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Abstract Utilization of plug-in electric vehicles (PEVs)
in residential feeders is gaining popularity in recent years
due to the societal awareness about greenhouse gas emis-
sion and the increasing of petrol price. The potential for
network stress and congestion due to uncoordinated charging
of PEVs is significant as they represent sizeable unbalanced
loads with unpredictable locations, plug-in times, charging
rates and durations. This paper aims to mitigate the detri-
mental impacts of electric vehicle charging on smart grid
by implementing a decentralized coordinated PEV charg-
ing algorithm that will also improve the power quality of
smart grid. The idea for the individual PEV chargers is to
acquire distribution transformer loading through the smart
meters to dynamically coordinate their charging times, rates
and durations in order to improve the overall system voltage
profile, reduce transformer stress and control current imbal-
ance. Simulation results will be generated and analysed for
an unbalanced three-phase 62 node residential network popu-
latedwithPEVchargers using theSimulink-Matlab software.
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Introduction

Smart grids are gaining worldwide acceptance as a means to
improve demand-side management with smart metering and
sensors [1–3], improving energy efficiency and grid reliabil-
ity [4,5] while increasing the system security in response to
natural disasters [6,7]. In order to develop future smart grids,
the conventionally designed distribution networks need to
be upgraded to cope with the growing energy requirements
of the future [8–10]. This scenario is particularly related
due to emerging deregulation of power industry, increas-
ing integration of renewable energy resources and especially
the growing popularity of plug-in electric vehicles (PEVs)
among end users in many developing countries. Due to the
growing government and public concerns to reduce green-
house gas emissions, many automotive companies have been
motivated to move toward more sustainable technology solu-
tions such as hybrid electric vehicles and PEVs.

In [11] it is estimated that the PEV market penetration in
2016 will be about 1.5 million and over 50 million in 2030.
This will lead in an annual increase of 2 % in network load
growth. Although a number of coordinated PEV charging
schemes are currently being explored [12–15] to conquer
future network congestion issues and reduce the significant
time and cost investments for upgrading and developing the
required infrastructure. Meanwhile, electric vehicles can be
connected to the distribution system in an uncoordinated and
random manner. Therefore, electric utilities need to urgently
determine how the existing distribution systems will deal
with these new loading patterns, especially if coordinated
PEV charging capabilities are not expected in the near future.

Power transformers are expected to be intensely influ-
enced by the appearance of smart grids, smart appliances and
nonlinear loads such as PEVs at residential houses, offices
and charging stations. One of the main concerns of elec-
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tric utilities is how local distribution circuits will react to
the extra loading presented by the high penetration of PEV
charging at owner’s properties. In particular, local distribu-
tion transformers will suffer from reduced operational life
and early failure from overloads. This could harshly impact
the efficiency, security, reliability and economy of develop-
ing smart grids [16]. To overcome these problems and to find
applicable solutions, two general PEV coordination schemes
have been considered:

• Centralized Coordinated PEV Charging [12–15]—The
system operator as a centre controller sends commands
through the smart grid communication network to each
individual PEV to set the charging start time and rate. The
decisions can be made based on several factors such as
system capacity, system loss minimization, node volt-
age profiles, final state of charge (SOC), budget, etc.
Therefore, a stable and more secure network can be
achieved. However, centralized architectures with few
central data stores require customer information andmay
lead to un-scalable systems and costly initial infrastruc-
ture investments.

• Decentralized Coordinated PEV Charging [17,18]—
Each PEV is allowed to determine its own charging
pattern. The decision can be made on the base of system
capacity and conditions. The consequence of a decen-
tralized approach may or may not be optimal, depending
on the information and methods used to determine local
charging patterns. Indeed, this approach does not require
substantial knowledge of individual customers [19].

This paper proposes a decentralized coordinated PEV charg-
ing algorithm (DC-PEV-CA) that will also prevent distri-
bution transformer overloading, regulate bus voltages and
limit phase current unbalances. It is assumed that the PEV
chargers have access to the distribution transformer output
power and phase currents through the smart meters. The
performance of DC-PEV-CA will be demonstrated for an
unbalanced three-phase 62 node residential network popu-
lated with PEV chargers.

