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Design and Analysis of off-board PV-Grid
Adjustable Charger for Electric Vehicle Battery
Arshdeep Singh, Shimi Sudha Letha, Nikhil
Abstract: The electric vehicles (EVs) are emerging as
general-purpose transportation, due to various shortcomings of
traditional vehicles. The EVs will become ubiquitous only if its
charging infrastructure is abundant and efficient. Typically, a
module of Li-ion battery applied in EVs uses 4 – 6 cells. These
modules are connected in series-parallel combination to obtain
the threshold power output. The power for the charging battery is
delivered by the PV – grid topology. The solar and grid circuit uses
a boost converter to create a dc bus. As the system uses boost
converter for both PV and grid circuit, therefore, charging profile
can be adjusted by altering dc bus voltage. The battery used in
different EVs has a different configuration. The charger for EVs
should be adjustable, as the traditional charger with fixed output
will not charge the battery efficiently and results in reduced
battery life. Therefore, a charger providing a fixed output will not
serve the public demand. Hence, an adjustable charger has been
proposed in this paper. The voltage and current profile of the
charger can be adjusted according to the requirements of the EV
battery.
Keywords: Photovoltaic (PV) module, Maximum power point
tracking, Li-ion Battery, Boost Converter, Battery Charger

I. INTRODUCTION

T

he EVs are becoming popular as traditional vehicles are
polluting the environment and fossil fuel reserves are on
verge of extinction. In coming decades EVs would be a
better choice of transportation. The traditional sources of
energy are extinguishing due to which demand for renewable
energy sources is increasing many folds. The solar energy is
omnipresent however, power output is intermittent in nature
due to its dependence on the irradiance and temperature. To
obtain a regulated output at minimum losses the maximum
power point tracking (MPPT) algorithm is applied to produce
a dynamic duty ratio for the boost circuit. The PV-grid
charging is more beneficial than a standalone PV system. As
the standalone PV system requires a battery for storing
charge. Therefore, battery maintenance has to be performed
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which is not required in the PV-grid system [1], [2]. In
proposed model solar power is used as a primary source and
grid supply is used as a secondary source. The Li-ion battery is
used by most EVs manufacturing companies due to its
high-power output with lesser weight compared to its peers. The
Li-ion battery provides high specific energy (300 to 900 kJ/kg)
depending upon its cathode material. The Li-ion battery has a
major drawback despite its merits. Like lead-acid batteries, these
cannot be charged from a regular supply. The charging of Li-ion
battery has to be accomplished with a limited voltage and current
supply. The charging via constant current and constant voltage
gives the finest charging and longer retention of the charge.
These batteries are not proficient in handling overcharging.
Therefore charging has to be stopped immediately as soon as it is
fully charged[3]. The characterisation of the Li-ion battery is
determined by the material of cathode as shown in Table I.
Usually, the cathode is a metal oxide of different elements. In
general, the materials used by manufacturers for the cathode
are Lithium Cobalt Oxide (LCO), Lithium Manganese Oxide
(LMO), Lithium Iron Phosphate (LFP), Lithium Nickel
Manganese Cobalt (NMC) and Lithium Nickel Cobalt
Aluminum Oxide (NCA)[6]. The table shows the battery
used by the various manufacturers in the EVs. This table
verifies that different EVs have different battery
configuration. Therefore, charging different batteries with a
charger providing standard output will affect the
state-of-health (SoH) and eventually reduce its usable
lifetime. Usually, LMO batteries are used by EV but
nowadays NMC batteries are becoming popular. In this
model LCO type of Li-ion battery is used as an EV battery
prototype[7]. Table II shows a comparison between the LMO
and LCO batteries. The LMO battery can provide higher
current than the nominal capacity, therefore, they are
preferred by most of the manufactures of EV. The LCO
battery has higher specific energy thus to reduce the vehicle
weight some manufacturers even use them for EV despite
their higher cost[8]. The Li-ion battery cannot be charged
with regular supply but requires a precise voltage and current
profile from the charger. The battery SoH depends on the
charging profile of the charger[10]. The charging profiles
which are often applied are constant current (CC) charging
and constant voltage (CV) charging. But there are some
limitations in these charging techniques. In CC charging, a
higher constant current is provided at a lower state of charge
(SoC). In this technique overcharging may occur due to
which battery temperature will rise to dangerous levels and
results in gassing. Thus, applying the CC approach is absurd
due to safety issues and regular charging will reduce the life
of the battery. In CV charging, a small irregular current is
provided for charging. In this approach, the battery is
protected from overcharging however the charging time is
increased.
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Thus, CC mode provides fast charging and CV mode
charging is safer. Hence, both the approaches are combined
to provide efficient charging to the battery. Therefore, CC
mode is applied first for quick charging and then CV mode to
protect battery from overcharging[11], [12].
Table-I: Li-ion Battery Cathode material for different EVs
available in the Market [4], [5]
a.

