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ABSTRACT Electric Vehicles (EVs) are known to be future mode of transportation because of their
environment-friendly nature. The increase in electric vehicle (EV) penetration needs to set up the new
charging stations to meet the demand. The EV charging shows the negative impact on distribution system
and system failures lead to the unavailability of power to charge EVs. The EVs not charging due to system
failure is to be considered but ignored in the previous studies. Incorporating the Vehicle-to-Grid (V2G)
technologies into charging station (CS) improves the system reliability. In this paper, solar rooftop PV units
are integrated with CSs to overcome the negative impacts of EV charging and further enhance the reliability
of the system. To extracts the maximum benefits from the solar PV integrated charging stations (PVCS),
optimal placement is done with objective of reliability improvement. EV reliability is evaluated by using
a novel index called as expected energy not charged (EENC). The reliability of both distribution system
and EVs are considered as objective functions simultaneously, hence, placement problem becomes multi-
objective. The optimal placement is done by considering different EV penetration levels. A multi-objective
Grasshopper optimization algorithm (MOGOA) is applied to solve the optimal placement problem of PVCS.
The EENS value is improved by 6.18% and 13.9% as compared to base case for case 1 and case 2 respectively.
The EENC is improved by 11.51% in case 2 as compared to case 1.

INDEX TERMS Charging station, distribution system, electric vehicles, grasshopper optimization
algorithm, multi-objective, optimization, reliability, rooftop PV system.

I. INTRODUCTION the global warming and dependency on fossil fuels. The

In recent years, distribution systems are undergoing major
reinforcements to integrate the distributed generation (DG)
and charging stations (CS) for electric vehicles (EVs).
The DG integration is a solution to mitigate load growth,
improving the system performance and reliability. The EVs
are considered as future mode of transportation to reduce
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studies in [1] witnessed that EVs charging during off-peak
hours increasing the emission of greenhouse gas (GHG),
on the other hand, emission of GHG is reducing if coal-based
power generation is removed. Hence, it is clear that if EV
batteries are charged using conventional power sources, then
the objective of using EVs will not meet. The EVs charging
shows potential impact on distribution system performance.
Renewable energy sources (RES) are to be integrated to
charging stations to mitigate the EVs charging impacts and

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

130788

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 11, 2023


https://orcid.org/0000-0002-3481-2352
https://orcid.org/0000-0001-8235-9671
https://orcid.org/0000-0003-2415-8913
https://orcid.org/0000-0001-6941-8075
https://orcid.org/0000-0002-6782-0738
https://orcid.org/0000-0002-5162-7626

G. H. Reddy et al.: Simultaneous Placement of Multiple Rooftop Solar PV Integrated EV CSs

IEEE Access

reduction of GHG emission. The proper placement of RES
and EV charging stations enhances the benefits of using RES
and EVs.

The integration of RES into the EVs charging station is
on rising because of concerns on grid load increase and
emission of GHG due to charging of EVs using conventional
power sources. Authors in [2] provided a detailed review on
technologies used in RES (wind and solar PV) based EV
charging stations. The impact of EVs charging on system
is nullified with use of wind farms [3]. But wind farms are
not recommended to integrate with CSs because of wind
power based charging stations are not feasible to use in urban
areas. Hence, many researchers are concentrated on solar
PV based CSs. Technical reviews are found on solar PV
based charging systems and solar PV-grid based CSs [4],
[5]. The integration of solar PV system with EV charging
stations resulted several benefits. Authors in [6] investigated
the use rooftop of parking lots to install EV's charging stations
with PV systems. In [7], energy losses are minimized by
integrating the DGs with charging stations. A study in [8]
witnessed that an intelligent energy management and solar
PV system are effectively reduced the EV charging impact.
The benefits of using solar PV integrated CS are discussed in
[9] from the view of economic and environment. Authors in
[10] developed PV integrated CS which has reactive power
compensation capability. The impact of rooftop solar PV
enabled CS on distribution system reliability is discussed
in [11]. The power losses are minimized in [12] with the
integration of solar rooftop PV system with charging station.
A comprehensive review is provided in [13] for rooftop solar
PV assisted parking lots for EV charging stations.

From the literature, it is clear that integration of solar PV
units with CSs has numerous advantages such as reducing
the charging impact during peak hours, reduction in GHG
emissions, reliability improvement etc. Lot of research is
done on optimal placement of DGs to enhance its benefits
considering different objectives in the distribution system.
The DGs are placed along with system reconfiguration to
enhance the voltage stability [14]. The reconfiguration and
DG placement improved the system voltage profile [15].
Power loss is reduced in the system by simultaneously
placing the DGs and FACTS [16]. The DGs helped to
reduce the energy loss and maximized the cost savings [17].
In [18], DG placement enhanced the distribution system
resiliency. Authors in [19] enhanced the capability to restore
the critical loads during natural disasters with the help of
DGs. Distribution system reliability is improved by optimally
placing DGs by considering energy not supplied (ENS) as
objective function [20].

The researchers also concentrated on optimal placement
of CS to enhance the benefits. The optimal placement of
CS is done in [21] for cost benefits such as minimization
of investment, operating cost and emission cost. Authors in
[22], optimally placed CSs by considering multiple objective
functions such as power losses minimization, voltage devia-
tion reduction, and maximization of voltage stability index.
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The performance of system is assessed [23] by optimally
placing the PV system and CS simultaneously. Authors in
[24], optimally placed the DGs and charging station for
reliability improvement but placed them separately.

