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ABSTRACT This paper presents a practical solution to improve the performance and power quality of
the smart grid (SG) with a high penetration of plugged-in electric vehicles (PEVs). The random, mobile,
and time-variant PEV demands can overload lines, transformers, and distributed generations while the
collective impacts of their battery charger harmonicsmay increase the overall total harmonic distortion (THD)
of SG. To overcome these issues, this paper incorporates the optimal rescheduling of switched shunt
capacitors (SSCs) and their day-ahead schedules in a recently developed online maximum sensitivity
selection-based PEV coordination algorithm with the inclusion of harmonics. This will not only improve
customer satisfaction by fully charging all vehicles before 8 A.M. for the next day travel but also reduce node
voltage fluctuations, overall THD, and system losses. To check the performance of the proposed approach,
detailed simulations are performed on the modified IEEE 23-kV medium voltage distribution network with
seven SSCs and 22 low-voltage residential networks that are populated with PEVs with nonlinear battery
chargers and industry nonlinear loads.

INDEX TERMS PEV, online coordinated charging, SSCs, THD, battery charger and nonlinear loads
harmonics.

I. INTRODUCTION
The global trend to develop Smart Grids (SGs) with stylish
and complex technologies such as high speed bi-directional
communication networks, smart metering, real time mon-
itoring and online control of network assets is providing
opportunities for further improvement of the distribution net-
work performance by utilizing Renewable Distributed Gener-
ation (RDG) resources, Plugged-in Electric Vehicles (PEVs)
and Smart Appliances (SAs) [1]–[3]. However, there are
still unsolved challenges associated with transformation from
the conventional, centralized, producer-controlled and aging
power networks to the sophisticated decentralized, user-
controlled SG configuration. Recent investigations aim at
improving the performance and power quality of the grid
by implementing Demand Side Management (DSM), con-
trolling reactive power flow and considering the applica-
tions of Load Tap Changers (LTCs) and Switched Shunt
Capacitors (SSCs) as a conventional approach to deal with

the effects of load variations and reduction of system losses,
peak demand and voltage fluctuations [4]–[16]. Increasing
PEV penetration levels requires special consideration on their
impacts into distribution networks. Recent studies investi-
gated the impact of uncoordinated charging and the effective-
ness of a controlled coordinated PEV charging in SGs [17].

Many studies have shown the severe impacts of the cur-
rent harmonics on SG caused by industrial nonlinear loads
such as Adjustable Speed Drives (ASDs), Variable Frequency
Drives (VFDs) and switching converters or residential SAs
such as energy efficient lights and PEVs. The adverse effects
of harmonics can cause premature aging of distribution trans-
formers, or any power related issue in the grid such as
load and voltage variations, mal-operation of control devices,
power system losses or harmonic resonances [16], [18].
Some research resources use the common practice of
implementing passive, active or hybrid filters or de-rating of
components to resolve the power related issues and improve

148

2332-7707 
 2018 IEEE. Translations and content mining are permitted for academic research only.
Personal use is also permitted, but republication/redistribution requires IEEE permission.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. VOLUME 5, NO. 4, DECEMBER 2018

https://orcid.org/0000-0003-4097-6377


Deilami: Online Coordination of PEVs and Optimal Rescheduling

the power quality [18]. Further, recent studies investigated the
online/offline coordination approaches to mainly increase the
energy efficiency and grid performance [1]–[3], [19]. These
papers introduce different practical schedules with dynamic
energy prices for PEV owners to shift their charging schedule
to off-peak hours. The charging algorithms are classified into
distributed or centralized coordination scheduling which can
successfully reduce total system losses. Reference [8] is one
of the recent studies that presents an online PEV coordination
based on aMaximumSensitivity Selection (MSS) Algorithm.
The approach considers the random arrival of PEVs in terms
of time, location and penetrations to reduce the total cost of
system losses and generating energy and regulate the volt-
age variations. This reference ignores the current harmonics
injected by Electric Vehicle (EV) battery chargers which may
result in poor power quality and grid performance.

