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Abstract: The integration of plug-in electric vehicles (PEVs) in residential distribution networks
demands a significant amount of electrical load where random and uncoordinated charging affects
the quality and performance of the distribution network. Random and uncoordinated charging may
increase the peak demand and can increase stress on critical network assets such as line, transformer,
and switching devices. Moreover, the charging of PEVs in a low network reduces the voltage of
the system below the lower limit. On the other hand, using PEVs as storage in the V2G mode
can improve the network condition. Therefore, it is critical to properly manage the charging and
discharging operation of PEVs. This paper proposes a multi-objective-based charging and discharging
coordination of PEVs with the operation of the capacitor and on-load tap changer (OLTC). With the
proposed strategy, the distribution network is operated safely, and charging is ensured for all PEVs
connected to the network. The main consideration of this research is to reduce the daily power loss,
operational cost, and voltage deviation of the system. The metaheuristic optimization binary firefly
algorithm (BFA) has been applied to coordinate PEV charging and discharging as well as capacitor
and OLTC operation in the system. A modified IEEE 31 bus 23 kV distribution system is used to
implement the proposed strategy. From the obtained results, it is found that the combined PEV
charging and discharging coordination with capacitor and OLTC operation reduces the power loss
and cost by 34.16% and 12.68%, respectively, with respect to uncoordinated charging and enhances
the voltage condition of the network.

Keywords: charging coordination; cost minimization; discharging coordination; plug-in electric vehicle

1. Introduction

Plug-in electric vehicles have gained popularity as an alternative to internal combus-
tion engine vehicles to assure clean and environment-friendly transportation. A survey
study conducted by the International Energy Agency forecasted that there would be about
100 million PEVs worldwide by the year 2035 [1]. The mass integration of PEVs into the
residential distribution network brings challenges to the electrical distribution network by
creating additional load demand. There are several factors, including PEV charging time,
charger capacity, charger location and PEV penetration [2], that can affect the distribution
system performance. The random PEV charging strategy, which is widely known as unco-
ordinated charging, can cause distribution transformer overload, create enormous power
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loss for a sudden period due to the excessive power demand of PEVs, lead to large voltage
deviation, and increase the operational cost of the distribution network [3,4].

The influence of PEV charging on the distribution system can be minimized by co-
ordinating the PEV charging activities, which is known as a coordinated smart charging
infrastructure. In such effort, different metaheuristic techniques such as particle swarm
optimization [5,6], firefly algorithm [7], artificial bee colony [8,9], harmony search algo-
rithm [10], and genetic algorithm [11,12] are applied. In addition to that, during PEV
charging coordination, different objectives such as minimization of distribution system
power loss [13,14], voltage deviation [5,15], PEV charging cost and total operational cost
of the distribution system [6,16], regulating the voltage and providing ancillary services
have been achieved. Optimal charging time-based PEV charging coordination is proposed
in [17]. Based on departure time, PEV charging is scheduled in such a way that lower
tariff time PEV charging received priority. Through this strategy, power loss is reduced
and PEV charging activities during the lower tariff time also reduce the charging cost.
A workplace-based PEV charging coordination is developed in [11] for the employees.
In this research, it has been found that for fast charging, the probability of integrating
maximum PEVs is reduced with the strategy of reducing the daily total cost of the system.
Moreover, it is seen that slow charging is feasible for integrating a maximum number
of PEVs with the objective of reducing the peak to average ratio of power demand. An
on-line hybrid fuzzy discrete particle swarm optimization is applied in coordinating PEV
charging focusing on minimizing power loss and maximizing the delivered power supply
to the PEV [13]. This strategy distribution system is capable of connecting the maximum
number PEVs while maintaining the maximum power demand constant. The load man-
agement strategy with PEVs in a residential distribution network aimed at peak shaving
and minimization of power loss with voltage regulation of the system, which is proposed
in [14]. PEV charging will be coordinated in such a way that the power consumption curve
of the system becomes flattened. A Time-of-Use (TOU) electricity tariff can be applied
to lessen the cost of PEV charging along with the distribution system operational cost.
In this method, PEV users are motivated to charge their vehicle in the off-peak hours.
However, a large number of PEV charging during the off-peak period may overload the
transformer if the activities of PEV charging are not properly managed.Considering this
issue, a metaheuristic technique-based PEV coordination strategy is developed [6] for
minimizing the cost of the distribution system using a TOU electricity tariff. In [15], a
real-time smart load management using maximum sensitivity selection is proposed. This
strategy reduces the daily power loss along with the generation cost of distribution system.
A fuzzy-based PEV charging coordination is developed in [16] to reduce the total cost.
The authors aimed to reduce the total cost of the system by minimizing the power loss
of the system. Several research studies on optimization-based PEV charging techniques
are proposed to coordinate PEV charging addressing the under-voltage scenario along
with the peak power consumption [18-20]. Furthermore, in the low-voltage distribution
network, the integration of PEV has had much impact on the voltage profile. To maintain
the voltage constraints and improve the performance of the system, a variable charge-rate
PEV charging method is proposed in [21]. However, the variable charge-rate may decrease
the charging efficiency and require a longer time span. A switchable capacitor and OLTC
operation in a distribution network can increase the voltage of the distribution network [22].
Following this strategy, the capacitor and OLTC operation is incorporated with a fixed
rate PEV charging coordination to enhance the voltage profile of the system during PEV
charging coordination [5]. A specific PEV charging period is considered for optimal PEV
charging coordination in [23]. In this method, distribution generators provide the extra
power which is required for PEVs after utilizing the maximum power demand constraints.
Moreover, distribution generators also enhance the voltage profile and reduce the power
loss of the distribution network.

