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Abstract

The rise in the penetration of electric vehicles has led to the increased interest
in the charging technologies. Controlled charging and vehicle to grid power
transfer is being given much importance. This paper proposes an off board
charger (three phase) for charging the batteries used in electric vehicles. The
proposed charger has a bidirectional power transfer capability so as to transfer
power back to the utility grid. The topology proposed is simple and less costly
as it has fewer elements. The charger has two converters, a three phase ac-
dc converter for conversion of ac into dc and bidirectional dc-dc converter.
The technique called Vector control is used to control ac-dc converter which
allows controlling of active and reactive power independently. The control
strategy proposed here provides a better control and leads to a better perfor-
mance while maintaining unity power factor at input. The charging algorithm
designed is such that it is able to maintain voltage at dc link at desired value.
The charging algorithm is designed for lithium ion batteries and the combined
Constant Current Constant Voltage (CC-CV) method of charging is used
because it is simple and easy to implement. The proposed electric vehicle
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charger changes the mode of charging with change in State of Charge (SOC).
The different modes are switched and the suitable reference is generated
based on the different charging characteristics of a battery. The proposed
charger is modeled in MATLAB-Simulink. The working operation of both
forward and reverse power transfer mode has been analyzed. The proposed
charger is able to maintain the unity power factor operation. The simulation
results of all modes validate the design and control of the proposed charging
topology.

Keywords: Bidirectional charging, grid to vehicle (G2V), pulse width
modulation (PWM), unity power factor, vehicle to grid (V2G).

1 Introduction

Over the past decades, the effect of the conventional transport systems which
run on fossil fuels on the environment has paved way to the reintroduction of
the electrical transport facility. These electric transport facilities have proved
to be a favorable approach so as to green the transportation. Moreover, the
concerns regarding the climate change have decreased. The various concerns
related to the environment and demand for green energy has contributed to
the increase in the electric vehicles as a means of transport [1–4]. In India,
transport systems are the major contributors of harmful emissions, therefore
the deployment of electric vehicles becomes necessary in order to decrease
the pollution [5, 6].

In conventional power systems, the load always consumes energy and
the transmission of energy is in one direction only. However, by developing
electric vehicles as energy storing elements they will be able to interact with
the grid, so the technology called Vehicle to Grid (V2G) has been extensively
studied. The fast conversion of conventional vehicles into electric vehicles
can affect the peak hours of the load profile which can lead to problems in grid
operation. The increased load on the power network due to huge number of
electric vehicles being deployed can be decreased by exploiting bidirectional
charging method for charging of electric vehicles. The connection of an
electric vehicle with a power grid can help to achieve many remarkable
features like load balancing, support to active power, control of active power,
and renewable energy sources support [7, 8].

The battery is one of the important components of any electric vehicle.
The power for running of any electric vehicle is obtained from the energy
stored in a battery in the form of DC. This battery will require charging as
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per the requirement. The robustness and the efficiency in a charging method
are important criteria for the global adoption of electric vehicles. Lithium ion
batteries are used in electric vehicles because power density and efficiency is
high. Moreover, these batteries have less weight and long lifecycle with less
self-discharge rate [9].

Chargers can be categorized into two groups based on the placement of
charging components, on board and off board [10]. Conventionally, on-board
chargers were used to charge the batteries but nowadays more focus is on
off board chargers which are installed outside the electric vehicles and are
capable of higher energy transfer. The on board circuits limit the power level
and charging rate [11]. The presence of power conversion units in charging
stations leads to the reduction of size and weight of the system [12].

A typical bidirectional charger as shown in Figure 1 has two converters:
ac-dc converter for conversion of ac into dc (forward power transfer) and
dc into ac (reverse power transfer) and bidirectional dc-dc converter. Single-
phase converters have a disadvantage of unbalanced loading which leads
to problems in a power grid. The three phase converters have a benefit of
charging the battery in comparatively smaller time and also boost charging.
Moreover, the three phase converter draws the symmetrical current from
the grid which is balanced irrespective of any load. Therefore, the three
phase converters are better than the single phase ones [13]. An inclusion
of the bidirectional dc-dc converter allows bidirectional transfer of power,
eradicates the dependency of selecting the dc link voltage on the basis of
voltage of a battery and provides galvanic isolation. Moreover, the battery is
protected from the ripple in dc link and also the charging current smoothens
because of the filters used at the end of the dc-dc converter. Furthermore, it
helps in converting the intermediary dc voltage into the controlled one which
is needed by the vehicle [14, 15]. Different topologies that can be used for
ac-dc and dc-dc converters are presented in [16].

