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Abstract- A three-phase battery charger for electric vehicles is
proposed in this paper. The charger is bidirectional, allowing the
Charging and Vehicle to Grid operation modes. A novel
Balanced Sinusoidal Source Current control strategy is
proposed so that the charger demands or injects into the grid a
perfect sinusoidal and balanced source current in phase with the
positive sequence fundamental component of the phase-to-
neutral grid voltage, achieving a unity displacement power
factor. In this way, the charger turns the car into a smart
vehicle, reducing the existing problem of harmonic current
demand by electric and hybrid vehicles and improving the
power quality of the electric power system. The topology and
control stage of the charger are shown. Simulation tests are
conducted to validate the proper operation of the charger under
sinusoidal, distorted and unbalanced source voltages.

. INTRODUCTION

Hybrid Electric Vehicles (HEV) and Electric Vehicles
(EV) are becoming more and more attractive due to the
higher oil prices and the development of new battery
technologies, such as Lithium-lon, which have higher power
and energy density. The battery charger converts the
alternating current distributed by electric utilities into the
direct current needed to recharge the battery. This mode of
operation is known as Grid to Vehicle (G2V). However, a
Vehicle to Grid (V2G) concept has arisen in the last years,
allowing returning back to the grid the energy stored in the
battery packs that has not been used by the vehicle. This
operation mode will cause a great impact on the power grid.
Specifications for V2G technology are still being developed
by the Society of Automotive Engineers as part of the ZigBee
Alliance [1]-[3].

At present there are commercial EVs with single-phase
unidirectional G2V chargers, which demand a highly
distorted current form the grid. As an example, the measured
current demanded by a commercial car (Reva-i) while
charging the battery is shown in Fig. 1(a) and the harmonic
spectrum is displayed in Fig. 1(b). The Total Harmonic
Distortion (THD) of the demanded current is over 20%, far
exceeding the value permitted by the standard IEEE-519. If a
proliferation of EVs is expected in the next years, it is very
important to investigate in the control strategies of chargers in
order to reduce the harmonic distortion demanded by the
batteries or the power grid will suffer a power quality
degradation.

Besides, the time required to recharge electric vehicle
batteries depends on the total amount of energy that can be
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Fig. 1. Demanded current to the grid by the electric vehicle Reva-I
when charging the battery. (a) Waveform of the demanded current; (b)
Spectrum of the demanded current (THDI = 20,475%).

stored in the battery pack, and the power available from the
battery charger. According to it, the design of three-phase
chargers will allow, on the one hand, managing a higher
power flow between the battery and the grid and, on the other
hand, providing or demanding power to help balance loads.
Nowadays, a great study of charger models is being carried
out [4]-[11].

In this paper a three-phase bidirectional (G2V and V2G
operation modes) battery charger is presented. The novel
control strategy proposed for the charger turns the car into a
smart vehicle, demanding or injecting a sinusoidal and
balanced source current, with unity displacement power
factor, contributing to the improvement of the power quality.
Simulation models of the battery pack, including the self-
discharge effect, and the charger have been implemented to



validate by simulation the proper operation of the charger
under sinusoidal, distorted and unbalanced source voltages.

1. BATTERY MODEL

Some battery models have been implemented to be able to
simulate the battery behavior in HEVs and EVs [12]. In
general, existing battery models can be classified in three
main types [13]: experimental, analytical and electric circuit-
based models. The first type uses differential equations to
simulate the complex electrical-chemical process in a battery
[14] so, it requires intensive computations to solve the
interdependent partial differential equations and they are
difficult to be configured and used [15]. Analytical models
simulate an equivalent mathematical representation to
approximate the battery performance [16]-[18], but they
ignore circuit features (voltage and internal resistance).
Electric circuit-based models are useful to represent electrical
characteristics of batteries [19]-[21].

According to it, an electric circuit-based model has been
used for the battery model. A novelty in this model is the
inclusion of the self-discharge effect, as it is an important
parameter since cars can be parked for very long time. A
controlled voltage source (modelled with a non-linear
equation) in series with a constant resistance [19] is used to
simulate the behavior of Lead-Acid, Lithium-lon (Li-lon) and
Nickel-Metal-Hydride (NiMH) batteries, as shown in Fig. 2.

A Simulink block is created to implement the battery
model with one input (the current provided by the BMS) and
two outputs: State-of-Charge (SOC) and voltage between the
electrodes.

The parameters of the model are obtained from the
manufacturer’s discharge curve and electrical characteristics
from the datasheet of the battery (Fig. 3). The battery used in
the different simulations is implemented with eight modules
of “MP 176065 Integration” of Saft Batteries. It is important
to mention that it is assumed the same characteristics for the
charge and the discharge cycles [19].

In Fig. 4, the input parameters mask in the battery model is
shown.