Furthermore, PEVs can provide a unique vehicle-to-grid (V2G) service due to having
storage capacities. When PEVs are connected to the distribution network, power can
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be supplied to the grid [24] by discharging from PEV batteries. The conception of the
V2G application may expand the performance of a distribution network regarding system
efficiency, generation dispatch, reliability and stability [25,26]. An energy resources man-
agement strategy with PEV integration is proposed in [27]. Based on the electricity price,
charging—discharging cost is calculated to find an economical operation of the system pro-
viding reserve capacity by PEVs. An event-triggered scheduling strategy for V2G operation
is conducted to reduce the overall load variance in a smart grid [28]. To ensure the power
transmission safety of branches, an optimization model of PEV charging and discharging is
proposed in [29]. Moreover, this model also reduces load fluctuations and maximizes the
PEV owner’s benefit. In order to optimally transfer power between PEV and the grid, the
authors [30] recommended a multi-objective genetic algorithm model with the objective of
voltage regulation and load flattening. Furthermore, an adaptive neuro-fuzzy inference
system is implemented to maximize the use of storage from PEV batteries and minimize
charging cost. Two PEV charging strategies with the objective of load curve shaping are
proposed in [31] where a PEV charging and discharging coordination method are found to
be more effective than only the charging method. A parking lot-based PEV charging and
discharging coordination of PEV is studied in [32]. Different time periods are considered
for the charging and discharging of PEVs such as charging when the energy cost is lower
and discharging when the energy cost is higher. Through this strategy, the profit of the
parking lot is increased.

Most of the researchers have studied only the PEV charging coordination in the
distribution network. However, with the development of technology, the V2G strategy
allows PEV batteries to send back power to the grid, and the application of V2G helps
to build a set of instantly available distributed storage devices [24,25,27-32]. In addition,
to improve the mileage of PEV, a higher capacity battery is starting to be used, and for
that, a higher capacity charger (6.6 kW and 7.2 kW) is starting to be utilized, which is only
considered in [5,6,13,21]. In the peak hours, PEV discharging operation in a residential
distribution network can be provided by the V2G strategy. At the same time, the integration
of a higher capacity PEV charger imposes a negative impact, such as increasing power loss
due to high power demand and decreasing the voltage of the network during the PEV
charging activities. Moreover, the coordination of PEV with multi-objective functions such
as reducing the power loss, total cost and voltage deviation of a system is not covered
previously in the literature. Thus, the multi-objective coordination of PEV charging and
discharging with a variety of charger capacity in a residential distribution network is
imperative to analyze the impact of integrating various capacity PEV chargers. In addition,
there is no research available in the literature regarding PEV charging and discharging
coordination that utilizes capacitor and OLTC operation to maintain the voltage constraints
at the end buses. Considering the boundaries of the previous work, this paper proposes a
multi-objective charging and discharging coordination of PEV in a residential distribution
network integrating capacitor and OLTC operation.

The contributions of the paper are summarized as follows:

(i) Multi-objective PEV charging and discharging coordination is developed minimizing
power loss, voltage deviation and the total cost of the distribution system.

(if) According to the departure time, we propose a strategy that provides PEV charging
with lower cost.

(iii) Integrating capacitor and OLTC operation with charging and discharging coordina-
tion of PEVs to ensure charging for all PEV users in the distribution network.

The rest of the paper is organized as follows: the mathematical formulation of the
developed charging and discharging coordination and system constrains is presented in
Section 2. The methodology of the proposed study is described in Section 3, where the BFA
optimization technique and AHP method for weighting factor determination are described.
In Section 4, the computational procedure of BFA implementation in developing PEV
charging and discharging coordination with capacitor and OLTC coordination has been
described. Then, Section 5 contains the test system and modeling of PEV for the system.
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Simulation results for different case studies are presented in Section 6. In the same section,
statistical analysis of different case studies and comparison of the proposed study with
other studies are presented. Lastly, Section 7 contained the conclusion of this paper.

