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Abstract – The sizable electrical load of plug-in electric vehicles may cause a severe low-voltage 
problem in a distribution network. The voltage drop in a distribution network can be mitigated by 
limiting the power consumption of a charging station. Then, the charging station operator needs a 
method for appropriately distributing the restricted power to all plug-in electric vehicles. The existing 
approaches have practical limitation in terms of the availability of future information and the execution 
time. Therefore, this study suggests a heuristic method based on priority indexes for fairly distributing 
the constrained power to all plug-in electric vehicles. In the proposed method, PEVs are ranked using 
the priority index, which is determined in real time, such that a near-optimal solution can be obtained 
within a short computation time. Simulations demonstrate that the proposed method is effective in 
implementation, although its performance is slightly worse than that of the optimal case. 
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1. Introduction 
 
Plug-in electric vehicles (PEVs) have recently grown in 

popularity as an alternative solution to overcome the 
problems of oil depletion and increased CO2 emissions [1]. 
In an effort to address these problems, authorities in many 
countries have set high goals for increasing the volume 
of PEVs [2]. For example, the US, which has the largest 
market share of PEVs, targets more than 1,000,000 PEVs 
by 2015 [3], and Japan sets an ambitious target of 
approximately 260,000 PEVs by 2023 [4]. In accordance 
with the direction of government policies, leading automobile 
companies have also been trying to invest aggressively in 
this business [5].  

However, the increasing penetration of PEVs may result 
in significant problems in the current distribution network 
because the charging demand of PEVs is large, uncoordinated, 
and random. The large charging demand of PEVs can 
cause an excessive voltage drop in the radial distribution 
network [6, 7], which is likely to result in the degradation 
of system efficiency [8, 9]. Additionally, uncoordinated and 
random properties of PEV loads cause severe voltage 
stability problems in the distribution network [9-12] and 
sub-optimal generation dispatch in the power system 
operation [13].  

To address these problems due to the high penetration of 
PEVs, various PEV charging methods have been suggested 
from the perspective of a distribution network operator 
(DNO). In [9], three coordinated PEV charging methods 

are proposed to minimize the loss of the distribution 
network. A similar coordinated charging method is proposed 
to minimize the loss in [14], but it adopts a stochastic 
programming to handle the uncertainty of loads. In [13], a 
real-time strategy for the coordination of uncontrolled and 
random PEV charging demand is proposed to minimize not 
only the loss in the network but also the generation cost. 
Reference [15] suggests a PEV charging method to 
minimize the cost, in which inputs are updated and a new 
optimization is performed at each time step to handle the 
deviation between the forecast and actual demand. In 
addition, reference [16] proposes a price-based charging 
method to avoid line congestions due to the unmanaged 
PEV charging loads in the distribution network. In the 
previous studies in [9, 13-16] from the perspective of a 
DNO, the DNO directly manages and coordinates the 
charging schedule considering the effect of the charging 
demand of PEVs on the distribution network. 

Instead of the DNO, an intermediate entity can be 
delegated to manage the charging demand of PEVs. Unlike 
the DNO, the intermediate entity does not have any duty 
for stable operation of the whole distribution network. 
Therefore, the entity simply aims to maximize its profit 
with a proper management of charging demand of PEVs 
[17-19]. Specifically, the intermediate entity may bid in the 
day-ahead or intra-day market and controls the charging 
loads of PEVs according to the bidding results [17]. While 
the intermediate entity is regarded as a price-taker in [17], 
it is considered in [18] as one of the main participants, 
which is able to affect the market price. Thus, the optimal 
charging schedule of PEVs is determined by considering 
the interaction between the charging demand of PEVs 
and the market in [18]. Further, the intermediate entity 
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may decide the optimal charging strategy of PEVs for 
maximizing its income in the regulation market in [19]. 

In these researches from the perspective of the 
intermediate entity, it is assumed that sufficient power can 
be supplied as needed to the entity in the distribution 
network. However, a situation may occur particularly 
during the period of peak demand, when the interaction 
between the DNO and the intermediate entity is inevitable 
to maintain the voltage stability in the distribution network. 
Practically, this interaction can be implemented as an 
order from the DNO to the intermediate entity for the 
limited consumption. Then, the intermediate entity needs 
an appropriate PEV charging method and an associated 
criterion, by which the limited power should be distributed 
to all PEVs. However, this situation of the intermediate 
entity has been rarely addressed in the previous studies. 