Problem Formulation

Distribution transformers are commonly designed for spe-
cific load carrying capabilities based on typical load con-
sumption patterns. When PEVs are deployed, the normal
electric power demand pattern will be changed and the power
system might not be capable of handling the new operating
conditions and demands. Based on recent studies [20,21],
PEV owners may most often charge their vehicles as soon as
they arrive home at early evening hours, which may cause an
unexpected daily load peak around 5 pm–9 pm. Moreover,

by deploying PEVs at residential houses, the average cur-
rent unbalance will be increased which could consequently
result in undesired increase of voltage unbalance and caus-
ing problems to the power system especially the distribution
transformer.

The proposed DC-PEV-CA (Fig. 2) takes several inputs
including transformer apparent power, network line currents,
nodes voltage profile and PEV parameters. Then it considers
the arrival of PEVs and also their preference charging times
and delay the charging till reach the requested time zone.
Next step is to check the network constraints. If it does not
meet one of the constraints, will go back to the next iteration.

The First constraint is for limiting the total loading of
the distribution transformer to prevent an overload condition
fromPEVcharging. The idea is that the PEVswill be charged
if the transformer loading is within the rated value. Other-
wise, charging will be delayed until the transformer loading
falls below the threshold value. As the power demand of PEV
charger is a function of its voltage and current, the capacity
of the battery determines the length of charging time.

Pcharge = Vnode × Ibattery (1)

W = ∫t2t1 (Vnode × Ibattery)dt (2)

where t1 and t2 are the start and termination times of PEV
charging while Pcharge is the rated battery capacity.

The second constraint is voltage profile of the distribution
system which is considered by setting the upper and lower
limits to correspond with voltage regulation limits typically
set by utilities. In this paper, the voltage limits are set to +/−
10 % (Vmin = 0.9 pu and Vmax = 1.1 pu) which is typical of
many distribution systems [12,13].

Vmin ≤ Vk ≤ Vmax for k = 1, . . ., n. (3)

where k is the node number and n is the total number of
nodes.

The third constraint is the network line currents. This con-
straint is used to determine the connected phase of each PEV
(A, B or C). Then it jumps to the next step if the ampli-
tude of connected PEV line current is less than the other two
line currents and also less than network rated line current.
This is due to prevent raises of unbalances to the system by
charging the PEVs and moreover, if possible by charging the
PEV, reduce the network unbalances. Therefore, the paper
has proposed three different charging rates (high, medium
and low) to facilitate a possibility of reduce system’s unbal-
ances. This fact can be done by introducing current unbalance
factor (CUF). The current unbalance factor is defined similar
to Voltage unbalance factor (VUF). Unbalanced voltages can
result in adverse effects on equipment and on the power sys-
tem, which is intensified by the fact that a small unbalance in
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the phase voltages can cause an excessively larger unbalance
in the phase currents [22,23]. Under unbalanced conditions,
the power system will incur more losses and heating effects,
and be less stable [24].

To quantify and investigate the degree of current unbal-
ance, the CUF is defined similar to the VUF as the ratio of
the negative-sequence component to the positive-sequence
component [25]:

CUF = I2 (Negetive sequence of three phase current)

I1 (Positive sequence of three phase current)
×100 (4)

where I1 = 1
3 × (

Ia + x Ia + x2 Ia
)
, I2 = 1

3 × (
Ia +x2 Ib

+ x Ic
)
, x = ej × 2π

3 = 1� + 120 deg.
The CUF values are chosen for this particular network

and maybe vary for other network conditions. In this case
the high and low charging rates are assigned to high and low
CUF values, respectively. Since the charging will be done if
the amplitude of line current of related PEV is less than other
line currents, therefore by PEVs charging process the ampli-
tude different between network line currents will be reduced
and consequently the system unbalances will be decreased.
As illustrated in Fig. 4b, it is clear that the process of PEV
charging reduces the system current unbalance (compared to
Fig. 4a) and in Figs. 9e and 10e, it can be seen that the PEVs
have been charged with three different charging rates.

