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Abstract This paper presents the control and design of
a stand-alone photovoltaic (PV) system with a battery bank
for an electric vehicle (EV) battery charging. It also
describes the necessary requirements and power electronic
converters design for the EV battery charging station. The
design of a bidirectional converter to allow for
bidirectional power flow control to regulate the charging
and discharging of the battery bank is presented. The PV
system connected to the battery bank system is used to
enhance the power output of renewable energy sources,
regulate electrical power to effectively charge batteries,
draw maximum power from solar panels, and provide a
high-quality DC output for electric vehicle charging. The
PV is the primary power source of the system, and a battery
bank is used as a backup storage system. A comparison
between the performance both of lithium-ion batteries and
lead-acid batteries based on using it as a backup storage
system for the off-grid PV system is presented. The
proposed system has been designed and simulated in the
MATLAB-Simulink  environment.  The  effective
performance of the proposed station for EV battery
charging is achieved through the simulation results. A
proposed charging station cost estimation is performed to
present a powerful index of the proposed charging station's
effectiveness.

Keywords EV Charging Station, Stand-Alone PV
System, Battery Bank, Solar Cells

1. Introduction

With the continual increase of environmental worries,
countries of the world have made many standards for
carbon emissions. Electric vehicles (EVs), which
fundamentally depend on electricity, have the chance to
replace traditional gasoline and diesel vehicles. EVs
provide an efficiency increase in energy savings through
effective fuel economy, particularly when the electricity is
produced from renewable resources, like solar and wind.
Several suggestions have been made when dealing with
EVs in smart grids, which are not just an electrical load,
but as a power resource [1-3]. A methodology for
modeling EV as an extra load on the distribution network
was proposed in [4-10]. Many researchers introduced the
grid-connected PV system for EVs charging [11-14].
Generally, the grid-connected system does not need a
backup battery. The grid-connected system has two
configurations. The first: the PV system participates with
the utility grid in supplying the load with energy. This
means that the PV system power is often less than the
power required for the load. The second: the PV system is
designed to supply the load with the required power and
the utility grid in this configuration is a backup source
during solar power fluctuations. With the continuous
growth of demand for using EVs, it became necessary to
increase charging stations. EVs need a large number of
charging stations. Thus, EVs will be a significant burden
on the distribution network system in the future. The
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off-grid PV system or standalone PV system term means
the system has no connection to the main grid. Off-grid
systems are appropriate for the electrification of small
societies and it is feasible for remote areas. Off-grid
systems are suitable for EV charging stations in faraway
roads. Many papers presented the off-grid system design
[15-17]. For facing renewable power fluctuations, the
control of the charging process of EV has been discussed
in [18-20]. In [21] introduces EV fast-charging
technologies. Banks of backup batteries are used most
mainly for the off-grid system for energy storage [22-23].
A comparison between Lead-Acid and Lithium-lon
Batteries for energy storage in off-grid energy systems is
presented in [24]. In [25] shows a study of the backup
battery charging control techniques for PV systems. This
controller maintains the good advantages and solves the
drawbacks and restrictions of the conventional controllers.
Lithium-ion batteries [26] are one of the best energy
storage systems because of the many advantages of high
storage capacity, and therefore the solar charging station
is a fully renewable energy system. In this case, the
PV-Battery Energy Storage System needs a good
controller to regulate the charge and discharge of the
battery bank.

1.1. Contribution of This Paper

The present paper describes a very practical approach in
designing a model of a charging station of electric
vehicles shown in Fig. 1 consists of an off-grid system
with a battery bank.

In a simple way, the principal contributions of this
paper may be described as follows:

1. The present work offers an environmentally-friendly
charging station model for charging electric vehicles
that suit remote areas far from the utility grid.

2. The design of the proposed charging station in step
by step is explained.

3. DC-DC converters design used for the proposed
charging station is presented to ensure the best
performance.

4. The effectiveness test of the logic controller for the
bidirectional converter [27-28] is done to regulate
the charge and discharge of the battery pack.

5. The performance test of the lithium-ion batteries and
the lead-acid batteries as an energy storage system
for the proposed charging station.