As a result, this study proposes a PEV charging 
method of the intermediate entity in the situation with the 
constraint on consumption. The intermediate entity in this 
study is assumed to operate a charging station in an 
office/commercial building, which is denoted as a charging 
station operator (CSO). The charging demand of PEVs in a 
building usually occurs during typical office hours, which 
fall within the peak time of the power system operation. 
Therefore, the DNO has to restrict the excessive power 
consumption of the CSO primarily during peak time. In 
this situation, all charging requests from PEVs may not 
be served simultaneously. One of the possible charging 
strategies of the CSO is to distribute the limited power 
fairly among all PEVs. In particular, if the CSO knows in 
advance the information on the initial state of charge, 
battery capacity, arrival time, and departure time, then 
the optimal charging schedule can be obtained through a 
typical optimization technique. However, obtaining 
knowledge of the future uncertain behavior of PEVs is 
difficult in practice. Even if the CSO can obtain the exact 
information in advance, an optimization process consumes 
a great deal of computation time. To address these problems, 
this study proposes a heuristic method for charging PEVs 
based on priority indexes (PIs). The method can find a 
near-optimal solution without future information or the 
stochastic estimation of the information. Furthermore, we 
verify that a solution can be efficiently obtained by the 
proposed heuristic method within a short computation time 
without compromising the performance in terms of fair 
charging. 

The remainder of this paper is organized as follows: 
Section 2 describes the overall operation scheme of the 
CSO. Section 3 presents the mathematical formulation 
used to obtain the optimal charging schedule under the 
assumption that all the information is perfectly known in 
advance. The practical limitations of the mathematical 
approach are also given in Section 3. Section 4 describes 
the proposed heuristic method for the fair distribution of 
the restricted power to all PEVs. In Section 5, the 
performance of the proposed method is verified through a 

comparison with the optimal case. Concluding remarks are 
given in Section 6. 

 
 

2. Operation Scheme of Charging Station 
Operator 

 
The charging station can accept as many PEVs as the 

number of its slots. Each PEV is charged through a cable 
at a rated power. The rated charging power of a PEV 
ranges from 3 kW to 9 kW. This large demand of power 
for charging PEVs would cause voltage problems in the 
distribution network. According to [6], the low-voltage 
problem begins to occur when the penetration level of the 
PEV charging load exceeds 30% of the total demand of the 
distribution network. Therefore, a charging station in an 
office building can cause a substantial voltage drop in the 
distribution line to which the building is connected. The 
low-voltage problem affects not only the office building, 
but also all the nodes in the distribution line. For the radial 
distribution network shown in Fig. 1, the voltage drop can 
be approximately calculated by the relationship as [20] 

 

 S R
S

RP XQU U U
U
+

Δ = − ≈   (1) 

 
where is UΔ  the voltage drop; SU  is the sending voltage 
at the main transformer; RU  is the receiving voltage at 
the load; P  and Q  are the active and reactive power 
consumed by the load, respectively; and R  and X  are 
line resistance and the line reactance, respectively. Given 
that R  and X  are fixed values, the voltage drop is 
approximately linearly proportional to the power consumed 
by the load. 

As suggested in [6, 9], and [13] from the perspective of 
the DNO, the problem of voltage drop can be resolved by 
using a suitable charging algorithm. However, if PEVs are 
not served by the DNO but are under the control of the 
CSO, the DNO may choose to use a constraint order for 

Fig. 1. Simple representation of a distribution network 
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Fig. 2. Structure of PEV charging service through the CSO
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power consumption as an indirect method for maintaining 
stable voltages in the distribution network. Then, PEVs can 
be collectively considered as one node relative to the DNO. 
Instead, the CSO takes the responsibility for managing 
charging requests from PEVs. The control burden of the 
CSO, however, is significantly smaller than that of the 
DNO because of the smaller number of PEVs under control. 
The structure of this indirect method for addressing the 
voltage drop problem through the CSO is shown in Fig. 2. 

The charging method can be categorized into two types 
according to the strategy for controlling charging current. 
One type uses on/off charging with a fixed charging current, 
whereas the other controls the charging current with power 
electronic devices [21]. This study assumes that the CSO 
uses the basic on/off control type without additional power 
electronic devices.  