2. Problem Formulation

In this paper, the main objectives are to minimize the power loss, total daily operational
cost, and voltage deviation of the system. The total daily operational cost is minimized by
minimizing power loss and charging PEVs at a lower tariff period. Capacitor switching
and OLTC adjustment are employed in order to enhance the voltage profile of the system.
To obtain a near-real-time scenario, simulation is performed with 5 min intervals. Thus,
there are a total of 288 timeslots in one day.

2.1. Objective Function

The fitness function of the multi-objective optimization procedure can be formulated as:
F = min(wy x Pjoss +wy x TC + w3 x AV) (1)

where Pjoss is the total power loss of the system, TC is the total daily operational cost of
the system and AV is the voltage deviation. In multi-objective optimization, wy, wp, w3 are
the weighting factor for three considered objective functions, respectively. The objective
functions are mathematically formulated as follows:

Objective function 1 (OF1): The total power loss of the system is represented by-

timeslot

Poss= Y. (I}; X Ry) @)
i=1

Here, I}, ; is the current of branch b at timeslot i and the resistance of the branch is R;,.

Objective function 2 (OF2): The total cost of the system is the daily operational cost
of the system, and it is determined by summation of the cost of total energy consumption
with the cost of power loss in every timeslot that can be expressed as

288

TC =Y ((Prsp X Tr) + (Ppev X Tpev) + (Ploss X Tioss)) 3)
i1

Prsp is the residential power demand, and Ppry is the PEV charging and discharging
power. The cost of PEV is positive during charging, while in the case of discharging, the
cost is negative. Ty is the tariff for residential load, Tpgy is the charging and discharging
tariff, and Ty, is the tariff for power loss. For a single PEV, the charging and discharging
power can be found by Equations (4) and (5).

1

pich . !
PEV = CHGy X (Soct Socmm) x Charger Ef ficiency (5)

where the kth PEVs charger capacity is Chgy. SOC; is the state of charge (SOC) at time £,
SOCy,i is the minimum and SOC, is the demanded SOC for a PEV, respectively.

Objective function 3 (OF3): The difference between the rated voltage and real voltage
is termed as voltage deviation, which is denoted by

Viated—Vi
Vi

AV = Max!"( -) (6)

The rated voltage V.4 for this system is considered as 1.0 p.u., and the real-time voltage
at the ith node is V;. There are m numbers of nodes in the system.
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2.2. System Constraints

(a) Power balance and maximum demand

Pg(ty = (Prsp + PrEv): @)

P is the power consumption from the grid. Ppry is positive at the time of charging and
negative at the time of discharge.

(b) Bus voltage: To assure the quality of power and secure operation of the distribution
network, the allowable maximum and minimum voltages are defined as:

Vmin < Vb < Vinax (8)

Vj is the bus voltage at time t. V,;;, and Vj,x are the lowest and highest acceptable voltage
limit. In this research, maximum voltage deviation is considered 0.1 p.u.

(c) State of charge (SOC): The fractional amount of energy remaining in a PEV battery
is regarded as the state of charge of the respective PEV battery.

SOCyin < SOCt < SOCpax )

SOC; is the SOC of PEV at time t, SOC,,;,, is the minimum SOC during PEV discharging,
and SOCy is the full charge SOC demanded by the user.

(d) Number of capacitors switching in a day The capacitor in a secondary bus could
be switched more than once. In this strategy, capacitor switching is coordinated hourly.
The number of capacitors switching of one day can be expressed by

24
CS,h 2] Cs,hfl < Csm (10)
h=1
where the capacitor status at hour his C j,). Cs is the maximum capacitor switching in
a day.
(e) OLTC switching in a day: The maximum number of switching can be given by,

24
Y Tapy, — Tapy,_1 < K; (1)
h=1

where Tapy, is the tap position for hour & and K; is the highest acceptable number of OLTC
switching for one day.

3. Methodology

The proposed research aims to develop an optimal PEV charging and discharging
coordination using multi-objective metaheuristic optimization with the simultaneous coor-
dination of capacitor switching and OLTC adjustment. In achieving the fitness function
in Equation (1), the binary firefly algorithm (BFA) is used as an optimization technique to
develop a near real-time (considering an interval of 5 min) PEV coordination in the distribu-
tion network. A time-of-use electricity tariff is used to minimize the total daily operational
cost of the system. The proposed method is implemented in a residential distribution
network provided with the smart grid facility with bi-directional power and communica-
tion architecture. The control and power flow with the communication architecture of the
developed strategy is illustrated in Figure 1.