Discontinued Models

Table-II: Comparison between LCO and LMO Li-ion
Battery[9]
EVs
Developer-(Model)

Capacit
y (kWh)

Tesla-(S)

60-100

Tesla-(X)

60-100

Driving
Range
(miles)
334-50
8
334-50
8

Lithium Nickel Cobalt
Aluminum Oxide (NCA)

Mercedes-(B-Class
Electric)

28

137

Tesla-(Roadster)
Daimler Benz –
(Smart EQ)

56

245

Lithium Cobalt Oxide
(LCO)

16.5

84

Nissan-(Leaf EV)a

24

105

a

23

99.4

Mitsubishi-(i) a

16

100

20

132

a

16

99.4

BYD –(E6)

57

249

Chevrolet-(Spark) a

19

Nissan-(New Leaf)

24,30

132
1,35,17
2

Hyundai- (Kona)

39.2

345

BMW – (Mini
E)[i]

35

Cathode Material

Think – (Think EV)

Lithium Manganese Oxide
(LMO)

Honda-(Fit EV) a
)

Mitsubishi-(iMiEV

Lithium Iron Phosphate
(LFP)

Lithium
(Nickel-Manganese-Cobal
t) Oxide (NMC)

BMW-(i3)
Volkswagen-(e-Gol
f)

24,35.8

150
1,29,18
3
1,35,20
0

Fiat-(500e)

24

140

Kia-(Soul EV)

27

145

Ford-(Focus EV)

35.5

160

22,23

the same voltage and current are provided to different
batteries, then the usable lifetime of the battery is reduced.
Consequently, the charger output should match with the
battery configuration. However, off-board EV chargers
developed are not adjustable i.e. proving same rated voltage
and current to different configurations of batteries.
In recent research articles, the focus of authors is on
improving the charging time and efficiency. Furthermore, the
effect of charging a different variety of batteries with the
same terminal voltage is not considered. In [15] Mussa et al.
verify that charging a Li-ion battery with fast charging up to
80% of SoC will provide more longevity to the battery, than a
normal charge up to 100% of SoC. The author's conclusion is
pivotal, but the application of Li-ion battery is not defined. In
[6] Hannan et al. discuss various type of battery utilised in
EVs. The authors provide an in-depth review of different
materials of cathode used in the battery and issues related to
them. But charging profile of the battery is not shown, which
is crucial to the selection of battery for EVs. In [11] Yin et al.
discuss a fast charger using a pulse current charging profile.
In [16] Khan and Choi designed a multi-stage constant
current charger with higher charging efficiency compared to
the conventional charger. Although the improvement in
charging time is necessary to charge more EVs in less time,
the application of the fast charger is still unclear. If proposed
chargers are applied on different EVs with the same charging
current and voltage, then it will deteriorate the battery
performance in the long run.
Mostly, off-board chargers use grid supply. If EVs are
charged in bulk in future, then the power quality will be
deteriorated. Also, power is mostly generated by thermal
power stations in India. Generating more power implies more
burning of coal which contributes to environmental pollution.
To address these issues novel adjustable charger has been
proposed to charge the battery according to its characteristics.
In this charger boost converters are applied in both the solar
and grid circuits. Therefore, the terminal voltage and current
can be adjusted according to the battery requirements by
varying the duty ratio. A low-cost microcontroller board
provides a PWM signal for the boost converter. The
measurement of voltage and current is received by the
microcontroller board for generating signals to energise the
source shifting mechanism. There are two relays which are
used in this experiment to shift the source of the charger and
the stages of the charger circuit. Furthermore, the charger has
variable resistors (RV) in both CC and CV stages thus
terminal voltage and charging current are adjustable at the
charger circuit. The control of the charging voltage and
current is achieved by the adjustable voltage regulator. The
charging stages are chosen according to the instantaneous
battery terminal voltage.
This paper is organised into four sections. In section 2, the
materials and methods are discussed. In section 3, the
complete charging circuit of the battery is discussed in detail
with experimental results. Next, in section 4 the results are
analysed. Finally, the conclusion of the proposed work is
presented.
II. MATERIALS AND METHODS