Let maxP  denote the maximum power consumption 
requested by the DNO. Then, the constraint on maxP  can 
be interpreted as the number of available charging slots, 

maxN , which is determined as  
 

 max
max

P
N

p
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

  (2) 

 
where p  is the rated power for charging one PEV. At peak 
time, maxN  might be smaller than the actual number of 
PEVs requesting for charging service. If possible, the CSO 
can satisfy the constraint on maxN  by shifting the charging 
demand to off-peak time. However, the time shift of 
charging demand may be inappropriate when considering 
the departure time for PEVs. Then, assuming that all the 
charging requests are not fully satisfied because of 
insufficient charging power, the CSO can alternatively 
choose to distribute the power among all PEVs 
appropriately contingent on a certain criterion. 

 
 

3. Mathematical Approach 
 

3.1 Criterion for distributing constrained power 
 
Given maxN  at each time step j , fairly providing the 

restricted power to all the PEVs seems reasonable. There 
can be lots of ways to index the fairness of EV charging 
because fairness is a subjective term in nature. In this study, 
we assume that the target state of charge (SOC) of a PEV 
at departure time is given. Thus, we choose to define a 
fairness index as root-squared shortage of charging 
compared to the target SOC like the common root-mean-
square (RMS) error in engineering studies, which is 
represented as 

 

 2

1

( )
Fairness Index ( 100)

slotN
ic i if

i ic
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−
= ×∑      (3) 

 

where slotN  is the number of parking lots, icE  is the 
battery capacity of the i -th PEV, ifT  is the departure time 
of the i -th PEV, and ( )iE ⋅  is the SOC of the i -th PEV at 
a certain time. The SOC at the departure time, ( )i ifE T , can 
be calculated as   
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where 0iE  is the initial SOC, p  is the rated charging 
power, and ijx  is the variable that indicates the on/off 
charging status of the i -th PEV at the time step j . The 
values of ijx  are 0 (off) when the i -th PEV is charged at 
the time step j , and 1 (on) otherwise. This fairness index 
means how fairly the PEVs have been charged at their 
departure time compared with a full SOC of 100%. A 
power distribution method thus aims to minimize the 
fairness index.  

The minimization of the fairness index can be 
formulated as a typical constrained optimization problem 
with respect to ijx . Assuming that all information about 
the situation in the future, such as the initial SOC, battery 
capacity, arrival time, and departure time, are known to the 
CSO, the optimization problem can be formulated as  
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subject to 
 
 0 ( )i if icE T E≤ ≤   (6) 
 is ij ifT T T≤ ≤  (7) 

 max
1

[ ]
slotN

ij
i

x N j
=

≤∑  (8) 

 
where max[ ]N j  is the number of available charging slots at 
the time step j . The first constraint in (6) indicates that 
the SOC of the i -th PEV at the departure time has a 
positive value and does not exceed its capacity icE . The 
second constraint in (7) indicates that each PEV has to be 
charged during its staying time from isT  to ifT . The third 
constraint in (8) indicates that the number of slots in the 
on-state at the time step j  is less than or equal to 

max[ ]N j . 
 

3.2 Practical limitation on implementation 
 
Given the meaning of the decision variable ijx , various 

binary programming methods [22] can be used to solve 
the optimization problem in (5)-(8). However, this 
mathematical approach has two critical limitations. First, 
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the CSO can hardly know the future information exactly. 
Only after a PEV arrives at a station can the CSO know the 
initial SOC, battery capacity, arrival time, and departure 
time. A stochastic estimation method can be applied on the 
basis of the probability distribution of many samples to 
obtain future information in advance. However, apart from 
the possibility and difficulty in implementing a suitable 
estimation method, the accuracy of estimation will be a 
critical factor in successfully solving the problem. Second, 
even if future information is known to the CSO in advance, 
execution time prevents the mathematical approach from 
finding a practical solution because the computation time 
for solving the optimization problem is proportional to 
2 slotN T , where T  refers to the whole simulation time step. 
For example, if the station has 10 slots and the total 
number of simulation time steps is 100, then the execution 
time is proportional to 10002 , which is practically 
equivalent to infinity for a commercial computer. Therefore, 
the mathematical approach is difficult to implement in the 
practical operation of the charging station. 

As a result, the CSO needs an algorithm that can 
determine a fair method for distributing the restricted power 
to each PEV by using only past and current information 
efficiently within a short execution time in practice. The 
easiest option for the distribution method is to charge PEVs 
in the order that they enter the charging station. This 
approach is commonly called the first-come first-served 
(FCFS) method. In this case, a PEV that arrived late has to 
wait until the other PEVs in charging operation have 
completed charging. In this case, the PEV that arrived late 
might not be sufficiently charged at departure time. 