This paper considers the harmonic current injections by EV
battery chargers and industry nonlinear loads in the online
PEV coordination algorithm of [8] as well as the reschedul-
ing of SSCs. The aim is to improve the performance and
power quality of SG by offline dispatch of SSCs and online
PEV coordination considering battery charger and nonlinear
loads harmonics. The practical approach schedules the ran-
domly arrived PEVs such that all vehicle batteries are fully
charged and ready before 8am without exceeding the trans-
former loading, voltage regulation and power quality limits.
To do this, the online MSS based PEV coordination of [8] is
enhanced to first include the injected harmonic currents by
EV chargers and nonlinear loads [9]. The algorithm delays
PEV charging schedule to off-peak hours while successfully
charging all PEVs with low penetrations. This algorithm is
also modified to incorporate the day- ahead dispatch of SSCs
to ensure all PEVs with medium and moderate penetrations
are fully charged before 8am for their next day trip. The
algorithm is then iterated to minimize the errors associated
with the forecasted PEV demands and the THDv level of the
grid according to the standard [20].

II. PROBLEM FORMULATION OF
PROPOSED APPROACH
A. DECOUPLED HARMONIC POWER
FLOW CALCULATION
The Newton-Raphson based Decoupled Harmonic Power
Flow (DHPF) algorithm of [16] is implemented for modeling
and inclusion of nonlinear loads and nonlinear EV battery
chargers. To apply this model, the nonlinear loads including
the PEVs are modeled as current sources at fundamental
and harmonic frequencies [16]. The linear loads consist of
a resistance in parallel with a reactance. The DHPF is used to
calculate harmonic voltages and THDv levels of system.
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Where, the ratio of the hth harmonic current to its fundamental
is defined asC(h), P andQ are real power and reactive power,
and V (h) is the harmonic voltage. The voltage and THDv at
bus i are calculated by:
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B. FORMULATION OF OPTIMAL
SSCs DISPATCH PROBLEM
For the optimal dispatch of SSCs scheduling considering
harmonic distortion, the proposed Genetic Algorithm (GA)
of [16] is used. The objective function of SSCs scheduling is
the minimization of energy losses over 24-hour period con-
sidering switching constraints, voltage variations and THDv
limits [16], [20]. The optimal switching operations of shunt
capacitors at the substation and the distribution feeders are
determined based on Eqs. 6-7.
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where Eloss and Ploss are total energy loss and power loss
of the system. Qt is the status of SSCs and t is the time
interval (one hour);H, m, i and Ri, i+ 1 are highest harmonic
order, total number of nodes, node number and line resistance
between nodes i and i + 1; Here are the constraints for the
optimal solution:
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(Cnt ⊕ Cnt−1) ≤ Kc; n = 1, 2, ..., nc (10)

Vimin and Vimax are the minimum and maximum limits of
rms voltage at bus i respectively; THDvi and THDmaxv are the
distortion at bus i and maximum distortion level; Cnt and
KC present the capacitor n status at hour t and maximum
switching; nc is number of shunt capacitors.

C. NONLINEAR ONLINE PEV COORDINATION BY
MAXIMUM SENSITIVITY SELECTION (NOL-MSSCA)
CONSIDERING EV BATTERY CHARGERS,
NONLINEAR LOADS AND SSCs
For the formulation of online PEV coordination, the recently
implemented algorithm of [8] is enhanced to also include
harmonic distortions caused by EV battery chargers as well
as nonlinear loads [9]. This enhanced nonlinear online MSS
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based controlled charging approach is also modified to incor-
porate the SSCs. This approach is implemented to minimize
the cost of generating energy and system losses while reduc-
ing the THDv of the network and improving voltage profile.
The objective function is defined as [8]:

min Fcost = Fcost−loss + Fcost−loss
=

∑
t
KEPt.loss +

∑
t
Kt,GDt,total,

t = 1t, 21t, . . . 24hours (11)