6. A practical approach in cost estimation of the
proposed charging station is carried out.

1.2. The Organization of This Work

The rest of the paper is documented in the following
order. Section 2 presents the estimation of the required
charging power of an electric vehicle. The back-up
batteries' storage capacity and the sizing of the PV system
are calculated in sections 3 and 4 respectively. Section 5
displays the design of the boost converter, the buck
converter, and the bidirectional converter. A summary of
the parameters that are used and that are calculated is listed
in section 6. The charge and discharge controller modes for
the battery pack are described in section 7. Section 8
discusses the simulation results. The performance of the
lithium-ion batteries and the lead-acid batteries with the
proposed charging station is shown in section 9. Finally,
the proposed charging station cost is estimated in section
10.

DC Bus
PV array Boost Converter Buck Converter
DC DC
DC DC
A
MPPT Charge
Controller

Bidirectional Converter

DC

Battery Bank

DC

Charge and Discharge
Controller

Figure 1. The proposed charging station for an electric vehicle
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Table 1. Charging time and standards according to IEC 61851-1

Ordinary charging Ordinary charging .
1-phase 3-phase Fast and extremely fast charging
Network Connection V=230V AC V =400V AC V =500V AC V=600V AC
1=16 A 1=32A 1 =250 A 1 =400 A
P =3.7 kW P =22/43 kW P =220 kW P =240 kW
Battery (kWh) Charging Time
100 27h 2.5/45h 30 min 25 min
40 11h 60/120 min 10 min 10 min
20 55h 30/60 min 5 min 5 min
10 3h 15/30 min <5 min <5 min

2. The Required Charging Power of
the Electric Vehicle

There are diversities of charging technology for EVs
and various charging standards (both in terms of power
and time). Table 1 shows the rating of the charging
standards, according to IEC (International
Electrotechnical Commission) 61851-1.

To achieve the least charging time of EV battery,
enough large power chargers are essential, which follows
physics fundamental laws: P, = E/t.,, Where: P, —
charger power in W, E — battery energy in watt-hour,
t., — charging time in h. Thus, for instance, to charge
100% of the 100 kWh battery (Tesla S 100D cars) in 20
min, the required charger power is 300 KW.

3. Specifying the Battery Storage
Capacity of the Off-Grid System

Batteries are the main component of off-grid systems.
The storage battery supplies the load with the required
power during the night and cloudy weather periods or
with the participation of the PV system during limited
sunlight intervals. The periods in which the system doesn't
depend on energy generated by PV modules are known as
‘days of autonomy’. Days of autonomy (N,) usually are 4
days.

Other parameters are taken
calculating storage capacity:

E = the electric vehicle battery power, i.e. 100 kWh
battery (Tesla S 100D cars) which is chosen as a load to
design the proposed charging station.

DOD = Upper limit allowable depth of the battery
bank discharge i.e. 0.8.

Vssy = Storage system voltage, i.e. 400 V.

1 = Battery bank efficiency, i.e. 0.85.

Consequently, the storage capacity of the battery bank
(BBC) can be calculated by the following relation [29]:
NcE (1)

DOD ngVssy

ODM Deep Cycle 48 Volt Lithium Li-ion 200Ah
Lifepo4 48V Battery Pack is chosen.

into account when

BBC = =~ 1500 Ah

The total number of the required batteries (Ng;):
BBC

Npe = 500an

Number of batteries in series (Ngs):

~ 8 batteries

V
Ngs = % ~ 8 batteries

Number of batteries in parallel (Ng,):
Ng, = Np¢/Ngs = 1 battery

4. Sizing of PV Array

The major steps which are necessary for determining an
off-grid PV system sizing as the following:

1. Deciding the nominal operating voltage of the PV
system (Vpc-iink)-
The nominal Voltage i.e., Vpc_iink =600 V is chosen
for the design.

2. Specify the total load current.

The total load current is the sum of both the charge
current required for the electric vehicle battery and the
charging current required for the battery bank. The charger
power is 300 KW and Vpc_jink is 600 V consequently; the
charge current (Io¢g) is 500 A. The battery bank storage
capacity is 1500 Ah and the charging current of the storage
system (Iqgs) is almost 20 % of the battery bank capacity,
i.e. 300 A. The total charge current is 800 A.

3. System losses are added.

The consumed energy by the system components is
system losses. Consequently, the required total current,
which was specified in step 2, is increased with 20 for
system losses compensating. The total current (I5.) after
adding the system losses is approximately 1000 A.