3.1. Optimization Framework

The firefly algorithm, inspired by the flashing behavior of fireflies, is a nature-inspired
metaheuristic optimization technique proposed by Xin-She Yang in 2007 [33]. As well
as particle swarm optimization, genetic algorithm, and evolutionary programing, the
firefly algorithm (FA) is also a population-based metaheuristic optimization algorithm.
On the other hand, FA differs from other optimization strategies in terms of modifying



Energies 2023, 16, 2172

6 of 20

the parameters with less dependency on the algorithm, and there is an accurately defined
search space [7].

Distribution system
operator

A

—————————— »  PEV charging and discharging coordination

Updating PEV information, and
charging/discharging decision

Bidirectional e
charger e ]

s

Distribution network

A

A

Communication line €= — —p

Power flow 4——p

Figure 1. Schematic diagram of PEV coordination in a smart residential distribution system.

BFA is identical to the firefly algorithm, and the basic change is in the equation of
changing the location of a firefly [34]. The following assumptions are considered during
the implementation of the binary firefly algorithm.

¢ All the fireflies are regarded as the same gender and attract each other.

*  The attractiveness between two fireflies is proportional to the brightness where bright-
ness varies according to the distance between two fireflies. The objective function is
used to calculate the brightness. Brighter fireflies are attracted by the bright fireflies.

®  The fireflies will move randomly if any firefly with more brightness is not available.
In the search space, the distance of two fireflies, ith and jth, can be calculated from the
vector operation executed in Cartesian framework that can be expressed by

i = 1Y = Yill = | Y (Yia—via)? (12)

a=1

Here, 7 is the distance between two fireflies. The dimension of the vectoris S. Y;  and Y 4
are the dth dimensions of Y}, Y; fireflies, respectively.

The attraction between two fireflies is decreased when they moved in the opposite
direction; thus, the separation between two fireflies is increased. The attraction between
two fireflies can be described by:

Br = Bo x exp(—yr");m > 1 (13)

B(r) is the attractiveness at distance r and ) is the attractiveness at r = 0. 7 is the
light absorption coefficient, and m represents the firefly’s number, which is set as 2.

The bright firefly moves to the brighter firefly. The movement of a bright (jth) firefly
to the brighter (ith) firefly can be represented by:

Yi(t) = Yi + o x exp(—yr™);m x || = Yl +V; (14)

V; = ¢ (rand — 0.05) (15)

In Equation (14), the first term Y; defines the instant position of the firefly j. The second
term expresses the strength of brightness since jth firefly is attracted to the ith firefly. v; is
the end term that presents the movement of the jth firefly through the whole search space if
it failed to find any fireflies with higher intensity. Moreover, J is a randomization parameter
which is a fixed value within the scale of 0-0.5.
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When the firefly j moves to firefly i, the position of firefly j is changed to a real number.
Hence, it needs to change the real number to a binary number. The Sigmoid function is
used to transfer the continuous number to a binary number.

)= 1+2*W' (16)

The changed position of firefly j is determined by the following piecewise relation.

P! ¢ < S(Y;)
wo-{, 4250 )

3.2. Analytic Hierarchy Process

Satty [35] has developed a systematic multi-criteria decision-making technique which
is termed as analytic hierarchy process (AHP) and applied in different fields as well
as power systems [36,37]. In this research, each objective function’s weighting factor is
determined by employing AHP. The procedures of determining weighting factors using
AHP are described as follows.

Considering each objective function as a criteria and setting the priority among the
criteria, a pair-wise comparison matrix, which is termed as the criteria matrix PM_iteris,
(n x n), is derived for the number of criteria n and presented in Equation (18).

Criteria,g Criteria,p Criteria,s

1 Crz.terz'anl Crz.terz.anl Criteria,
c Criteria,p grzterzang

riteria riteria o

[PM,riteria] = — 2 1 ——" 2 Criteriay, (18)

Criteria o Criteriay3

Criteriays  Criteria,s o

1 Criteria,s

Criteria,,  Criteria,

The approximate method is applied to calculate the weights of each criterion because
of its simplicity rather than the exact method. The normalization matrix NM_yiteris is
calculated from the criteria matrix using Equations (19) and (20).

criteriaomn = [Lcolumny Y columny Y columns] (19)
R — (PMcriteria)i (PMcriteriu)i (PMcriteriu)i
NMC””@”“ - [ Y columny Y columny Y columns (20)

where the criteria numbers are indicated by i = 1, 2, 3 row wise. Using the normalization
matrix, the weighting factors (wj, wy, w3) are determined by calculating the average of
every row employing the subsequent equation.

w1 )3 (NMcriteria)j/nO. Of criteria
wa| = | L (NMeiteria)j/ n0. of criteria (21)
w3 Z (NMcriteria)j/nO. Of criteria

where the criteria numbers are indicated by j = 1, 2, 3 column wise. Determination of the
consistency ratio (CR) of the pair-wise comparison matrix is obligatory when the weighting
factors are calculated. The method of determining the CR is presented in [38]. To continue
the AHP process, the value of CR must be 0.10 or less.