In the recent literature, it is found that CSs are placed
along with DGs by considering multiple objective functions.
Authors in [25], DG integrated CSs are optimally placed
by considering total system cost, voltage deviation and
energy not supplied as objective functions. Minimization of
waiting time and annal total cost are considered as objective
functions in [26]. Authors in [27], considered there different
objective function such as voltage deviation, energy loss
and EV owners dissatisfaction for optimal placement of DG
integrated CSs. In [25], [26], and [27], solar and wind energy
system are used as DGs. In [22], CSs are optimally placed in
a distribution system integrated with randomly placed solar
rooftop PV system by considering active and reactive power
loss, voltage deviation and voltage stability index.

It is clear that the integration of DGs and EVs are
rising due to their technical and environmental benefits
which necessitate the simultaneous planning of DGs and
CSs. Researchers are less concerned about reliability of
distribution system during simultaneous placement of solar
PV integrated charging stations (PVCS). A novel reliability
index is developed in [11] to measure the EVs reliability
i.e., expected energy not charged (EENC). Authors are
claimed that EENC plays a key role for selection of charging
station locations. The consideration of EENC as an objective
function is not explored yet.

In this work, the charging stations are integrated with
solar rooftop PV units to mitigate the EVs charging impact
and enhance EVs benefits. The PVCS placement problem is
formulated as multi objective i.e., using system reliability and
EV reliability as objectives. The expected energy not supplied
(EENS) is considered to measure the system reliability and
EENC for EV reliability. The PVCS placement problem
is solved using Multi-objective Grasshopper optimization
algorithm (MOGOA) [28]. Different EV penetration levels
are considered for PVCS placement. A coordinated charging
and discharging strategy is presented for charging station
control during distribution system failures. Two types of
V2G modes i.e., scheduled and unscheduled V2G mode.
The unscheduled V2G mode only contributes for EENC
calculations. The proposed methodologies are applied on a
practical Indian distribution system.

The novelty of the paper is as follows:

« Rooftop PV systems are integrated with EV charging
stations to mitigate the EV charging impacts from
reliability prospective.

« A novel objective function i.e., EENC is introduced
for optimal PVCS placement. The EENC consideration
is very critical because more EENC leads to the
dissatisfaction of EV owners.

o A coordinated charging and V2G strategy is developed
and used for charging and discharging of EVs during
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system faults. This strategy helps to improve the both
system and EV reliability.

e PVCS placement problem is formulated as a multi
objective problem by considering EENS and EENC as
objective functions.

o Multi-objective Grasshopper optimization algorithm is
used to solve optimal PVCS placement problem.

e« PVCS impact is analysed for three different EV
penetration levels. This analysis is very crucial because
number of EVs increases year by year and it is important
to know how existing system is impacted with increased
EVs.

The remaining sections of the manuscript are as follows:
the modelling of EV charging station is discussed in section
IT which included the modelling of solar rooftop PV units,
battery charger and EV modes. Section II also discusses the
PV integration to charging station and coordinated charging
strategy. In section III, optimal PVCS placement is discussed
which includes formulation of objective function, different
constraints and optimization technique i.e., grasshopper opti-
mization algorithm. The results are discussed in section IV
and finally, the findings concluded in section V.

Il. MODELLING OF EV CHARGING SYSTEM

In this work, the proposed charging station mainly consist
of three parts i.e., solar rooftop PV units, EVs and battery
charger. Schematic diagram of the proposed charging station
is shown in Fig. 1. The integration of solar rooftop PV
units into the charging station reduces the pressure on the
distribution system and increases the reliability of distribution
system and EVs as well. The modelling of these three parts
is discussed in this section. In Fig. 1, the direction of arrows
shows the power flow direction among the solar PV units,
charging station, EVs and grid.
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FIGURE 1. Schematic diagram of EV charging station with solar rooftop
integration.
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A. SOLAR ROOFTOP PV UNITS

If an EV is charged through renewable energy source,
it increases the benefits of EV usage as the objective is
to reduce the GHG emissions. The EV charging stations
are mainly situated in highly populated urban areas where
the availability of land for renewable sources is a difficult
task. In this work, rooftops of commercial and residential
buildings are used to install the solar PV units and the output
power is supplied to the charging station for EVs charging.
The PV output power is highly intermittent and depends on
the solar irradiance. The uncertainty of solar irradiance is
modelled using beta probability distribution function [29].
The probability density function (pdf) of solar irradiance is
expressed as

F(Ol + ,3) S(ail)(l .

HP D 0<s<1,
C(a)T'(B)

F(s) = a,B>0 (1)

0 otherwise

here, I' = gamma function
s = random solar irradiance in kW /m?
o, B = shape parameters of beta distribution function
The cumulative distribution function (cdf) of solar irradi-
ance s is expressed as

t
Fis) = /0 F(s) @
Fla+pB) " @) B-1)
Trg Jo b 7Y ©

The probability of solar irradiance being between s; and s;
can be obtained as.

fls1 <5 <s52)=f(s2) — f(s1) 4

The PV cell output power at any state y is determined using
following expression.

Pour(s) =N x fr x Vy x I 5)

here, f; is the fill factor and N is the number of cells in the
PV module. The values of f, V), and I, are calculated using

equations available in [30].

B. BATTERY CHARGER
The equivalent circuit of the battery charger is illustrated in
Fig. 2 and the battery is represented as a capacitor in the
circuit.

The capacitor starts charging at t+ = 0, the Kirchhoff’s
voltage law is applied on equivalent circuit [11]

Vo = VR(t) + Vout(t)
=i(OR+n,V, (6)

here, 71, is the charger efficiency. V, is the charger output
voltage. Vr(t) and i(¢) are the instantaneous voltage across
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FIGURE 2. Equivalent circuit of a battery charger [11].