4.  Determining the number of PV modules.

In the best arrangement of the panels, the required total
PV array load in ampere (as shown in step 3) is got with the
least number of panels. The solar array is formed of
modules that are connected either in parallel or in series.
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The demanded number of panels in parallel (Np) is Table 2. SunPower 305-SPR-WHT Module datasheet
computed by dividing the whole current demanded from Peak Power (+/-5%) Prax 305 W
the solar array (shown in step 3) by the current generated
by the panel at maximum power (1,,,,,) shown in Table 2.

Rated Voltage Vo 547V

Consequently, Np is almost 180 modules. Ny (The Rated Current g 558 A
number of modules in series) is calculated by dividing 600 Open Circuit Voltage Voc 64.2V

V (Vpc-1ink) by the nominal panel voltage (V;,,) shown in Short Circuit Current Ise 5.96 A
Table 2. Thus, Nj is approximately 11 modules. The total ] ]
number of modules is N, = Ns * Np = 1980. Figs. 2 and 3 present the P-V and I-V curves at different

irradiances and various temperatures.

Array type: SunPower SPR-305-WHT; 11 series modules; 180 parallel strings
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Figure 2. The I-V and P-V curves of the PV array at various irradiance and 25°C temperature
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Figure 3. The I-V and P-V curves of the PV array at various temperatures and irradiance of KW/m?



Universal Journal of Electrical and Electronic Engineering 7(5): 273-288, 2020 277
Boost Conv. Buck Conv.
DC DC
PV prm— va prm— EV
DC Coc-iink DC
Battery DC = -
Bank Bt
DC
Bidirectional Conv.
Figure 4. The proposed charging station diagram
5. Design the Proposed Charging L oost D
i Y'Y Y
Station Converters — ™ by |
The essential technology linked with PV systems is the i S .
power converter. A perfect PV power converter should ~ "#* T Cpy OJH (_bf._,,?\,(:: Voc—unk

drag the maximum power from the PV module and provide
it to the load. For the grid-connected systems, this should
be achieved with the least harmonic content in the current
and at a PF (Power Factor) value is higher than 0.9. In the
off-grid systems, the output voltage should also be adjusted
to the required value. Three DC-DC converter topologies
are used for the proposed charging station shown in Fig 4.
The boost converter is used to convert the variable voltage
from the modules into a stable voltage while the buck
converter is used to reduce the DC Bus voltage to the
electric vehicle battery voltage. The bidirectional converter
is used to regulate both the charging and discharging of the
battery bank.

The design of three DC-DC converters is described below.

5.1. DC-DC Boost Converter

The boost converter is shown in Fig. 5 [30] is composed
of the voltage of the PV modules as the input source (V;,,),
boost inductor (Lg,est), DC-link capacitor (Cpc—iink), @
diode (D), MOSFET (Metal-Oxide—Semiconductor Field-
Effect Transistor) (S) as a switch and the output voltage
(Vpe—iink) (DC Bus Voltage). The output voltage of the
boost converter is higher than the input. By modifying the
duty cycle of the MOSFET, control or the modifying of
voltage can be done.

Figure 5. The Boost Converter diagram

The output voltage Vpcink IS related to the input
voltage Vpy, according to the following equation [30]:

Vpy
Vpc-link )

Where D is the duty cycle.

To calculate the duty cycle of the boost converter, Eq (2)
is used. Through the simulation, solar radiation varies from
0 to 1000 W/m? and temperature varies from 25 to 75°C.
The boost converter duty cycle is determined for a cell
temperature of 25°C and irradiance of 1000 W/m?. As
noticed from Figs. 3and 4, Vp, =600 V. Vpe ink 1S €qual
to 600 V which gives, Dggoy = 1.

During the irradiance 1000W/m? and at the temperature
100°C, the total modules' voltage decreases to 448 V, as
noticed in Fig. 3. Therefore, the duty cycle should be
decreased to obtain the required DC-link voltage. The
computed value of the duty cycle using Eq. 2 is,

Dyssy =0.253

The change in the array voltage (4Vpy) = (600V-448V)
=152 V.

D=1-
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The increase and decrease of the power and voltage of
the array are checked by applying the Perturb and Observe
Algorithm [31] for MPPT using the direct duty cycle
control method.