In this study, three criteria—power loss, operational cost and voltage deviation—are
being considered. The AHP model of power loss, operational cost and voltage deviation
for the proposed method and the criteria matrix is shown in Equation (22).

Prss Cost dou
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1
PMcyiteria = % 1 2 Cost (22)
1 1
3 2 dv

After solving Equation (22), the weighting factors are found as w; = 0.6196, w, = 0.2243
and w3 = 0.1560. The consistency ratio (CR) of the proposed comparison matrix is 0.0942.
It can be said that the pair-wise comparison matrix is free from inconsistency, since CR is
smaller than 0.10. Consequently, the analysis of AHP of the proposed study is valid.

4. Computational Procedure of the Proposed Method

The proposed computational procedure of PEV coordination, capacitor and OLTC
adjustment is described in the following sections.

4.1. Computational Procedure of PEV Charging and Discharging Coordination Using BFA
The following steps are:

e  Step 1: All the required data, both distribution network and PEV, are taken as input.
Optimization parameters are also set.

¢  Step 2: Fixed the timeslot at f = 1 and create the initial population of fireflies in binary
form for arrival of every PEV. Each firefly expresses the status of PEV chargers where
“1” denotes that PEV connected to the system and “0” indicates that the charging or
discharging of the corresponding PEV did not start or has already completed.

e  Step 3: In every iteration, the power loss of the network and voltage level of every
node is determined by executing backward forward load flow. The fitness function
(Equation (1)) is evaluated.

e  Step 4: According to the light intensity (fitness), the populations are ranked. Among
them, the best value is determined.

e  Step 5: Updating all the fireflies and rank the movement by considering the constraints
using (12) to (17).

*  Step 6: Repeat step 3 to step 5 until the maximum number of iterations is achieved.

¢  Step 7: Determine the best combination, and the charging—discharging decision of
each PEV is sent to a residential charging station by using a smart bidirectional
communication system.

¢  Step 8: The timeslot is updated, and disconnect the fully charged PEV/PEV discharged
to a minimum level of SOC. In addition, consider those PEVs which did not connect
in the previous timeslot and newly arrived PEVs at the present timeslot.

The flow chart of thecharging and discharging coordination of PEV using the BFA is
presented in Figure 2.
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Input distribution network data, residential load data and
PEV data

Weighting factors, BFA parameters with no. of population
and maximum number of iteration

v

| Timeslott=1 |

»|

i

Generate random population of the fireflies representing the
PEV status

v
Run the load flow

Are the constraints
complied?

Yes

Calculate the objective functions and evaluate the fitness
function

v

Update the position of fireflies

v

Evaluate the new solution and update the light intensity
determined by the objective function

Rank the fireflies (PEV charger combination) and find the
current best

Yes
Update the timeslot and PEV battery status

v
Disconnect the fully charged/discharged PEVand find out
the new arrival PEV

Max timeslot?

Yes

Figure 2. Flow chart of the PEV coordination with BFA algorithm.

4.2. Computational Procedure of Capacitor Switching and OLTC Adjustment with BEA

The following steps are:

e Step 1: Input the network data, size and position of the capacitor in the network.
Furthermore, the charger position with respective voltage is also taken.

*  Step 2: Generate the initial population of the fireflies where each firefly describes the
status of the capacitor. Each firefly as “1” expressed that a capacitor is in operation,
and each firefly as “0” indicated that the capacitor is turned off.

e Step 3: Calculate the objective functions and fitness function.

e Step 4: According to the light intensity (fitness), the best value is determined and saved.

e Step 5: Update all the fireflies (change the switching combination) and rank the
movement by considering the constraints using Equations (12)—(17).

*  Step 6: The steps are repeated from step 3 until the maximum iteration.

*  Step 7: Find out the best combination of the capacitor switching, and according to
the voltage attained, the tap changer position is adjusted in accordance with 0.00625
voltage changes for each tap position.
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The flow chart of the capacitor switching and OLTC adjustment using BFA is presented
in Figure 3.

Input the network data, line data, bus data, load data with PEV, capacitor data,
OLTC data and constraints of the system

v

Insert the optimization parameters with no. of population and maximum no. of
iteration

Generate initial population fireflies representing the combination of capacitor
switching and initialize tap position

Calculate the objective function

v

Update the position of firefly and update the light intensity determined by the
objective function

v

Rank the fireflies and find the current best combination

Determine the capacitor switching schedule, OLTC adjustment and
hour=hour+1

No

Hour=24?

Yes

Figure 3. Flow chart of the capacitor switching and OLTC adjustment with PEV coordination.

It is considered that once a PEV is initiated for discharging, it will discharge up to 20%
of the SOC. When a PEV has started to charge, it continues charging up to the requested
level of SOC.