We provide a simple example to demonstrate the 
problem of charging PEVs on the basis of the FCFS 
method with the assumption that maxN  is 2 and that PEVs 
arrive at the station with different charging information, as 
given in Table 1. 

While the CSO provides the charging service to PEV1 
and PEV2, PEV3, which arrived late, has to wait until 
PEV1 or PEV2 finishes the charging operation. In this 
example, PEV3 can start being charged only after the 
charging operation for PEV1 is completed, as described in 
Fig. 3.  

Consequently, as shown in Fig. 4, PEV3 is not 
sufficiently charged at departure time when compared with 
PEV1 and PEV2. This example demonstrates that limited 
power is unlikely to be fairly distributed among all PEVs 
in the FCFS method. The FCFS method will be used in the 
simulation for comparison with the proposed approach. 

 
 

4. Proposed Method using Priority Index 
 

4.1 Requirement for proposed method 
 
As demonstrated by the simple example, the FCFS 

algorithm cannot provide fair charging service to PEVs. 
In addition, the most serious disadvantages of the 
mathematical approach are that it requires future information 
to be available and consumes a long computation time, 
which make it impractical. Thus, these advantages naturally 
give rise to the following requirements in devising a 
method for fair distribution. 

 
Requirement 1 
The method should be capable of fairly distributing the 

restricted power to each PEV in terms of the fairness index 
in (3). 

Requirement 2 
The method should be capable of finding a solution 

without pre-knowledge of future information. 
Requirement 3 
The method should be capable of finding a solution 

within a short or reasonable time. 
 
A trade-off must exist between the short computation 

time in Requirement 3 and the guarantee of the global 
optimality. Thus, a heuristic method can be considered as a 
method for fair distribution that satisfies three requirements. 

Table 1. Example case of FCFS for three PEVs. 

 Initial SOC 
[%] 

Full capacity 
[kWh] 

Arrival time 
[min] 

Departure time
[min] 

PEV1 59 30 5 340 
PEV2 53 25 35 335 
PEV3 33 15 50 345 
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Fig. 3. ON/OFF status of three PEVs for FCFS method 
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Fig. 4. SOC status of FCFS case for three PEVs 
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Although the heuristic method cannot find the optimal 
solution for (5)(8), this method should be qualified to find 
a solution that is as close to the optimal one as possible. In 
other words, the heuristic method should find a solution 
within an admissible error from the optimal value within a 
sufficiently short time to be considered a practical charging 
method for the CSO. 

 
4.2 Description of proposed method 

 
A heuristic charging method proposed in this study is the 

priority index method (PIM), which distributes restricted 
power to PEVs by using only past and current information 
given the constraints on maxN . Using a PI, the PIM ranks 
the slots and chooses maxN  slots as the top priority. The 
chosen slots are charged during the specified time step, and 
this process is repeated from the arrival time of the first 
PEV to the departure time of the last PEV.  

One exemplary process of the PIM is shown in Fig. 5. 
Ten slots are present, and maxN is 6 throughout the time 
range in this example. At each time step, the CSO 
calculates the ranks of PEVs in a descending order of the 
PI and chooses six slots for providing charging services.  

The specific procedures of the PIM are given below. 
 
Description of the Proposed Priority Index Method 

1: max[ ]N j  is set by the CSO at the time step j . 
2: if max[ ]N j N≤  
3: Charge all slots [ ]N j  at the rated power p . 
4: else  
5: Calculate the priority index of each slot. 
6:     Rank all slots in a descending order of the 

priority index and store the rank of the j -th slot as 
[ ]iRank j . 

7: for i=1: [ ]N j  
8: if max[ ] [ ]iRank j N j≤  

     Charge this slot. 
else 
     Let this slot uncharged. 
end if 

9: end for 
10: end if 

 
The most important factor in PIM is to develop a 

suitable PI for ranking PEVs. Three types of PIs are 
proposed in this study, as listed in Table 2.  

In PI-1, the remaining time (%) to departure of PEVs is 
considered. A PEV that has low remaining time to 
departure is assigned a higher priority in PI-1. In PI-2, the 
CSO ranks PEVs according to the required energy (%) for 
being fully charged. A PEV that has the least SOC or the 
largest required energy has the highest priority ranking in 
PI-2. 

