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Featured Application: Hybrid micro-grids for residential applications with connections to
renewable energy sources, electric vehicle recharging stations and the AC energy grid.

Abstract: This paper analyzes trends in renewable-energy-sources (RES), power converters, and
control strategies, as well as battery energy storage and the relevant issues in battery charging and
monitoring, with reference to a new and improved energy grid. An alternative micro-grid architecture
that overcomes the lack of flexibility of the classic energy grid is then described. By mixing DC and
AC sources, the hybrid micro-grid proposes an alternative architecture where the use of bi-directional
electric vehicle chargers creates a micro-grid that directly interconnects all the partner nodes with
bi-directional energy flows. The micro-grid nodes are the main grid, the RES and the energy storage
systems, both, on-board the vehicle and inside the micro-grid structure. This model is further
sustained by the new products emerging in the market, since new solar inverters are appearing,
where a local energy storage for the RES is available. Therefore, the power flow from/towards the
RES becomes bi-directional with improved flexibility and efficiency.

Keywords: micro-grid; hybrid micro-grid; smart grid; battery energy storage; renewable energy
sources (RES); hybrid vehicles (HEV); full-electric vehicles (EV); Bidirectional converters

1. Introduction

The need to reduce CO2 and greenhouse emissions, and the aim of achieving zero-energy or
near-zero-energy buildings, have sustained the research, development, and adoption of Renewable
Energy Sources (RES) for buildings and for electrified propulsion of vehicles [1–5].

As far as buildings are concerned, either, public (e.g., offices, schools . . . ) or private photovoltaic
(PV) sources have mainly been used. On the electric vehicle side, plug-in hybrid electric vehicles
(PHEV) or full electric vehicles (PEV) are gaining market shares [1], mainly using battery-based energy
storage rather than using fuel cells and hydrogen tanks.

Increasing the amount of low-carbon energy production means a larger diffusion of small-scale
generation sites are based on RES and located at the distribution grids. In order to take full advantage
of available RES, Energy Storage Systems (ESSs) are also necessary. This results in a scenario full of
complex systems with numerous active elements that need to properly be managed and controlled.
Every level of the above described scenario must be considered, starting from the individual power
converters and their control of new business schemes that are necessary to fulfill.
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The concept of micro-grids with classification schemes as a solution for reliable integration of
Distributed Energy Resources (DERs), including energy storage systems and controllable loads, can
be found in various literature, such as in [6–11]. Although the common configuration of micro-grids
is AC, a huge interest in DC micro-grids has been shown for some advantages, such as no reactive
power or synchronization need, and the increasing number of available smart DC devices and DC
loads. However, hybrid micro-grid combines the best aspects of the two configurations.

Hybrid micro-grids combine RESs with diesel gen-sets and energy storage technologies, mainly
used as backup systems to deliver clean, cost-effective electricity to remote locations, with limited
or no access to reliable utility power systems. These hybrid systems, based on RES, can contain
several parallel-DERs, which are able to operate in both islanded and grid-connected modes [12–15].
These configurations have the advantages of improving environmental performances as well as
resiliency and reliability, providing uninterruptible power supply to critical loads while meeting
customer satisfaction at a reduced cost by providing autonomy, safety and security for all actors involved.
Advanced hybrid micro-grids are also able to balance electrical demand of RES, scheduling the dispatch
of resources and preserving the grid reliability, managing the integration and interoperability of
complex configurations of distributed generation, storage and controllable loads, demand response
and EMS (energy management systems) [16–18].

In order to control the load sharing among AC and DC sources, hybrid micro-grids operation
requires stable and appropriate power management strategies, which are mainly based on droop
control. There are valid conventional solutions for the power management of different generating
resources. The emerging number of distributed generation (DG) nodes can be handled by aggregators
considering the energy market aspects. Considering that most of the inverter-based resources are
located at the distribution network, the capacity of the local grid may be a bottleneck.

It is well known that the power electronic converters play an important role in the hybrid
micro-grids in the context of conversion, generation, distribution and power flow control as well as for
energy management and energy efficiency issues and integration capabilities [19]. Recently, power
switches manufactured with silicon-carbide (SiC) and gallium nitride (GaN) transistors can further
increase the efficiency and power control stability, reducing at the same time the size of the power
electronic modules and systems [20–23].