where Pt,loss =
∑n−1

i=0 Ri,i+1
(∣∣Vi,i+1 − Vi∣∣ ∣∣yi,i+1∣∣)2

Fcost−loss and Fcost−gen are the costs associated with total
system losses and total generation while i and n are referring
to the node number and total number of nodes, respectively.
Vi in total system losses equation are calculated by the DHPF
and include fundamental and harmonic voltages. The time
interval for PEV coordination is 1t = 5 minutes for this
problem. KE = 50$/MWh presents the cost per MWh of
losses [2], and Kt,G refers to the cost per MWh of genera-
tion [22] as shown in Fig. 2.The minimization of objective
function is formulated based on the online MSS optimization
approach. This is a precise and fast optimization technique
which is used to calculate the sensitivity of Pt,loss to PEV
charging loads and Qt to the bus voltage profile at each time
steps of 5 minutes [8], [9], [21].

MSS t,i = ∂Pt,loss/∂PPEV ,i, i = 1, . . . , im (12)

MSSssc,i = ∂Qt/∂Vi, i = 1, . . . , im (13)

where MSSt,i is the maximum sensitivity of system losses to
PEV charging load at node i at time interval t and MSSssc,i
is the maximum sensitivity of system reactive power to the
voltage profile. The total number of PEVs is shown by im and
the power consumption is PPEV ,j for each PEV at node i. Note
that entries of the MSS vector of Eqs. 12 and 13 are extracted
from the real and imaginary entries of Jacobian matrix of
DHPF (Section A) [21]:

J =
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The following constraints are considered in the enhanced and
developed PEV coordination algorithm:

1Vk = |V k − Vrated |≤0.1pu, for k = 1, . . . , n
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where 1Vk is voltage variations at node k in per unit (pu)
which is limited to 1Vmax = 0.1pu. Dt,cor,max is the max-
imum demand (without any PEVs) at t = 1t; Vimin and r

are the minimum and maximum value of the harmonic rms
voltage at bus i(Virms); THDvi and THDmaxv are total harmonic
distortion level at bus i and the maximum harmonic distortion
value, respectively. H and i are the highest harmonic order
and the node number, respectively.

III. PROPOSED PRACTICAL APPROACH
The proposed approach is based on the recently implemented
MSS-based PEV coordination of [8] with the inclusions
of battery charger and nonlinear loads harmonics and opti-
mal day-ahead rescheduling of SSCs. This approach is an
online strategy that considers the random arrival of PEVs
in 5 minutes intervals within 24 hours as well as the current
harmonic distortion caused by EV battery chargers and non-
linear loads and the day-ahead schedules of SSCs. To apply
this algorithm, first SSCs are scheduled over 24-hour period
based on forecasted daily load curves of the residential net-
works populated with PEVs including their charger harmon-
ics. Secondly, the day-ahead SSC scheduling is incorporated
in the online coordination program. The flowchart of pro-
posed practical approach is provided in Fig. 1. It is based on
the following steps:
Step 1 (Execute NOL-MSSCA With Battery Charger Har-

monics and Random EV Plugging): The recent online PEV
coordination algorithm of [8] is developed and modified to
include the nonlinearities of the EV charger and their har-
monics [9]. The simulation results of this approach are used
to forecast the coordinated PEV daily load curves. Note that
EVs are mostly charged according to their defined priorities
to fulfill customer satisfactions. Therefore, the high priority
EVs are charged as quickly as possible while the service to
the remaining PEVs are shifted to off-peak hours to reduce
the cost and THDv. The calculated PEV load curves will be
used in Step 2 as the forecasted daily EV demand to generate
day-ahead SSC schedules.
Step 2 (Optimal Dispatch of SSCs Using Forecasted Daily

PEV Demands): Using the forecasted EV demand of Step 1,
the GA of [16] is executed to perform optimal dispatch
and generate the day-ahead SSCs schedules. This algorithm
checks the status of the switching capacitors at each hour
and schedules the SSCs for the next 24-hour period (off-line
approach).
Step 3 (Execute Nonlinear Online Approach With Battery