In addition to represent the battery behavior during driving,
cars can be parked and left for long time, so the battery model
must have into account the self-discharge and a new block
has been designed and inserted into the battery model to
include this parameter. The self-discharge is measured as the
percentage per month of reduced stored charge of the battery
without any connection between the electrodes, so the
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Fig. 2. Non-linear battery model.
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Fig. 3. Datasheet of the battery “MP 176065 of Saft Batteries.
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Fig. 4. Input parameters in the model for “MP 176065 Integration” of Saft.

that causes a battery discharge equivalent to the self-
discharge and it is implemented as shown in Fig. 5.

From Fig. 5, it can be seen that no connection between the
electrodes is detected when the current is zero and no
variation occurs, what implies that the derivative of the
battery current is zero. This detection keeps in memory the
value that the SOC had when the disconnection occurred and
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Fig. 5. Calculation of the battery self-discharge current.
calculates the amount of current needed to simulate the
correct self-discharge.

A simulation has been implemented to check whether the
self-discharge function works correctly (Fig. 6).

In Fig. 6, the battery model is shown with zero Amperes of
reference input current, which simulates no connection
between the electrodes. The instantaneous SOC and output
voltage can be measured from the outputs of the model.

The initial SOC has been set to 100% and the self-
discharge have been set to 2.5%. Attending to these values, in
a period of a month, a drop of 2.5% (from 100% to 97.5%) of
the SOC is expected. The result is shown in Fig. 7.

I1. BIDIRECTIONAL BATTERY CHARGER

A. Topology

A three-phase bidirectional battery charger is studied in this
paper. This bidirectional charger has two power stages: stage
1 is a DC/DC bidirectional converter; stage 2 is a
bidirectional inverter.

In Fig. 8, the topology of the proposed charger is shown.
The aim of this topology is to charge the battery demanding
energy from the grid (in case the vehicle is pretended to be
driven in a near future) or to discharge it returning the energy
into de grid (for instance, when the car is parked at peaks of
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Fig. 6. Simulation to test the self-discharge function.
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Fig. 7. Effect of the battery self-discharge.
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Fig. 8. General electric diagram of the bidirectional charger.

consumer energy demand to the grid).

The DC/DC converter is in charge of increasing the battery
output voltage to the suitable inverter input voltage. In
addition, the voltage in the inverter input is fixed to a constant
level, independently of the voltage variation in the battery
output due to its State-Of-Charge.

On one hand, the bidirectional inverter performs the
function of converting the DC values (from the DC/DC
converter) to the suitable AC values in order to inject (or
demand) sinusoidal currents in phase with the voltage into the
grid. On the other hand, in case the battery is being charged,
the inverter converts the AC values (from the grid) to the
suitable constant DC values with which the DC/DC converter
works.

The criterion to determine the charge or discharge of the
battery is the direction of the current. Positive battery current
corresponds to a discharge process (flow from battery
towards the grid). Therefore, negative battery current
corresponds to a charge process (flow from the grid towards
the battery).

B. DC/DC Bidirectional Converter
It has two operating modes: a first charging mode, in which
the current flow is from the battery towards the grid, and a
second mode, the discharging one, where the current flows
from the grid towards the battery [22].

C. Bidirectional Inverter
A three-phase three-leg topology with mid-point DC bus is
used for the bidirectional inverter, as it is shown in Fig. 9.
The mid-point of each leg is connected to the grid by a filter
inductor with an internal resistance Rac and inductance Lac,
while the mid-point of the DC bus is connected with no
impedance to the neutral conductor.
To carry out an analysis it is important to highlight the
following points:
e It is needed a signal of control for each leg, that is to
say, three signals of control, as its activation causes
the activation of S1 switches in each leg and the
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Fig. 9. Electric diagram of the three-phase inverter.

deactivation of S2 switches (and vice versa). Each

leg works with its own grid phase independently.
e It is necessary to satisfy

UdC > Z'GAN y (1)

where Uy is the DC inverter input voltage and Gy is the
peak value of the phase-neutral voltage (which is the

maximum instantaneous value it can reach).

V. CONTROL STRATEGIES

The control strategies generate the reference currents for

each converter.

A. DC/DC Converter
The DC/DC converter is controlled by the battery current,
lbat. The reference current value comes from the BMS:

bat, ref BMS *

B. Bidirectional Inverter
The output instantaneous power is calculated by

p(t):uANiA+uBNiB +uCNiC ) (3)

where uay, Ugy and ucy and ia, ig and ic are the output
voltaje and current in each leg in the ac side, respectively.

A novel Balanced Sinusoidal Source Current (BSSC)
control strategy is proposed. The objective is that the charger
injects (or demand) into the grid a current without harmonics,
in phase with the positive sequence fundamental component
of the phase-to-neutral grid voltage, attaining a unity
displacement power factor.