Generally, different EVs have different battery configuration.
The batteries with different rating should be charged with
different terminal voltage and charging current[13], [14]. If
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In this experiment, an adjustable charger is designed to
charge batteries with different parameters.
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An optimum SoH can be maintained by adjusting the
charging voltage and current. The complete block diagram of
the system is described briefly. Then the flowchart of the
charging circuit is illustrated. Finally, the charger circuit is
illustrated in this section.
The general block diagram of the EV charging station is
shown in Fig 1. The power for charging is provided by the
PV-grid topology. The PV charging is optimised by
maximum power point tracking (MPPT) algorithm. A
modified perturb and observe algorithm is applied using
voltage and current sensors. The relay-I shifts the source
from solar to the grid, whenever solar power is insufficient to
provide charging current. The terminal voltage of the battery
is sensed by the voltage sensor. The instantaneous terminal
voltage values are monitored by the microcontroller. The
microcontroller will generate the pulse to energise the relay II
to shift the operation mode from CC to CV. The measurement
of battery terminal voltage guides the operation of the relay-II
circuit. The charging current is provided by the relay to the
battery. The normal charging of the battery is started by the
CC and after the battery reaches the threshold voltage CV
mode is applied for charging.
The charging of a Li-ion battery requires two stages i.e.
constant current and constant voltage. The constant current is
provided for charging Li-ion battery until threshold potential
is achieved across the terminals. After that, a constant voltage
is provided for charging which will sustain the charge in the
battery. The charging cycle of Li-ion battery with a
maximum voltage of 25.2V (six Li-ion cells in series) is
described by the following stages:

Solar Module

Over-discharge stage: If the terminal voltage of the
battery falls below 17V then the battery is considered
as over-discharged. The charging of such a battery can
be achieved by 0.1C charging current.
▪ Constant Current (CC) stage: If the terminal voltage
of a Li-ion battery is between 17-25.2V then a CC
stage is applicable for charging. In this charging stage,
a constant current of value less than 1C is given to
battery for charging.
▪ Constant Voltage (CV) stage: When the terminal
voltage is 25.2V then a limited voltage supply is
provided for charging. As the internal resistance of the
battery increases the charging current will be reduced
accordingly. When the charge current value remains
only 3 to 10% of rated current then the battery is fully
charged[15]–[17].
The flow chart of the circuit shown in Fig 2 describes the
operation of the charging circuit. To optimize the output of
the solar circuit P&O algorithm is implemented. The
algorithm is using δ as the perturbation step. The power
output from grid circuit is also given to dc bus. If the battery
is deeply discharged, then the charging should be proceeded
by small charging current known as a trickle charge. After the
terminal voltage obtains certain threshold value (i.e. 17V)
then the charging is accomplished by the CC circuit. If the
battery potential exceeds the maximum voltage or current
less than 10% of 1C, then the duty of boost converter is set to
zero and charging operation is stopped.

