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Abstract. This paper proposes an integrated system for traction and battery
charging of electric vehicles (EVs) with universal interface to the power grid. In
the proposed system, the power electronics converters comprising the traction
drive system are also used for the battery charging system, reducing the required
hardware, meaning the integrated characteristic of the system. Besides, this
interface is universal, since it can be performed with the three main types of
power grids, namely: (1) Single-phase AC power grids; (2) Three-phase AC
power grids; (3) DC power grids. In these three types of interfaces with the
power grid, as well as in the traction drive operation mode, bidirectional
operation is possible, framing the integration of this system into an EV in the
context of smart grids. Moreover, the proposed system endows an EV with an
on-board fast battery charger, whose operation allows either fast or slow battery
charging. The main contributes of the proposed system are detailed in the paper,
and simulation results are presented in order to attain the feasibility of the
proposed system.
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1 Introduction

Electrical energy is an essential asset for the well-being of the present modern society,
whose consumption has been increasing from decade to decade. This increase led to a
fossil fuels shortage, as well as augmented levels of atmospheric pollution. In order to
diminish the referred consequences, electric vehicles (EVs) appear as a sustainable
alternative at the utilization level, which is proved by the growing stringency on the
environmental laws concerning the emission of pollutant particles by internal com-
bustion engine vehicles [1, 2].

The suitability of EVs is not only related to the mobility paradigm, but is also
related to the energy management in smart grids. Besides performing the normal
battery charging operation (grid-to-vehicle – G2V), which should be performed in a
rationalized manner to avoid power grid congestion [3–8], an EV can also be employed
to deliver energy to the power grid, performing support functionalities (vehicle-to-grid
– V2G), which can be accomplished with a bidirectional battery charger, either
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on-board or off-board [9]. Besides V2G, several operation modes for EVs in a context
of smart grids can be found in the literature, such as: vehicle-to-home (V2H), where the
EV battery charger operates as an isolated voltage source; home-to-vehicle (H2V),
where the EV battery charger adapts its charging current in order to level the current
consumed in the home where it is plugged-in; and vehicle-for-grid (V4G), where the
EV battery charger operates as an active power conditioner, producing reactive power
and/or harmonic currents in order to maintain high levels of power quality from the
home point of view [10–14]. Moreover, EVs can be applied to interface renewable
energy sources with the power grid, which is in accordance with the distributed gen-
eration paradigm implicit in smart grids [15, 16].

Besides the battery charging operation, any EV must perform a traction operation in
order to control its electric motor speed or torque. Since both consist of bidirectional
AC-DC and DC-DC power electronics converters, these two systems can be combined
into a single set of power electronics converters, establishing an integrated system for
traction and battery charging [17–19]. This approach allows the EV to be equipped
with an on-board fast battery charger, capable of operating with power levels that are
usually found only in off-board battery chargers, besides reducing the hardware of the
EV [20]. Many examples of integrated systems for traction and battery charging can be
found in the literature [21–29], either using external inductors or the motor stator
windings as the coupling inductors with the power grid. Some approaches use an
auxiliary motor instead of external inductors, which is not desirable, since it increases
the weight and volume of the system. Besides, the proposed approaches are limited in
terms of operating modes and their interface is restricted to a single type of power grid.
Taking into account these limitations, this paper proposes an integrated system for
traction and battery charging of EVs with a universal interface with the power grid,
which means that the battery charging operation can be accomplished with the con-
nection to the three main types of power grids, namely: (1) Single-phase AC power
grids; (2) Three-phase AC power grids; (3) DC power grids. Bidirectional operation is
possible in these three types of interfaces with the power grid, i.e., the G2V and V2G
operation modes are possible in the three power grid types. The traction drive operation
mode also comprises bidirectional operation, i.e., the system is able to perform
regenerative braking when the EV motor acts as a generator, returning the generated
energy back to the batteries.

The rest of the paper is structured as follows. Section 2 describes the relationship of
the proposed system with industrial and service systems. Section 3 describes the
proposed integrated system for traction and battery charging of EVs with universal
interface to the power grid, with simulation results for the referred operation modes.
Finally, Sect. 4 outlines the main conclusions of the proposed work.

