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Abstract
Currently, uninterrupted charging of Electric Vehicle (EV) is not possible due to grid overloading during day-time. The inter-
ruptions during charging causes uncertainty for users. This work proposes a solution to this vehicle charging problem by
introducing a combination of Energy Storage Unit (ESU) and Photovoltaic (PV) panel charging along with the grid. The
proposed solution is efficient in providing charging for EVs without any interruption in an office parking scenario. The important
benefit of the proposed system is the rapid fulfillment of the charging demand of all EVs in parallel to lessening the added grid
burden. The control algorithm is designed according to deterministic rule-based schemes. The proposed work is valid for the
areas where parity level has already been reached. The efficacy of the proposed technique is evaluated under different charging
situations using Matlab simulations. The results show that all connected EVs are charged fully without interruption. Moreover,
the simulation results prove that EV charging using the proposed system lowers the added burden from the grid up to 98.6%. This
work is envisioned to offer stimulating research prospects in the area of vehicle charging using grid-connected renewable sources.
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Introduction

The rise of greenhouse gasses and their imminent environ-
mental impacts have accelerated the research on Renewable
Energy (RE) sources [1, 2]. It has been established that one of

the main sources of pollution is the greenhouse gasses and
CO2 emissions from the conventional Internal Combustion
Engine (ICE) vehicles. The growing interest of researchers
in Electric Vehicles (EVs) depicts the general trend to reduce
the dependency on ICE vehicles. The main link between EVs
and the electric grid is the charging of the batteries. Due to the
easiness and availability of unrestrained energy from the grid,
direct charging of EVs from the grid is extensively adopted.
The charger only requires a simple power outlet that provides
EV users with easy access to the charging point Yilmaz and
Krein [3]. Conversely, charging directly from the grid gener-
ates an added load for the electric grid. This is predominantly
critical during the peak (day time) hours when the electrical
energy demand is very high. The consequences are distribu-
tion losses, degradation in the power quality and voltage de-
viation due to the congestion of the grid (Akhtar et al. [4];
Sundstrom and Binding [5]). As per Electric Power
Research Institute (EPRI), the overall electricity consumption
due to plug-in hybrid EVs is expected to increase by 300 TWh
from the year 2030 to 2050 Duvall et al. [6]. However, in
countries where the climate is hot and the sun shines a larger
part of the day, roofing parking lots with PV plates protect
from sun and rain in addition to the renewable energy which
facilitates the vision of “charging while parking” (Esfandyari
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et al. [7]; Van Roy et al. [8]) and an ideal setup for office
environment can be achieved. Another impetus to incorporate
PV is the sharp decline in the price of modules; the cost for
photovoltaic generators has dropped by more than 50% be-
tween 2010 and 2014 Tripathi et al. [9]. Another preferable
option is to combine PV array and Energy Storage Unit (ESU)
to deal with fluctuated power (Bhatti et al. [10]; Bhatti et al.
[11]; Zakeri and Syri [12]). To increase stability of such power
systems, multiple system level optimization techniques have
been developed specifically for scenarios where Fuel cells are
used as ESUs (Fan et al. [13]; Razmjooy et al. [14]; Yanda
et al. [15]; Yu et al. [16]; Yuan et al. [17]). However, the
hybridization of the sources (PV, ESU, and grid) increases
the complexity of the system. Moreover, optimizing the per-
formance of the hybrid system in the presence of intermittent
PV power and volatile grid electricity prices is a difficult task.
Furthermore, the system must meet the random EV demand
while reducing the grid burden.

Inevitably, to effectively utilize the energy sources, an effi-
cient and intelligent scheme for the proper energy management
is required. The purpose is to manage the interactions among
the system components, as well as to deal with the various
uncertainties, namely the random EV power demand, PV inter-
mittency and variation in the grid energy prices (García-Triviño
et al. [18]; Ramadhani et al. [19]). The scheme can be embed-
ded into a controller for real-time execution; thus, the charging
station can be automatically operated without the presence of
human operators (Liu et al. [20]; Liu et al. [21]). A summary of
various literature-based PV-grid type EV charging schemes in-
corporating rule-based algorithms alongside their distinct fea-
tures is presented in Table 1.

Though the literature-based EV charging schemes de-
scribed in Table 1 reduces grid burden and charging price,
they are not resilient in conjoining the important charging
features such as interruption-less charging during daytime
and valley filling operation. The primary reason for this is
because uninterrupted charging without considering Vehicle

to Grid (V2G) or Vehicle to Vehicle (V2V) operations can
cause overloading of the grid especially during the daytime.
Furthermore, V2G and V2V operations are also undesirable
for the EV owner as this increases the number of charging
cycles of the EV’s battery reducing its lifespan. In this context,
the proposed scheme has been developed to achieve uninter-
rupted daytime EV charging with valley filling operation
without V2G and V2V operation. The performed simulations
in this work to estimate the performance of the proposed
charging scheme considers the location of an office parking
area during day-time.

