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Abstract. This paper presents an on-board bidirectional battery charger for
Electric Vehicles (EVs), which operates in three different modes: Grid-to-
Vehicle (G2V), Vehicle-to-Grid (V2G), and Vehicle-to-Home (V2H). Through
these three operation modes, using bidirectional communications based on In-
formation and Communication Technologies (ICT), it will be possible to ex-
change data between the EV driver and the future smart grids. This collabora-
tion with the smart grids will strengthen the collective awareness systems, con-
tributing to solve and organize issues related with energy resources and power
grids. This paper presents the preliminary studies that results from a PhD work
related with bidirectional battery chargers for EVs. Thus, in this paper is de-
scribed the topology of the on-board bidirectional battery charger and the con-
trol algorithms for the three operation modes. To validate the topology it was
developed a laboratory prototype, and were obtained experimental results for
the three operation modes.

Keywords: Battery Charger, Grid to Vehicle (G2V), Vehicle to Grid (V2G),
Vehicle to Home (V2H), Electric Vehicles, Smart Grids.

1 Introduction

Nowadays, the electric mobility is the main alternative to the traditional transportation
system in order to reduce the greenhouse gases emission and to help to address envi-
ronmental and energy issues [1]. It is also important to reduce the oil consumption in
this sector [2], where it is predictable that 55% of the total oil consumption in the
world will be allotted by this sector in 2030 [3]. This new paradigm has been support-
ed by the several alternatives that are already available, mainly Electric Vehicles
(EVs), as the Nissan Leaf. Nevertheless, the impact of the electric mobility cannot be
neglected [4], [5], [6]. The uncontrolled EVs proliferation, which represents extra
loads to the power grids, can worsen some power quality problems, as power losses
and high values of Total Harmonic Distortion (THD) in the currents and voltages [7].
These problems are caused by the EV battery chargers that are implemented with
static power converters. Considering this scenario, it is extremely necessary equip the
EVs with battery chargers with sinusoidal current consumption and controlled power
factor, aiming to preserve the power quality [8], [9].
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Currently, the energy required to the battery charging process follows from the
power grid to the EVs. This operation mode is identified in the literature as
Grid-to-Vehicle (G2V) [10]. Nevertheless, considering that the energy can follow in
opposite sense, arises the operation mode Vehicle-to-Grid (V2G) [11]. Taking into
account the future smart grids, where the EVs will be connected to a collaborative
broker [12], the aforementioned operation modes can be used to help the power grid,
especially for load-shedding and compensation of renewable production intermittency
(providing both backup and storage). Besides the G2V and V2G operation modes, the
energy stored in the batteries can also be used to feed other loads, typical at home.
This operation mode is denominated as Vehicle-to-Home (V2H) [13]. The selection
of each one of the G2V, V2G and V2H operation modes, will be optimized taking
into account the EV driver profile and benefits, and the power grid capabilities. These
operation modes are further described in detail. Fig. 1 illustrates the operation modes
of the EVs in the future smart grids. As shown in this figure, the G2V and V2G opera-
tion modes can be performed at private (homes) or public places, and the V2H is per-
formed at private (homes) places.

This paper results from a preliminary studies conducted in the first year of a PhD
work, and intents contribute to the technological innovation of the electric mobility in
smart grids. It is presented an on-board bidirectional battery charger with respective
control algorithms, which enables the G2V, V2G and V2H operation modes. In order
to evaluate these operation modes are presented some experimental results.

a3

Power flow: B G2V v2G M V2H

Fig. 1. Representation of Electric Vehicle with G2V, V2G and V2H operation modes.

2 Relationship to Collective Awareness Systems

The future smart grids will bring a set of advantages to the end-user. This is more
relevant taking into account that it involves the introduction of several technologies
aiming to establish a bidirectional communication between the power grid collabora-
tive broker and the users. Knowing that the electric mobility is a topic of highest im-
portance in smart grids, the end-user will have the opportunity to participate actively
in the energy market. Thereby, to the smart grids will be possible predict the energy
demand and control the energy production [14], [15]. This interactivity, including
supervision, control and communication applications, will be the final topic that will
be addressed in the PhD work. For such purpose it will be developed an Information
and Communication Technologies (ICT) application.
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The main goal of the G2V, V2G and V2H operation modes that are described in
this paper is establish a bidirectional flux of energy and information between the EVs
and the power grids. This collaboration will strengthen the collective awareness sys-
tems, contributing to solve and organize issues related with the energy resources and
power grids.