5.1.1. Design of Boost Inductor and PV Array Capacitor

The inductance for continuous current in the boost

converter is calculated as follows [30]:
Vin (Vpe-tink=Vin)

AiL—Boost fsw VDc-link

fsw 18 the switching frequency which is chosen to be 40
kHz. Viy is the converter input voltage = 448 V. Aij p,ost
(The ripple current) is calculated as follows [30] (taken as
13% of the total current):

LBoost -

=16.3 uH ©)

Vior_:

Aiypoost = 013 Ic %
IN

The ripple of the output voltage as follows:

AVpy
VDC—link
The PV array is a current source so a capacitor (Cpy) is

connected in parallel to its output, determined using Eq. (4)
[30].

= 0.253

Dasnv Vpestink = 10 ©)

4 AVpy fay LBoost

Cpp =

5.2. DC-DC Buck Converter

The buck converter shown in Fig. 6 [32] is composed of
the voltage of the DC-link as an input source (Vpc—iink)s
buck inductor (Lg,.), buck capacitor (Cg,x), a diode (D),
MOSFET (S) as a switch and the output voltage (Vgy5) as
an EV battery voltage which the battery voltage of Tesla S
100D cars is 350 V.

LE'm'k ICGE'

I'KJ'I 'aann —
+ slyl +
VDC—EEHJ; _ D Cﬁ'uck - VE’I’E‘
CDC—iink
Figure 6. The Buck Converter diagram
The duty ratio is determined from Eq. (5).
Dpuck = —EB— = 0,583 (5)

Vpc-link
5.2.1. Design of Buck Inductor and Buck Capacitor
The inductance for continuous current in the buck
converter is calculated as follows [32]:
Lbuck — Vpc-tink—VEVB — 96.15 ﬂH (6)

Aip—puck fsw

Ai; _guci (The ripple current) is calculated as follows
(taken as 13% of the charge current):

Design and Simulate an Off-Grid PV System with a Battery Bank for EV Charging

AiL—Buck =0.13 ICGB = 65 A

The output voltage ripple (AVgyg/Veyg) must not
increase by 0.5%. The buck capacitor is calculated using

Eq. (7) [32].
—Dpyc
Couck = —aostk—— = 67.76 uF ~ (7)

AVgys
8LBuck( VEVE fsw

5.3. The Bidirectional Converter

To smooth power storage generated from off-grid
systems during excess generated, the storage battery is
provided as a backup service during electricity loss.

This paper suggests a bidirectional buck-boost converter,
as shown in Fig. 7 [33] to control the storage and supply of
power between the PV system and the battery bank as a
result of the following advantages:

e It offers the most efficient solution with the smallest
external components.

e |t performs step-up or step-down of voltage using
minimum components.

e |t offers a lower operating duty cycle.

e |t offers high efficiency across wide input and output
voltage ranges.

e It is less expensive compared to most of the
converters.

Two operation modes can be designed for the
bidirectional converter based on the direction of the power
flow: boost and buck modes. These modes are presented in
detail in [33].

Ly I-[;;l-l
: s 14 [+

fa
Coc—tink T

[IT

I'J.:;'.‘;' ¥

|

Figure 7. The Bidirectional Converter diagram

Vn‘.il’.'— link

5.3.1. The Component Design for the Bidirectional
Converter

Two values of the inductance (Lg;) can be expressed as
follows:
In Buck mode:
Vpc-link—V.
Lpi—puck = —2EHSV — 1282 uH - (8)

Aigi_puck fsw
Aig;_guck (The ripple current) is calculated as follows
(taken as 13% of the charge current):

AiBi—Buck = 013 ICGS = 39A

Loi-oost = ‘.’s'sv (VDC—link_VSS'V) = 34 uH (9)
Aigi—Boost fsw VDc-link
Where Aig;i_go0s: (The ripple current) under the Boost
mode is calculated as follows (taken as 13% of the charge
current):
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Vbe—iink

Aipi_poost = 0.13 I¢gs =9754

Ssv

Lpi_puck 1S greater than Lg;_p,,s: SO to make sure that
the inductor current can operate during the continuous
conduction mode (CCM) [33], the value of Lg;_gyck 1S
chosen, i.e., Lg; isequal to 128.2 uH.