The 62 Node Unbalanced Residential Network

The 62-node unbalanced lowvoltage 415V residential feeder
of Fig. 1 connected to the high voltage system through a
350 kVA 22/0.415 kV distribution transformer [26] and will
be simulated to test the proposed DC-PEV-CA. The PEV
penetration level is assumed to be 50 %. The PEV locations
and arrival times are randomly assigned; but kept unchanged
for comparison of results. Furthermore, an average house
peak demand of 5.0 kW with a constant power factor of 0.95
is assumed for each household.

The vehicle data are obtained from typical PEV specifi-
cations [27] and the national transportation survey [28]. The
battery capacity is 16 kWh which is proposed to get fully
charged between four to several hours (maximum charging
of 4 kW per hour) with the unity power factors. This charger
rating is within the capability of most modern residential cir-
cuits and wiring standards (e.g., in Western Australia) which
can typically carry 15–20A froma single phase 230Vsupply.

As distribution systems usually consist of single-phase,
two-phase, anduntransposed three-phase lines feedingunbal-
anced loads, it is necessary to keep the identity of the self
and mutual impedance terms of the conductors and take into

account the ground return path for the unbalanced currents
[29].

Proposed Decentralized Coordinated PEV Charg-
ing Algorithm (DC-PEV-CA)

To mitigate the detrimental impacts of PEV charging, a
DC-PEV-CA (Fig. 2) is proposed and implemented which
will simultaneously reduce distribution transformer loading
and bus voltage fluctuations while dynamically compensat-
ing line current unbalances. In [26] authors present a new
decentralized coordinated charging of PEVs by introducing
variable electricity prices. However, the method and sim-
ulation results show dramatic improvement of distribution
transformer loading and bus voltage fluctuations,worse cases
are not addressed in the paper. The control method in [26]
does not include any constraints and just relies on consumer
preference charging zones. If most of PEVs decide to charge
on fast charging (red zone), the network will face several
problems. As can be seen from Fig. 7 (Case C), when most
of customers choose red charging time zone, the transformer
and network face overloading and overcurrent during PEVs
charging which is not considered in [26].

The proposed PEV charging approach in this paper not
only takes the consumer preference as an option, also con-
sider the network data (transformer apparent power, network
line currents and node voltage profile) in order to charge the
PEVs. As shown in Fig. 2, three constraints of transformer
loading, network line currents and node voltage profile have
been used. Therefore, it is more reliable and also secure the
safe operation of distribution network under PEVs charging.
Therefore, this paper proposes a decentralized charging of
PEVs based on network data and guaranties safe operation
of network under high penetration of PEVs.

Based on Eq. 4 the minimum and maximum charging
times for one PEV battery are 4 and 13 h, respectively. Each
PEV decides the starting time and charging rate on its own
charging condition depending on the online status of the
distribution transformer provided by the smartmeters. There-
fore, it is not possible to predict the charging durations of the
PEVs as the transformer operating condition is continuously
changing within the 24 h. Moreover, to encourage PEV own-
ers to improve their energy usage behaviour and shift their
energy consumptions to off-peak hours, variable electric-
ity prices are offered. By considering these variable prices,
the following three charging time zones (Fig. 3) including
red, blue and green charging time zones corresponding to
high tariff (most expensive), medium tariff (normal electric-
ity charge) and low tariff (less expensive) are defined and
offered to PEV owners [12,13]. In this proposal three battery
charge rates are considered (Eq. 3 and Fig. 2).
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Fig. 1 62-node unbalanced residential network with 30 PEVs

⎧
⎪⎪⎨

⎪⎪⎩

If 0% < CUF < 4%, then : Icharge = Ilow = 0.011 (pu) ,

If 4% < CUF < 8%, then : Icharge = Imed = 0.023 (pu) ,

If 8% < CUF < 16%, then : Icharge = Ihigh = 0.037 (pu) .

(5)

These charging rates are selected to reduce the CUF of the
system as well as guarantee a safe operation condition for
PEV’s battery. The maximum charging rate (Ihigh) is chosen
firstly to cope with the capability of most residential wiring
standards and secondly to avoid the batteries to be charged
more than their nominal current.