3 System Architecture and Operation Modes

The on-board bidirectional battery charger that is presented in this paper is composed
by two power converters, one ac-dc and other dc-dc. The ac-dc converter is a
full-bridge bidirectional converter that works in three distinct ways according to the
operation mode. The dc-dc converter is a buck-boost bidirectional converter. Fig. 2
shows the electric diagram of the on-board bidirectional battery charger.
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Fig. 2. On-board bidirectional battery charger composed by two power converters: ac-dc
full-bridge bidirectional converter and dc-dc buck-boost bidirectional converter.

3.1 Grid-to-Vehicle (G2V) Operation Mode

During the G2V operation mode the energy flows from the power grid to the batteries.
In this operation mode the ac-dc full-bridge bidirectional converter works as active
rectifier with sinusoidal current consumption and unitary power factor. The dc-dc
buck-boost bidirectional converter works as buck converter aiming to charge the bat-
teries with different stages of current and voltages. In this operation mode, the current
reference (ig*) is obtained through:

.« _ Ppc'+irgvrs
lg = T vz Vg » @®

where, V;; is the RMS value of the power grid voltage, v, the instantaneous value of
the power grid voltage, i;5 and vrp the current and voltage in the batteries, and Pp."
is the power reference obtained through the dc-link voltage. The dc-link voltage is
controlled by a Proportional-Integral (PI) control:

Ppc™ = kp(vpc™ —Upe) + k; Jpe* = vpo)dt 2)
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where, vp* is the dc-link voltage reference and vy the average value of the dc-link
voltage during one cycle. In this controller is used the V. instead of v, because it
avoid introduce the dc-link voltage oscillation into the control. For such purpose, V¢
in discrete samples is obtained by:

vpeln] = 7 Shoavpcln] 3)

where, T corresponds to one cycle of the power grid voltage (50 Hz), and taking into
account that the sampling frequency is 40 kHz in digital control corresponds to 800
samples. Analyzing the circuit presented in Fig. 2 it can be established:

v(t) = v, (t) + vy (0) C)]

where, vg(t), v, (t) and vy, (t) are, respectively, the instantaneous values of the
power grid voltage, inductance voltage, and voltage produce by the ac-dc converter.
With the instantaneous values of the current i (t), and the current reference (ig*) can
be determined the current error by:

lgerror () = i (€) — ig(E) . ©)]

Combining (4) and (5), and substituting the inductance voltage can be established
that:

ic*(t) i ®)
vey (£) = () — Ly lGdt + Ly IGer;:T . (6)

Rewriting (6) in terms of discrete samples, where k is the actual sample and k-1 the
previous sample, it is obtained:

vey[k] = velk] = 2 ig"[k] = ig Tk = 1] = iglk] = igerrork =1 . (D

With this voltage (v¢y,) is implemented a predictive current control. With the help of
a unipolar sinusoidal Pulse Width Modulation (PWM) strategy with a 20 kHz are cal-
culated the gate pulse patterns. In order to avoid the effects of the deadtime in the pro-
duced current, the voltage reference (vp,.,*[k]) that is compared with the triangular
carrier is given, at each k sample, by:

vam*[k] = vey[k] + udv, )

where, Av is the voltage that is added to the voltage vy [k], and u assumes the value
1 when the reference current (i;*) is greater than zero, and -1 when is lesser than
zero. To the dc-dc bidirectional converter, which works as buck converter during this
operation mode, the voltage reference that the converter must produce during the
constant current (Vpym ¢;") and constant voltage (Vpym cv’) stages is given by PI
controllers and are, respectively:

Vpwm ci® = kp(ipr™ — ipr) + ki [(ipr” — ipr)dt 9

Vpwmcv = kp(vBT* —vpr) + k; f(vBT* — vpp)dt (10)