This paper proposes a circuit topology and a proper control algorithm for
an off board charger for charging the batteries of electric vehicles. Moreover,
this control strategy is able to operate the system with unity power factor.
The algorithm used enhances the performance of this particular system by
providing a better control. Vehicle to Grid technology for reverse power
transfer is implemented so as to feed power back to the grid using stored
energy of a battery. The grid-end ac-dc converter acts as a boost converter
producing higher voltage at output than the input side peak voltage (line to
line). This converter draws currents which are close to sinusoidal one from
the ac mains. Moreover, these converters are also able to regulate the output
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Figure 1 A typical bidirectional charger with various controls.

voltage which is dc and can also adjust the input power factor. There are
various topologies of dc-dc converters that can be used in an electric vehicle
charger but depending on the need the particular topology can be chosen.
In the paper, a half-bridge topology is used. The advantages of using the
half-bridge converter are that the topology requires less storage elements
and two switches. This requires less space and eventually less cost. Also,
the ripple in charging is very low and they have both voltage and current
control capabilities [17]. This topology leads to control and design simplicity.
The organization of the paper is as follows: Section 2.1 presents the circuit
topology of the proposed three phase off board charger, Section 2.2 explains
the different control strategies used in the proposed charger, Section 2.3
includes all the simulation results and Section 3 concludes the paper.

2 Proposed Three Phase Off Board Charger

The proposed charger works in a bidirectional manner. The grid power is used
to charge the battery in a controlled fashion called Grid to Vehicle (G2V)
mode and the stored energy in the battery is used to feed power back to the
grid called Vehicle to Grid (V2G) mode.

2.1 Circuit Topology

A full circuit diagram of a proposed battery charger for electric vehicles
which gets its power from a three phase power grid is shown in Figure 2.
It comprises of a three phase bidirectional voltage source converter for ac-
dc conversion having inductors on the grid side and a dc-dc converter to
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serve various purposes like stepping-down the voltage, bidirectional power
transfer, regulation and many more. These two converters are connected via
a dc link capacitor whose voltage needs to be maintained at a particular value
for a proper power transfer. LC filter is connected at the battery side so as to
further smoothen the current. Then there is a lithium ion battery which is to
be charged with a proper algorithm.

It is evident from the figure that during forward operation when the S7 is
switched on, voltage of inductor is given by Equation (1),

VL = Vdc − Vb (1)

where VL is the inductor voltage.
When S8 is switched on and S7 is off, the value is given by Equation (2),

VL = −Vb (2)

During reverse operation, while S7 is on, the value of inductor voltage is
given by Equation (3),

VL = Vb − Vdc (3)

When S8 is on, the value is given by Equation (4),

VL = Vb (4)

For proper power transfer (both forward and reverse), these two con-
verters are controlled using suitable control algorithm. For voltage source
converter (VSC) which is discussed in Section 2.2, vector control is used and
for dc-dc converter combined CC-CV control is used. The control is such that
the battery gets charged safely and in less time.

2.2 Control Strategy

2.2.1 VSC control
The control scheme provided for a three phase ac-dc converter is such that
the voltage at dc capacitor remains at a desired value and also the system is
operated at a unity power factor. Therefore, the technique used here is similar
to that of a vector control of three phase induction motor. Here, the outer
loop is used to control voltage at dc link whereas in motors the outer loop is
used to control speed. Also, the active and reactive powers are controlled
by the “d-axis and q-axis” current control loops respectively, whereas in
motors, flux and torque are controlled by the “d-axis and the q-axis” currents
respectively [18]. In this technique, grid voltages and line currents of a three
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Figure 2 Circuit diagram of a proposed off board charger.

phase system are transformed into an equivalent two phase system, which
is known as a “stationary reference frame”. These values are then converted
into a reference frame known as synchronous reference frame, which rotates
around the grid frequency. The current components corresponding to the
active and reactive power are controlled independently in a synchronous
reference frame.