The proposed work provides an un-interrupted EVs charg-
ing by making use of the PV-grid combination throughout
office hours in contrary to the traditional grid alone charging.
In addition, the proposed strategy helps to reduce the addition-
al EV charging burden on the utility grid up to 98.6%.

In Section 2 of this work, the system model used to esti-
mate the performance of the proposed rule-based energy man-
agement scheme has been described. The main operational
flow of the scheme itself has been elaborated in Section 3.
Section 4 describes the simulation results obtained in this
work for the office parking lot environment during different
days of the year including summer, winter and holiday. The
final concluding remarks are provided in Section 5.

Modeling of Proposed System

System Components

To simulate the proposed system, it is inevitable to model a
PV-grid charging system. For this purpose, the components of
charging system are modeled first as shown in Fig. 1. Here
both grid and the ESU are connected to the DC bus using bi-
directional power converters. However, as V2V and V2G op-
erations are not performed in our work, only uni-directional
DC charger has been connected to charge the EV.

Table 1 Comparison of literature-based EV charging schemes with proposed scheme

Reference and
Year

Charging Station Characteristics of Smart Charging Schemes

PV-
grid

Decentralized
Control

Workplace
Parking

Daytime
Charging

Uninterrupted
Charging

No V2G and V2V
operations

Valley-filling
Operation

Rule-based
Algorithm

[21] ✓ × ✓ × ✓ ✓ × ✓

[18] ✓ ✓ × × ✓ ✓ × ✓

[10] ✓ ✓ ✓ ✓ × ✓ × ✓

[22] ✓ × × ✓ ✓ ✓ × ✓

[23] ✓ × ✓ ✓ × ✓ ✓ ✓

[24] ✓ × ✓ ✓ × × × ✓

Proposed
scheme

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
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Power Demand of EV

The mathematical model used in this work to simulate power
demand of EV (EV_Dmd) is as described in Shao et al. [25].
Using this model, the power requirement of any individual EV
connected to the grid can be calculated at time t using Eq. [1].

Pev;t ¼ Pev;req � St � wt � ct ð1Þ

Here, in time step Δt, Pev,req shows the charging power
measurements which are required by the EV’s battery to up-
surge between the state of charge (SOC0) and maximum
(SOCmax) conditions. To check SOC, Variable St is used as
a control signal. Whereas office working days and working
hours are shown by wt and ct respectively. For a large number
of EVs connected to the charging station, the summation of

Pev,t is for the total EV_Dmd is shown in Eq. [2].

EV Dmdt ¼
∑
N

n¼1
Pn
ev;t; t ¼ 9; 10;…; 18ð Þ

0; else

8
><

>:
ð2Þ

Since the scheme is intended to be used for daytime charg-
ing, the office working hours are assumed to be between hours
0900 to 1800. For the same office hours, EV_Dmd is pro-
duced, to fulfil the need during the mentioned hours. Zhang
et al. [26]. The PV output power is determined by using the
single diode model (Ahmed and Salam [27]; Ahmed and
Salam [28]). The output PV current Ipv can be attained in
Eq. [3], by assuming available values of Temperature (T)
and solar irradiance (G).

Ipv ¼ ISCSTC þ ki T−TSTCð Þð Þ G
GSTC

� �

− I0 e
VpvþIpvRS

VT

� �

−1

" #

−
Vpv þ IpvRS

RP

� �

ð3Þ

Where Io is the diode’s saturation current; ISC_STC is the
short circuit current at STC (GSTC = 1000 W/m2, TSTC =
298 K); ki is the short circuit current coefficient; VT = akT/
q is the thermal voltage; q is electron charge (1.602 ×
10−19 C); a is the ideality factor (1 < a < 2) Ishaque and
Salam [29]; k is Boltzmann constant (1.381 × 10−23 J/K).
The RS shows the series whereas RP shows the shunt re-
sistances respectively. Newton-Raphson iteration method
for its rapid convergence, is used to solve Eq. [3] because
of its transcendental nature, by varying the output voltage
(Vpv) from zero to maximum open circuit voltage Ishaque
et al. [30]. The (Vpv) can be concluded as its final value
equal to the voltage at Maximum Power Point (MPP). By
assuming that there is no partial shading and the inverter is
functioning at MPP, the single module output power can
be formulated by Eq. [4]

Ppv ¼ max Ipv � Vpv
� 	 ð4Þ

where Vpv is the PV module output voltage. At this stage,
we can calculate the entire power of the PV array
(PV_Pwr) by using Eq. [5].