In some cases, however, a PIM using these two PIs may 
have a problem despite being better than the FCFS. For PI-
1, each priority ranking of PEVs will not suitably change 
because the order of the remaining time of PEVs will be 
fixed over time. Thus, PEVs that have more remaining 
time upon arrival might not be sufficiently charged in the 
PIM with PI-1. In the case of PI-2, the CSO cannot 
primarily provide charging service to PEV A, which 
departs earlier than PEV B, which has the same energy as 
PEV A. Therefore, the PIM with PI-2 is likely to fail in 
distributing the restricted charging power fairly. 
Considering the disadvantages of PI-1 and PI-2, PI-3 is 
suggested as an alternative PI and is a combination of PI-1 
and PI-2. With PI-3, both the remaining time and the 
required energy are considered in determining the priority 
of PEVs. In other words, the required energy is normalized 
with respect to the remaining time. For example, if PEV A 
and PEV B have the same required energy, the one that 
departs earlier is assigned a higher priority in PI-3. The 
most desirable attribute of PI-3 is that it can simultaneously 
consider the fairness in the aspects of remaining time and 
required energy and can also find a solution that is closer to 
the optimum of (5)-(8) when compared with other methods 
using PI-1 or PI-2. 

 
 

5. Illustrated Example 
 

5.1 Simulation setting 
 
An illustrated example is presented to verify the 

performance and advantage of the proposed heuristic 
charging method using the PI through a comparison with 
the FCFS method and the optimal case. Simulation is 
performed during typical office hours from 10:00 to 18:00. 
Ten PEVs are used for intuitionally verifying the 
performance of the proposed method, although more than 
10 PEVs may be used in practice.  

The values of initial SOC, battery capacity, arrival time, 
and departure time for 10 PEVs are randomly generated, as 

10min 40min 200min 300min 350min
Slot1 Rank 1 Rank 3 Rank 10 Rank 7 Rank 5
Slot2 Rank 2 Rank 4 Rank 8 Leave Leave
Slot3 Null Rank 2 Rank 9 Rank 5 Leave
Slot4 Null Rank 1 Rank 2 Rank 8 Rank 3
Slot5 Null Null Rank 5 Rank 3 Rank 2
Slot6 Null Null Rank 3 Rank 1 Leave
Slot7 Null Null Rank 7 Rank 9 Leave
Slot8 Null Null Rank 1 Rank 4 Rank 4
Slot9 Null Null Rank 4 Rank 6 Rank 1
Slot10 Null Null Rank 6 Rank 2 Leave

Fig. 5. Exemplary process of proposed method. 

Table 2. Three priority indexes of the PIM. 

Types Index 
PI-1 PI = 1/Remaining Time (%) 
PI-2 PI = Required Energy (%) 
PI-3 PI = Required Energy (%)/Rest time (%) 

 



Seung Wan Kim, Young Gyu Jin, Yong Hyun Song and Yong Tae Yoon 

 http://www.jeet.or.kr │ 825

listed in Table 3. The constraint on maxN is set for the 
period of 10:00 to 18:00, as described in Fig. 6.  

A commercial laptop with Intel i5 2.3 GHz CPU, 8 G 
RAM is used in the simulation. To obtain the optimal 
solution of (5)-(8) assuming future information is available, 
the Matlab/Opti toolbox is used [23]. Additionally, a 
simulator for charging PEVs with the proposed PIM has 
been developed by the authors using the JAVA language to 
perform the simulation easily for the FCFS case and the 
proposed method. The graphic user interface (GUI) of the 
simulator is shown in Fig. 7. 

 
5.2 Simulation Results 

 
The final SOC of 10 PEVs and the performance in terms 

of the fairness index and the execution time for each 

charging method are given in Tables 4 and 5, respectively. 
The variations of the SOC of each PEV with respect to 
time for each method are shown in Fig. 8. The ideal case 
means the simulation using the mathematical approach in 
Section 3 with perfectly forecasted information on initial 
SOC, battery capacity, arrival time, and departure time of 
each EV. However, it is very hard to obtain such 
information in practical case. Therefore, the ideal case is 
only considered as the case for comparison.  

As shown in Table 4, some PEVs have markedly less 
SOC values than other PEVs in the cases of the FCFS and 
the PIM with PI-1. Meanwhile, the restricted charging 
power is distributed quite well in the cases of PI-2 and PI-3 
compared with FCFS and PI-1. The results in Table 4 can 
be quantified through the fairness index in Table 5. 