2 Relationship to Industrial and Service Systems

When equipped with an on-board slow battery charger that comprises bidirectional
operation, an EV is capable of operating as an active power conditioner, such as a shunt
active power filter, and as an isolated voltage source, such as an uninterruptible power
supply (UPS). However, for the typical on-board battery chargers, these functionalities
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are only valid in low power installations (e.g., domestic installations). As aforemen-
tioned, the proposed integrated system is able to operate as an on-board fast battery
charger for EVs. Besides, it can operate in bidirectional mode in single-phase AC
power grids, three-phase AC power grids and DC power grids. Therefore, since the
nominal power of the on-board battery charger is higher than the typical values found
in traditional on-board battery chargers, an EV equipped with the proposed system is
able to operate as a shunt active power filter or UPS in industrial facilities. These
functionalities can provide support to an industrial facility without the need of
acquiring dedicated hardware, i.e., a shunt active power filter or a UPS, since the EV
can perform the same functionalities when parked in the facility. The compensation of
power quality problems related with currents (e.g., harmonic distortion, unbalance and
reactive power) is relevant in the sense that industries can suffer large economic losses
due to poor levels of power quality, as referred in several studies [30, 31]. Moreover,
the operation as UPS is also relevant in an industrial context, since power outages
disrupt completely the production of the facility, which can be reflected in economic
losses even higher than the previous case. In this way, the proposed integrated system
has a relevant role in industrial systems, despite being an electric mobility solution.

3 Proposed System

Fig. 1 shows a block diagram of the proposed integrated system for traction and battery
charging of EVs with universal interface to the power grid. As it can be seen, the
proposed system is able to interface the EV batteries with the EV motor, a single-phase
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Fig. 1. Block diagram of the proposed integrated system for traction and battery charging of
EVs with universal interface to the power grid.
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AC power grid, a three-phase AC power grid and a DC power grid, keeping in con-
sideration that a single set of power electronics converters is used for all the operation
modes. In order to validate the feasibility of the proposed system, simulation results
were obtained in the software PSIM v9.1 and are analyzed in this section, which is
divided in four subsections: (1) Traction drive system; (2) Interface with a three-phase
AC power grid; (3) Interface with a single-phase AC power grid; (4) Interface with a
DC power grid. The bidirectional operation of the system is analyzed in all four cases.
In the scope of this paper, only the G2V and V2G operation modes are analyzed
regarding the interface of the system with the different types of power grid. The battery
voltage was established as 200 V for all cases, with an internal resistance of 0.1 Ω.

3.1 Traction Drive System

Figure 2 shows a block diagram of the integrated system in the traction drive operation
mode. In this operation mode, the integrated system establishes an interface between
the EV batteries and the EV motor. During the normal traction operation, the integrated
system uses the energy stored in the batteries and transfers it to the motor, controlling
its speed or torque to perform the EV movement. On the other hand, when the EV
experiences a downhill, or when it decelerates, the electric motor acts as a generator.
The integrated system detects this transition and starts the regenerative braking oper-
ation mode, which consists of transferring the energy generated by the motor back to
the batteries, extending the EV range.

Figure 3 shows the operation of the integrated system in the traction drive operation
mode, illustrating the two aforementioned cases. This figure shows the two cases in
terms of currents in the motor stator windings (ia, ib, ic), the rotor mechanical speed
(nm), the developed torque (Tm) and the battery current (iBAT). It should be mentioned
that although the motor used in the simulation is an induction motor, the proposed
system is not confined to a certain motor type. The implemented controller for this
operation mode was the field-oriented control (FOC). In order to control the battery
current, a deadbeat predictive control was used.

The simulation results of the normal traction operation of the integrated system can
be seen in Fig. 3(a). For this operation, a reference mechanical speed of 500 rpm was
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Fig. 2. Block diagram of the proposed system in traction drive operation mode.
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established for the motor, connected to a constant torque load of 100 Nm. It can be
seen that the mechanical speed increases steadily until the desired reference value, with
the motor torque matching the load torque in steady-state. Also, the current iBAT has a
negative value, meaning that the batteries are discharging in order to supply energy to
the motor.

Figure 3(b) shows the system operation during regenerative braking for the same
reference speed of 500 rpm. In this case, a constant torque load of −100 Nm was used,
with the negative sign meaning that the load drives the motor. It can be seen that the
mechanical speed presents a similar behavior than the previous case. On the other hand,
the torque developed by the motor is positive in the beginning, i.e., while the motor
speed does not reach its reference, being negative in steady-state due to the selected
value of −100 Nm, i.e., operation as a generator. Accordingly, the current iBAT is
positive in this case, meaning that the batteries are being charged with the energy
generated by the motor. Moreover, in both modes is guaranteed the operation with
sinusoidal, balanced stator currents, as well as low ripple in the mechanical speed,
torque and battery current.