R and current in R respectively. V. is the voltage across the
capacitor and is determined by

1 r
Ve /0 i) )

From the equations (6) and (7)

1
V, = Va(t) + / i(1)dr ®)
CJo
Differentiate the equation (8) and multiply by C/n, to get the
first order differential equation

o _ RC ditt)
o dt

+i(1) ©))

Now, initial condition is applied to equation (6) i.e., t = 0,
voltage across the capacitor is zero and the initial current i,
is derived by

i, =V,/R (10)

The differential equation (9) is solved to get the instantaneous
current i(¢) using the initial conditions

. VO -n
=2 "% 11
i) = e (1)

here, 7, is the time constant of the charger and t, = RC.

From the equations (6) and (11), the voltage across the
capacitor V() is determined by

Vourt) = Vo (1= 7% (12)

If the capacitor has some initial voltage (V;,;) then the above
equation becomes

Vour®) = Vo (1= €775 ) + Vi (13)

Multiplication of V() by i(t) gives the output power P,
and is as follows

Pou(t) = Ppax (1 - e—ﬂrg) + Pint (14)

here, Ppugx = Vo X i(t), Pint = Vipr x i(t) and t € (0, tye4],
Ireq is the required time to get the full charge.
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C. EV MODELLING

The EVs are operated in two modes. Charge mode when
battery of EV is being charged and V2G (generation) mode
when battery of EV is being discharged i.e., injecting
energy into the system. In this scenario, V2G enabled
charging stations works as energy storage system. Batteries
in EVs uses chemical storage, and chemical process follows
exponential function over the time during charge/discharge.

1) CHARGE MODE

During the charge mode, EV batteries acts as loads on the
system. The instantaneous battery power status (Pgy(?)) is
evaluated by [11]

Pev(t) = PEV max (1 - e_(a't/t'"‘”)) + Pev it (15)

here, « is the charging constant of EV battery. ¢ € [0, #,.,] and
treq = time required to attain the full charge of EV. Py jax
is the capacity of EV battery. Py in; is the EV battery initial
power status. f,,,,y is the required time to full charge from zero
power status and is evaluated by t,,,,x = 1/Rc (Rc is the
charging rate).

The value of #,., depends on the initial battery power status
and is determined by [11]

tmax; ifPEV,int =0
req = 0; it PEv int = PEV max
tmax PEV,int .
——In (— ;0 10 < Pev.ine < PEV max
o EV ,max

(16)

Now, final power status of EV battery depends on #,., and
calculated by [11]

—at
PEV(I) _ | PEV,max (1 - efmax) + PEV,int; Ifr < treq
PEV max; 1>ty
(17)

The total power demand (Pgv 4em) (required power for full
charge) of a EV at time ¢ is calculated as:

PEV dem(t) = PEv max — Pev (1) (18)

Substitute Pgy (¢) value in eq. (18) to get Pev dem(t)

gl
PEV,maxe @iy — PEV,int; Ifr < treq
0; Ift > tyey
(19)

The effect of a system failure on EV charging is depicted
in Fig. 3. At hour #1, EV is connected to charging station for
charging and scheduled to leave at hour 7, and takes #,,, for
full charging (2 = t1 + t,.). But, charging is interrupted at
hour #3 due to a failure in the distribution system. Main grid
is not available and generation from solar PV units are unable
to meet the charging station demand. Now, the power status
of the EV battery at hour #3 is determined by

PEV,dem(t) = [

_ a.(t3—ty)

Pev 1y = PEV max (1 —e imax ) + PEv int (20)
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FIGURE 3. Battery charging scenarios a) Situation 1 b) Situation 2.

However, the power supply is restored to charging station at
hour #4. Here, two different situations will occur. In situation
1, power is restored after scheduled departure of EV and the
battery status is remains same as at hour #3. On the other hand,
in second situation, power is restored before the scheduled
departure then battery starts charging again. The duration of
battery charging and not charging are pictorially shown in
Fig. 3 for both the situations. Now, the final power status of
EV battery at hour #, for second situation is determined by
[11].

—a.lc,r
PEV,max (1 — e !'max ) + PEV,t3; If ter <lreg
Ifz., > treq

21

PEV,I2 =
EV ,max:

here, f., is the charging time after the restoration of the
power supply and 7. , = t; — t4, the value 7, is re-evaluated
considering the battery power status at hour 3.

Now, the power is not charged (Pgy q) by an EV due to
system failure is determined by

P —P ; >t
PEV,req _ EV max EV.t3 4 Z 12 (22)
PEv max — PEv,,; Ifta <1
The energy not charged by an EV is determined by
h—13
PEV,reth; 7N )
EEV,req = (23)

I4—13
/ PEV,reth; Iy <nh
0

The EV battery power status is given in Fig. 4 for
different conditions such as battery charging constant (&),
different battery initial power level and different charging
rates.
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FIGURE 4. EV battery charge status (a) With different battery charging
constants (b) With different initial battery levels (c) With different charge
rates.

2) V2G MODE
In this mode, EVs inject power into the grid. The power status
during discharge at time ¢ by a EV is given by

_B_t_
Py ais(t) = PEv ins-€ Pimnax — Pey crie 5 t €10, tayal
24

here, 8 = battery discharge constant.