The level of dispersion of the SOC at the final time can 
be clearly seen from Fig. 8. Some PEVs have significantly 
less SOC at the final time in the case of the FCFS and PI-1. 
Meanwhile, the values of the SOC are concentrated in PI-2, 
PI-3, and the ideal case. For a more detailed analysis, 
on/off states of some selected PEVs are represented in Fig. 
9. In the FCFS case, PEV9 and PEV10, which came later 
than the others, should be under the off-state for a 
considerable time until other PEVs finish their charging. 
As a result, their SOCs at the departure time are 
significantly less than that of other PEVs in the FCFS case. 
These SOC values which correspond to the green and red 
lines at the final time in Fig. 8(a). In the case of the PI-1, 
PEV8 and PEV9 are pushed back in the priority ranking 
after the arrival of PEV10 because only the remaining time 
(%) is considered for ranking PEVs in the PIM with PI-1 
and the remaining time (%) of PEV10 is significantly 
smaller. Therefore, PEV8 and PEV9 should be under the 
off-state for most of the latter part of the simulation time. 
Consequently, PEV 8 and PEV9, which respectively 
correspond to the green and blue lines at the final time in 
Fig. 8(b), have large SOC deviation from other PEVs.  

In the case of PI-2, the fairness index is significantly far 

Table 3. Parameters for ten PEVs in the simulation. 

Parameters Initial SOC 
[%] 

Battery capacity 
[kWh] 

Arrival  
Time [min] 

Departure 
Time [min]

PEV1 22.1 10 5 360 
PEV2 33.4 20 10 300 
PEV3 25.6 15 20 345 
PEV4 18.9 19 35 390 
PEV5 44.2 31 45 380 
PEV6 61.2 24 70 320 
PEV7 22.4 10 90 335 
PEV8 26.9 17 110 420 
PEV9 48 26 115 370 
PEV10 43.2 15 130 320 
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Fig. 6. maxN  used in the simulation 

 

Fig. 7. GUI of the developed simulator for the PIM. 

Table 4. Final SOC (%) of 10 PEVs for each method. 

Method FCFS PI-1 PI-2 PI-3 Ideal case
PEV1 100 100 100 100 100 
PEV2 100 100 82.2 98.4 95.9 
PEV3 100 100 97.3 100 97.3 
PEV4 100 100 100 100 96.5 
PEV5 98.2 97.3 95.0 90.2 94.2 
PEV6 100 100 86.2 95.6 95.6 
PEV7 100 100 99.9 100 97.4 
PEV8 98.1 65.1 100 100 96.0 
PEV9 66.9 69.7 95.1 86.5 95.1 
PEV10 49.9 89.9 88.2 94.9 96.5 
 

Table 5. Performance of Charging Methods. 

 FCFS PI-1 PI-2 PI-3 Ideal case
Fairness Index 60.16 47.34 26.54 18.12 12.17 
Execution Time Null <<1 s <<1 s <<1 s >>24h 

 



A Priority Index Method for Efficient Charging of PEVs in a Charging Station with Constrained Power Consumption 

 826 │ J Electr Eng Technol.2016; 11(4): 820-828 

from that of the ideal case as seen in Table 4 because PI-2 
uses only the required energy (%) of each PEV as the PI. In 
this situation, the SOC values of all the PEVs converge to 
the highest SOC value at the beginning time of power 
restriction, which is why a cross point of SOC values 
appears in Fig. 8(c). This condition is different from that of 
other methods. Owing to this phenomenon, even some 
PEVs with less remaining time cannot be sufficiently 
assigned for charging. In other words, PI-2 only pursues 
equal distribution of charging power without considering 
the departure time. This condition implies that equal 
distribution in terms of the required energy (%) does not 
always result in fair distribution. 

The SOC graph of PI-3 in Fig. 8(d) is similar to that of 
the ideal case in Fig. 8(e). Except for the ideal case, PI-3 
actually has the best fairness index among the charging 
methods. According to Table 4, however, PEV9 does not 
reach 90% SOC value in this case because PI-3 does not 
perfectly reflect the condition in which the battery capacity 
of PEV9 is relatively larger than that of others. Thus, the 
fairness index of PI-3 is slightly worse than that of the 
ideal case, which shows the limitation of a heuristic 
method.  

Despite this limitation, PIM with PI-3 has a practical 
advantage over the ideal case. According to the results of 
the execution time in Table 5, more than 24 hours are 

required to obtain the optimal solution in the ideal case. 
This duration is beyond the level of comparison with the 
PIM with PI-3 in a practical sense. Moreover, the optimal 
solution can be obtained in the ideal case only under the 
assumption that the future information is perfectly known 
in advance. By contrast, the proposed PIM with PI-3 
requires shorter execution time than the ideal case and even 
requires future information availability. In other words, 
although the ideal case determines a charging schedule 
during the whole time range while considering all possible 
cases, PIM with PI-3 assigns PEVs for charging at each 
time step on the basis of the current situation. Consequently, 
the proposed method with PI-3 could be an efficient and 
practical charging method for the CSO. This method 
requires a relatively short execution time and guarantees 
the fairness index within an acceptable range. 