NC

Converter-I

Relay-I
Solar Circuit

Voltage and
Current
Measurement

Voltage
Measurement

Duty

NO
Signal

Voltage
Sensor

A/D
Converter

A/D
Converter

MPPT

Signal

Fixed
Duty

Microcontroller

Grid Circuit
Grid

Li-ion
Battery

Rectifier

Transformer

Relay-II
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CV Circuit

Converter-II
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Fig.1. Block Diagram of the Adjustable PV-Gird Charger
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START

Measurement of Vpv and Ipv of solar module

Ppv = Vpv * Ipv

∆Vpv = (Vpv )n – (Vpv)n-1
∆Ppv = (Ppv )n – (Ppv)n-1

No

Yes

∆Ppv > 0?

∆Vpv > 0?

∆Vpv > 0?
No

Yes

Duty = Dn-1 - δ

Duty = Dn-1 + δ

Yes

No

Duty = Dn-1 + δ

Duty = Dn-1 - δ

Converter-I (Solar Circuit)

DC Bus (Vdc ≥ 30V)

Measurement of Battery Terminal Voltage (VB)

Is 17V ≤ VB ≤
25.2V?

Yes

Switch to Trickle
Charge (0.1C)
Charging

No

No

Is VB <
17V?

Yes

Switch to CC (0.5C)
Charging

No

Is VB = 25.2V and
charging current >
10% of rated current?

Switch to CV
(25.2C) Charging
Yes

Duty Ratio
(Converters) = 0

STOP CHARGING

Fig.2. Flow Chart of the Adjustable CC-CV Charger for EV Battery
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The circuit diagram of the charger is shown in Fig 3. The
dc bus will feed the charger circuit. The dc bus voltage and
current are higher than the charging requirement, therefore
limiting of current and voltage is necessary which is achieved
by the adjustable voltage regulator (VR). The CC and CV
stages are connected to each other in cascade. When the
threshold voltage is achieved the CC circuit is disconnected
and charging is done by the CV circuit. The output voltage of
constant voltage (CV),
Vo=Vref (1+R2/Ra )+(Iadj×R2 ) Where, R2 = Rb + RVa
(1)
The value of Ra is chosen independently. Therefore, in the
above equation for a given output voltage (V o) values of Rb
and RVa can be calculated. Hence, by selecting the resistor
value the voltage output is limited up to the required level for
optimal charging.
The CC stage is connected to the output of the CV stage.
The VR is connected to the CV stage, provides a constant
current that can be adjusted with the variable resistor. The
limiting current is given by,
Ilimit=Vref/RVb
(2)
The output current limiting is achieved by selecting an
appropriate value of RVb according to the charging
requirements. The value of output voltage and current can be
changed by simply varying the resistance values of the
variable resistors. The specifications of the solar panel are
given in Table III. The solar energy can give a maximum
output voltage of 20V (approx.) but for charging the battery a
25.2V nominal charging voltage is required. Therefore, a
boost converter has to be designed for charging. This dc-dc
converter act as an impedance matching device for the MPPT
circuit.
Photovoltaic (PV) systems have low energy conversion
efficiency due to their nonlinear current-voltage (I-V) and
power-voltage (P-V) characteristic[18], [19]. The maximum
output power fluctuates with the incident solar insolation and
temperature. Moreover, the location of the MPP on the I–V
curve could not be easily located. Therefore, it must be
determined either through calculation models or by

exploration algorithms. In addition, the process of tracking
the MPP (maximum power point) should be very fast to deal
with the fast changes in irradiance. The partial shading is
responsible for the sudden change in irradiance and
temperature of the PV panel. In partial shading, objects like
planes, trees, clouds, or buildings cover the sun partially or
wholly. Consequently, the MPP may change suddenly and
rapidly. In such case power losses are high therefore MPPT
provides better output power. In this model, modified P&O is
applied. In the algorithm, the dynamic perturbation step is
implemented that depends on variation in temperature and
irradiance. The algorithm is initially tested on
MATLAB/SIMULINK platform and then implemented
using a microcontroller[20], [21].
Table-III: Specification of Solar Module
Parameter