Charger Harmonics, Random EV Plugging and Day-Ahead
SSC Schedules): The day-ahead SSC schedules of Step 2 are
incorporated in the proposed enhanced online PEV coor-
dination algorithm that considers EV battery chargers and
nonlinear loads. As such, the sensitivity of the reactive power
to bus voltages will also be considered. The SSCs are installed
and switched based on their initial day-ahead schedules to
improve the node voltage profiles and grid power quality. The
constraints are checked and PEVs are scheduled according to
the nonlinear online PEV coordination.
Step 4 (Repeat Steps 1-2 to Generate Stable Day-Ahead

SSC Schedules): Since the forecasted PEV demands of Step 1
is calculated (by nonlinear online coordination approach)
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FIGURE 1. Proposed practical approach for online PEV coordination and rescheduling of SSCs in SG considering EV battery chargers
and nonlinear loads’ harmonics.

based on random arrivals (plugging) of EV, Steps 1-2 will
be repeated until the THDv conditions are met and the SSC
dispatch are almost stable (unchanged).

The proposed practical solution approach of Fig. 1 consid-
ers the following ideas:
• The proposed nonlinear online PEV coordination
approach is implemented to reduce the cost of power
losses and THDv levels while improving the efficiency
of SG considering impacts of PEVs on grid power
quality conditions.

• PEVs are charged based on their priorities when they
randomly arrive to ensure customer satisfaction. The
online algorithm postpones charging of some EVs
(mostly low andmedium priority consumers) by shifting
them to off-peak hours to reduce the cost and power
quality constraints.

• The incorporation of optimal day-ahead SSC scheduling
of Step 2 helps to fully charge the PEVs even at high
penetrations without exceeding the node voltage and
grid power quality limits.

• Although the optimal day-ahead SSC schedule improves
customer satisfaction, it may not be the ideal solution
for keeping the THDv within the allowed standard level.
This is due to the fact that random arrival and fore-
cast of PEVs and their daily load curves are used as
the initial input. The algorithm uses a random arrival
combination of EVs that will change at each itera-
tion. To reduce the abovementioned errors and possible
issues associated with the day-ahead EV forecasting,
an iterative approach is proposed by repeating Steps
1-2 until the ultimate solution (stable SSCs dispatch)
is obtained and the THDv level is below the standard
limit of 5%.

FIGURE 2. Variable short-term market energy pricing [9], [22].

IV. THE MODIFIED SMART GRID
TEST SYSTEM WITH PEVs
For the simulations and analysis of this study, the IEEE
31 node 23 kV distribution test system [23] is modified to
include 22 Low Voltage (LV) 19 nodes residential network.
The residential networks are populated with different PEV
penetration levels based on a real system data of a neighbor-
hood in Western Australia [8]. The LV residential systems
are supplied from the High Voltage (HV) main buses via
23 kV/415 V distribution transformers. The modified system
under study includes 449 nodes, PEVs, nonlinear loads and
SSCs as shown in Fig. 3. The daily residential load curves
of [8] and energy market price of [22] have been consid-
ered for this study. Fig. 2 shows the Western Australia tariff
in 2018 [9], [22].

V. PEV BATTERY CHARGERS
For realistic modeling of EV charging, a Nissan Leaf
model with rated battery capacity of 24 kWh is considered.
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FIGURE 3. The 449 node smart grid system includng the IEEE 31 node 23kV system with 22 low voltage 415V residential feeders,
7 switching capacitors and 63% nonlinear PEVs showing high, medium and low priority consumers in red, blue and green colors
paying very high, moderate and very cheap tariff rates, respectively.

TABLE 1. Typical low order harmonic current spectrum of EV
chargers and nonlinear loads [9], [16], [24].