 
 

6. Conclusion 
 
The voltage problem caused by the electrical load of a 

PEV charging station in a distribution network can be 
mitigated by the constrained consumption order from the 
DNO. Under this situation, the CSO needs an algorithm for 
appropriately distributing the restricted charging power 
among PEVs. If the CSO perfectly know the information, 
such as initial SOC, battery capacity, arrival time, and 
departure time of each EV, in advance, the mathematical 
approach in Section 3 can be a good solution to fairly 
distribute the restricted power in the charging station. 
However, it is just an ideal approach which has limitations 
for being implemented in practical cases, because it is very 
hard for CSO to perfectly forecast the required information. 
Therefore, this study suggests a heuristic method for fairly 
charging PEVs on the basis of three kinds of PIs. The 
proposed method can rank PEVs using the PI, which only 
reflects available information at the current time, to 
distribute the constrained power among all PEVs. 
Illustrated examples show that the proposed method is 

 
Fig. 8. SOC (%) of each PEV; (a) FCFS (b) PI-1 (c) PI-2 

(d) PI-3 (e) Ideal case. 
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Fig. 9. ON/OFF status of Selected PEVs for (a) FCFS and 
(b) PI-1. 
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efficient in terms of execution time and simple structure. 
Despite the fairness index of the proposed method is 
slightly worse than the ideal case, the performance is 
within an acceptable range and thus can be a practical 
charging method of the CSO under constraints on the 
power consumption. 

 
 

References 
 

[1] The European parliament and the council of the 
European union, Decision No. 406/2009/EC of the 
European parliament and of the council of 23 April 
2009 on the effort of member states to reduce their 
greenhouse gas emissions to the community’s green-
house gas emissions reduction commitments, up to 
2020, 2009. 

[2] Electric vehicle initiative and international energy 
agency, Global EV outlook - understanding the 
electric vehicle landscape to 2020, 2013. 

[3] Department of energy in United States of America, 
One million electric vehicles by 2015, Feb. 2013.  

[4] Navigant Research, Electric vehicle market forecast - 
Global forecasts for light duty hybrid, plug-in hybrid, 
and battery electric vehicle sales and vehicle park: 
2013-2022, 2014. 

[5] Capgemini, Electric vehicles - A force for the future, 
2009. 

[6] A. S. Masoum, S. Deliami, P. S. Moses, M. Masoum, 
and A. Abu-Siada, “Smart load management of plug-
in electric vehicles in distribution and residential 
networks with charging stations for peak shaving and 
loss minimization considering voltage regulation,” 
IET Generation, Transmission & Distribution, Vol. 5, 
No. 8, pp. 877-888, 2011.  

[7] L. Dow, M. Marshall, L. Xu, J. R. Aguero, H. L. 
Willis, “A novel approach for evaluating the impact 
of electric vehicles on the power distribution system,” 
Proceedings of IEEE Power and Energy Society 
General Meeting, 2010.  

[8] K. Clement-Nyns, E. Haesen, and J. Driesen, “The 
impact of charging plug-in hybrid electric vehicles on 
a residential distribution grid,” IEEE Transactions on 
Power Systems, Vol 25, No. 1, pp. 371-380, 2010. 

[9] E. Sortomme, M. M. Hindi, S. D. J. MacPherson, and 
S. S. Venkata, “Coordinated charging of plug-in 
hybrid electric vehicles to minimize distribution 
system losses,” IEEE Transactions on Smart Grid, 
Vol. 2, No. 1, pp. 198-205, 2011.  

[10] K. Qian, C. Zhou, M. Allan, and Y. Yuan, “Modeling 
of load demand due to EV battery charging in 
distribution systems,” IEEE Transactions on Power 
Systems, Vol. 26, No. 2, pp. 802-810, 2011. 

[11] G. Li and X. Zhang, “Modeling of plug-in hybrid 
electric vehicle charging demand in probabilistic 
power flow calculation,” IEEE Transactions on 

Smart Grid, Vol. 3, No. 1, pp. 492-499, 2012. 
[12] C. H. Dharmakeerthi, N. Mithulananthan, and T. K. 