The batteries have a limited life due to the amount of the
undesirable chemical or physical changes to the active mate-
rials of which they are made. Regardless of battery type,
many factors can affect the performance of batteries such
as chemical change, temperature, depth of discharge, charg-
ing level, charging rate and voltage effects. Battery life is
influenced by the charging rate. For example, there is a lim-
itation as to how quickly the Lithium ions batteries can be
charged. Trying to force too much current through the bat-
tery during the charging process reduces the battery life time.
Furthermore, by charging a cell above its upper voltage limit
can produce chemical reactions which can damage the cell.
Based on above discussion, the algorithm tries to maintain
the battery life time by introducing three high, medium and
low charging rates and prevent charging the batteries with
very high charging rates.

Simulation Results and Discussions

To investigate the performance of the proposed DC-PEV-
CA (Fig. 2), six PEV charging scenarios (Table 1, Cases
A–F) are simulated for the network of Fig. 1. As shown in
Fig. 4a, the network line currents over the 24 h are unbalanced
without any PEV charging activities due to the unbalanced
loading.

Case A: Uncoordinated PEV Charging (Unbalanced
Network, Non-Uniform PEV Distribution)

A realistic case is simulated where the residential network
is slightly unbalanced (Fig. 4a) and the PEVs are distrib-
uted non-uniformly over three phases. That is 53.3, 30 and
15.7 % of vehicles are located in phases A, B and C, respec-
tively. PEVs are randomly plugged in (between 3:30 pm and
6:30 pm) and are individually charged without considering
network parameters. Detailed simulation results are also pre-
sented in Fig. 5. According to Fig. 5a, b, the distribution
transformer is facing around 15 % overloading while the
worst node voltage profile located at node 20 (phase A) is
dropping below 0.9 pu from 4 pm till 8 pm. Moreover, the
VUF (Fig. 5c) increases to about 2.65 % which is more than
standard value of 2 % [30]. The CUF and the SOC of bat-
teries are shown in Figs. 5d, e, respectively. In this case the
last PEV starts charging at 6:30 pm and is fully charged at
10:30 pm. Therefore, without any PEV coordination strat-
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Fig. 2 Proposed DC-PEV-CA to simultaneously reduce distribution
transformer loading and bus voltage fluctuations while dynamically
compensating line current unbalance

egy, the distribution network will face many problems such
as transformer overloading and undesirable voltage profiles.

Case B: Uncoordinated PEV charging with random
plug-in of 20, 40 and 40 % of vehicles in red, blue and
green time zones, respectively

The results for uncoordinated PEVs charging (Case A) have
shown that if the PEV owners charge their vehicles as soon
as they arrive home and without any control or coordina-
tion strategy, the distribution network becomes unstable and
unsecure. In such a condition, variable electricity price and
different charging time zones (Fig. 3) can be provided in a
way to reduce detrimental problems to the distribution net-
works. Therefore, the owners charge their vehicles based on
their budgets and priorities of waiting time. In this case study,
it is assumed that 20 % of PEVs owners want to charge their
vehicles in a red time zone to have them fully charged as

Table 1 Simulated case studies

Case study Description Simulation results

Uncoordinated (random)
PEV charging

A Uncoordinated PEV
charging with random
plug-in of vehicles from
3:30 pm to 6:30 pm

Figure 5a–e

Uncoordinated (random) PEV charging considering variable
electricity price

B Uncoordinated PEV
charging with random
plug-in of 20, 40, and
40 % of vehicles in red,
blue and green time
zones, respectively

Figure 6a–e

C Uncoordinated PEV
charging with random
plug-in of 80 and 20 % of
vehicles in red and blue
time zones, respectively

Figure 7a–e

Coordinated PEV charging based on worst node voltage profile
considering variable electricity price

D Coordinated PEV charging
based on worst node
voltage profile with
random plug-in of 80 and
20 % of vehicles in red
and blue time zones,
respectively

Figure 8a–e

Coordinated PEV charging based on proposed DC-PEV-CA

E Coordinated DC-PEV-CA
without consumer
preferences

Figure 9a–e

F Coordinated DC-PEV-CA
with all consumers
selecting the green
charging time zone

