
1 

The Role of the Electric Vehicle in Smart Homes: 
Assessment and Future Perspectives  
Vitor Monteiro1,*, Jose A. Afonso2, Joao C. Ferreira3, Tiago J. C. Sousa4, and Joao L. Afonso5

1ALGORIMI Research Centre, University of Minho, Guimaraes, Portugal, vmonteiro@dei.uminho.pt 
2CMEMS-UMinho Center, University of Minho, Guimarães, Portugal, jose.afonso@dei.uminho.pt 
3Instituto Universitário de Lisboa (ISCTE-IUL), Lisboa, Portugal, joao.carlos.ferreira@iscte-iul.pt 
4ALGORIMI Research Centre, University of Minho, Guimaraes, Portugal, tsousa@dei.uminho.pt 
5ALGORIMI Research Centre, University of Minho, Guimaraes, Portugal, jla@dei.uminho.pt 

Abstract 

The wide spreading of electric mobility is imposing the application of new technologies of hardware and software for 
supporting new operation paradigms, not only in the perspective of improving smart grids, but also each time more in the 
perspective of boosting the preponderance of smart homes. Concretely, nowadays it is clear that the emergent technologies 
for smart homes, targeting power quality and a more efficient power management, are also altering the conventional 
electrical power grids toward smart grids. In this panorama, by relating the strategic pillars of electric mobility and smart 
homes, this paper has as main objective the characterization of the role of the electric vehicle (EV) in smart homes, 
presenting a broad assessment based on the state of the art, as well as creating a link with upcoming advanced operations. 
From the smart home point of view, since it should be equipped to deal with the requirements of the EV, the assessment of 
both on-board and off-board EV battery charging systems are considered along the paper. Furthermore, the presence of 
technologies such as energy storage systems, renewable energy sources and dc electrical appliances in smart homes 
towards sustainability is also reflected in this paper, but framed from the point of view of an off-board EV battery charging 
system, since it is more convenient for enabling the interface of these mentioned technologies. Looking the paper as a 
whole, a relevant contribution is the discussion of future operations for the EV in smart homes, also envisioning the 
opportunity for ac, dc, or hybrid power grids. Illustrative and strategic results are shown, covering all these features with 
specific details, not only based on numerical simulations, but also based on experimental results, which were obtained with 
a proof-of-concept laboratory prototype. 
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1. Introduction

As is well predictable in numerous countries around the 
world, the growing paradigm of electric mobility is 
spreading in all the transportation sector, where 
miscellaneous technologies are evolving as a revolutionary 
contribution toward sustainability [1][2]. Inspecting in more 

detail the options that nowadays are accessible for the 
end-users, the utmost emblematic is the plug-in battery 
electric vehicle, which, in the context of this paper, with the 
objective of simplifying the analysis, is just referred as 
electric vehicle (EV). As confirmed, principally, along with 
the last two decades, a diverse number of commercially 
available EVs is increasingly appearing around the world for 
different purposes within the mobility sector, almost all of 
them equipped with an on-board EV battery charging 
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system (EV-BCS), i.e., internal to the EV, and some of them 
are also prepared to be charged through an interface to an 
off-board EV-BCS [3][4][5][6], i.e., in this circumstance, 
the charger is situated externally to the EV. Nonetheless, 
from the point of view of the EV operation for the battery 
charging purpose, independently of the on-board or 
off-board charging technology for such purpose, only the 
possibility of charging with power directly from the grid is 
accessible, as can be found in [7] and [8]. This operation 
mode, which is common for both on-board and off-board 
EV-BCS, is titled as grid-to-vehicle (G2V), since the power 
always flows from the power grid to the EV. For instance, 
this is also valid even when the EV charging process is 
implemented in public charging stations with interface of 
renewables, since, firstly, the power production from the 
renewables is injected into the power grid and then the EV is 
charged from the power grid (reducing the efficiency). On 
the other hand, when scrutinizing the EV charging from the 
perspective of the power grid, the circumstance is quite 
different, since the EV is understood not only as an 
additional and traditional load in the perspective of the 
power grid (independently of the power consumption for the 
charging and associated power quality aspects linked with 
such power consumption), but similarly to a traditional 
energy storage equipment for the power grid.  