Where Dg;_poos: 1S the duty cycle under the Boost
mode and calculated as follow:

VSSV
——=10.33
VDC—link

The DC-link capacitor (Cpc_iinx) IS calculated by Eq.
(10) [33]. The output voltage ripple (AVeys/Voc—tink)

Dgi_goost = 1 —
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must not increase by 0.5%.
Dpi—
Coc-tink = (VDC_,W?)L( E =1375uF  (10)
Icge " Vpc-tink "

Cg; 1s the capacitor on the battery bank side,
consequently selecting Cpc_jink = Cg; = 1375 uF

6. The Parameters Summary

Table (3) presents a summary of the parameters that
were used and that were calculated.

Table 3. The summary of the parameters of the simulation

The parameter The description The value
E The electric vehicle battery energy 100 kwh
Pcp The required charger power of the EV battery 300 KW
ten The required charger time of the EV battery 20 min
Ppy The total PV array power 600 kW
DOD The depth of the battery bank discharge 0.8
Vssy Storage system voltage 400 V
Ng Battery bank efficiency 0.85
N¢ Days of autonomy 4 days
BBC Battery Bank Capacity 1500 Ah
Nps Number of batteries in series 8
Npp, Number of batteries in parallel 1
Ng; Total number of required batteries 8
Pgx The battery bank power 200 kw
Voe—tink DC-link Voltage 600 V
Ices The charge current required for the EV battery 500 A
Ices The charging current of the storage system 300 A
Irc The total current after adding the system losses 1000 A
Np The number of modules in parallel 180
Ng The number of modules in series 11
N, The total number of modules 1980
fow The switching frequency 40 kHz
Lgoost The inductance of the boost converter 16.3 uH
Cpe—tink The DC-link capacitor 1375 uF
Cpy The PV array capacitor 10 uF
Veve The EV battery voltage 350 V
Lguck The inductance of the buck converter 96.15 uH
Couck The capacitor of the buck converter 67.76 uF
Lg; The inductance of the bidirectional converter 128.2 uH
Cgi The bidirectional converter capacitor on the side of the battery pack 1375 uF
The initial charge state of the battery bank 80 %
SOC %
The initial charge state of the EV battery 40 %
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7. The Charge and Discharge
Controller Modes

The charging and discharging controller are used to
perform power transfer from and to the battery bank. The
stand-alone PV system with the battery bank using the
bidirectional converter shown in Fig. 7 has four different
control modes based on the magnitude of power provided
by the PV array which relies on the temperature and
irradiance.

Mode 1: The first control mode is operated when the
generated PV power is less than the power demanded by
the EV battery, i.e., Ppy < P, and the charge state of the
storage battery (SOC) is more than 40%. In this mode, the
bidirectional converter turns into the buck mode in which
the controller gives a control signal to make switch 1 (S;)
to be in a disconnected state and at the same time gives a
control signal to make switch 2 (S,) to be in a connecting
state. Storage batteries provide supplementary power
through this mode.

Mode 2: The second control mode is operated when the
generated PV power is less than the power demanded by
the EV battery, i.e., Ppy < P, and the charge state of the
storage battery (SOC) is less than 40%. The controller in
this mode provides a control signal to make both of switch
1 (S;) and switch 2 (S,) to be in a disconnected state.

Mode 3: The third control mode is operated when the
generated PV power is more than the power demanded by
the EV battery, i.e., Ppy > P, and the charge state of the
storage battery (SOC) is less than 90% and more than 40%.
During this mode, the PV array not only provides the
power to the EV battery under maximum power point
enabled control, but also the surplus power produced by the
PV array is used to charge the battery bank. The controller
in this mode gives a control signal to make switch 1 (S;) to

Design and Simulate an Off-Grid PV System with a Battery Bank for EV Charging

be in a connecting state and at the same time gives a control
signal to make switch 2 (S,) to be in a disconnected state,
i.e., the bidirectional converter turns into the boost mode.

Mode 4: The fourth control mode is operated when the
generated PV power is more than the power demanded by
the EV battery, i.e., Ppyy > P, and the charge state of the
storage battery (SOC) is more than 90%. In this mode, the
PV array supplies power to the EV battery under maximum
power point enabled control and it is also maintained that
the charge state of the storage battery remains more than
90% through constant voltage charging so that the battery
does not discharge itself. The controller in this mode
provides a control signal to make both of switch 1 (S,) and
switch 2 (S,) to be in a disconnected state. The flowchart in
Fig. 8 illustrates the four operating modes.