The control scheme starts with the dc link voltage reference set at 650 V
as VSC will increase the voltage and reference “q-axis” current set at zero
because power factor has to be maintained unity at the input side. In this con-
trol, the reference values of the voltage and currents are compared with their
measured values and then the error is accordingly tuned using PI controller
and the reference signal is generated using PWM technique. The control
diagram for ac-dc converter is presented in Figure 3. Firstly, the grid voltage
and grid current are transformed into active and reactive components using
abc to dq transformation. PLL is used for synchronization. For controlling
Vdc, the reference value of voltage at dc link and the measured value of the
same are compared and then by using a PI controller the error is tuned so
as to get a proper signal. Secondly, the active and the reactive currents are
compared with their reference values respectively and accordingly tuned to
generate the reference values using again a PI controller. By fine-tuning PI
controller the fast dynamic response can be attained.

After executing the control of voltage and current loops, the values of
Vd and Vq are generated and these are then transformed into reference
voltages using dq to abc transformation and then by means of sinusoidal
PWM method, the switching pulses for VSC are produced.
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Figure 3 Control strategy for three phase VSC.

2.2.2 DC-DC converter control
PWM method is used to control this bidirectional dc-dc converter. A tech-
nique called as battery charging current control is used to get the reference
signal for PWM generation used for generating pulses. The charging control
strategy is devised so as to fast charge the batteries and also to ensure
safe charging of batteries. In this control, the reference values of charging
current and battery voltages are compared with the measured values and
then accordingly tuned using PI controller. The reference produced is used
for PWM generation. The charging strategy used here is CC-CV method
of charging. In this charging algorithm, the battery at first is charged by
using a constant current until a predetermined maximum charging voltage
is achieved. After that the charging voltage is kept constant until the current
decreases to a predetermined minimum value.

It has been seen that at the start of charging with any original level of
state of charge (SOC), the voltage of a cell increases to a higher value and
it decreases to its original value when the SOC increases from its original
SOC value to 2–4% of the original SOC value. If value of charging current
is high in this mode then cell voltage will increase further and will lead
to rise in temperature in a cell, which will eventually cause the damage to
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Figure 4 Control strategy for initial and constant current charging mode.

active material. Also, the voltage of a cell should not go further down below
its minimum preset range during discharging mode. In order to avoid this
overcharging, initial charging mode is added to the charging strategy which
will charge the battery with less charging current until a sufficient increase
in the SOC is reached [19]. After that the battery will be charged in constant
current mode with a ‘C’ charging rate to ensure fast charging. When 90%
SOC is reached, the control will switch to constant voltage mode. In this
mode, to ensure that the charging current of battery does not go beyond its
charging rate current and also terminal voltage of battery is maintained at a
constant value, an inner current control loop is introduced. While maintaining
the terminal voltage of a battery at a constant value, the charging current of
battery decreases.

In initial charging mode and constant charging mode, the current refer-
ence which is decided on the basis of maximum charge that can be accepted
by the lithium ion battery is compared with the measured values of current
and then is tuned by a PI controller. A reference signal is generated which
is then used to generate pulses using PWM method. Figure 4 shows the
control diagram of both initial charging mode and constant charging mode.
The charging rate at the start of charging is ‘C/2’ and throughout constant
current charging mode is ‘C’.

During constant voltage mode, the reference and the actual voltage of
battery is compared and then the signal generated is compared with the actual
current of battery. The signal generated is then fed to a PI controller which
will generate the reference for further generation of switching pulses for dc-
dc converter. The control diagram for this mode is shown in Figure 5.

2.2.3 V2G control
V2G mode can be realized by controlling the dc-dc converter which requires
the battery discharging current reference. In this control process, the battery
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Figure 5 Control strategy for constant voltage charging mode.

Figure 6 Control Strategy for V2G Mode.

discharging current reference (Idisref ) and the actual value of discharging
current (Idis) is compared and then the error is fed to the PI controller which
then controls it accordingly to generate the reference for PWM generation
as can be seen in Figure 6. Then the PWM method is used for the pulse
generation for the switches of dc-dc converter. This control leads to the
reverse power flow and can permit the transmission of power from the battery
to the grid hence acting as a source.