Aligned with this context and as a consequence, 
concentrating on the power grid perspective, the EV 
presence will be even more significant when controlled as a 
plugged-in flexible system, randomly introduced in the 
power grid, based on the user utilization, and skilled to offer 
three significant activities: (a) The EV is controlled by the 
on-board EV-BCS only for absorbing power from the power 
grid in the place where it is plugged-in, which can be 
performed with different power ratings depending on the 
user preferences, as well as the power grid management 
strategies for optimizing the load levelling scenarios for 
mitigating peak shaving occurrences; (b) The EV can be 
controlled for storing energy (i.e., according to the G2V 
mode) and transport it for different places in the power grid, 
knowing that the EV is a flexible load and randomly 
introduced (in this scenario, it is important to note that the 
primordial function of storing energy is for the EV 
circulation, however, when possible and conveniently 
agreed between all parties involved, the EV can be 
controlled in the perspective of exchanging power between 
two distinct electrical places, e.g., between a smart home 
and the power grid); (c) The EV can be controlled for 
injecting power into the power grid in the place where it is 
plugged-in, guaranteeing that the EV is not totally 
discharged since it needs stored energy for circulating (in 
this scenario, the EV operating power level is defined by the 
power management established by the smart grid and also 
according to benefit the user, e.g., receiving money/discount 
incentives for the next charging operation, and always 
guaranteeing high levels of power quality for all operating 
power levels).  

Supported by the aforementioned context of a cooperative 
interaction among the power grid and the EV-BCS, it is 
recognized that besides the EV operation in G2V mode, and 

aligned with advanced technologies in smart grids, there is 
the inevitability of allowing an innovative operation for the 
EV-BCS that consists in the power flow in opposition to the 
G2V mode, i.e., in this innovative case, the power is 
provided by EV and delivered to the power grid, which is an 
operation mode well identified in the literature and 
denominated as vehicle-to-grid (V2G) [9][10][11]. In such 
circumstances, the mentioned miscellaneous occasions of 
collaboration among the power grid management system 
and the EV user, through appealing to the G2V/V2G modes, 
are leading and emergent topics for the industrial sector, as 
well as for innovative investigations, as confirmed in [12], 
[13], and [14]. Furthermore, as previously mentioned, it is 
necessary to reinforce that the V2G mode is a technology 
that involves bidirectional EV-BCS, both in terms of power 
operation and communication with the power grid, which is 
being recognized and introduced as a new reality for the 
transportation sector. In fact, progressively, researchers and 
some manufacturers of the automotive sector are introducing 
hardware (e.g., EV-BCS with bidirectional communication 
and power capabilities) and software (e.g., communication 
networks, as the survey presented in [15]) technologies with 
the objective to support the massive introduction of 
on-board EV-BCSs prepared to deal with G2V/V2G 
operation modes in coordination and cooperation with the 
smart grids, which are more and more a reality with the 
possibility of integrating innovative technologies with those 
referring to EV. 

With the objective of introducing an illustrative case 
example, Figure 1 shows the incorporation of an on-board 
EV-BCS contextualized within a smart home, where it is 
possible to recognise the detail of the power interaction, 
bidirectional, as expected, of the G2V/V2G modes with the 
smart home. The situation reported on this figure is a 
conventional interface guaranteed by the G2V/V2G modes, 
as traditionally occurs with all EVs in smart homes, where it 
is evidenced that the on-board EV-BCS can be controlled 
for the G2V/V2G modes (individually, according to the 
requests and necessities of the involved parts) by the smart 
home power management. As exemplified, from the EV 
point of view, it can consume power from the grid (during 
the G2V mode), or it can be controlled for delivering power 
to the smart home (during the V2G mode) or to the smart 
grid, or even both (i.e., it can be convenient to deliver power 
for the smart home and a little part also for the smart grid). 
However, it is expected that the V2G mode will only be 
used during specific moments, ensuring that only part of the 
energy stored in the EV batteries is used for this purpose. 