Value

Open circuit voltage (Voc)

21.74V

Optimum operating voltage (Vmp)

19.71V

Short circuit current (Isc)

0.95A

Optimum operating current (Imp)

0.90A

Power at STC (Pmax)

17W

Temperature coefficient for power W/ºC

-0.043

The solar power output is measured by a voltage sensor
and a hall effect sensor. The values are used by the MPPT
algorithm to produce a duty cycle according to changing
environmental conditions. The dynamic duty cycle thus
produced is given to boost converter. The voltage output of
the boost converter is again measured. This value of output
voltage will guide the triggering pulse to relay-I from
microcontroller analog pin[22], [23]. The grid circuit for
charging requires a step-down transformer. The charging
requires dc supply; therefore, a rectifier is connected to the
transformer. The rectifier produces unregulated supply;
therefore, a dc-dc converter is applied to establish a regulated
dc supply. The gate pulse for MOSFET is received from the
microcontroller PWM pin. The dc-dc converter is connected
to the relay circuit with reverse current protection diodes. The

dc Bus

Voltage
Regulator
(VR)

Voltage
Regulator
(VR)

Ra

RVb
Cc

RVa

Battery

Cb

Ca

Cd
Rb

Constant Current Circuit

Constant Voltage Circuit

Fig.3. Circuit Diagram of the Charger for EV Battery
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voltage values sensed from boost converter-I output is used
by the relay-I to shift the source from PV to the grid.
Whenever the PV power is not sufficient to charge the Li-ion
battery the signal from the microcontroller will energise the
relay coil to shift from PV circuit (NC) to grid circuit (NO).
The output from the relay is connected to a common dc bus of
the circuit[24], [25].
The dc bus is configured to provide higher voltage, thus
limiting the voltage is essential for optimal charging. Thus, a
CC and CV charging circuit has to be designed for optimum
charging. The CC mode is frequently utilised therefore it is
connected to the normally closed port of the relay. The
battery terminal voltage is sensed and given to
microcontroller. This value is used for generating signals for
energising the relay switch to shift charging mode to CV.
The supply indicator circuit will show the mode of supply
for charging the EV battery. The circuit uses a transistor
switch to shift indicating LEDs. The switching pulse is
received from the microcontroller analog pin. Two different
colour LEDs will indicate the source of charging power.
Usually, in daylight, the charging will be accomplished by
the PV module.
III. RESULTS
The battery charging and discharging is discussed in this
section. The practical implementation circuit is shown in Fig
4. A prototype EV is used to discharge the battery.

the EV battery. As the power output from a solar panel is
intermittent therefore when power is inadequate grid system
has to be utilised. Due to solar output dependence on the
temperature and irradiance the power is varying with time.
The output voltage given by the solar panel is 18V at 530
W/m2. The open-circuit voltage of the panel is 21.74V as
discussed earlier. The comparison of power output from
boost converter with MPPT and without MPPT is shown in
Fig 5 and Fig 6, at irradiance 194 W/m2 and 530 W/m2.
The nominal charging requires 500 mA at 25V (i.e.
12.5W). At irradiance of 194W/m2 the power available is less
than the required power and at 530 W/m2, the power available
is higher. If power available is less than the shifting
mechanism will operate the grid circuit. Whereas, if power
available is higher than voltage and current limiters used in
the charger circuit will adjust charging parameters according
to the requirement.
The charging of Li-ion battery (6 cells, 25.2V, 1000mAh)
is done with the constant current constant voltage (CC-CV)
charger. Initially, the terminal voltage is checked by the
voltage sensor. If the voltage is above 17V then the charging
is initiated by the CC mode, otherwise, for deeply discharged
battery a 0.1C current is applied for charging. After the
battery terminal voltage sustains 25.2V then a constant
voltage mode is applied for charge retention. When the
charging current is between 3-10% of rated current (i.e. 15 –
50 mA) Li-ion battery is considered to be completely
charged. The battery after 3000 seconds (approx.) charging
was found in normal temperature depicting a good SoH. The
terminal voltage and charging current of the Li-ion battery

Solar
Panel

Proto-type EV

Solar Boost
Converter

Li-ion
Battery

Transformer

Grid Boost
Converter

Indicator Circuit

Microcontroller

Charger
Circuit

Fig.4. Hardware Implementation of the PV-Grid Charger with EV
The solar panel is chosen as the primary source to charge
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during charging is shown in Fig 7 and Fig 8 respectively.