Pgy crir = critical power level i.e., minimum level until
discharge of EV is allowed.

tava = duration of EV availability for discharge purpose.
The value of ¢#,,, depends on the battery initial power status
and critical power level. If ¢ reaches to f,, then Pgy gis
becomes zero. Now, substitute these values in eq. (24)

tava

0= Prv i€ Pimas — Py it (25)

The above equation is simplified to get the #,,, and is as
follows

tmax PEV,crit
tava = ———In| ——;
B PEV int

Total available power (Pgy avq) for discharge is given by

Pev crit < PEv,ime (26)

PEv ava = PEV int — PEV crit 27
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An EV is starts discharging at #; hour and system main supply
is restored at #, now the total power injected by an EV to the
system is calculated by

PEv . ava; if (2 — 11) > tava
_ﬂ(tz—tl) .
PEV,int l—e fmax ; if (o — 1) < taa
(28)

Let’s consider, ¢, is the duration of power injected to grid. The
total energy injected is calculated by

Pgy inj =

15 .
EEV,inj = / PEV,inl (l - 67'3['”‘”‘) dt;ts < tap (29)
0

D. PV INTEGRATED CHARGING STATION

The solar rooftop PV system is integrated with CS and
called as PV integrated charging station (PVCS). The PVCS
mitigates the EV charging impacts on the distribution system.
The charging/discharging behaviour of PVCS is different
from conventional CS as PV systems are integrated with CS.
The PV integration enables the CS for its own generation
like prosumer. The charging demand for all EVs connected
in charge mode at time ¢ is calculated [11]

Ne
Pcha,dem(t) = Zplc‘hg)req(t) (30)
i=1
N¢ is the total EVs in charge mode. Pejg,req(t) is the power
requirement to charge i EV at time 7 and is calculated by
using
1,

c,i

i P e o Ift.; < i
lcha,req(t) = EV,max " ot red 3D
0; Ift.; > lreq
here, t,’;wx is the maximum time required for fully charging

i™ EV. 1.; is the duration of /" EV charging since charging
started. t;'eq is the required time for i EV to fully charge
under given initial condition of EV battery. PSDEV,m o 18 the
maximum battery capacity of i EV.

The battery chargers in the PVCS are enabled to operate
in V2G mode. The V2G mode of the EVs will helps to
reduce the system load during the peak hours and this feature
also enables the EVs participation in the demand response
programs. The power injected by all the V2G mode EVs at
time ¢ is calculated by

N
PyaG.gen() = D Plyyg ini(t) (32)
i=1
here, N, is the total number of vehicles in the V2G mode.
The power injected (P55 mj) by i EV is calculated by

; 0; if td,i = tava
PVZG,inj(t) = i _ﬂt’id.i o (33)
Pgy e 'max; iftg; < tava

here, ij i 18 the initial power status of i EV. tq.; is the
discharge time of i EV since discharge started.
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The output power from the rooftop PV system is depends
on the weather condition i.e., solar irradiance value (as
explained in section II-A). Hence, the PVCS power require-
ment for charging EVs changes accordingly. The net demand
of PVCS is calculated by

Pcha,net(t) = Pcha,dem(t) - PVZG,gen(t) — Ppy (1) 34

here, Pcpg net (t) is the net power demand of the PVCS at time
t. Ppy (¢) is the output power of the rooftop PV system at time
t.

The value of Pjg ner defines the mode of PVCS operation
i.e., charge and generation modes for positive and negative
values respectively.

E. COORDINATED CHARGING

Different parameters in charging stations are uncertain
in nature. The uncertain parameters in charging station
include EV charging, discharging, charging mode to driving
mode and PV output power. These parameters need to be
coordinated to satisfy the EV owner charging requirements
and balance the load on the distribution system. The flow
chart of the proposed coordinated charging algorithm is
shown in Fig. 5. The algorithm shown in Fig. 5 is applicable
for both normal and system failure conditions.

During system normal operating conditions, all the EVs
that are connected in the charge mode are charged seamlessly.
But, charging rates are coordinated based on the available
PV output, load on the distribution system and scheduled
journey. The V2G mode EVs will inject the power as per their
scheduled plan. There is no unscheduled injection of power
from the EVs during normal operating conditions because
the main grid is available to meet the charging and system
load demand. However, charging and discharging completely
change during the system failures. The main grid supply
may not be available during the system failures to meet the
charging and system loads demand. Only PV output and
power from V2G mode are available to meet the demand and
hence, charging of EVs is prioritized based on their current
battery power levels and their journey schedule. The journey
schedule has direct impact on the battery power level of EV
need to keep before leaving the PVCS. For example, the EV
which is having a planned trip within one hour has to keep
the minimum required battery level (P,,;,) for its scheduled
journey. This limit will enable the PVCS to charge the
vehicles which are not meeting their minimum requirement.
There is an unscheduled power injection from V2G mode
of EVs which are having more battery power levels than
required and are also subject to EV owners’ willingness to
participate in the unscheduled V2G mode. This leads to the
different power level constraints for different EVs. If the EVs
do not have a planned trip within one hour then EVs are
charged based on the critical battery level i.e., Py crir. Fast
charging is preferred for EVs those batter levels are below the
critical level otherwise standard charging is preferred based
on the available power.
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FIGURE 5. EVs charging and V2G strategy with solar rooftop units during a system failure.

Ill. OPTIMAL PVCS PLACEMENT

In this work, a new objective function i.e., EENC is proposed
which reflects the EV reliability and used along with the
system reliability index i.e., EENS. The PVCS placement
problems is formulated as a multi-objective problem and
solved using the multi-objective grasshopper optimization
algorithm. In this section, formulation of objective func-
tions, different constraints used during the optimization and
working of optimization algorithm are explained in detailed
manner.

A. OBJECTIVE FUNCTION FORMULATION
As charging of EVs adds some load to the distribution system,
on the other hand, V2G mode supplies power to the system.
Hence, EVs are considered as special load on the system
which have generating capacity. It is a wise decision to
consider EVs reliability in the reliability analysis. In this
paper, the PVCS placement problem has two objectives i.e.,
improving the system reliability and EV's reliability.

In order to improve the system reliability, EENS is
considered as the objective function and is evaluated as
follows

NL
EENS = > ENS;
j

35)
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NO
ENSj =) LyjUp; (36)
j

here, NL = Number of load points. NO = Number of Outages
for j load point. L, ;j=Load on j” load point during n'"
outage. U, ; = outage duration for j™ load point during n’"
outage.