Additionally to the flexible controllability offered by the 
EV-BCS for smart homes and smart grids when operating in 
G2V/V2G modes, more recently, pioneering operation 
modes, involving the EV and the smart grid, are emerging 
from the point of view of power quality. Some of these 
examples are correlated to the option to consider the EV as 
an independent power source when occurring power outages 
(i.e., the EV can operate as the main voltage source during 
few moments according to the battery state-of-charge and 
the user permission, e.g., during the integration in the smart 
home or even in scenarios of islanded grids). Additionally, 
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other example, even more futuristic but realistic, considering 
the structure of the EV-BCS regarding power electronics, is 
related to the possibility to consider the EV as a shunt active 
power filter. Consequently, dynamically, the EV-BCS can 
contribute to compensating current harmonics and, 
simultaneously (or not), reactive power for the electrical 
installation (e.g., a smart home where it is plugged-in and 
locally controlled based on the current consumption of the 
electrical appliances, or otherwise a smart grid with wider 
scope) [16].  

Knowing the significance of the above-mentioned 
collaborations among the EV and the smart home or smart 
grid, and creating future perspectives, it can be emphasized 
as leading contributions of this paper: (a) A more meticulous 
and broad assessment about the state of the art operation 
modes and technologies about the EV interaction in smart 
homes and smart grids; (b) A comprehensive explanation 
about future perspectives of operation paradigms associated 
with the EV and technologies as renewables and external 
energy storage systems, all of them framed with smart 
homes; (c) A validation based on numerical simulations and 
experimental results obtained with a developed 
proof-of-concept laboratory prototype. The contributions 
and content of this paper should be seen as an extended 
version of an original paper by the same authors, which is 
introduced in [17], where as additional new contributions 
can be highlighted: (a) A more accurate explanation of the 
operation modes offered in the original version, supported 
by supplementary new and recent references, as well as 
advanced modes for the EV-BCS operation; (b) The 
presentation of the laboratory prototype used to obtain 
illustrative and key experimental results and its brief 
description in terms of power electronics (both power 
system and control system), as well as additional 
experimental results. 

The rest of this extended paper is organized as follows. 
After the introduction, section 2 presents an overview of 
operation modes and technologies associated with the EV 
introduction in smart homes and also in the perspective of 

smart grids, section 3 introduces the future perspectives of 
operation modes, highlighting the interaction of the EV with 
technologies as renewables and energy storage systems, as 
well as ac, dc or hybrid electrical installations in smart 
homes, section 4 presents the key results, both 
computational and experimental, and, finally, section 5 
finalizes the paper with the main conclusions. 

2. EV in smart homes and smart grids:
overview of operation modes

In the introductory section, it was mainly considered and 
described the possibility of the EV interface work in 
bidirectional power operation according to the G2V/V2G 
modes, both in the perspective of the smart home and smart 
grid (i.e., depending on the requirements). As mentioned, 
nowadays, such G2V/V2G modes are a reality for numerous 
purposes; nonetheless, these modes are only valid when the 
objective is the exchange of active power between the EV 
and the power grid, aiming smart grids in a viewpoint of an 
on/off control, without ignoring the power grid limitations. 
As investigated and demonstrated in several published 
studies, as in [17], [18], [19], [19], [20], [21], [22], and [23], 
this option of bidirectional power interface has an extremely 
vital impact, permitting, for example, to control the EV to 
overcome issues of efficiency and power quality in the 
power grid. In this standpoint, with the consent of the EV 
driver (e.g., guaranteeing advantageous tariffs for programs 
of power management sustained by the G2V/V2G modes, 
and knowing that the EV battery can be degraded when 
subjected to additional charge/discharge cycles), the EV can 
be controlled by an algorithm of power management of the 
smart home or smart grid, which outlines the programming 
modes for charging (G2V) and discharging (V2G) processes 
[24]. 

As a consequence of the flexibility of the EV to be 
randomly plugged-in in diverse places of the power grid, it 
contributes for a more exigent control strategy, where the 
controllability presented by the smart grid assumes a 
relevant complexity. Further, as investigated in [25] and in 
[24], the flexibility presented by the EV for operating in 
different modes, offering innovative functionalities, is 
essential also for scenarios of microgrids. In [25] and [28] 
experimental considerations for the EV operation in 
G2V/V2G scenarios are presented and validated, and, in a 
future perspective of interactions between the EV and smart 
grids, advanced G2V/V2G interfaces are presented in [29]. 
An online scheduling for hierarchical V2G is offered in 
[30], presenting the design, the formulation, and the control 
algorithm. The existing flexibility offered by the G2V/V2G 
modes is even more appropriate when analysing from the 
perspective of cooperating with the power grid to 
compensate the intermittent power production from 
renewable energy sources (RES), obviously, mainly through 
the G2V mode (e.g., where the EV charging power level can 
be adjusted in function of the RES power production) [31]. 
By analysing the EV operation in this cooperative scenario 
of operation, from the point of view of the smart grid (or 