The charging of the battery is completed in 3000 seconds.
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Fig.5. Power Output of Boost Converter-I at Irradiance 194 W/m2
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The same charger circuit is applied for charging a 4 cell
Li-ion battery. The terminal voltage required for charging is
16.8V but charging current required would be the same. The
voltage output is adjusted for the CV stage. The charging of
the battery is completed in 2450 seconds.

charged a 6 cell Li-ion battery in 50 minutes. A 4-cell battery
is also charged by the same charger with different charging
profile. The 4 cell battery is completely charged in 2450
seconds.

IV. DISCUSSION

This study is supported by National Institute of Technical
Teachers Training and Research (NITTTR), Chandigarh
under Ministry of Human Resource Development,
Government of India. I would also like to extend my gratitude
to my research colleagues, faculty and staff at the electrical
engineering department for their technical support.

The battery is supposed to be used for an EV. The
discharging of the battery is dependent on the load. In this
prototype, the dc motor is used for traction purpose. The
Li-ion battery parameters are listed in Table IV. The
discharging of Li-ion is carried with a dc motor of EV. The
range of the vehicle is estimated for a single discharge cycle.
Table-IV: Various Parameters of Li-ion Battery used in
Model for Charging
Battery Parameter

Value

Nominal Current

1.1A (1C)

Nominal Voltage

24V

Nominal Energy

26.4Wh (1C discharging rate)

Discharging Time (6 cells)

12 Minutes (720 Sec)

Discharging Time (4 cells)

7 Minutes (438 sec)

The motor angular velocity is 100RPM @ 25V (1.67RPS).
The radius of the wheel is 0.2286 meter. Therefore, the linear
velocity of the wheel is 0.381m/sec. The discharge time of
the battery is approx.720 Sec (From Table 4). It is observed
that the driving range in a single discharge is 274.32 meter.
Thus, calculation verifies that a 6-cell module can travel
274m on a single charge. But manufacturers of EV use a
higher number of modules in a series-parallel combination.
Consequently, it would be mandatory to calculate the
modules required to achieve a considerable distance for a
single discharge cycle. A single Module of Li-ion consists of
6 cells in series (25.2V @ 1.1Ah). The combination of two
modules in parallel will provide 25.2V @ 2.2Ah (55.4Wh). If
such pair of modules are connected in series, then it will
provide 50.4V @ 2.2Ah (110.8Wh) which forms a single
unit. If an EV utilizes 152 units then the energy delivered by
the battery will be 16kWh. Therefore, approximate distance
covered with a 16kWh battery will be 166.25 km. Thus, using
such a battery combination (3,648 Li-ion cells) will drive EV
for 166.25km.
V. CONCLUSIONS
An EV uses a Li-ion battery nowadays for providing
power to dc motors for traction. In this model, a Li-ion
battery having 6 cells in series with a nominal capacity of
1000 mAh and the maximum terminal voltage of 25.2 V is
used as a prototype for an EV battery. In general, EV battery
has many Li-ion modules connected in series and parallel to
provide required dc power. This prototype battery is similar
to a single module which usually consists of 4 to 8 cells in
series.
The charging of the battery by CC-CV charger provides
longevity to the battery life. The EV charging station which is
using PV-grid topology is developed on a small-scale
application. The charger has double boost converters at solar
and grid circuits. Therefore, the dc bus can be configured
according to load parameters. The versatility of the charger is
its unique feature. The charging station developed has
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