The charging rate is assumed 3.3 kW with level 2 charg-
ing (208 V/16 A) and efficiency of 88%. It is important to
consider the impacts of nonlinear charging circuitry installed
in PEVs on the power quality of SG. Recent researches have
already started looking at the harmonic distortions caused
by AC-DC charging circuitry but they have not considered
the harmonic current injected by EV battery chargers. In this
paper, harmonic current spectrum of Nissan Leaf EV chargers
and nonlinear loads are included in the proposed approach
to practically test and simulate the impacts of harmonics in
power quality of the system as shown in Table 1 [16], [24].
The chargers are modeled as harmonic current sources (non-
linear EV loads) in DHPF algorithm. The algorithm can adapt
easily to consider different harmonic spectrums.

VI. SCENARIOS AND DISCUSSIONS
The new NOL-MSSCA is performed on the modified SG
system of Fig.3 considering online PEV coordination with
the day-ahead SSC rescheduling. The case studies include
the simulation results of the new approach with and without
SSC scheduling and after number of iterations. The charging
zones are defined as red zones (18h-22h), blue zones (22h-1h)
and green zone (1h -8h) for low, for low, medium and high
priorities respectively. The results are shown in Figs. 4-6 and
Tables 2 and 3. The nonlinear online algorithm uses the
maximum sensitivity selection approach (sensitivity of losses
to the PEV loads and sensitivity of reactive power to the
voltage profile) to sort the PEVs in MSS vectors accord-
ingly considering their priorities (red, blue and green zones).
As indicated in Figs. 4-5, this algorithm let PEV owners with
high priority (red zones) to charge their vehicles as soon as
they arrive home after work. Therefore, these consumers pay
high tariff. Then PEVs with medium and low priorities (blue
and green zones) will be charged respectively.

A. SCENARIO 1- NONLINEAR ONLINE PEV
COORDINATION WITHOUT OPTIMAL
DISPATCH OF SSCs
The nonlinear online approach is implemented to investigate
the impacts of EV charger harmonics on SG. In this sce-
nario, the SSCs are not installed. The algorithm can success-
fully keep the THDv level within the permissible standard
limit by shifting the charging of PEVs to off-peak hours.
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FIGURE 4. Simulation results for scenario 1– Online PEV coordination (NOL-MSSCA) without SSCs scheduling: PEV power
consumption (with and without harmonics) and THDv (a-c): 32% PEV penetration; (d-e): 47% PEV penetration; (g-i): 63% PEV
penetration.

As indicated by the simulation results of Fig. 4 and Table 2,
the THDv levels for both medium and high PEV penetra-
tions are almost within the allowed standard limit of 5%.
However, NOL-MSSCA is not able to fully charge all
PEVS before 8am. This deficiency is demonstrated in
Figs. 4(e) and 4(h) for medium and high PEV penetrations
of 43% and 63% (comparing controlled charging with and

without THDv) indicating there are a few unattended vehi-
cles in the PEV queue table (22 and 43 PEVs for 43% and
63% PEV penetrations). As mentioned before, this is a defi-
ciency of Step 1 (NOL-MSSCA) which is resolved by includ-
ing Steps 2-3 in the proposed solution approach of Fig. 1.

Therefore, the algorithm fails to fully charge all PEVs
before 8am in the morning for medium and high PEV
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FIGURE 5. Simulation results for scenario 2 and 3– Online PEV coordination (NOL-MSSCA) with SSCs scheduling: PEV power
consumption (a): 47% PEV penetration (first iteration); (b): 63% PEV penetration (first iteration); (c): 63% PEV penetration (seventh
iteration).

FIGURE 6. Simulation results for scenario 2 and 3– Online PEV coordination (NOL-MSSCA) with SSCs scheduling: THDv
(a): 47% PEV penetration (first iteration); (b): 63% PEV penetration (first iteration); (c): 63% PEV penetration (seventh iteration).

TABLE 2. Simulated case studies of online PEV
coordination (NOL-MSSCA) considering harmonics
without and with (SSCs).

penetrations since it keeps postponing charging schedule to
early morning hours due to voltage and THD constraint
violations.