Figure 1. Smart home with an on-board EV-BCS 
covering the G2V and V2G modes. 
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smart home), it can be recognized as an energy buffer for the 
power grid, capable of consuming, storing, or delivering 
power as a function of the RES intermittence in the power 
production. 

A contextualization for accepting the EV operation in 
G2V mode directly aiming the RES power production, and 
as a influence for extenuating greenhouse gases emissions, 
is available in [32]. Additionally, other view linking also the 
EV operation and the RES production, with the final aim of 
reducing costs of operation and reduce greenhouse gases 
emissions, is investigated in [33], and the description of 
G2V/V2G modes directly influenced by the RES power 
production for a demand-side management is accessible in 
[32]. Associating the assorted EV operation modes with the 
RES intermittence in the power production rises innovative 
perspectives, not only contextualized with smart grids, but 
also with smart homes, since, as verified in [32], smart 
homes have an important boost consequence for the future 
improvement and modernization of smart grids. 
Consequently, in this situation, technologies and foresights 
for adapting the EV G2V/V2G operation in smart homes are 
introduced and deliberated in [33], whereas an enhanced EV 
collaboration is conferred in [34] from the client viewpoint. 
The technologies presented and discussed aforesaid are 
mainly related to the involvement of on-board EV-BCS 
operating in G2V/V2G modes and contextualized with smart 
homes. Nonetheless, additional potentials of operation 
continue emerging as feasible commitments for the EV in 
smart homes but attempting smart grids. 

When the EV is plugged-in at home, a special mode that 
can be considered is the home-to-vehicle (H2V), which is 
similar to the G2V, since the power also flows from the 
power grid to the EV. However, it is more advantageous 
than the traditional on/off G2V mode, where the 
distinguishing feature relies on the controllability. Based on 
this mode, the EV operates with a dynamic power, varying 
between zero and the maximum power allowed (i.e., it can 
allow any value within the range of operating power). 

In the H2V mode, when compared to the controlled G2V 
mode, the on-board EV-BCS can likewise be remotely 
power-managed according to the set points taken by the 
algorithm of power management. This mode is especially 
suitable for a smart home power management in unification 
with controlled electrical appliances (i.e., capable to be 
on/off controlled without neglecting the user comfort). In 
these circumstances, the management algorithm can 
authorize different levels of priority for the EV, as well as 
for the electrical appliances, following the user preferences 
(e.g., defined by a mobile app). 

From the EV point of view, three main conditions can be 
distinguished: (a) The EV is limited to have highest priority; 
consequently, it is charged with maximum power, while the 
electrical appliances can be turned-off to prevent the circuit 
breaker trip. This condition matches to a severe case when it 
is necessary to charge the EV as fast as possible (with the 
operating power limited by the EV-BCS or by the circuit 
breaker of the electrical installation), and the operation of 
the additional electrical appliances is not important. (b) The 
EV is limited to have priority over some specific electrical 

appliances (previously defined by the user and that can be 
changed whenever necessary); therefore, with the objective 
of avoiding the circuit breaker tripping, a value of charging 
power lower than the nominal power of the EV-BCS is 
defined, and the turn-on and turn-off of the electrical 
appliances is constrained. As consequence, the EV charging 
is performed by a secure power and the electrical appliances 
are controlled. (c) The EV is managed to diminish its 
operation to a minimum, through defining a minimum 
priority for its operation within the smart home; 
subsequently, the EV-BCS power operation obeys to a 
maximum value (which matches the maximum value of the 
circuit breaker and its nominal power) and the power 
consumption in the smart home due to the presence of the 
turned-on electrical appliances. Successively, in this case, 
the instantaneous operating power of the EV-BCS is directly 
adjusted by the power consumption of the electrical 
appliances. 