Saha, “A comprehensive planning framework for 
electric vehicle charging infrastructure deployment in 
the power grid with enhanced voltage stability,” 
International Transactions on Electrical Energy 
Systems, Vol. 25, No. 6, pp. 1022-1040, Jun. 2015. 

[13] S. Deilami, A. S. Masoum, P. S. Moses, and M. 
Masoum, “Real-time coordination of plug-in electric 
vehicle charging in smart grids to minimize power 
losses and improve voltage Profile,” IEEE Trans-
actions on Smart Grid, Vol. 2, No. 3, pp. 456-467, 
2011. 

[14] K. Clement, E. Haesen, and J. Driesen, “Coordinated 
charging of multiple plug-in hybrid electric vehicles 
in residential distribution grids,” Power Systems 
Conference and Exposition 2009, pp. 1-7, 2009. 

[15] A. O’Connell, D. Flynn, and A. Keane, “Rolling 
multi-period optimization to control electric vehicle 
charging in distribution networks,” IEEE Transactions 
on Power Systems Vol. 29, No. 1, pp. 340-348, 2014. 

[16] R. D’hulst, F. D. Ridder, B. Claessens, L. Knapen, 
and D. Janssens, “Decentralized coordinated charging 
of electric vehicles considering locational and 
temporal flexibility,” International Transactions on 
Electrical Energy Systems, Vol. 25, No. 10, pp. 2562-
2575, 2014. 

[17] R. J. Bessa, and M. A. Matos, “Economic and 
technical management of an aggregation agent for 
electric vehicles: a literature survey,” International 
Transactions on Electrical Energy Systems, Vol. 22, 
No. 3, pp. 334-350, 2012. 

[18] T. K. Kristoffersen, K. Capion, and P. Meibom, 
“Optimal charging of electric drive vehicles in a 
market environment,” Applied Energy, Vol. 88, No. 5, 
pp. 1940-1948, 2011. 

[19] E. Sortomme and M. El-Sharkawi, “Optimal charging 
strategies for unidirectional vehicle-to-grid,” IEEE 
Transactions on Power Systems, Vol. 2, No. 1, pp. 
131-138, 2011. 

[20] H. J. Lee, G. T. Son, and J. W. Park, “Study on wind-
turbine generator system sizing considering voltage 
regulation and overcurrent relay coordination,” IEEE 
Transactions on Power Systems, Vol. 26, No. 3, pp. 
1283-1293, 2011. 

[21] DiUS, Project Report - Demand management of 
electric vehicle charging using Victoria’s smart grid, 
May 2013. 

[22] S. S. Rao, Engineering optimization-Theory and 
practice, John Wiley & Sons, 2009. 

[23] J. Currie and D. I. Wilson, OPTI: lowering the barrier 
between open source optimizers and the industrial 
MATLAB user. Foundations of Computer-Aided 
Process Operations, pp. 8-11, 2012. 

 
 



A Priority Index Method for Efficient Charging of PEVs in a Charging Station with Constrained Power Consumption 

 828 │ J Electr Eng Technol.2016; 11(4): 820-828 

Seung Wan Kim He received B.S 
degree in electrical engineering from 
Seoul National University in 2012. 
Currently, he is working on Doctor’s 
course in SNU. His research interest is 
integration of renewable sources and 
electric vehicles, microgrid operation, 
and virtual power plant. 

 
 

Young Gyu Jin He received B.S., M.S., 
and Ph.D. degrees in Electrical 
Engineering from Seoul National Uni-
versity in 1999, 2001, and 2014, 
respectively. He had worked for KT Inc. 
during 2002-2010. Currently, he is a 
research professor at Korea University. 
His research interests include operation 

of smart grid/microgrid, energy management system, and 
power economics. 
 
 

Yong Hyun Song He received B.S 
degree in electrical engineering from 
Seoul National University in 2013. 
Currently, he is working on Doctor’s 
course in SNU. His research interests 
are microgrid operation, unit commit-
ment, and energy storage system. 
 

 
Yong Tae Yoon He received his B.S., 
M. Eng., and Ph.D. degrees from 
M.I.T., USA in 1995, 1997, and 2001, 
respectively. Currently, he is a Pro-
fessor in the Department of Electrical 
and Computer Engineering at Seoul 
National University, Korea. His re-
search interests include power systems 

economics, smart grid / microgrid, and decentralized 
operation. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX3:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [545.000 394.000]
>> setpagedevice