3.2 Interface with a Three-Phase AC Power Grid

Figure 4 shows a block diagram of the integrated system during the interface with a
three-phase AC power grid. In this operation mode, the integrated system establishes an
interface between the EV batteries and a three-phase AC power grid, enabling the
charging or discharging of the batteries. During the battery charging operation (G2V),
the integrated system absorbs energy from the power grid, with sinusoidal, balanced
currents and high power factor, and transfers it to the batteries, with controlled current

(a) (b)

Fig. 3. Simulation results of the proposed system in the traction drive operation mode:
(a) Normal traction operation; (b) Regenerative braking operation.
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or voltage. On the other hand, during the battery discharging operation (V2G), the
integrated system uses the energy stored in the batteries, with controlled current or
power, and injects it into the power grid, with sinusoidal, balanced currents and high
power factor, preserving the power quality of the electrical installation.

Figure 5 depicts the operation of the integrated system interfacing a 400 V, 50 Hz
three-phase AC power grid, illustrating the two aforementioned operation modes. This
figure shows the two cases in terms of voltages (va, vb, vc) and currents in the power
grid (ia, ib, ic) and the battery current (iBAT). A deadbeat predictive control was used for
the current control both at the grid side and at the batteries side.

The simulation results of the battery charging (G2V) operation of the integrated
system can be seen in Fig. 5(a). For this operation, a battery reference current of 100 A
was established, whose high value corresponds to a fast battery charging operation
(20 kW). In this case, the current iBAT has a positive value, meaning that the batteries
are being charged. Furthermore, the grid currents are sinusoidal independently of the
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Fig. 4. Block diagram of the proposed system interfacing with a three-phase AC power grid.

(a) (b)

Fig. 5. Simulation results of the proposed system during the interface with a three-phase AC
power grid: (a) G2V operation; (b) V2G operation.
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grid voltages, presenting a total harmonic distortion (THD) of 0.8% even with a THD
of 3.7% in the grid voltages. Besides a low THD, these currents are balanced and each
of them is in phase with the respective grid voltage, achieving a unitary power factor.

Figure 5(b) shows the system operation for the battery discharging (V2G) mode. In
this case, a battery reference current of −50 A was used, with the negative sign
meaning that the batteries are being discharged. As it can be seen, the current iBAT
follows the mentioned reference value. On the other hand, the grid currents are in phase
opposition with the respective voltages, meaning that the integrated system is operating
as a power source, injecting energy into the power grid. As in the previous case, the
grid currents are sinusoidal, with a THD of 1.8%, and balanced. Therefore, both the
G2V and V2G operation modes are performed assuring high levels of power quality for
the three-phase AC power grid.

3.3 Interface with a Single-Phase AC Power Grid

Figure 6 shows a block diagram of the integrated system during the interface with a
single-phase AC power grid. In this case, the integrated system establishes an interface
between the EV batteries and a single-phase AC power grid, enabling the charging or
discharging of the batteries. Similarly to the previous operation mode, during the
battery charging operation (G2V), the integrated system absorbs energy from the power
grid with a sinusoidal current in phase with the grid voltage, and transfers it to the
batteries, with controlled current or voltage. On the other hand, during the battery
discharging operation (V2G), the integrated system uses the energy stored in the bat-
teries with controlled current or power, and injects it into the power grid via a sinu-
soidal current in phase opposition with the grid voltage, preserving the power quality of
the electrical installation.

Figure 7 depicts the operation of the integrated system interfacing a 230 V, 50 Hz
single-phase AC power grid, illustrating the two aforementioned operation modes. This
figure shows the two cases in terms of voltage (vg) and current in the power grid (ig)
and the battery current (iBAT). Similarly to the three-phase AC power grid interface, a
deadbeat predictive current control was used both at the grid side and at the batteries
side in order to control these currents.

The simulation results of the battery charging (G2V) operation of the integrated
system can be seen in Fig. 7(a). For this operation, a battery reference current of 30 A
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Fig. 6. Block diagram of the proposed system interfacing with a single-phase AC power grid.
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was established, corresponding to a slow battery charging operation (6 kW). Accord-
ingly, the current iBAT has a positive value, meaning that the batteries are being
charged. Moreover, the current ig is sinusoidal independently of the voltage vg and is in
phase with the latter, achieving a practically unitary power factor.