3. EV in smart homes and smart grids:
future perspectives of operation

In this section, future perspectives for the EV in smart 
homes are exhibited. Accordingly, additionally to the 
operation paradigms outlined in the preceding section (i.e., 
the G2V/V2G and H2V modes), novel challenges in terms 
of infrastructures are shown, including the demands of smart 
homes. 

In Figure 2 is displayed a concept of an on-board 
EV-BCS in smart homes, considering the abovementioned 
operation modes and a new one, which is correlated with 
power quality aspects. As it can be observed, these operation 
modes are important and remarkably beneficial for the smart 
home, also contributing for new energy policies for smart 
grids. As an illustrative example, when operating in 
bidirectional mode, three distinct cases can be considered 
for the on-board EV-BCS: (a) Exchange power with the 
smart home, where the EV can give power according to the 
specifications of the home management system; (b) 
Exchange power with the smart grid, where the EV can give 
power according to the specifications of the smart grid; (c) 
Exchange power, at the same time, with the smart home and 
with the smart grid. This representative example is straight 
linked with the G2V/V2G modes, nevertheless, a 
comparable situation is for the vehicle-for-grid (V4G) mode, 
where the on-board EV-BCS can be controlled to neutralize 
power quality problems, both in the smart home and in the 
smart grid perspectives. 

An enhanced V4G mode for on-board EV-BCS operating 
in smart grids is proposed in [38], supported by a complete 
and extensive experimental validation. It is necessary to 
remark that, in this case, the on-board EV-BCS can 
neutralize about all the current harmonics and the power 
factor of the smart home, however, in the smart grid 
panorama, it simply provides the operation to mitigate a 
portion of the before-mentioned power quality problems. In 
this situation, a different panorama for the smart grid 
appears, which is associated with the selective harmonic 
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current compensation (i.e., a situation where each EV can be 
controlled to provide a distinct harmonic current) and 
controlled reactive power (i.e., a situation where each EV is 
capable to produce a small amount of reactive power to 
compensate a specific value of power factor in the smart 
grid). Notwithstanding the obvious gains of these operation 
modes for the smart home and the smart grid, an important 
limitation is recognized: these operation modes are only 
possible when the on-board EV-BCS is accessible, i.e., 
when the EV is stationed at the smart home. On the opposite 
hand, if examined from the power grid point of view, in 
terms of shifting power and in terms of controllability, a 
further fundamental benefit is distinguished: these operation 
modes are accessible in the location where the EV is placed, 
i.e., the EV is a dynamic system in the smart grid, able to
operate in unconventional modes according to the
constraints.

Besides the advantage of mitigating power quality 
problems associated with harmonic currents and reactive 
power, the on‑board EV‑BCS can also be controlled during 
power outages. In this circumstance, as illustrated in 
Figure 3, the on-board EV-BCS provides power for the 
smart home, but the current waveform is defined by the 
electrical appliances (i.e., the on-board EV-BCS can operate 
with a non-sinusoidal current and low power factor). In this 
example, the energy source is the EV battery, consequently, 
it should be managed with the permission and benefit of the 
EV user. For example, in this mode, the on-board EV-BCS 
system can be used only to give power for priority electrical 
appliances in the smart home (to be determined and 
reconfigurable by the user). Furthermore, this mode is more 
useful for short periods.  

Concerning off-board EV-BCSs, the abovementioned 
operation modes can also be applied. In Figure 4 is 
displayed a concept of an off-board EV-BCS in smart homes 
when the EV is placed at home. Using an off-board 
EV-BCS, the extended opportunities are even more 
important, since the equipment is continuously placed at the 
smart home. Consequently, remarkable operation modes are 

possible separately of the EV being placed. For example, the 
off-board EV-BCS can give power quality services, 
precisely as the on-board EV-BCS, for both the smart home 
and for the smart grid, but such services can be given 
separately of the EV presence. On the opposite hand, 
G2V/V2G modes are only accessible, as for on-board 
EV-BCS, when the EV is parked (with the batteries used as 
the energy source). 