Operation Modes of Battery Chargers for Electric Vehicles in Smart Grids 403

3.2 Vehicle-to-Grid (V2G) Operation Mode

During the V2G operation mode the energy flows from the batteries to the power grid.
In this operation mode the ac-dc full-bridge bidirectional converter works also as an
inverter, however, with sinusoidal current injection. The dc-dc buck-boost bidirec-
tional converter works as boost converter aiming to discharge the batteries with con-
stant power (as presented in this paper, however, can also be constant current). In this
operation mode, the ac-dc converter control is similar to the one used in the G2V
operation mode. To synthesize the reference current it was also used the predictive
current control. The main difference is the dc-dc operation, which, in this case, oper-
ates as boost converter. The power to be delivered to the power grid is established as
external input parameter. In the context of this paper, the value of the power is re-
ceived through a serial port, however, it is predictable that it will be received through
a wireless communication aiming to enable the collaborative integration of the EV in
the future smart grids. With the reference power (Pg;") and the batteries voltage (vgr)
is determined the current reference (igr”):

, PT"
ipr’ = 5, (11

and the voltage reference (Vpym_cp”) that the converter must produce is obtained by:

Vowm.cp® = kp(ipr™ —ipr) + ki [(ipr” — ipr)dt . 12)

3.3  Vehicle-to-Home (V2H) Operation Mode

During the V2H operation mode the energy flows from the batteries to feed home
loads during power outages. It also can be used to feed loads in places without con-
nection to the power grid. In this operation mode the ac-dc full-bridge bidirectional
converter works as inverter aiming to produce a true sine wave voltage output to feed
the home loads. The dc-dc buck-boost bidirectional converter also works as boost
converter aiming to increase the batteries voltage to an appropriated value to the oper-
ation of the ac-dc converter. In this operation mode the ac-dc converter works as volt-
age source inverter. Thus, analyzing the circuit presented in Fig. 2 it can be estab-
lished:

vey () = v () — v, (@), 13)

where, vy (), vg"(t), and v, (t) are, respectively, the instantaneous values of the
voltage produce by the ac-dc converter, the reference voltage, and the inductance
voltage. Substituting v, (t) it can established:

dig ()
dt

vey () =v6"(t) — Ly , 14

Also in this control was used the strategy presented to the G2V operation mode in
order to avoid the effects of the deadtime.
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In this operation mode the dc-dc converter operates as boost converter in order to
maintain the dc-link voltage regulated to the proper functioning of the ac-dc convert-
er. For such purpose, the dc-link voltage is controlled through a PI and the voltage
reference (Vpm_pc”) that the converter must produce is given by:

Vpwm_nc' = Kp(Vpc™ — Vpe) + ki Jpce* = vpe)dt 1s)

4 Experimental Results

In order to evaluate the on-board bidirectional battery charger working in the G2V,
V2G and V2H operation modes it was developed a laboratory prototype. Fig. 3 shows
part of the developed prototype.

Fig. 3. Parts of the developed prototype of the on-board bidirectional battery charger:
(a) Power converters; (b) Signal conditioning circuit; (c) Digital control platform.

The experimental results were obtained with the on-board bidirectional battery
charger and with a set of 24 sealed 12 V 33 Ah Absorbed Glass Mat (AGM) batteries.
Fig. 4 shows the obtained results. More specifically: Fig. 4 (a) shows the power grid
voltage (vg) and the current (i) during the G2V operation mode; Fig. 4 (b) presents
the power grid voltage (v;) and the current (i) during the V2G operation mode; and
Fig. 4 (c) shows the output voltage (vs) and the load current (ig), during the V2H
operation mode.

5 Conclusions and Further Work

This paper presents the development of an on-board bidirectional battery charger for
Electric Vehicles (EVs), which can work in Grid-to-Vehicle (G2V), Vehicle-to-Grid
(V2G), and Vehicle-to-Home (V2H) operation modes, targeting the future smart grids
scenario. Taking into account that the introduction of EVs in smart grids will be an
important subject, the bidirectional communication between EV drivers and the col-
laborative brokers of smart grids will strengthen the collective awareness systems.
Therefore, it will contribute to solve and organize issues related with energy resources
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Fig. 4. Experimental results of the power grid voltage (vg—100 V/div) and current
(ig— 10 A/div): (a) G2V operation  mode; (b) V2G  operation  mode;
(c) V2H operation mode.

and power grids. The developed laboratory prototype, functioning in the three opera-
tion modes, was validated through experimental results.

Currently, the selection of the operation modes (G2V, V2G and V2H) is performed
manually by the driver, through the user interface of the EV. Nevertheless, until the
final of the PhD work where this paper is encompassed, this selection will be wireless
controlled. Besides, it will be developed an Information and Communication Tech-
nologies (ICT) application aiming to allow the communication with a collaborative
broker of the smart grids.