Index EENC is proposed in [11] to evaluate the reliability
of the EVs. The EENC is evaluated in two parts, Energy loss
during the charging mode (EENC.p,) and energy loss due
to the unscheduled V2G mode (EENCyyg). The EENC,p, is
evaluated by

Ni,c

ENCéha = Z EEI\(/,req (37
k=1
NV,

EENCuq = ) ENCl, (38)

i=1
here, ENC!, is the energy not charge by i EV. Eé"k,’req is
the energy not charged by i EV in k™ interruption. N; . is

number of interruptions i.e i EV charging is affected. NV,
is the total number of EVs effected due to system failures.
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The EENCyg is evaluated by

Nia

ENCisg = D Egy iy (39)
k=1
NVy

EENCyyG = ) ENCjy (40)

i=1
here, ENC(',2G is the energy loss of /" EV due to V2G
mode. Efmk,mj is the energy injected by i EV during k"
interruption. N; 4 is number of interruptions i.e i EV is
operated as unscheduled V2G. NV, is the total number of

vehicles operated in unscheduled V2G mode.
Total EENC is determined by

EENC = EENC .,y + EENCy)g (41)

The objective of the system is to improve the reliability of the
system and EVs. The objective functions for optimal PVCS
placement are as follows
objl = min(EENS) (42)
obj2 = min(EENC) (43)

B. CONSTRAINTS

1) OPERATIONAL CONSTRAINTS

The distribution system operation is subject to network
constraints such as voltage limits and thermal limits which
are given by

L <™ (45)
System stable operation is subject to power flow con-

straints such as generator active and reactive power limits and
power balance. The generator limits are given by

P < p; < P (46)
oM < Qi < O (47)

The power balance with EV charging is given by
PG = Pp + Pchanet + PLoss (48)

here, Pg, Pp and Py, are the total power generation, power
demand and power losses respectively. Pepq ner is calculated
using €q.(34). Pchg ner 18 positive when CS needs power from
the distribution system means PVCS works as a load to the
system. Pcpq ner 18 negative when PVCS has surplus power
and acts as a generator to the system.

There is no constraint on PVCS operating mode during
normal operating conditions because load is balanced by the
main grid. If main grid is not available due to failures, then
PVCS operating mode is very crucial to restore the load
by forming the microgrid. Microgrids are formed with the
help of PVCS after isolating the faulted sections. However,
restoration of loads in the microgrid are subject to the mode
of PVCS operation i.e., the PVCS is must be in generation
mode. Mathematically, it is written by

Penaner <0 (49)

VOLUME 11, 2023

2) EV CHARGING AND DISCHARGING CONSTRAINTS

The V2G mode EVs will inject the power until it reaches
its predefined minimum battery level for scheduled V2G
mode EVs under normal operating conditions. During system
failures, some of the EVs that are in charge mode are shifted
to V2G mode. This V2G mode is called as unscheduled V2G
mode of operation. The charging rate must be decided based
on the availability of PV output and main grid. All this will
put certain constraints while charging and discharging of EV
batteries. The constraints are mathematically represented by

PEV crit < PEV pre = a1 - PEV max (50
Pcnaner <0 (51)
PEv pre > a2 - PEV jmax (52)
PEV pre = a3 - PEV max (53)

here, Pgy pre is the present battery power level of the EV that
is connected to PVCS. ay, a; and a3 are the percentage of
battery power predefined by EV owners and PVCS operators.

Power injection during V2G mode is constrained by eq.
(50), EV is allowed to inject the power if and only if Pgy pre
is greater than the Pgy .»; and aj percentage of Py max, here,
ay is defined by the EV owners. Fast charging of the EVs is
stopped completely and slow charging is also stopped if eq.
(51) is not satisfied. EV charging is shifted from fast charging
to slow charging if eq. (52) is satisfied and charging is stopped
if eq. (53) is satisfied. Eq. (51) is the overriding constraint
for both eq. (52) and eq. (53). The charging constraints are
applied during the system failures and unavailability of main

grid supply.

C. OPTIMIZATION TECHNIQUE

1) GRASSHOPPER OPTIMIZATION ALGORITHM

The Grasshopper optimization algorithm (GOA) [31] repli-
cates the swarming behaviour of grasshoppers in the natural
world, and its mathematical equations and formulas are
presented as follows. The position of the grasshopper is
expressed as

Xi=Si+Gi+A (54)

here, X; is the position of the i grasshopper. S;, G; and A;
are the social interaction, gravity force and wind advection
respectively.

The social interaction of the grasshoppers is modeled as

N
Si= Y. s(dydy (55)

=LA

where, N= total number of grasshoppers. d;= distance
between i and j grasshoppers and is calculated by dj; =
|xj — xil. EJ; = unit vector of i grasshopper and is calculated
by (x; — x;)/djj. s is the function that defines the strength of

social force and is expressed as

sk) = fe K — 7k (56)
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here, f and [ are the attractive intensity and length scale
respectively.
The gravity force is calculated by

Gi = —g&, (57)

where g = gravitational constant and €, = unity vector towards
the centre of earth.
The wind advection is calculated by

Ai = uéy (58)

here, where u = constant drift and ¢,, = unity vector in the
direction of wind.

Now, rewrite the eq.(54) by substituting the eq.(55), eq.(57)
and eq.(58)

N

Xj — X; —~ ~

X; = Z S(|xj—xi|)( ]d“ z) —ge +uey,  (59)
j=1ji /

Any stochastic algorithm has to perform exploration and
exploitation efficiently to solve the optimization problems
to get global optimum solution. Some special parameters
are integrated with eq.(59) to show the exploration and
exploitation in the optimization process. The mathematical
model is expressed as

N
UB; — LB, Xj — Xi
S BB G

. 7
i==C ) dij + 1q

J=Lj#i

(60)

here, UB; and LB, are the upper and lower bounds of the

d™ dimension respectively. T, is the value of d"* dimension

target (best solution till now). ¢ is a coefficient to shrink the
comfort area, repulsion area, and attraction area.