PV Pwr ¼ Ppv � Npv ð5Þ

where Npv is the number of PV modules used in the array.
In this work, Kyocera’s KD325GX-LFB, which is a
325 W polycrystalline PV module, has been considered
to form PV arrays. The data values of for irradiance (G)
and ambient temperature (T) are collected for the National
Renewable Energy Laboratory (NREL) located in
Southern part of California (GPS: 33.966674° N,
18.42282° W) (García-Triviño et al. [18]; Hsu et al. [31];
Stoffel and Andreas [32]).

Fig. 1 PV to EV system model
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The Energy Storage Unit (ESU) Model

For the approximate calculations of SOC of the ESU, the
model is taken from Belfkira et al. [33].

SOC tð Þ ¼ SOC t−1ð Þ: 1−δbat tð Þð Þ þ PB tð Þ
Vbus

� �

:ηbat:Δt ð6Þ

In Eq. [6], δbat(t) is the self-discharge rate, calculated on
hourly basis. It is considered to be zero for practical purposes.
The ηbat denotes the efficiency of charging and discharging of
the battery, which in both cases, is supposed to be 100%. The
voltage of dc common bus is shown by Vbus; in this scenario,
Vbus = 500 V; PB(t) shows the charging or discharging pow-
er. The value of PB(t) varies with respect to the available and
required ESU Power. In this model, Req_ESU_Pwr parameter
represents the required ESU power (in kW) which is needed to
raise ESU’s SOC from starting levels to the upper limit
(SOCU) in the prescribed Δt time step. This Req_ESU_Pwr
is described in Eq. [7].

Req ESU Pwr tð Þ ¼ SOCU−SOC tð Þð Þ � Cbat � Nbat

Δt
ð7Þ

Similarly, ESU can provide continuous power for time step
Δt, before it reaches from its SOC to its lower limit (SOCL),
this continuous power of ESU is the maximum amount of
power ( in kW); shown as avai lable ESU power
(Avl_ESU_Pwr). It is characterized as

Avl ESU Pwr tð Þ ¼ SOC tð Þ−SOCLð Þ � Cbat � Nbat

Δt
ð8Þ

In Eq. [7] and Eq. [8], Nbat represents the total batteries
available in the ESU, whereas Cbat is considered as apparent
value of the capacity of a single battery. To get the maximum
longevity from the batteries, the battery charging and
discharging states should be restricted as per the mentioned
SOCL and SOCU limits. Which are set as 10% and 100%,
respectively Li et al. [34].

Operational Flow of Rule-Based Scheme

The scheme proposed in this work has been developed using
several rule-based strategies. The rules may be taken as two
cases of simple ‘if-then’ statements, in which the ‘if’ cases are
connected to the different situations and ‘then’ cases imple-
ment the operational modes. The overall operational flow of
the charging station can be described in terms of four main
scenarios. These main scenarios are primarily developed
around the availability of renewable power PV_Pwr and the
energy demand represented by EV_Dmd. However, in addi-
tion to these main scenarios, a few additional scenarios may
also occur. These additional scenarios depend on variables

like the price of electricity being provided by the grid
(GE_Pr) and the level of stored energy in ESUs (SOC).
Thereby, to meet the targets set for the scheme, charging sta-
tion’s operation under each scenario may simultaneously uti-
lize more than one operation modes. The primary four scenar-
ios used in our scheme are the following;

& Overload, when EV_Dmd > PV_Pwr.
& Underload, when EV_Dmd is present but EV_Dmd is ≤

PV_Pwr.
& No-load, when PV_Pwr is available but the EV_Dmd = 0.
& Idle, when both EV_Dmd = 0, and PV_Pwr =0.

By using the outputs of already developed sub-models, the
PV-grid charging station is simulated using scheme. The ob-
jective of the scheme-based control is to charge the EVs of
office employees without interruption. Since the scheme is
exclusively intended to aid the office employees without con-
cerns of generating revenue from the charging station, the
proposed scheme operates the charging station on ‘break
even’. The ‘break even’ strategy will facilitate the EV user
with lowest charging price as possible and also care for the
charging station of bearing financial distress. For this purpose,
it is crucial to find the optimum size of charging station under
which resilient operation of scheme could be realized without
experiencing financial losses to the station. The main flow of
PV-grid operation under the control of scheme is given in the
form of the flowchart as shown in Fig. 2.