B. SCENARIO 2- NONLINEAR ONLINE PEV
COORDINATION WITH OPTIMAL
DISPATCH OF SSCs
In this scenario, the NOL-MSSCA of scenario 1 is imple-
mented to calculate (forecast) the day-ahead load curves
of residential feeders with different PEV penetrations. The
forecasted PEV daily load curves are then incorporated in
GA optimal dispatch program of [16] to generate day-ahead
schedules of SSCs. This SSC rescheduling is the day-ahead
dispatch and will be included in the NOL-MSSCA algorithm
to improve its performance. As indicated in the results of
Figs. 5-6 and Table 2, the day-ahead schedules of SSCs will
significantly help NOL- MSSCA to fully charge EVs by
8am. However, they may not be able to completely keep the
THDv of the entire system below the standard level of 5% for
medium and high PEV penetrations.

C. SCENARIO 3- NONLINEAR ONLINE PEV
COORDINATION WITH OPTIMAL DISPATCH
OF SSCs AFTER ITERATION
The simulation results of scenario 2 indicate that the incor-
poration of optimal SSCs dispatch schedule in the online
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TABLE 3. The day-ahead schedules of SSCs for test system of Fig. 3 with nonlinear PEV coordination (After 7 iterations).

PEV coordination can successfully meet the customer sat-
isfaction by fully charge the PEVs before 8am; however,
the power quality conditions are not met according to the
standard limits [20]. The reason may be the random arrival
of PEV and the forecast of PEVs as initial input in the
optimal SSC scheduling algorithm. Therefore, in this case,
Steps 1-2 of the proposed approach are repeated considering
random arrival of PEVs at each iteration. This will resolve
the errors associated with the initial assumptions and inputs
of the algorithm by keeping the THDv within the standard
limits. Simulation results show that after 7 iterations, all
PEVs are fully charged (Fig. 5c), THDv levels are within the
permissible level (Fig. 6c) and the SSCs schedules are almost
stable (Table 3) even for high PEV penetrations.

VII. CONCLUSION
A practical approach for online PEV coordination incorpo-
rated with offline SSCs rescheduling is proposed that reduces
generation cost and charges all EV batteries while designating
limits for transformer loading, voltage regulation and har-
monics distortions. The recently developed algorithm of [8]
is first enhanced to include the harmonics, then modified
to incorporate the day-ahead optimal SSC scheduling and
finally iterated to properly minimize the errors caused by the
random arrivals and forecast of PEVs as the initial inputs of
the algorithm. Simulation results are presented in Figs. 4-6
and Tables 2 and 3. The main conclusions are:
• Inclusion of charger harmonics makes the online PEV
scheduling problem more complicated due to the addi-
tional THD constraints. However, the modified algo-
rithm can successfully charge all EV batteries at low and
medium PEV penetration levels. It will keep the THDv
level within the standard limit of 5% while controlling
the voltage variations and minimizing the cost of gener-
ation. However, the algorithm may not fully meet cus-
tomer satisfaction at high PEV penetrations and fails to
fully charge all EV batteries before 8am. This is mainly
due to the impacts of harmonic current injections by
EV chargers that could lead to unavoidable high THDv
levels and incomplete PEV charging schedule especially
with medium and high PEV penetrations during peak
hours.

• To avoid this, the day-ahead SSCs scheduling with
the consideration of harmonics are incorporated in the

online PEV coordination algorithm. Detailed simulation
results demonstrate fine performance and acceptable
results of the proposed algorithm at medium and moder-
ate PEV penetrations. However, the THDv levels are still
above the acceptable standard limit at high penetrations
of PEVs due to errors in the forecasted next-day PEV
loading.

• To resolve the issue, a simple approach is implemented
by iterating the algorithm (Steps 1-2) to reschedule the
optimal SSC dispatch. The idea is to re-install the SSCs
based on the new rescheduling dispatch and minimize
the errors by repeating the algorithm. The iterative pro-
cedure stops when the THDv level is within the standard
limit of 5% and the SSCs scheduling are almost constant.
The simulation results show that the algorithm stops
after 7 iterations.

• Therefore, the proposed strategy of Fig. 1 can success-
fully resolve the harmonic distortions issues andmanage
the PEV charging schedules based on the PEV owners’
desire.
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