In Figure 5 is shown a concept of an off-board EV-BCS 
in smart homes when the EV is not placed at home. As 
depicted, the corresponding operation modes are accessible 
(i.e., G2V/V2G and compensation of harmonic currents and 
power factor), excluding the opportunity of managing the 
EV as power supply, i.e., when occurring power outages. 
Nonetheless, the principal expected perspectives are 
associated with the off-board EV-BCS operation and, more 
specifically, including the chance of interfacing additional 
technologies for smart homes as RES or energy storage 
systems (ESS). Therefore, the future perspectives are based 
on the feasibility of using the same off-board EV-BCS to 

Figure 2. Smart home with an on-board EV-BCS covering the G2V 
and V2G modes, as well as compensating power quality problems. 

Figure 3. Smart home with an on-board EV-BCS used as power 
supply, where the EV batteries are the energy source. 

Figure 4. Smart home with an off-board EV-BCS covering the G2V 
and V2G modes, as well as compensating power quality problems. 
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interface, through a shared dc link, a unidirectional dc-dc 
converter for RES and a bidirectional dc-dc converter for an 
auxiliary ESS [38]. It is necessary to remark that the 
combination of an EV off‑board battery charging system 
with this opportunity is a perfect answer to embrace in the 
smart home: electric mobility; RES; ESS [39][39][40]. This 
circumstance is illustrated in Figure 6, where the single 
interface with the power grid is a suitable important 
characteristic [41][42].  

Furthermore, if including the migration from ac grids to 
dc grids, this is even more appropriate, because the 
obligations of power converters are drastically diminished 
(it is crucial to take into account that the preponderance of 
the electrical appliances at home level is formed by a 
front-end ac-dc converter applied solely to connect to the ac 
grid). Consequently, a whole future perspective of 
combining an off-board EV-BCS in a smart home, 
principally concentrating in an internal dc grid, is illustrated 
in Figure 7.  

4. Computational and experimental
validation

Under this section, a matching among three foremost states 
was analysed, as demonstrated in Figure 8: (a) A typical ac 
smart home with self-governing power converters for each 
technology (on-board EV-BCS, RES, ESS, dc electrical 
appliances, and ac electrical appliances); (b) A hybrid ac/dc 
smart home including an integrated off-board EV-BCS for a 
RES and for an ESS, sharing a common dc link; (c) A dc 
smart home with an integrated off-board EV-BCS, based on 
a single interface with the grid and with dc-dc or dc-ac 
converters for interfacing each technology (on-board 
EV-BCS, RES, ESS, dc electrical appliances, and ac 
electrical appliances).  

These three states were validated using computer 
simulations with a complete model developed with the 
PSIM software, where: (a) as RES, a set of photovoltaic 
(PV) panels was considered; (b) as ESS, a set of lithium 
batteries was considered; (c) as dc electrical appliances 
(dcEA), resistive loads were considered; (d) as ac electrical 
appliances (acEA), an induction motor was considered. In 
terms of the power converters: (a) for the ac-dc, full-bridge 
three-level converters were considered; (b) for the dc-dc, 
unidirectional and bidirectional half-bridge two-level 
converters were considered; (c) for the dc-ac, full-bridge 
three-level converters were considered. Based on the various 
opportunities of operation modes (cf. section 3 and 
Figure 7), the estimated efficiency was determined.  

The efficiency was estimated for each case under study 
and considering all the possibilities of operation modes. The 
efficiency was measured in each power converter (ac-dc, 
dc-dc, and dc-ac) through computer simulations and real
scenarios of operation considered in the model. By
considering the dynamic models of the semiconductors (as
provided by the manufacturer), it is possible to determine

Figure 5. Smart home with an off-board EV-BCS compensating 
power quality problems without a parked EV. 

Figure 6. Hybrid ac and dc smart home with an off-board EV-BCS, 
interfacing a RES and an ESS through the dc grid established by the 
off-board EV-BCS. The electrical appliances are directly linked to the 

ac power grid. 

Figure 7. Dc smart home with an off-board EV-BCS,  
interfacing a RES and an ESS through the dc grid established by the 
off-board EV-BCS. The electrical appliances are directly linked to the 

dc grid established by the off-board EV-BCS. 