In this flowchart the four main operating scenarios are
shown with diamond shapes and the possible operating modes
under each scenario are mentioned in the boxes. To simulate
the operation of charging station, the scheme algorithm re-
quires eight inputs: i) PV_Pwr (kW), ii) SOC of ESU (kW),
iii) EV_Dmd (kW), iv) GE_Pr (cents/kWh), v) PV_Pr (cents/
kWh), vi) ESU_Pr (cents/kWh), vii) List of holidays and viii)
date (dd/mm/yyyy). A yearlong database consisting the hourly
values of PV_Pwr, EV_Dmd and GE_Pr are generated with
the help of developed sub-models of the PV-grid system Chen
and Duan [35]. The database is loaded within the scheme
algorithm to use for the simulation of the charging station.
Although, the SOC is represented in percentage but it is dif-
ferently defined here in terms of power to hold the similarity
of plotting parameters (that is PV_Pwr, EV_Dmd, SOC).
Thus, it is represented as SOC = % SOC(t) × Cbat ×
Nbatwhich can be defined as, the maximum amount of power
(in kW) which ESU can deliver continuously for one hour.
Initially, the SOC of ESU is considered to be 30% which will
be changing after every hour of operational job under the
given particular circumstances Maleki et al. [36]. Similarly,
PV_Pwr, GE_Pr, and EV_Dmd are changing with the new
value in every hour of simulation.

To specify the simulation period, the scheme algorithm
asks the user to enter a couple of dates at the beginning of
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the simulation. This duration can be varied from one day up to
one year for this research. According the provided input du-
ration of the user, the database is loaded and the information is
extracted from the database as per the input period. The office
working days are confirmed by comparing the user specified
dates with the preloaded list of holidays. Moreover, on office

working days, the office working hours are considered to be
from 9:00 am to 6:00 pm (Locment and Sechilariu [22];
Mohamed et al. [37]; Zhang et al. [26]). After every hour of
the operation, the prices of energy selling and purchasing are
calculated based on the predefined rules. The difference of the
prices of energy selling and purchasing gives the amount of
hourly profit in cents.

Results and Discussions

Figure 3 shows the variations of EV charging station’s perfor-
mance parameters for a single day (15/01/2013) once 150 EVs
are charged using proposed scheme under the condition of par
parity level (PL). Here, PL means that PV_Pr = Avg_GE_Pr.
As the weather conditions are clear on this particular day,
there are no abrupt fluctuations of the PV_Pwr in Fig. 3(a)
and it has a rather smooth profile. Though PV_Pwr is suffi-
cient to meet the EV_Dmd during the peak irradiance time
from 10 to 18, this is not possible outside such times as the
solar irradiance and consequently PV_Pwr drop below
EV_Dmd levels. Thereby, outside this time zone, PV2EV
(PV energy to charge EV) operating mode of the proposed
scheme cannot be implemented. To maintain interruption less
charging of the EVs in these hours, ESU2EV (ESU energy to
charge EV) and Gd2EV (grid energy to charge EV) operation-
al modes are utilized.

From Fig. 3(b), it is clear that the system is in underload
scenario from 10 to 18 h. During this time EV_Dmd is met
with PV_Pwr using mode PV2EV and has been labeled as
“Uninterrupted charging using PV only”. From hours 9 to
10 and 18 to 19, the system is in overloading condition i.e.
the PV_Pwr is not sufficient to meet EV_Dmd. Thereby, other
available energy resources must be utilized. During the begin-
ning of office hours from 9 to 10, the EV_Dmd is so high that
in addition to the combination of both PV2EV and ESU2EV,
Gd2EV is also utilized to maintain interruption less charging.
This has been labeled as “Uninterrupted charging using PV,
ESU and grid”.in Fig. 3(b). During the evening at the end of

Start

  Update variables

Hourly Profit (in cents) = (Selling price – Purchasing price)

End

Last hour of given 
period reached

No

Yes

Idle scenario
PV_Pwr = 0 AND 
EV_Dmd = 0

Yes

End

No

Yes

Overload scenario
EV_Dmd > PV_Pwr

End

No

Yes

Yes End

No

No
Underload scenario 
EV_Dmd > 0 AND 
EV_Dmd <=PV_Pwr

Opera�ng 
Modes
PV2EV,  

ESU2EV,
Gd2EV, 
Gd2ESU

Specify charging period

No load scenario
EV_Dmd = 0 AND 

PV_Pwr > 0

End

Opera�ng 
Modes
PV2EV,  

PV2ESU,
PV2Gd, 
Gd2ESU

Opera�ng 
Modes

PV2ESU,  
PV2Gd, 
Gd2ESU

Opera�ng 
Modes

Gd2ESU

Fig. 2 Simplified flowchart for proposed scheme to charge EVs

Fig. 3 The results of proposed scheme for 150 EVs at PL on 15th January
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office hours from 18 to 19, the uninterrupted EV charging
operation is maintained by implementing PV2EV with re-
maining demand met via ESU2EV operating mode. This sce-
nario has been labeled as “Uninterrupted charging using PV
and ESU” in Fig. 3(b). Here, the sequence of PV2EV and
ESU2EV is followed instead of PV2EV and Gd2EV because
grid is overloaded (that is GE_Pr > ESU_Pr).