Figure 10a–e
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Fig. 3 Variable short termmarket energy pricing, including the options
of charging time zones for PEV owners
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Fig. 4 Unbalanced network line currents; a without PEV charging, b with coordinated PEV charging (Case E)

soon as possible, while 40 % of the owners prefer the blue
time zone and the rest have selected the green time zone.
Figure 6 shows the simulation results indicating significant
improvements compared with Case A. Figure 6a shows that
the peak demand period that was 5 pm–9 pm (Fig. 5a) is now
distributed over the night time. The capacity of each battery
is 16kWh requiring 4 h to be fully charged. As a result, the
last group of PEVs will finish charging at around 5am (Fig.
5e). Consequently, transformer loading will be kept within
its designated range. In addition, the worst node voltage pro-
file and VUF will be also controlled as shown in Fig. 5b and
c, respectively. Figure 5d indicates how by charging PEVs,
the CUF drops compared with case A. Therefore by offer-
ing variable electricity price, the detrimental effects of PEV
charging can be reduced. However, if the majority of con-
sumers select the red charging time zone, the results will be
not satisfactory.

Case C: Uncoordinated PEV charging with random
plug-in of 80 and 20 % of vehicles in red and blue and
green time zones, respectively

In this case study, most of PEV owners prefer to have their
vehicles charged as quickly as possiblewithin the high charg-
ing tariff. This will probably cause undesirable results as the
arrival time of most PEV owners will coincide with the peak
load hours. To simulate this operating condition, it is sup-
posed that 80 % of PEV owners select the red charging zone
and the rest choose the blue charging zone. The simulation
results are demonstrated in Fig. 7. According to this figures,
the distribution transformer (Fig. 7a) faces overloading con-
ditions. Figure 7b, c illustrate that the worst node voltage
profile and VUF are not within the desirable limits. The CUF
and battery SOC are shown in Fig. 7d, e, respectively. There-
fore, if the most of consumers choose the red charging time
zones, the option of “variable electricity prices” alone can
not solve the transformer overloading problem.

Case D: Coordinated PEV charging based on worst
node voltage profile with random plug-in of 80 and
20 % of vehicles in red and blue and green time zones,
respectively

This case aims to overcome the problem by implementing
a relatively simple decentralized PEV coordinated charging
approach based on online monitoring and measurement of
the voltage magnitude at the worst node which is usually
located at the end of the longest residential feeder. The PEV
chargers receive the voltage profile of the worst node through
their smart meters and will only operate if the voltage fluc-
tuations are within the permissible highest and lowest limits.
The justification is that distribution systems are designed
to keep the network voltages, line current, and transformer
loading within their rated values. Moreover, the conductors
(overhead lines) and transformer tap-changer are designed
to keep the voltage at the worst node within the standard
values (e.g., 0.9 pu to 1.1 pu) under normal operating con-
ditions. Therefore, any abnormal loading activity such as
widespread and simultaneous PEV charging will cause unac-
ceptable voltage drops especially at locations close to the
worst node.

This case is identical to case C with the difference of con-
sidering voltage profile of the worst node. The PEVs keep
charging their vehicles as long as the voltage variations of the
worst node are within an acceptable range. Figure 8 repre-
sents the simulation results of this case. The results show that
the loading of the distribution transformer is within the nom-
inal range (8a). Figure 8b, c present the worst node voltage
profile and the VUF, respectively. Also the CUF and battery
SOCare shown inFig. 8d, e, respectively.By comparingFigs.
7a and 8a or 7e and 8e, it can observed that the charging of
PEVs has distributed over nights rather than peak-demand
hours.