5. Test System Modeling

The test system, PEV penetration level, and PEV data with battery and charger capacity
are described in this section.

5.1. System Architecture

A smart residential distribution network formed with the modified IEEE 31 bus 23 kV
distribution system is used to implement the proposed strategy. Figure 4 presents the single
line diagram of the distribution system containing 22 low-voltage feeders with 415 volts.
Each feeder is connected with nineteen nodes, and each node is considered as a residential
load. The number of total houses in the system is 418, and the maximum load in each
house is 2 kW. PEV is randomly connected in the low-voltage feeder, and one house can
have a maximum of one residential PEV charging station. The daily load profile and TOU
electricity tariff is taken from [16] and illustrated in Figure 5. Five switchable capacitors
are used in this system. The capacitors’ location and corresponding capacity were taken
from [5].
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Figure 4. Modified IEEE 23kV 31 bus distribution network, and one feeder is populated with 63% PEV.
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Figure 5. Daily load level and electricity price of the distribution system.

5.2. PEV Modeling

PEVs with three types of battery capacity, 10 kWh, 16.6 kWh and 19 kWh with charger
capacities of 4 kW, 6.6 kW and 7.2 kW, respectively are chosen in this study. Three levels of
PEV penetration (32%, 47% and 63%) are considered. Hence, in each feeder, there are 6, 9
and 12 PEVs and a total of 132, 198 and 264 PEVs in the system for 32%, 47% and 63% PEV
penetration, respectively. In each penetration level, the 30% PEV is with a 4 kW charger
and a 10 kWh battery, the 40% PEV is with a 6.6 kW charger and 16 kWh battery, and the
30% PEV is with a 7.2 kW charger and 19.2 kWh battery.
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6. Result and Discussion

The numerical results of the case studies are described in this section. Before presenting
the results of the coordinated charging and discharging strategy, the result of uncoordinated
charging is described and taken as the reference case.

6.1. Case Studies

To observe the impact of PEV integration and find out the efficiency of the developed
method, three case studies are studied as follows:

Case 1—Uncoordinated charging: In this method, PEV will start charging as soon as it
plugs into the charging outlet.

Case 2—Coordinated charging and discharging: An optimization algorithm is applied
to the coordinating charging and discharging operation of PEVs in the distribution system.
Objective functions are considered and constraints are maintained in this case

Case 3—Coordinated charging and discharging with capacitor and OLTC. In this case,
capacitor switching and OLTC adjustment is performed simultaneously with PEV charging
and discharging operation. The necessity and benefit of capacitor switching and OLTC
adjustment is described in detail in the Results section.

6.2. Case 1: Uncoordinated Charging

In this case, PEV starts to receive charge immediately after plugging into the charger,
ignoring the system conditions. The uncoordinated charging creates higher active power
demand in the system, which further causes enormous power loss with large voltage
deviation. Figures 6-8 show the consequence of uncoordinated charging in terms of power
consumption, power loss and voltage deviation of the distribution network, respectively.
The maximum power consumption level of the system is 864 kW. From Figure 6, it is seen
that for three levels of penetration, the PEV charging load along with the residential load
has exceeded its maximum peak and overloaded the transformer. The power loss of the
distribution network for three levels of PEV penetration is presented in Figure 7. The
highest power loss for 63% PEV penetration is almost five times (at 18.00) compared to
the power loss when the residential load is the highest. From Figure 8§, it is found that the
weakest node voltage (lowest voltage in the system) for 63% penetration is 0.6509 p.u at
18.00. Consequently, there is an undesirable increase in the total cost of the system. The
increase in the total daily operational cost of the system is 19.85%, 29.50% and 37.52% for
32%, 47% and 63% PEV penetration compared to without PEVs in the system.

1300

________ X = = =RSD load

g 1200 [ EXZS;Z ding |~ RSD load & 32% PEV Penetration
Z 1100 I RSD load & 47% PEV Penetration
: 1000 : —— RSD load & 63% PEV Penetration
2 900 i
S 800
g 700 T
g 600 System capacity
[&]
5 500
£ 400
~ 300

200

16 18 20 22 0 2 4 6 8 100 12 14 16

Figure 6. Distribution system power consumption in uncoordinated charging.
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Figure 7. Power loss of the distribution system in uncoordinated charging.
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Figure 8. Weakest node voltage profile of the system in uncoordinated charging.