Figure 7(b) shows the system operation for the battery discharging (V2G) mode. In
this case, a battery reference current of −10 A was used, with the negative sign
meaning that the batteries are being discharged. As it can be seen, the current iBAT
follows the mentioned reference value. On the other hand, the current ig is sinusoidal
and in phase opposition with the voltage vg, meaning that the integrated system is
operating as a power source, injecting energy into the power grid and, once again, with
a unitary power factor. Therefore, as verified in the interface with a three-phase AC
power grid, both the G2V and V2G operation modes are performed assuring high
levels of power quality for the single-phase AC power grid.

3.4 Interface with a DC Power Grid

Figure 8 shows a block diagram of the integrated system during the interface with a DC
power grid. In this case, the integrated system establishes an interface between the EV
batteries and a DC power grid, enabling the charging or discharging of the batteries.
Similarly to the previous operation modes, during the battery charging operation
(G2V), the integrated system absorbs energy from the power grid and transfers it to the
batteries, with controlled current or voltage. On the other hand, during the battery
discharging operation (V2G), the integrated system uses the energy stored in the bat-
teries, with controlled current or power, and injects it into the power grid, with con-
trolled current. The main difference between this interface and the previous ones is the
power quality requirements, provided that there is no reactive power in DC. Therefore,
the main challenge of the system is to assure low levels of current ripple in both the
grid current and the battery current. The current controllers are also of the deadbeat
predictive type at both sides.

Figure 9 depicts the operation of the integrated system interfacing a 48 V DC
power grid, illustrating the two aforementioned operation modes. This figure shows the

(a) (b)

Fig. 7. Simulation results of the proposed system during the interface with a single-phase AC
power grid: (a) G2V operation; (b) V2G operation.
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grid current (iDC) and the battery current (iBAT). The possibility of connecting the
proposed system to a low-voltage DC power grid is attractive in the future scenario of
DC homes, being possible to charge the EV batteries from a power grid with a lower
voltage than the batteries voltage.

The simulation results of the battery charging (G2V) operation of the integrated
system can be seen in Fig. 9(a). For this operation, a battery reference current of 100 A
was established, corresponding to a fast battery charging operation (20 kW).
Accordingly, the current iBAT has a positive value, meaning that the batteries are being
charged. The current iDC has also a positive value, since the DC power grid provides
energy to the batteries. The value of the current iDC is relatively high (437 A) due to the
voltage step-up operation (from 48 V to 200 V), so that the power is practically the
same both in the grid side and in the batteries side.

Figure 9(b) shows the system operation for the battery discharging (V2G) mode. In
this case, a battery reference current of −10 A was used, with the negative sign
meaning that the batteries are being discharged. As it can be seen, the current iBAT
follows the mentioned reference value. Similarly, the current iDC is also negative,
meaning that the DC power grid is absorbing energy from the batteries. As in the
previous case, the current iDC is higher than the current iBAT due to the voltage step-up
operation of the integrated system.
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Fig. 8. Block diagram of the proposed system interfacing with a DC power grid.

(a) (b)

Fig. 9. Simulation results of the proposed system during the interface with a DC power grid:
(a) G2V operation; (b) V2G operation.
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4 Conclusions

This paper proposed an integrated system for traction and battery charging of electric
vehicles (EVs) with a universal interface with the power grid. The proposed system can
perform EV battery charging, as well as energy injection into the power grid, through
the connection with three main types of power grids (hence the designation of uni-
versal), namely: (1) Single-phase AC power grids; (2) Three-phase AC power grids;
(3) DC power grids. The traction drive operation mode also comprises bidirectional
operation, i.e., the system is able to perform regenerative braking when the EV motor
acts as a generator, returning energy back to the EV batteries. The proposed integrated
system was validated through computer simulations for the traction drive system and
for the three distinct types of interface with the power grid. In all the referred operation
modes, bidirectional operation was verified, which is an important contribution to the
smart grids, and both slow and fast battery charging modes were addressed. Besides,
the operation as a shunt active power filter and as an uninterruptible power supply
(UPS) is also possible. Hence, besides having advantages in terms of multi-
functionalities, the proposed system offers additional operation modes that are not
considered in a traditional EV battery charging system.

Regarding future work, besides validating the other possible operation modes at a
simulation level (shunt active power filter and UPS), the design phase will be a critical
aspect of the developed work, since there are size and weight constraints for a system
that has to be installed in an EV. Provided that external inductors will be needed to
interface the system with the power grid, several aspects should be taken into con-
sideration, such as the power semiconductor approach, switching frequency and
inductance values, in order to accomplish a relatively compact solution for power levels
of 50 kW or higher, which are the typical power values for an EV.
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