Read
'F;J:' & Pryp

5 off]
5. of f

S:of f

Figure 8. Flowchart of four operating modes

7.1. The Logic Controller of the Charge and the
Discharge

Fig. 9 shows the logic controller of the charge and the
discharge. Which A, B, C are the control signals. 4, B, C
are the inverse of A, B, C respectively.

P, A 1C + AC
P = . o ,,I_ Off
B I P
SOoC 290 D/D I B NET AC Aﬁ SJ_
! AND 1 On
<40% | € —
.._w B+AC + ABA
(= L —
A il % Off
AC
_ 52
—f
MOT _ AMD {}]-1
C

Figure 9. The logic controller of the charge and the discharge
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8. Results and Comments

The proposed charging station is shown in Fig. 4 is
simulated using MATLAB, Simulink. The irradiance and
temperature time-varying are input signals to the PV
modules as described in Fig. 10 as follow:

The irradiance starts with zero value until the time 1.5
sec, then gradually increases until equals 1000 W/m2 at the
time 2 sec. The temperature starts with 25°C until the time
2.2 sec, then gradually increases until equals 75°C at the
time 2.5 sec.

Fig. 11 describes the discharging and charging modes as

281

follows:

With no irradiance and at temperature 25°C until a time
15 sec, as shown in Fig 10, the battery bank
power (Pgy) provides the charging energy for the EV
battery in which the battery bank is in the discharging
mode. After a time 1.5 sec, the irradiance starts increasing
and the PV array power starts increasing. By the time 2s,
the battery bank power (Pgg) decreases in which the
battery bank charging mode starts. As noticed in Fig. 11,
the power demanded by the EV battery(P;) increases by
increasing the PV array power.

1,000 |
2
800 | —Irradiance (0 to 1000 W/m )| 4
> ——Temperature (25 to 75 deg)
S 600 | i
>
o
(5]
ﬁ 400 [ 4
a X:25
§_ 200 | Y:75 b
= V4
0 I I | | |
0 0.5 1 2.5 3 35 4
Time (sec)
Figure 10. The PV array inputs
5
6 * 10 . . . .
4 The discharging mode /
4 |- PPV
o 2 Pgy
< P
= ch
s 0
z
-— _2 \l\\
-4 “ >
The charging mode
_6 - 1 1 1 ol 1 . J
0 0.5 1 1.5 2 2.5 3 3.5 4

Time (sec)

Figurell. The discharging and the charging modes of the battery bank
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Time (sec)
Figure 12. The SOC of the battery bank
40.25 .
—~ 40.2 . . _
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Figure 13. The SOC of the EV battery

Fig. 12 presents the SOC of the battery bank in the
discharging and charging mode. The SOC of the EV
battery is shown in Fig. 13.

It is observed in Fig. 12 that the SOC of the battery
bank decreases with no solar radiation until the time 1.7
sec, and with the gradual increase of solar radiation, the
battery bank begins to gradually enter the charging mode.
It is also noted that the transition from the discharge mode
to the charging mode is relatively slow. In Figure 13, it is
observed that the SOC of the EV battery increases in all
modes but in the charging mode, it increases faster.

9. The Performance of the Lithium-ion
Batteries and the Lead-Acid
Batteries with the Proposed
Charging Station

In this section, the lead-acid batteries will be used

instead of the lithium-ion batteries with the same rated
capacity as well as the voltage rated to make a comparison
between the performance of each type with the proposed
charging station.

9.1. The SOC of the Lithium-ion and the Lead-acid
Batteries during the Charging and Discharging
Mode

The SOC of the lithium-ion and the lead-acid batteries
during the charging and discharging mode are presented in
Fig. 14. It is noted in Fig. 14 that lithium-ion batteries are
deeper discharging than the lead-acid batteries while in
charging mode the lead-acid batteries are faster charging
than the lithium-ion batteries. The charging and
discharging mode of the battery bank directly affects the
charging time of the electric vehicle battery and also
affects the power of the PV modules destined for the load,
and this is what will be shown in the following sections.
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Figure 15. The SOC of the EV battery with the lithium-ion and the lead-acid batteries

9.2. The SOC of EV Battery with the Lithium-ion and
the Lead-acid Batteries

From Fig. 15, it is clear that the EV battery is charging
faster with the lithium-ion batteries. The charging time is
important for charging the EV battery, so the choose the
lithium-ion batteries as a back-up storage system for the
stand-alone PV system is the best.