EAI Endorsed Transactions on 
Energy Web 

05 2021 - 07 2021 | Volume 8 | Issue 34 | e8



7 

the conduction and switching losses. These operation modes 
are: (a) The power extracted from the RES can be injected 
into the power grid; (b) The power extracted from the RES 
can be used to charge the EV; (c) The power extracted from 
the RES can be used to charge the ESS; (d) The power 
extracted from the RES can be used by the electrical 
appliances; (e) The EV can deliver power for the smart 
home (electrical appliances); (f) The EV can deliver power 
for the smart grid; (g) The power from the ESS can be 
delivered to the smart home (electrical appliances); (h) The 
power from the ESS can be delivered to the smart grid; (i) 
The power from the grid can be used to charge the EV; (j) 
The power from the grid can be used to charge the ESS; (k) 
The power from the grid can be delivered to the smart home 
(electrical appliances). 

The estimated efficiency, bearing in mind the three cases 
under study, is available in Figure 9 (for the case #1, the 
ac-dc with an efficiency of 94%, the dc-dc with an 
efficiency of 95%, for the case #2, the ac-dc with an 
efficiency of 95%, and the dc-dc with an efficiency of 96%, 
for the case #3, the ac-dc with an efficiency of 95%, and the 
dc-dc with an efficiency of 96%). As it can be perceived, the
most efficient case is attained with the dc smart home,
where a single ac interface with the power grid is
recognized. This follows the expectation, because the
number of power stages is considerably diminished (as well

as the needed amount of power converters). Taking into 
account that some operation modes are the same for some 
cases, comparable values of efficiency were achieved. On 
the other hand, the first case is the worst in terms of 
efficiency, since several power stages are needed, where the 
power grid is always needed for each operation mode.  

Figure 10 shows the voltage (vg) and the current (ig) in the 
power grid when is injected power into the grid. This result 
was obtained considering the illustrated transient states, 
permitting to validate the dynamic operation of the control 
and the power topology. As highlighted, a matching aspect 
of the current in the PV panels (ipv), including its reference 
(ipv*) is also presented, clearly showing that the obtained 
signal is in harmony with the reference defined for this case, 
even with the dynamic operation. An operating power of 
3.6 kW was considered in this case. As foreseen, the grid 
current (ig) is sinusoidal, and the converter operates with 
unitary power factor, independently of the variations due to 
the PV panels power production (which is worth 
highlighting as a great contribution to preserve high levels 
of power quality). The dc-dc converter used to interface the 
PV panels is controlled in order to extract, at each instant 
and based on a maximum power point tracking (MPPT) 
algorithm, the maximum power from the PV panels. 

Figure 11 is presented a case when the EV is charged, 
both from the power grid and PV panels, showing the 
voltage (vg) and the current (ig), the current in the PV panels 
(ipv), and the current in the EV batteries (iev). In this 
operation mode, the EV batteries are charged with constant 
current; therefore, as expected, the grid current varies in 
harmony with the current in the PV panels. As shown, the 
grid current does not present sudden variations, which is 
extremely relevant concerning power quality. 

Figure 8. Cases under study: (a) A conventional ac smart home with 
independent power converters; (b) A hybrid ac and dc smart home; 

(c) A dc smart home.

Figure 9. Estimated efficiency for each case under study and 
considering all the possibilities of operation modes. 
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A prototype was considered with the objective of 
introducing fundamental experimental results, validating 
some of the mentioned operations. Figure 12 shows the 
previous full-developed laboratory prototype, which was 
used in the scope of the original and this extended paper, to 
obtain the experimental validation. The prototype is 
internally organized by two main interrelated systems: 
power and control. Regarding the power system, it is 
constituted by three power electronics converters (where, for 
all of them, IGBT modules were considered due to their 
robustness for laboratorial validation purposes), namely an 
ac-dc power converter (with a full-bridge fully-controlled 
topology and bidirectional operation) to interface the power 
grid, a dc-dc power converter (with a boost-type topology 
and unidirectional operation) to interface the RES, and a 
dc-dc power converter (with a half-bridge topology and
bidirectional operation) to interface the EV, supporting the
G2V/V2G modes. The three converters are linked through
the same dc-link; however, they allow totally independent

control from each other. On the other hand, the control 
system is constituted by the control IGBT drivers (in this 
case dedicated drivers for IGBT modules with 
double-channel), the signal conditioning board with an 
external bipolar ADC (i.e., avoiding to use the internal 
ADC, which only has unipolar channels), the current and 
voltage sensors for both ac and dc sides, and the F28335 
DSP, which also provides a RS232 interface to interact with 
and receive actions for operation (i.e., by the user or by the 
smart home and smart grid, as presented along the paper). 