Acknowledgment. This work is financed by FEDER Funds, through the Operational
Programme for Competitiveness Factors — COMPETE, and by National Funds
through FCT — Foundation for Science and Technology of Portugal, under the project
FCOMP-01-0124-FEDER-022674, and QREN project AAC n.°36/S1/2009 — 13844.
Mr. Vitor Monteiro was supported by the doctoral scholarship SFRH/BD/80155/2011
granted by the FCT agency.



406

V. Monteiro et al.

References

1.

10.

11.

12.

13.

14.

15.

A. G. Boulanger, A. C. Chu, S. Maxx, D. L. Waltz, “Vehicle Electrification: Status and
Issues,” Proceedings of the IEEE, vol.99, no.6, pp.1116-1138, May 2011

C. Camus, T. Farias, “Electric vehicles as a mean to reduce, energy, emissions and elec-
tricity costs,” IEEE International Conference on the European Energy Market, pp.1-8,
May 2012

“International Energy Outlook 2009,” U.S. Department of Energy Washington DC, May
2009

K. Dyke, N. Schofield, M. Barnes, “The Impact of Transport Electrification on Electrical
Networks,” IEEE Trans. Ind. Electron., vol.57, pp.3917-3926, 2010

L. Jian, H. Xue, G. Xu, X. Zhu, D. Zhao, Z. Y. Shao, “Regulated Charging of Plug-in
Hybrid Electric Vehicles for Minimizing Load Variance in Household Smart Micro-
Grid,” IEEE Trans. Ind. Electron., vol.60, pp.3218-3226, Aug. 2013

K. Clement-Nyns, E. Haesen, J. Driesen, “The impact of charging Plug-In hybrid electric
vehicles on a residential distribution grid,” IEEE Transactions on Power Systems, Vol.
25, pp-371-380, Feb. 2010

M. Basu, K. Gaughan, and E. Coyle, “Harmonic distortion caused by EV battery chargers
in the distribution systems network and its remedy,” UPEC International Universities
Power Engineering Conference, pp.869-873, 2004

Vitor Monteiro, Jodo C. Ferreira, Andrés A. Nogueiras Meléndez, Jodo L. Afonso. “Elec-
tric Vehicles On-Board Battery Charger for the Future Smart Grids,” in Technological
Innovation for the Internet of Things, Ist ed., Luis M. Camarinha-Matos, Slavisa Tomic,
Paula Graca, Ed. Springer, 2013, Chapter 38, pp.351-358

Vitor Monteiro, H. Goncalves, J. L. Afonso, “Impact of Electric Vehicles on power quali-
ty in a Smart Grid context,” IEEE EPQU 11th International Conference on Electrical
Power Quality and Utilisation, pp.1-6, 2011

Saeid Haghbin, Sonja Lundmark, Mats Alakiila, Ola Carlson, “Grid-Connected Integrated
Battery Chargers in Vehicle Applications: Review and New Solution,” IEEE Transac-
tions on Industrial Electronics, vol.60, no.2, pp.459-473, Feb. 2013

B. Kramer, S. Chakraborty, and B. Kroposki, “A review of plug-in vehicles and vehicle-
to-grid capability,” IECON 2008 - 34th Annual Conference of IEEE Industrial Electron-
ics, pp.2278-2283, 2008

Jodo C. Ferreira, Rui Santos, Vitor Monteiro, Jodo L. Afonso, “Cloud Collaborative Bro-
ker for Distributed Energy Resources,” IEEE Iberian Conference on Information Systems
and Technologies, Lisbon Portugal, vol.1, pp.33 40, 19-22 June 2013

Green Car Congress, “Nissan to launch the “LEAF to Home” V2H power supply system
with  Nichicon “EV ~ Power  Station” in June.” [Online] Available:
http://www.greencarcongress.com/2012/05/leafvsh-20120530.html

A. Meliopoulos, G. Cokkinides, R. Huang, E. Farantatos, S. Choi, Y. Lee, X. Yu, “Smart
Grid Technologies for Autonomous Operation and Control,” IEEE Transactions on Smart
Grid, vol.2, no.1, March 2011

D. Sahin, T. Kocak, S. Ergut, C. Buccella, C. Cecati, G. P. Hancke, “Smart Grid and
Smart Homes: Key Players and Pilot Projects,” IEEE Industrial Electronics Magazine,
vol.6, pp.18-34, Dec. 2012