9.3. PV Performance with the Lithium-ion and the
Lead-acid Batteries

From Fig. 16, it is evident that the PV modules provide
the electric vehicle battery with greater charge power, in
the presence of lead-acid batteries, in contrast, lithium-ion
batteries help reduce the energy generated by the
stand-alone PV system. For further clarification, Fig. 17 is
a magnification of a section of Fig. 16 to demonstrate the
difference between the power of the solar panels with both
lithium-ion batteries and lead-acid batteries.
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Figure 17. A zoom up of a section of Fig. 16

10. The Proposed Charging Station
Cost Estimation

The cost estimation at this stage can present a powerful
index of the proposed charging station's effectiveness and
also determines if the decision of installing such a
charging station practical or not. To complete the costing
process, the design of the rest of the main charging station
components must be performed, this is presented in the
following section.

10.1. Determination the System Protection Rating

The PV modules in parallel need DC fuses to protect
each module apart. DC fuse rating is calculated as
follows:

DCpyse = Isc * SF = 5.95 % 1.25 = 7.4 A

Which SF is a safety factor. The nearest standard value

for 7.4 Ais10 A. The system needs 180 DC fuses.

The modules in parallel are divided into 18 groups,
each group contains 10 modules with CB for each group
and its rating is calculated as follows:

CByroup = Isc * 10 = 5.95 % 10 = 59.5 A

The closest standard value for 59.5 A4 is 63 A. The
system needs the number 18 units of the circuit breaker
rating 63A.

The main circuit breaker rating for total PV modules'
protection is calculated as follows:

CBpy = Isc * Np = 5.95 % 180 = 1071 4

The nearest standard value for 1071 A is 1250 A.
The circuit breaker rating for boost converter protection
is calculated as follows:

CBgoost = Ipoost * SF = 1000 x 1.25 = 1250 A4

Thus the system needs the number 2 units of the circuit
breaker rating 1250 A.
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The buck converter current and the bidirectional
converter current are the same (500 A), so the CB rating
for buck converter protection and bidirectional converter
protection is the same and is calculated as follows:

CBpuck = Igyuck * SF = 500 % 1.25 = 625 A

Thus the system needs the number 2 units of the circuit
breaker rating 625 A.

10.2. The Number of Chassis and the Cables Sizes

The chassis carries 4 panels, so the total number of the
chassis is calculated as follows:

Ny
Nehassis = Z =495

10.2.1. The Cables Sizes between the PV Modules and the
Boost Converter

The wires between the PV modules in parallel and the
boost converter must withstand the maximum current
(Is¢) produced by these modules; the wire cross-sectional
area is given by,

A _ PLpy—Boost Isc
PV—-Boost — Vg

(11)

Let the length of the wire (Lpy_goost) = 15m.

Where p = resistivity of copper wire which was taken
as 1.724 x1078 Qm. The maximum DC wiring voltage
drop (V,;) for the off-grid system is 4% of the system
voltage (Vpc—iink) [34]. It means that,

1.724 x1078 x 15 x 5.96
0.04 x 600

The length of the wire cross-sectional area 10 mm? =
2*LPV—BODSf * NP = 54‘00 m.

~ 10 mm?

Apv_Boost =

10.2.2. The Cables Sizes between the Boost Converter and
the Buck Converter

The wires between the boost converter and the buck
converter must withstand the boost converter current; the
system needs 6 boost converters, each one has 100kW and
200A rated. Let the length of the wire (Lgoost—puck) = 5M.
The wire cross-sectional area is given by Eq (12) as
follows:

L 00St—Buc 1 00S
Apoost—Buck = M+dk3t (12)
It means that,
1.724 x1078 x 5 x 200 2
Agoost—Buck = ~ 10 mm

0.04 x 600

The length of the wire cross-sectional area 10 mm?
between the boost converter and the buck converter =
2*Lpoost-puck * 6 = 60 m.