Therefore, by monitoring the voltage of worst node, the
decentralize coordination of PEVs can be achieved. How-
ever, due to lack of control the three phase network currents,
the unbalance factors in a network may raise upper the limit
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Fig. 5 Simulation results for Case A; a total three-phase distribution
transform apparent power; b worst node voltage profile (A20); c VUF;
d CUF; e battery state of charge
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Fig. 6 Simulation results for Case B; a total three-phase distribution
transform apparent power; b worst node voltage profile (A20); c VUF;
d CUF; e battery state of charge
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Fig. 7 Simulation results for Case C; a total three-phase distribution
transform apparent power; b worst node voltage profile (A20); c VUF;
d CUF; e battery state of charge
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Fig. 8 Simulation results for Case D; a total three-phase distribution
transform apparent power; b worst node voltage profile (A20); c VUF;
d CUF; e battery state of charge
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Fig. 9 Simulation results for Case E; a total three-phase distribution
transform apparent power; b worst node voltage profile (A20); c VUF;
d CUF; e battery state of charge
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Fig. 10 Simulation results for Case F; a total three-phase distribution
transform apparent power; b worst node voltage profile (A20); c VUF;
d CUF; e battery state of charge
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and cause further problems. Therefore, a new DC-PEV-CA
is applied to overcome these problems.

Case E: Coordinated DC-PEV-CA without consumer
preferences

The proposed DC-PEV-CA algorithm is applied in an
attempt to overcome the significant performance degrada-
tions observed with uncoordinated random PEV charging.
The transformer load profile is represented in Fig. 9a. In
this case instead of charging the PEVs at the same time dur-
ing the peak demand, vehicle charging are performed over
night to keep transformer loading within the safe margin.
Based on this figure, charging activities started with the first
PEV plugged- in at 3:30 pm, while the last plugged-in PEV
completed its charging about 2 am (Fig. 9e). Also the worst
node voltage profile iswithin the acceptablemargin (Fig. 9b).
Moreover, the VUF value (Fig. 9c) is controlled below the
standard range of 2 %. Figure 9d revealed how by charging
the PEVs, the value of CUF drops. A closer inspection of Fig.
9e shows that batteries are chargedwith three different charg-
ing rates (Eq. 4 and Fig. 2). Therefore, the PEV charging time
(duration) is not constant as it is based on network conditions.

Case F: Coordinated DC-PEV-CA with all consumers
selecting the green charging time zone

To consider practical citations with variable energy prices,
DC-PEV-CA allows consumers to provide their preferred
times to start PEV charging. In this case study, all consumers
have selected the green charging time zones. This case is
considering the most realistic scenario as most PEV own-
ers will try to take advantage of the cheap electricity price
during the early morning hours. At the same time, it is the
most challenging scenario for online coordination since all
vehicles will start charging at 1:00 am and it might not be
easily possible to fully charge all of them by 8:00 am. Simu-
lation results are presented in Fig. 10. As expected, the results
before 1:00 am are identical with the case without any PEVs
since all vehicles are being charged in the green time zone.
The transformer loading is shown in Fig. 10a. Due to coincid-
ing charging thePEVswith off-peakhours, there are no issues
with transformer loading. Figure 10b represents the voltage
profile of worst node with an acceptable minimum value of
0.93 pu. The VUF and CUF values are shown in Fig. 10c,
d, respectively. Note that the network is experiencing some
unbalances and theVUFvalue is slightly (about 0.1%) above
the limit of 2 %. This can be due to coinciding charging of
many vehicles in the green time zone. Figure 10e shows SOC
of batteries during the charging period. Despite the fact that
all PEVs started charging their batteries very late at 1:00 am,
the last PEV has finished charging around 8:00 am.

Conclusion

This paper highlights the detrimental impacts of random
PEVs charging on unbalanced distribution networkwith non-
uniform distributions of PEVs on the single-phase residential
feeders. The first approach consists of defining three charging
time zones with high, medium and low tariffs to encourage
PEV owners to shift their vehicle charging to off-peak hours.
Simulation results indicate that this approach will partially
solve the problem and the network will face difficulties if
most PEV owners select the red zone and start charging their
vehicles as soon as they arrive home. The second approach
is similar to the first one with the difference of considering
voltage profile of the worst node. Despite that the simulation
results show moderate improvements in grid performance
compared with the uncoordinated random PEV charging but
the systemmight experience some unbalances and there is no
guarantee to keep the unbalances in the networkwithin desig-
nated range. Finally, a novel decentralized coordinated PEV
charging algorithm (DC-PEV-CA) is developed for coordi-
nating the scheduling of multiple PEVs while considering
distribution and residential grid performances, including
transformer loading, voltage profile and unbalance factors.
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