The inverter reference currents, i ref, are obtained
multiplying a constant, K, by the unit vector of the positive
sequence fundamental component of the phase-to-neutral grid
voltage, as shown in

inv,ref

where P is the three-phase active power injected or

demanded from the grid, Gsf is unit vector of the positive

Us 4)

sequence fundamental component of the phase-neutral grid

voltage and |usl* is its module.

The unit vector is calculated as

N
U gy,
.

-+ U ey,

Uy, = ' (5)
+ 2 + 2 + 2
\/u AN, +u BN, +Uu CN,

where u", , U, and u’, are the instantaneous

positive sequence fundamental components of the phase-
neutral grid voltage.
According to (5), equation (4) can be solved as shown in

U an,
T R u* ©6)
inv,ref 7 4 2 + 2 + 2 BN, |*
U'py, U gy, TUcy, .
U en,

The inverter output power is equal to the inverter input
power, so

Ps =Udc'|dc ) (7)

where Uy, and 1y are the output voltage and current of the
DC/DC converter (input voltage and current of the inverter),
equation (6) is finally solved (and therefore, the inverter
reference current obtained) as

+

u AN,
i _ Udclldc u+ (8)
inv,ref — 4 2 + 2 + 2 BN, |
u AN, +Uu BN, +u CN, Ut

CN,

The block diagram of the control strategy of the inverter is
displayed in Fig.10. An Autoadjustable Synchronous
Reference Frame (ASRF) has been used to obtain the positive
sequence fundamental component of the grid voltage [23].

V. TRACKING TECHNIQUES

The switching signals of both converters are generated with
a synchronous hysteresis band controller. At every sample
time, the measured current is compared with the reference
current, (2) or (8), depending on the converter.
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Fig. 10. Block diagram of the control strategy of the inverter.
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Fig. 11. Block Diagram of the tracking technique for a) DC/DC
Converter b) Phase A of the inverter.

The block diagram of the tracking technique for both
converters is shown in Fig. 11.

VI. SIMULATION RESULTS

The complete system simulated, using MATLAB-Simulink
is shown in Fig. 12. The parameters values are summarized in
Table I.

1. Case 1: Sinusoidal source voltage

a) Charge mode

In Fig. 13(a), the phase A of the grid voltage is shown in
the upper subplot. In the lower subplot, the reference current
and the real current demanded to the grid are displayed.

b) Discharge mode

In Fig. 13(b), the generation of the reference current and
the measured current are shown for the discharging mode.

Fig. 13 shows that the reference current is correctly
followed in both charge and discharge modes and the
obtained THDj; is 8,1% and 9,4%, respectively.

2. Case 2: Voltage source with harmonic distortion.
HDV3=20% (3“ harmonic); HDv5=20% (5"
harmonic)

In this case, harmonic distortion is included in the grid
voltage. It allows to check the performance of the charger
when the mains present disturbances. As the reference current

Battery
+

DC/DC Converter

Reference values
for simulation

TABLE |
PARAMETERS OF THE SIMULATION MODEL

RMS grid voltage 230 V
Grid frequency 50 Hz

Ugc 1380 V

Lpc = Lac 50 mH
Rpc = Rac 5Q
|_BMS 10 A

is obtained from the voltage positive sequence fundamental
component, no harmonic distortion will affect the reference
current generation. To carry out the simulation, the
parameters remain equal as in Case 1. The generation of the
reference and measured currents are shown for

a) Charge mode: in Fig. 14(a).

b) Discharge mode: in Fig. 14(b).

The effect of harmonic distortion can be seen in the voltage
(upper subplot in Fig: 14(a) and Fig. 14(b)). The lower
subplots show that the reference current generated is
sinusoidal without harmonic distortion and it is correctly
followed. The obtained THD;s; for both the charge and
discharge mode is 8,4% and 8,6%, respectively.

3. Case3: Voltage source with imbalance (zero
sequence and negative sequence of the fundamental
component: 20%)

The performance of the charger is checked under
unbalanced grid voltage conditions. No disturbances will
affect the reference current generation. The generation of the
reference and measured currents are shown for

a) Charge mode: in Fig. 15(a).

b) Discharge mode: in Fig. 15(b).

The effect of imbalance can be seen in the voltage (upper
subplot in Fig: 15(a) and Fig. 15(b)). The lower subplots in
Fig. 15 show that the reference current generated is sinusoidal
without imbalance and it is correctly followed. The obtained
THD; for both the charge and discharge mode is 8,4% and
8,6%, respectively.

VII. CONCLUSIONS

A three-phase bidirectional battery charger for electric
vehicles has been presented in this paper. The charger
operates with a novel Balanced Sinusoidal Source Current
control strategy, demanding or injecting into the grid a
balanced and sinusoidal current, making the car to become a
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Fig. 12. Block diagram of the control strategy of the inverter.
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smart vehicle contributing to the so-called Smart Grid.
Simulation results under ideal and disturbed source voltages
are presented to test the operation of the proposed charger.
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