Figure 13(a) presents key experimental results regarding 
the EV charging from the power grid. As projected, to 
preserve power quality, the grid current (ig) is sinusoidal 
(THD = 1.4%), even with a power grid voltage (vg) with 
harmonic distortion (THD = 3.5%). With this strategy, the 

Figure 10. Simulation results when the power grid receives energy 
from the PV panels: Power grid voltage (vg: 200 V/div); Grid current 

(ig: 30 A/div); Current in the PV panels (ipv: 5 A/div); Reference 
current for the PV panels (ipv*: 0.5 A/div). 

Figure 11. Simulation results when the EV batteries are charged 
with energy from the power grid and from the PV panels: Power grid 
voltage (vg: 200 V/div); Grid current (ig: 30 A/div); Current in the PV 

panels (ipv: 10 A/div); Current in the EV batteries (iev: 10 A/div). 

Figure 12. Laboratory prototype used to obtain the experimental 
validation. 

Figure 13. Experimental results when the EV batteries are charged 
(a) or discharged (b): Power grid voltage (vg: 100 V/div); Grid current

(ig: 10 A/div). 
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integrated topology does not contribute to the harmonic 
distortion of the power grid voltage, which is an essential 
characteristic. During the injection of power into the grid, 
Figure 13(b) shows, in a time interval of 50 ms, the voltage 
(vg) and the current (ig) for an operating power of 800 W. As 
expected, the current is in phase opposition with the voltage, 
meaning that the power grid receives energy from the PV 
panels. 

In Figure 14 is presented an experimental result showing 
the current on the EV battery (ibat) during the operation in 
G2V/V2G. This result is divided in five cases, where in 
cases 1, 3, and 5 the off-board EV-BCS is in idle mode. In 
case 2, as well as in case 4, the current increases slowly until 
to reach the steady state, aiming to prevent sudden 
variations, which can be harmful to both the off-board 
EV-BCS and batteries. It is important to note that this result 
was obtained on a small time scale (100 s), in order to 
present both modes (G2V/V2G) and the respective 
transition. In Figure 15 is presented a case when the EV is 
charged from the power grid and PV panels, showing the 
power in the grid (pg), in the EV (pev) and in the PV panels 
(ppv). As evidenced, pg is the difference between pev and ppv. 

5. Conclusions

Around the world, innovative technologies are arising, in 
terms of hardware and software, for smart homes and smart 
grids, responding to needs raised by the electric mobility 
dissemination. Taking into account the electric vehicle (EV) 
pertinence in terms of operation modes for smart homes, the 
EV characterization is the main objective of this paper, 
where an assessment of the state of the art operation modes 
is utilized as a guideline to imminent new perspectives. 
Targeting to offer a broad study, on-board and off-board EV 
battery charging systems are considered and contextualized 
through scenarios of ac, dc and hybrid smart homes. 
Furthermore, the combination of ac and dc electrical 
appliances, energy storage systems and renewables is also 
contemplated from the point of view of smart homes. 

The achieved results are based on three different 
situations (a conventional ac smart home with independent 
power converters, a hybrid ac and dc smart home, a dc smart 
home), focusing on the analysis in terms of energy 
efficiency. The results show that the first situation is the 
worst one, since all the technologies are connected to the 
power grid through an ac-dc power converter. Moreover, in 
such situation, for exchanging power among technologies 
(e.g., from renewable to the EV), the power grid is always 
required. A developed proof-of-concept prototype is 
described, and representative experimental results are 
shown. As possible restrictions can be identified on-board 
and the off-board EV chargers since the operation modes are 
dependent of the charger. For instance, the vehicle-for-grid 
mode is an exciting solution to mitigate power quality 
problems. From the point of view of off-board chargers, this 
mode can be considered independently of the EV since it is 
fixed and always connected to the power grid, which can be 
considered as an advantage. On the other hand, from the 
point of view of on-board chargers, there is the possibility to 
use the EV with the specified modes in the place where it is 
plugged-in, which can be identified as a restriction from the 
power grid point of view. 
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