cases A and B, the unco-
rdinated charging violated the voltage limits in the first five time
ntervals. A similar situation occurred for Cases C and D related to
harging without priority conditions, as shown in Figs. 6(b) and (b).
n these cases, the uncoordinated charging violated the voltage lim-
ts in the last five time intervals due to the PEVs being charged in the
eriods with the lowest cost of energy. Note that after the applica-

ion of the HOA methodology, the solutions found for all cases did
ot present any operational constraint violations. It is also possi-
le to observe that the voltage profile improved with the use of DG
nits (Cases B and D).
0.19 0.02 0.06 0.14 0.00

The total energy losses of the EDS are presented in Fig. 8. The
uncoordinated charging of the PEVs led to greater energy losses
Fig. 3. Convergence of the proposed methodologies during the iterative process for
Case B with 63% PEV penetration.
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Fig. 4. Power consumption found by the HOA for the tests considering 47% PEV penetration: (a) Case A. (b) Case B. (c) Case C. (d) Case D.

ering 
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Fig. 5. Power consumption found by the HOA for the tests consid

osses. Moreover, note that for Cases B and D, which considered DG
nits, the value of the total energy losses was smaller compared to
he other cases.

Table 4 shows a summary of the best objective functions
nd related costs for each charging scenario. The proposed HOA
mproved the operation of the distribution system by reducing

he energy losses and eliminating the infeasibilities compared to
ncoordinated charging. It is important to highlight the fact that
ases A and B presented negative values for the objective func-
ion, due to the term that encourages the quick charging of the
63% PEV penetration (a) Case A. (b) Case B. (c) Case C. (d) Case D.

PEVs with priority conditions. In these cases, the penalization cost,
represented by (4), is equal to zero, given that the solutions are
feasible. Therefore, in the found solutions, both the priority term
in (3) and the penalization cost in (4) are minimized in order
to improve the objective function. For Cases C and D, the pro-
posed HOA resulted in the charging of the PEV batteries in time

intervals with lower energy costs. On the other hand, in Cases
B and D considering DG units, the best objective functions were
obtained because the cost of the energy generated by the DGs was
lower.
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Table 4
Total operational cost of the 449-node system using HOA methodology.

47% – PEV charging

Cost ($) Uncoordinated charging A B Uncoordinated charging C D

Energy losses 19.94 16.61 14.66 13.80 13.59 12.04
Energy supplied (ˇ) 575.71 563.11 497.22 499.33 501.00 436.26
Priority EV charging (�) −2793.47 −2120.38 −2129.18 0.00 0.00 0.00
Penalizations (ı) 28334.13 0.00 0.00 81459.67 0.00 0.00

Total  cost 26136.30 −1540.67 −1617.30 81972.79 514.59 448.30

63%  – PEV charging

Cost ($) Uncoordinated charging A B Uncoordinated charging C D

Energy losses 22.97 19.32 16.60 15.93 15.43 13.94
Energy supplied (ˇ) 651.13 638.45 570.76 536.55 541.15 477.34
Priority EV charging (�) −4190.21 −3515.10 −3515.07 0.00 0.00 0.00
Penalizations (ı) 687861.37 0.00 0.00 320947.34 0.00 0.00

Total  cost 684345.26 −2857.34 −2927.72 321499.82 556.58 491.28

F
(

t
fi
b

the DG units. Moreover, for Case B, which considered priority con-
ig. 6. Minimum voltage for the cases with 47% PEV penetration. (a) Cases A and B.
b) Cases C and D.

The power injected by the DG units is shown in Fig. 9. Note

hat the DG units reached their maximum generation during the
rst time intervals available for PEV charging. This makes sense
ecause, in these time intervals, the cost of the energy provided

Fig. 8. Total energy loss
Fig. 7. Minimum voltage for the system with 63% PEV penetration. (a) Cases A and
B.  (b) Cases C and D.

by the substation was  greater than that of the energy generated by
ditions, there was a concentration of the PEV load in the same time
intervals taking advantage of the DG operation. In Case D, which
did not consider priority, a similar situation occurred, but with the

es of the system.
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Fig. 9. Generated power with 63%

ifference that the DG units generated more power over the last
ime intervals due to the concentration of the PEV load in the time
ntervals with lower energy cost. In this case, the power generated
y the DG units contributed eliminating the voltage and current
iolations, reducing the energy losses, and achieving an efficient
ystem operation.