Figure 4 shows the results of charging 150 EVs for a spe-
cific day (11/06/2013) in summer. It is to be noted that the PV
produces more power compared to the winter day. As the days
in summer are long, the power started to be generated by PV
before the office working hours and carry on to be produced
even after the closing office hours. This is depicted in the

Fig. 4(a). The additional PV_Pwr lessens the grid reliance
by restricting the triggering of Gd2EV as illustrated by the
Fig. 4(b). Additionally, the excess PV_Pwr compensates the
system financial losses by selling the surplus energy to the
grid using mode PV2Gd.

During low irradiance, for example, during the hours 18 to
19, the ESU is activated to meet the EV_Dmd using mode
ESU2EV which is labeled as “Uninterrupted charging using
PV and ESU”. Although the ESU loses its energy during
ESU2EV mode, it is regained during hour 19 to 20 via mode
PV2ESU when PV_Pwr exceeds EV_Dmd.

Figure 5 shows the operation for a specific (01/01/2013)
holiday. Figure 5(a) reveals the no load scenario, where the

Fig. 4 The results of proposed scheme for 150 EVs at PL on 11th June

Fig. 5 The results of proposed scheme during holidays at PL on 1st January
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PV_Pwr is available but no EV to be charged due to office
holiday. However, once the ESU reaches the SOCU limit, it
remains constant throughout the day as shown in plot
Fig. 5(a).

Since there is no EV to be charged throughout the day, the
entire PV_Pwr is sold out to the grid via mode PV2Gd, as
shown in Fig. 5(c) circled as “Selling entire PV energy to
grid”. This is the main income that compensates the economic
losses which the charging station has to endure. The energy
sold during the holidays is more prominent during summer
when PV_Pwr is available abundantly and the selling price
to the grid is high.

As already mentioned, the proposed solution is applicable
for areas which are at par or below parity levels. It is worth
mentioning that par parity is the level when price of electricity
from PV system is equal to average grid electricity price and
below parity means when PV based price is less than grid
price. Table 2 shows average burden on grid due to charging
of EVs using Grid-Only charging as well as using proposed
solution of EV charging under the conditions of below parity,
that is PV_Pr is 0.83 times of Avg_GE_Pr.

On the basis of results presented in this section, it is clear that
the proposed scheme technique is capable of providing inter-
ruption less EV charging with valley filling operation in an
office parking environment. It is also clear from the results in
Table 2 that burden of EV charging on grid is reduced up to
98.6% compared to burden without applying proposed solu-
tion. The proposed scheme is based on simple: if-then: state-
ments and thereby requires very little computational resources.
Furthermore, the reduced complexity of the algorithm makes it
possible to implement it in run time as compared to other
optimization-based algorithms Saqib et al. [38]. However, in
our scenario, system sizing needs to be determined a prior for
different geographical locations to ensure that sustained
interruption-less charging is feasible.

Conclusion

In this paper, a novel technique is presented for the charging of
EVs during the day-time bymaking use of the charging station
based on PV-grid combination. The proposed technique
scheme, which constitutes schemes that are deterministic
rule-based, helps the charging station to provide continual
charging. The rule-based schemes provide an efficient solu-
tion compared to meta-heuristic schemes when real time data

is being processed. However, unlike meta-heuristic algo-
rithms, the rule-based schemes have to re-write to solve every
new problem. The proposed scheme has been simulated on a
typical system in office parking environment. The results
show that EVs charging by making use of the PV-grid com-
bination along with the proposed strategy remains uninterrupt-
ed throughout the time as compared to the traditional grid
alone charging. In addition, the proposed strategy helps to
reduce the additional EV charging encumbrance on the utility
grid up to 98.6%. It is anticipated that the proposed technique
will offer interesting and encouraging research avenues for
EV charging by exploiting renewable energy sources. Since
the proposed work is applicable for areas having par and be-
low parity conditions, this work could be further extended in
future by considering the above parity conditions. More so,
this work (which is deterministic rule-based) could be repli-
cated using fuzzy rule-based for comparison purposes.
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