The value of ¢ decreases with iterations and is evaluated for

each iteration. The mathematical expression for calculation of

c is as follows

Cmax — Cmi
¢ = Cpuy — Tter 22211 (61)
Itery,qx

here, ¢;;qr and ¢, are the maximum and minimum values of
c respectively. Iter and Iter,,,, are the current iteration and
maximum number of iterations respectively.

2) MULTI OBJECTIVE GRASSHOPPER OPTIMIZATION
ALGORITHM (MOGOA)

A multi objective algorithm basically has two goals i.e.,
firstly finding true pareto solutions and well distribution of
Pareto solutions across all objectives. This is mandatory in
the posteriori methods where decision making is done post
optimization. Multi objective has more than one objective
and hence, it is not possible to compare two solutions
using regular relational operations. In MOGOA, the Pareto
dominance is used to compare the solutions. The optimal
Pareto solutions are stored in an archive. The main challenge
is to choose the target which is the major component and leads
all the search agents towards the optimal solution. The Pareto
solutions are saved in the archive and target must be one of
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them. While selecting the target, the number of neighbouring
solutions for each solution is calculated by considering a fixed
distance. The probability of choosing i solution as a target
(p;) is calculated by

pi = 1/N; (62)

here, N; is number of solutions in the neighbourhood of i
solution.

The target is selected with the help of probability and
a roulette wheel. This also improves the distribution of
solutions in the less distributed regions in the search space.
This also helps to avoids the premature convergence by
selecting the target from a crowded neighbourhood. The
limitation is kept in the number of solutions stored in the
archive to reduce the computational cost. When the archive is
full, some of the solutions in the crowded region are removed
to reduce the solutions in that region. This process allows to
accommodate the new solutions in the less populated regions.
This is achieved by taking the inverse of p; and roulette wheel.
The archive is continuously updated by considering different
cases, since, archive stores non-dominated solution so any
non-dominated solution is immediately added to archive.
If any outside solution dominates the solution in the archive,
then it must be replaced.

The flow chart of the proposed optimal placement of PVCS
is shown in Fig. 6.

The archive has all the non-dominated solutions. Final
decision should be taken after the optimization process ends.
In this work, the compromised solution is determined using
Euclidean distance method and Euclidean distance (ED) of
i solution is calculated by

ED; =/ Obj; ; + Objj , (63)

The compromised solution is selected which is having
minimum ED.

IV. RESULTS AND DISCUSSIONS

The proposed methodology is hypothetically applied on
a practical Indian distribution system. The serving area
of the distribution system 15 km? which includes urban
and semi-urban areas in Silchar town, Assam India. The
pictorial representation of the system is shown in Fig. 7. The
distribution system is served by a single substation (33/11
kV) and a medium voltage (11 kV) the radial feeders. The
feeders are divided into different feeder sections and loads
of each feeder section is assumed to be concentrated at one
point called as load bus. The test system has total 60 buses
i.e., 59 load buses and one substation bus. Total of 6440 low
voltage consumers are connected to the system with a peak
demand of 17.45 MW and 5 medium voltage consumers with
a 10 MW contractual demand. The estimated vehicles in the
serving area are 3864 which gives approximately 0.6 vehicles
per consumer. The substation capacity is assumed to be
upgraded to meet the new EV charging load. To simplify
the analysis of PVCS impact on the distribution system, the
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irradiance
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FIGURE 6. Flow chart for placement of PVCS using MOGOA.
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FIGURE 7. Test distribution system.

load on the distribution system is considered as constant for
reliability analysis.

The basic idea of PVCS is to utilize the rooftops of
the buildings to install solar PV systems and integrate to
the charging station. The PV output from the different
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buildings is pooled and connected to the distribution system
at a particular bus. The PVCS is distributed and controlled
centrally which removes the need of higher land requirement
at single place as it is very tough to get in the urban
areas. In this work, three different EV penetration levels are
considered i.e., 35%, 50% and 60% for PVCS placement.
The charging station is installed within the residential area,
so that parking area of residential building is used for the same
purpose. The system operators also allowed the EV owners
to install slow charging ports at their homes if PVCS is not
available near to their house. The charging of the EV depends
on several parameters such as initial battery level, duration
of travel, arrival time etc. In this work, initial battery levels
are randomly generated by considering Pgy ., as lower limit
and Pgy max as upper limit. The travel distance and arrival
times are assumed arbitrarily. The arrival times are ensuring
the number of vehicles connected to PVCS at any instant.
The charge requirement is evaluated with the help of travel
distance and charging mode is decided based on the initial
battery level, required battery level. The percentage of EVs
in different modes in a typical day is shown in Fig. 8.

100

Dri\}ing
—6— V2G mode
—+—— Normal charging
—&— Fast chargifix

80t

60|

percentage of vehicles

Hour

FIGURE 8. Percentage of EVs in Charging, discharging and driving mode.

The system reliability is evaluated using Monte Carlo
simulation. The distribution system component failures are
randomly simulated and repair and replacement timings are
generated randomly for each component failure. Only EENS
value is used to describe the system reliability. The solar
irradiance data is collected from [32] for a year and the same
data is used to generate the solar PV output power for one
year. The solar PV output power for a typical day is shown in
Fig. 9 and the output power is mentioned in p.u values.