2.3 Simulation Results

The proposed system is modeled and then the simulation is done for a three
phase system with rms voltage of 415 V, frequency of 50 Hz and the voltage
at dc link is maintained at 650 V. The values of various parameters taken
are shown in Table 1. These values are calculated using the equations given
below [19]:

Cdc =
Io

2wV dc
(5)

Ls =

√
3

2
× V dc×m

6a× Is×∆I
(6)

V L =
V dc

2
− V b = L

dIl

DTs
(7)



968 U. Dar et al.

Table 1 System parameters

Battery Nominal Voltage 56 V

Battery Capacity 250 Ah

Power rating of Charger 15 kW

Inductor 7 mH

DC link Capacitor 4.8 mF

Battery side LC filter 600 µH, 200 µF

The charging of a battery is done in three modes, initial charging mode,
constant current charging mode, and constant voltage charging mode. The
charging rate ‘C’ of these modes is different in order to achieve the safe
and quick charging of a battery. The charging is done at ‘C/2 rate in initial
charging mode so as to protect the battery from overcharging which will
damage the battery. Therefore, the charging current of battery is around 125A
and the power drawn is 7 kW which is clearly shown in Figure 7. The voltage
at dc link settles at 650 V and unity power factor is maintained (Q = 0).
The SOC is around 27% which is increasing as the battery is charging and
battery voltage is also increasing. In order to switch from one mode to other,
the proper algorithm is provided. The control itself changes the charging
mode from initial charging mode to constant current charging mode. While
changing from one mode to another, it is observed from the Figure 8 that
the dc link voltage goes down to 640 V but reaches 650 V again in few
milliseconds thus validating the control method. The battery charging current
changes its value from 125A to 250A. Similarly, the voltage and SOC of a
battery show abrupt change in values while moving from one mode to the
other although the reactive power is maintained at zero.

In constant current charging mode, a constant value of current is main-
tained which is around 250A. This is achieved by comparing the reference
and the measured value of charging current and proper tuning of the PI
controller which will generate the suitable reference signal for this mode of
charging. During this mode, the charging is done at ‘C’ rate so as to reduce
the charging time. As can be seen from the Figure 9, the power drawn in
this mode is 13.6 kW. The voltage at dc link is at a desired value of 650 V
and power factor of unity is achieved as can be seen from the reactive power
waveform. The battery voltage is increasing and SOC which is about 48% can
also be seen increasing. The results validate the process of constant current
charging method.
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Figure 7 Performance during initial charging mode.

In constant voltage charging mode, charging is done by maintaining a
constant voltage which is the fully charged voltage of a battery and hence
the charging current decreases gradually. This mode avoids overcharging
of batteries. In this mode, inner current control loop is added to check the
increase in charging current. This mode is switched when the SOC reaches
above 90%. Figure 10 shows the change in different parameters. During this
mode, again dc link voltage is 650V and unity power factor is achieved as the
reactive power settles on zero. The battery voltage attains a constant value of
around 66V and SOC is increasing as the battery is still in charging mode.

V2G mode allows the reverse power transfer so as to give back power
to the grid. The discharging current reference is compared with the actual
discharging current and tuned accordingly so as to generate the suitable
reference signal for discharging operation. In this mode, the active power
is 7 kW and the discharging current is around 125 A as can been seen from
the Figure 11. The voltage at dc link is maintained at 650 V. Here, reactive
power is zero which means unity power factor operation is maintained. The
battery voltage and SOC is decreasing as the discharging operation is taking
place.
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Figure 8 Performance while changing from initial charging to constant current mode.

Figure 9 Performance during constant current charging mode.
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Figure 10 Performance during constant voltage charging mode.

Figure 11 Performance during reverse power transfer (V2G) mode.
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3 Conclusion

A three phase off board charger for electric vehicle is proposed which has a
front end ac-dc converter and a back end dc-dc converter connected via a dc
link. The proposed charger is bidirectional in nature which means it is able to
transfer power to the grid using the stored energy of the battery thus paving
way to vehicle to grid (V2G) technology which is an important aspect seeing
the increase in the penetration of electric vehicles nowadays. The control
algorithm for ac-dc converter was able to maintain the dc link voltage at the
desired value with unity power factor at the input side. This control strategy
allowed the independent control of active and reactive powers thus leading
to a better performance of the proposed system. The methodology used for
charging protects battery from over-voltages thus safeguarding the battery
which is usually neglected in conventional chargers. The proposed charger is
able to charge the lithium ion battery quickly and safely. The results obtained
validate the proposed design and control strategy devised for the electric
vehicles. Moreover, the load demand of grid can be decreased by feeding
power back from V2G during peak hours. Further, the controlled charging
reduces the stability issues of the grid.
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