Thus, the total length of the wire cross-sectional area
10 mm? = 5400 + 60 = 5460 m.
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10.2.3. The Cables Sizes between the Boost Converter and
the Battery Bank

Let the length of the wire (Lgoost—gart) = DM, the wires
between the boost converter and the battery bank must
withstand the bidirectional converter current (Io¢5); The
wire cross-sectional area is given by Eq (13) as follows:
(13)

A _ P LBoost—Batt IcGB X SF
Boost—Batt — Va4

It means that,

1.724 x1078 x 5 x 500 x 1.25
0.04 x 600

Apoost-Batt =

~ 25 mm?

The length of the wire cross-sectional area 25 mm?
between the boost converter and the battery bank =
2*LBoost—Battery =10m.

10.2.4. The Cables Sizes between the Buck Converter and
the EV's Battery

The wires between the buck converter and the EV's
battery must withstand the buck converter current; the
system needs 3 buck converters, each one has 100kW and
100A rated. Let the length of the wire (Lgycx_gy) = 3M.
The wire cross-sectional area is given by Eq (14) as
follows:

P Lpuck—gv Ipuck X safety factor

Apuck-gv = v (14)
d
It means that,
1.724 x1078 x 3 x 100 x 1.25 5
Apuck-gv = ~ 4mm

0.04 x 400

The length of the wire cross-sectional area 4 mm?
between the buck converter and the EV's battery =
2*Lguck—gv * 3 =18 m.

Table (4) presents a summary of the proposed charging
station components and their prices. The PV module price
is estimated according to [35]. The other components are
estimated according to [36].

10.3. Determination of the Payback Period

Let the proposed charging station is located in a remote
area where electricity tariff is US$ 0.23/kWh. The
equivalent sun hours (ESH) in this area is 6 hours. Then;
Annual saving = Total number of PV modules (N;) x
module peak power (B,,,) in KW x ESH x 365 days x
electricity tariff.

It means that,

The annual saving = 1980 x 0.305 x 6 x 365 x
0.23 = US$ 304185 saving per year.

From Table (4), the grand total cost is US$ 315040.
Then:

Payback period = US$ 315040/ US$ 304185 = 1.04
year.
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Table 4. Details on costing the proposed charging station components

Design and Simulate an Off-Grid PV System with a Battery Bank for EV Charging

The component The rated The number of units The unit price (US$) The total price (US$)
PV module 305W 1980 95 188100
MPPT 100 kW 6 2500 15000
Boost Converter 100 kw 6 1699 10194
Buck Converter 100 kW 3 2500 7500
Bidirectional Converter 100 kW 3 2500 7500
Storage Battery 200 Ah 8 1000 8000
EV charging controller 100 A 5 165 825
DC fuse 10A 180 3 540
Circuit Breaker 63 A 18 35 630
Circuit Breaker 1250 A 2 360 720
Circuit Breaker 625 A 2 140 280
Cable 10 mm? 5460 m 1.5 8190
Cable 25 mm? 10m 2 20
Cable 4 mm? 18 1 18
Chassis 495 51 25245
Total estimated cost (TEC) 272762
Carriage and freight (C & F) (Assume 10% of TEC) 27276
Contingency (Assume 5% of subtotal for (TEC + C& F)) 15002
Grand Total (TEC + C & F+ Contingency) 315040

11. Conclusions

A charging station using the stand-alone PV system with
an energy storage system to charge an EV battery has been
successfully designed and simulated in this paper. The
MPPT controller with an Incremental Conductance
algorithm has been applied. A charge and discharge stages
using the bidirectional converter of the battery energy
storage was also successfully modeled and simulated. A
logic controller for the bidirectional converter has also
been designed and simulated. The results have proven the
logic controller's effectiveness with the bidirectional
controller. A comparison between the lithium-ion and the
lead-acid batteries as a power storage system for the
proposed charging station has been achieved. Using
lithium-ion batteries is better than the lead-acid for the
proposed charging station, in which the charging time of
the EV battery is less. A proposed charging station cost
estimation has been performed. Lastly, the model, in
general, has been successfully simulated in Matlab,
Simulink and satisfactory simulation results have also been
achieved. Although the use of a bidirectional converter can
adjust the charging and discharging of the battery pack and
reduce the amount of battery usage; however, when the
load current changes instantaneously, the battery needs to
quickly provide energy to the load. Will the existence of
the converter cause resistance to the speed of energy
supply? This point needs to be clearly studied in future
work. In this work the results were presented only in

simulation; however, it is recommended in future work that
experimental results should be added to compare between
the simulation and the practice.
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