6.3. Case 2: Coordinated Charging and Discharging

An approach considering a near real-time optimal charging and discharging coordina-
tion of PEV is presented in this case. Once at home, the PEV users plugged the vehicle in
the charger located at their parking. However, PEVs will not start charging immediately.
Based on the system constraints, an optimal charging or discharging coordination schedule
will be allocated by the distribution system control unit, and after that, the decision will
be sent to the bi-directional charging point, and accordingly, PEVs charging will be acti-
vated. The obtained results after applying the coordination technique are demonstrated in
Figures 9-12. The total power consumption is shown in Figure 9. PEVs participate in V2G
operation from the hours 4.00 p.m. to 10 p.m., which reduces the power consumption from
the substation. The charging activities of PEV start from the early morning at 2.00 a.m.,
and power consumption is always within the maximum capacity of the system. Figure 10
shows the power loss of the system: for instance, for 63% PEV penetration, power loss
is decreased by 36.39% in contrast to uncoordinated charging. Moreover, in this strategy;,
the voltage profile of the system is enhanced. As shown in Figure 11, the voltage of the
weakest node is 0.90096 p.u., which is within the lower allowable limit. The system cost is
reduced by 7.96%, 12.44% and 13.48% for 32%, 47% and 63% PEV, respectively, with respect
to uncoordinated charging.
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Figure 9. Distribution system power consumption in coordinated charging and discharging.
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Figure 10. Power loss of the distribution system in coordinated charging and discharging.
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Figure 11. Weakest node voltage profile of the system in coordinated charging and discharging.

To check the charge level of PEV batterries, the SOC of PEVs can be analyzed. Figure 12
represents the SOC level of PEVs for the worst feeder (where lowest voltage have been
found) of the system. From Figure 12, it is seen that after applying the coordination strategy,
several PEVs still lack the requested level of SOC due to the voltage constraint. Basically,
the voltage level at the end buses always remained close to the lower boundary, and if
further loads (PEV charging) connect at this time, it violates the lower band of voltage. It
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has been found that some PEVs in 16 feeders (a few PEVs in each feeder) did not receive
charge according to the requested level of SOC. Since all the PEVs did not receive a full
charge, this strategy failed to satisfy all the PEV users.

n2 n4 né n7 n& nl0
100 nll nl3 nl5 nl7 nl8& nl9
X 80 F
R= k
)
§60
<=
-
© 40
8
s
a0 T
0
16 18 20 22 0 2 4 6 8 10 12 14 16
Hour

Figure 12. Weakest feeder PEV battery SOC of coordinated charging and discharging for 63%
penetration.

6.4. Case 3: Coordinated Charging and Discharging with Capacitor and OLTC

To resolve the higher voltage deviation issue and to ensure the required charge for
all PEVs, the switchable capacitor and OLTC operations are utilized simultaneously with
the coordination of charging and discharging of PEVs. The key achievement of capacitor
switching along with the adjustment of OLTC is to enhance and assure the voltage level
of each node in the distribution network within the allowable range. The total power
consumption is shown in Figure 13, and it is seen that the charging of PEVs is completed by
the following morning, and there is no transformer overloading in the system. The power
loss of the system is presented in Figure 14. Power loss is reduced by 34.16% with respect
to Case 1 and slightly increased compared to Case 2, since all PEVs receive a full charge,
whereas some PEVs did not connect in Case 2. The weakest node voltage profile of the
system is shown in Figure 15. There are 6.08%, 6.63% and 7.03% voltage deviations for
32%, 47% and 63% PEV penetration, respectively. With respect to case study 1 and 2, the
voltage profile is much improved in Case 3. The system cost is reduced by 8.08%, 11.70%
and 12.68% for 32%, 47% and 63% PEV, respectively, compared to uncoordinated charging.

1100

= = =RSD load
1000 RSD load & 32% PEV Penetration
RSD load & 47% PEV Penetration
’g 900 RSD load & 63% PEV Penetration
< 800
g
g, 700
% 600
g 500
S 400
2
o
&~ 300

[\
S
S

16 18 20 22 0 2 4 6 8 10 12 14 16
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Figure 13. Distribution system power consumption in coordinated charging and discharging coordi-
nation with capacitor and OLTC.
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Figure 14. Power loss of the distribution system in coordinated charging and discharging with
capacitor and OLTC.
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Figure 15. Weakest node voltage profile of the system in coordinated charging and discharging with
capacitor and OLTC.

The SOC of PEVs of the weakest feeder is shown in Figure 16. After arriving at the
residential charging point, PEVs participate in V2G operation at a high tariff time and start
charging at a lower tariff time. It is seen from Figure 16 that all the PEVs of that feeder
received full charge up to their requested level of SOC. No PEVs are left out in the system
to receive charge, and customers are entirely satisfied.
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Figure 16. Weakest feeder PEV battery SOC of coordinated charging and discharging with capacitor
and OLTC for 63% penetration.

6.5. Discussion and Comparison Studies

The overall comparison of the three case studies is presented in Table 1. In Case 1,
power loss is excessively high and as well as large voltage deviation. There is a 39.41%
increase in power loss and 35.19% increase in voltage deviation for the 63% PEV penetration
compared to no PEVs in the system. Additional PEV power consumption and high-power
loss in the peak hour increase the total operational cost of the system.