An additional test was conducted in order to analyze the effec-
iveness of the proposed HOA. This test was carried out by using
ase B with 63% PEV penetration under different conditions for
he conventional demand (i.e., conventional demands increased
y 15%). The algorithm was executed for 1200 s, and the proposed
OA found the best solution, which has a cost equal to −2856.92.

t must be highlighted that this solution is feasible, i.e., it does not
resent any penalization, despite the fact that the conventional load
as increased. Although both the energy losses and the cost of the

upplied energy grew with the load increase, the proposed HOA
mproved the operation of the distribution system and eliminated
he infeasibilities in comparison with an uncoordinated charging,
s in the previous cases. The tests carried out illustrate the effective-
ess and robustness of the proposed method for different scenarios
f demand and PEV penetration level.

It must be noted that the results show that the obtained solu-
ions do not present penalizations, i.e., they are feasible. The
ptimization process seeks the minimization of the objective func-
ion, and therefore, solutions with high cost due to penalizations
re disregarded in this process.
. Conclusions

Optimization algorithms based on Tabu Search, GRASP, and a
ovel hybrid optimization algorithm (HOA) were proposed in order
enetration. (a) Case B. (b) Case D.

to solve the plug-in electric vehicle charging coordination (PEVCC)
problem in electrical distribution systems. The results show that
the proposed methodologies can be used to obtain the coordinated
charging of PEV batteries, while maintaining the economical oper-
ation of the distribution system and satisfying the operational and
priority constraints.

The three methodologies achieved good-quality solutions for
the PEVCC problem compared to the results from an uncoordinated
charging scenario. However, after making a comparative analy-
sis between the three proposed methodologies, it was concluded
that although all found similar solutions, the HOA provided better
results for the solution of the PEVCC problem.

The results demonstrate that the presence of Distributed Gen-
eration (DG) units benefits the charging of PEVs. The voltage profile
and the energy losses of the system are improved after the appli-
cation of the proposed methodologies.

The results obtained show that the proposed methodologies
provide good-quality solutions for the PEVCC problem in low com-
putational time. Therefore, they can be auxiliary tools in smart grid
schemes for the control of future distribution systems.
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Appendix A.

The notation used throughout this paper is reproduced below
for quick reference.
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ets
 set of circuits

 set of nodes
 set of time intervals

arameters
 grasp parameter

 cost of the energy supplied by the substation and DG units
[$/kWh]

i linear probability distribution function
 penalization cost associated to voltage and current limit

violations and non-charged PEV energy
t duration of time interval t

ch
j

efficiency factor of the PEV battery charger
 cost of the total energy provided by the DGs [$/kWh]
v
j

energy that must be charged to the PEV at node j [kW]
 penalization factor due to unsupplied PEV energy [$/kWh]
k,t sensitivity index

 component of the objective function to encourage the
charging of PEVs

ij current capacity of circuit ij [A]
j PEV with charging priority connected at node j

 number of time intervals required to charge a PEV
t energy price in time interval t

i probability of choosing an ith element to form the sorted
RCL

d
i,t

active power demanded at node i in time interval t [kW]
¯ g

i
maximum active power of DG unit at node i [kW]

¯ v maximum power of the PEV batteries [kW]
fi power factor limit of the DG at node i
d
i,t

reactive power demanded at node i in time interval t
[kVAr]

¯ g
i

maximum reactive power of DG at node i [kVAr]
g
i

minimum reactive power of DG at node i [kVAr]
i position of the element i in the sorted RCL
ij resistance of circuit ij [�]
t parameter used to encourage charging with priority

[$/kW]
E substation node

 penalization factor due to the current limit violation
[$/A2]

OCini
j initial state of charge of the PEV battery j

 penalization factor due to the voltage limit violation
[$/V2]

 minimum voltage magnitude [V]
¯ maximum voltage magnitude [V]

ij reactance of circuit ij [�]
ij impedance of circuit ij [�]

ariables

ij,t current magnitude in circuit ij in time interval t [A]
i PEVs uncharged energy [kWh]
ij,t active power flow in circuit ij in time interval t [kW]
g
i,t

active power generated at node i in interval t [kW]
v
i,t

active power demanded by the PEV at node i in time inter-
val t [kW]

ij,t reactive power flow of the circuit ij in time interval t
[kVAr]

g
i,t

reactive power generated at node i in time interval t
[kVAr]
i,t voltage magnitude at node i in time interval t [V]
v
i,t

binary variable associated with the PEV charging state at
node i in time interval t
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