In this work, total five PVCSs are simultaneously placed
to improve the system reliability and EVs reliability as
well which means PVCS placement is solved as multi-
objective problem. The PVCS placement problem is solved
using a multi-objective Grasshopper optimization algorithm
(MOGOA) for different EV penetration levels. The effective-
ness of MOGOA is compared with multi-objective ant lion
optimization (MOALO) algorithm. The population size and
maximum iterations are taken as 30 and 50 respectively for
both the algorithms for all the conditions. To simplify the

130797



IEEE Access

G. H. Reddy et al.: Simultaneous Placement of Multiple Rooftop Solar PV Integrated EV CSs

o
n

<
S
T

Solar power output (p.u)
o =]
N v

o
=

0 . . . . . . . . .
TAM 8AM 9AM 10AM 11AM 12PM 1AM 2PM 3PM 4PM
hour in a day

FIGURE 9. Solar output power in a day.

results discussion, different cases are considered which are
given below

1) Base case: In this case, the system reliability is evalu-
ated without EV charging and rooftop PV systems.

2) Case 1: Five EV charging stations are simultaneously
placed without rooftop PV systems.

3) Case 2: In this case, five PVCSs are simultaneously
placed in the distribution system.

The EENS value for base case is 8§3.91 MWh. The pareto
optimal solutions for case 1 and 35% EV penetration level is
shown in Fig. 10 for different algorithms. The compromised
solutions are found using eq.(63) and illustrated in the Fig. 10.

60 T T T T T T T
O MOGOA
* ¥ MOALO
50 fx .
O
(0Fe)
40 (€] .
@) lCoele
é 30 d* 1
X 78.8895
20 b s Y 17.8141 |
f‘. g
X 78.7231 JQbO *
10 1 Y 16.4128 % 1
O 1 1 1 1 1 1 1

72 74 76 78 80 82 84
EENS

FIGURE 10. Pareto optimal solutions for case 1 with 35% EV penetration.

The values of objective functions and CS locations for
compromised solution is given Table 1 for both algorithms
and 35% EV penetration level. From the Table 1, it is
observed that 2 CS are placed at same locations with both the
methods and remaining are placed at different locations. The
MOGOA giving better reliability as compared to MOALO
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algorithm. However, there is not a much difference with
EENS value and considerable difference is found in EENC
values. EENC is better with MOGOA algorithm.

TABLE 1. Optimal solution for case 1 with 35% EV penetration.

EENS EENC CS locations
MOGOA | 78.723 16.41 7, 16, 26, 38, 53
MOALO | 78.889 17.81 7, 20, 29, 36, 53

The observations from the Table 1 are as follows, the EENS
value is reduced by 6.18% and 5.98% with reference to base
case for MOGOA and MOALO respectively.

The pareto optimal solutions for case 2 and 35% EV
penetration level is shown in Fig. 11 for different algorithms.
The compromised solutions are found using eq.(63) and
illustrated in the Fig. 11.

30
O MOGOA
X 70.7321 % MOALO
251 |y 22.552 T
‘o
np OF O
_*_
5 ao*
£15 S ®
= X 72.24 %
Y 14.5273 0
10 b %
St * * @ 1
* (@)
* %
0 . . . . . .
70 7 74 76 78 80 82 84
EENS

FIGURE 11. Pareto optimal solutions for case 2 with 35% EV penetration.

The values of objective functions and PVCS locations
and size for compromised solution is given in Table 2 for
both algorithms and 35% EV penetration level. One of the
PVCS location is same as case 1 for both the methods.
In case, total 3 PVCS are placed at same locations for
both the algorithms. The total installed capacity of solar PV
systems is 29.3 MW and 28.1 MW for MOGOA and MOALO
algorithms respectively. The EENS is better with MOALO as
compared to MOGOA but EENC is highly compromised.

TABLE 2. Optimal solution for case 2 with 35% EV penetration.

EENS | EENC | PVCS locations PVCS Size (MW)

MOGOA | 72.24 14.527 | 13, 16, 32, 44, | 8.8, 5.3, 9.5, 1.9,
53 3.8

MOALO | 70.732 | 22.551 | 13, 19, 32, 37, | 6.9, 3.7, 5.7, 8.4,

53 3.4

The observations from the Table 2, are as follows, the
EENS value is reduced by 13.9% and 15.7% with reference
to base case for MOGOA and MOALO respectively. The
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EENC value is reduced by 11.52% and increased by 26.61%
in case 2 as compared to case 1 for MOGOA and MOALO
respectively.

The detailed EV reliability evaluation and energy injected
by EVs in different conditions are given in Table 3 for both
case 1 and 2. The EENC has two components i.e., due to not
charged and unscheduled energy injection (V2G mode).

TABLE 3. Comparison of EENC with 35% EV penetration.

EENC Not Charged V2G (Unscheduled ) | Total

Case 1 | MOGOA| 9.588 6.824 16.413
MOALO | 13.355 4.459 17.814

Case 2 | MOGOA | 9.852 4.674 14.527
MOALO | 15.555 6.996 22.551

As observed from Table 3, EENC value is reduced in
case 2 with MOGOA but increased with MOALO algorithm.
The component of not charged has negligible increment in
case 2 for MOGOA, whereas, considerable increase is found
with MOALO algorithm. In case 1, the unscheduled energy
injection is more with MOGOA algorithm and reduced in
case 2. However, unscheduled energy injection is increased
in case 2 with MOALO. The MOGOA shown it’s superiority
in improving EENC.

The energy injection in V2G is shown in Table 4 for
both the cases and algorithms. The scheduled injection is
same in case 1 with both algorithms. In case 2, PV output
helped the EVs to inject more energy from the scheduled
V2G mode. In case 2, scheduled injected energy is more
with MOALO algorithm. The more scheduled injected energy
helped to improve the system reliability which is observed
in Table 2, where, MOALO algorithm giving better EENS.
The unscheduled energy injection is reduced in case 2 with
MOGOA, whereas, increased with MOALO algorithm. The
less unscheduled energy injection improved the EENC which
is witnessed in Table 2.

TABLE 4. Energy injection of V2G mode with 35% EV penetration.