In Case 2, power loss is increased by 15.88%, which is much lower than uncoordinated
charging. Voltage deviation is found within the allowable range. However, for 47% and
63% PEV penetration, a few PEVs in 16 feeders did not receive full charge due to the voltage
constraints. Thus, the number of feeders where PEV received full charge is not satisfactory.
In Case 2, the total cost is increased 18.98%, but it failed to ensure the full charge of all
PEVs. In Case 3, power loss and cost are increased a little bit compared to Case 2 since
a number of PEVs are newly connected in Case 3. The capacitor and OLTC operation in
the distribution system significantly improved the voltage profile of the entire distribution
network and ensured full charge for all PEVs.

Table 1. Quantitative comparison among case study 1, 2 and 3.

Case PEV Increase AV ¢ Total b Increase in ¢ PEV Charge
Study in Power Cost Total Cost Complete Ratio
(%) (%) (%) &) (%)
No PEV - - 7.36 786.20 - -
32 39.41 11.69 942.32 19.85 22/22
Case 1l 47 61.84 35.19 1018.13 29.50 22/22
63 85.18 34.90 1081.18 37.52 22/22
32 8.34 7.29 867.25 10.31 22/22
Case 2 47 10.44 9.83 891.47 13.39 10/22
63 15.88 9.93 935.42 15.88 6/22
32 8.42 6.08 866.15 10.17 22/22
Case 3 47 14.37 6.63 898.94 14.34 22/22
63 19.92 7.03 943.75 20.04 22/22

“ increase in power loss with respect to no PEVs in the system; ? increase in total cost with respect to no PEVs in
the system; © number of feeders where the PEV received full charge/total number of feeders.

A comparison of the proposed study with other works in the literature is presented
in Table 2. In comparison with the other researches, this paper developed a charging and
discharging coordination of PEVs for a residential distribution network. In this research, a
higher capacity PEV charger is considered both for PEV charging and discharging operation
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where only the charging operation of PEV with a higher capacity charger is considered
in [5,6,13,21]. Moreover, the proposed method is considered as a multi-objective function.
After the discharging operation of the PEV, the capacitor and OLTC operation is integrated
to ensure PEV charging throughout the entire distribution network.

Table 2. Comparison among different works in the literature.

PEV Objective Applied Maximum  Weakest Customer
Ref Coordination Function Method Power Node Satisfaction
Type Type Loss Voltage Analysis
Minimizing power Charging
[5] loss and voltage coordination Single Binary PSO 29 kW 0.925 pu Yes
deviation
Minimize cost, Fuzzy discrete
[13] loss and maximize Charging Single particle swarm 32 kW 0.9 pu No
power delivery for coordination optimization
PEV charging
Minimizing Charging Binary
[17] power coordination Single evolutionary 33 kW 0.9 pu No
loss programming
Maximize Charging Coordinated
[21] customer coordination Single aggregated 31 kW 0.9 pu Yes
satisfaction PSO
Minimizing power Binary firefly
loss, operational Charging and algorithm and
Proposed cost and voltage discharging Multi- analytic 28 kW 0.93 pu Yes
method deviation of the coordination objective hierarchy
system method

7. Conclusions

A multi-objective PEV charging and discharging coordination is developed to lessen
the impact of integration of PEVs on the distribution system. The key focus of this paper
is to reduce the power loss, total daily operational cost, and voltage deviation of the
system with PEV integration into the distribution system. It has been found that after
applying a PEV coordination strategy, there is a significant improvement in the distribution
system. With the developed coordinated PEV charging and discharging strategy, there is
no transformer overloading, and the power loss and cost of the distribution system are
reduced 34.16% and 12.68%, respectively, with respect to uncoordinated charging. The
voltage profile of the system is enhanced where the lowest voltage level is 0.927 p.u., which
results in decreasing voltage deviation. Through the discharging (V2G) operation of PEV,
the power consumption from the distribution grid is reduced at the peak load period, and
that also reduced the cost of the system. Capacitor and OLTC adjustment enhance the
voltage profile of the system and ensure the full charge of all PEVs in the network. The
application of a TOU electricity tariff minimized the total operational cost of the system.
Moreover, PEV users will be inspired to participate in V2G operation, since the proposed
strategy is ensured, obtaining the full charge of all PEVs before leaving the next morning.
For the future study, PEV coordination can be developed with combined operation of
distributed generation (DG), capacitor and OLTC switching along with the placement and
sizing of DG.
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Abbreviations

The following abbreviations are used in this manuscript:

AHP  Analytic hierarchy process
BFA Binary firefly algorithm
CR Consistency ratio

OLTC On-load tap changer

PEV Plug-in electric vehicle
SOC  State of charge

V2G Vehicle-to-grid

TOU  Time-of-use
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