Energy Injected Scheduled | Unscheduled | Total

Case 1 | MOGOA | 3.859 6.824 10.684
MOALO | 3.859 4.459 8.319

Case 2 | MOGOA | 7.776 4.674 12.451
MOALO | 13.207 6.996 20.204

The change in EENS and EENC is given in Table 5 for 35%
EV penetration and MOGOA algorithm. The ‘-’ and ‘+’
denotes decrease and increase of values in case 2 respectively.
The reduction in EENC is more as compared to EENS. The
scheduled energy injection is drastically increased whereas,
unscheduled energy injection is reduced in case 2. Overall,
injected energy is increased and the unscheduled component
of it is decreased. It is a clear indication that PV integration
with charging station is improving system reliability as well
as EV reliability.

The PVCSs are optimally placed by considering 50% and
60% EV penetration levels without changing the distribution
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TABLE 5. Comparison of reliability for 35% EV penetration for MOGOA.

Reliability Case 1 Case 2 Change (%)
EENS 78.723 72.24 -8.2
EENC Not charged 9.588 9.852 +2.7

V2G (Unscheduled) | 6.824 4.674 -31.5

Total 16.412 14.527 -11.4
Energy Scheduled 3.859 7.776 +101.4
Injected | Unscheduled 6.824 4.674 -31.5

Total 10.684 12.451 +16.5

system load and the system outage conditions remain same as
35% EV penetration level. The MOGOA is used for the PVCS
placement. The reliability values, optimal locations and sizes
are given in Table 6 for case 2.

TABLE 6. Optimal solution for case 2 with 50% and 60% EV penetration.

EV EENS | EENC | PVCS locations PVCS Size (MW)

Level

50% 72.782 | 23.813 | 13, 19, 28, 33, | 10, 9.7, 5.4, 3.7,
53 1.1

60% 76.192 | 24.522 | 11, 16, 28, 34, | 7.5, 9.0, 9.2, 6.0,
52 5.8

From the Table 6, it is observed that system reliability is
reduced considerably, whereas, EV reliability is reduced less
comparatively. The PV installed capacity is 29.9 MW and
37.7 MW for 50% and 60% EV penetration level respectively.

The different components of EENC value are given in
Table 7 for 50% and 60% EV penetration levels. It is found
that there is no considerable difference between both the
components i.e., not charged and unscheduled V2G mode
values.

TABLE 7. EENC values for 50% and 60% EV penetration.

EV Level Not Charged | V2G (Unscheduled ) Total
50% 18.18 5.632 23.813
60% 18.842 5.68 24.522

The energy injection by V2G mode of EV under different
condition is given in Table 8. From the Table 8, it is found
that changes in scheduled and unscheduled energy injection
is negligible while changing the EV penetration level from
50% to 60%.

TABLE 8. Energy injection of V2G mode for 50% and 60% EV penetration.

EV Level Scheduled | Unscheduled | Total
50% 13.741 5.632 19.374
60% 13.485 5.68 19.166

The comparison of reliability and total PV installed
capacity for three EV penetration levels is given in Table 9.
The relative change of EENS is higher if EV penetration
level is increased. But at the same time, the relative change
in EENC is less with increased EV penetration level. From
35% to 50%, total installed PV capacity with charging station
doesn’t change much. Whereas, a drastic change is found
from 50% to 60%.
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TABLE 9. Reliability and PV installed capacity for different penetration
levels.

EV Level EENS | EENC | PV capacity (MW)
35% 72.24 14.527 | 29.3
50% 72782 | 23.813 | 29.9
60% 76.192 | 24.522 | 37.7

The rooftop required for 1 MW solar PV system is 5 acres.
The serviceable area of the studied distribution system is
3706 acres (15 km?). The 60% EV penetration requires
190 acres of rooftop which is approximately 5.1% of total
serviceable area of the distribution system.

V. CONCLUSION

In this paper, multiple solar rooftop PV integrated charging
stations are optimally placed in the distribution system for
reliability benefits. Along with the system reliability index,
EV reliability index is also considered as an objective for
PVCS placement. A novel index for EV reliability i.e.,
expected energy not charged (EENC) is developed and
used as an objective function. Hence, the PVCS placement
problem is solved as a multi-objective problem using
MOGOA and results are compared with MOALO algorithm.
The PVCS are hypothetically placed in a practical distribution
system and 0.6 vehicles per consumer are considered. Three
different EV penetration levels are considered for impact
analysis while keeping system load constant. The reliability
is compared with and without PV integration to the charging
stations. The V2G mode (scheduled & unscheduled) has
improved the system reliability in case 1 as this mode works
as generating mode. The integration of rooftop solar PV
systems in the charging station further improved the system
reliability and EV reliability as well. The contribution of
not charging EVs in EENC has negligible change with PV
integration whereas unscheduled V2G mode contribution is
reduced and leads to improving the EV reliability. The energy
injection from the scheduled V2G mode is increased with
PVCS and contributed in improving system reliability. The
system reliability is reducing with increase of EV penetration
level. The relative change in EENC is less at higher
penetration levels as compared to lower penetration levels.
The area required for installing rooftop solar PV system is
approximately 5.1% of distribution system serviceable area
which is very well possible limit.

The proposed methods are easily scalable to apply for large
and complex systems. In this work, tariff rates for charging
and V2G mode of EVs is not considered. The participation of
EVs is fully based on the minimum battery levels predefined
by EV owners. However, if time of use tariff are applied then
this will encourage the EV owners to participate in V2G mode
during high tariff durations and charge their EVs during low
tariff durations. The impact of time of use tariff has to be
analysed in the future works. The use of fuel cells as DG is
increasing in recent time and it is very interesting to analyse
the impact of fuel cells and PVCS on the system and EV
reliability.
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