Vehicle to Grid (V2G) is considered an innovative and disruptive solution that could strengthen
the development and wide spreading of the energy management in micro-grids. The possibility for
aggregated car owners to provide balance services to the grid will give a benefit (and revenue stream)
that allows the gaps to be filled with conventional transport.

The grid organization typically follows a scheme like in Figure 1, where there is no direct energy
flow or communication among the RES, e.g., PV panels with relevant solar inverter mounted on the
roof of the building, and the energy storage system installed on-board the vehicle. All communications
and energy flows are typically implemented between the RES sub-system and the main grid (managed
by a national electricity provider, e.g., ENEL in Italy) and between the main grid and the vehicle to be
recharged. The energy flows in Figure 1 are mainly unidirectional: From PV source towards the grid
node, due to a solar inverter (DC/AC energy conversion); and from the main grid to the energy storage
(battery pack) on-board the vehicle for EV recharging, due to an AC/DC power conversion.

This classic approach has some limits that have not yet been overcome. RESs are intermittent in
nature. For example, the produced energy is limited at night-time, in case of cloudy days or during less
sunny seasons, when using PV sources. Moreover, when a recharged car is parked (e.g., during office
time), the energy stored on-board cannot be used as a source to fulfill the energy requirements of other
loads. The lack of flexibility of the classic energy grid in Figure 1 can be overcome by a new energy grid
concept, that is described in this survey paper in Section 4. By mixing DC and AC sources, the hybrid
micro-grid in Section 4 proposes an alternative architecture where the use of bi-directional EV chargers
may allow a micro-grid to be created by directly interconnecting with bi-directional energy flows all
the nodes: The main grid node, RES node, energy storage nodes, both on-board the vehicle, and inside
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the micro-grid structure. This model is further sustained by the new market products, since new solar
inverters are appearing [2], e.g., from ABB, where a local energy storage for the RES is foreseen, and
hence, the power flow from/towards the RES becomes bi-directional.
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Figure 1. Classic local grid where RES and EV charger nodes are only connected to the main grid
and with unidirectional energy flows. RES: renewable-energy-sources; EV: full-electric vehicles;
PV: photovoltaic.

Hereafter, Section 2 reviews trends in RES, power converters and controllers. Section 3 analyzes
trends in battery energy storage and the relevant issues in battery management and charging. Section 4
presents an alternative micro-grid architecture. Conclusions are finally drawn in Section 5.

2. Renewable Energy Source Trends for Micro-Grids

2.1. Renewable Energy and Micro-Grids

Renewable energy will have the fastest growth in the electricity sector for the next five to six
years, and is the central stage of the transition to less CO2 emissions and more sustainable energy.
Renewables like wind power and solar power have grown very fast in the past 10 years, particularly
because of their cost reduction, which has a 50% reduction target of 2030. Even if the electricity generated
by Renewable Energy Sources-RES represents is only one fifth of the global energy consumption, the
roles of renewables in the transport and heating sectors still remain a huge challenge in sustaining the
energy transition. International Energy Agency-IEA [24] estimated in 2018 that the variable RES, such
as wind and PV, but also hydropower and bioenergy, will have a significant power generation over
the next five years, providing 30% of power demand in 2023 from 24% which was in 2017, as shown
in Figure 2. This means that the power capacity expansion reaching at around 70% of global energy
generation will grow in the next five years. Distributed solar PV is counting for almost half of total
solar PV grows over 2019–2024 [25]. The shares of RES in electricity, heat and transport for 2017, with
an estimation for 2023 can also be seen in Figure 2.

The modern micro-grid concepts incorporate multiple DERs, power electronic converters, and
different control strategies, such as active power versus frequency, or reactive power versus voltage.
The final objective is to remove challenges to smart grids integration, remove reliance on high-speed
communication and peer-to-peer architectures, as well as create a plug-and-play reliable system.

2.2. Power Electronic Converters Used in Micro-Grids

Micro-grids deal with a wide range of topics, such as power electronics, power systems, RES
generation and storage, and ICT (Information and Communication Technology). The conventional
utility grid works in a passive mode absorbing energy from the network and delivers it to customers.
This approach is well-known, well-developed, and presented in many research papers, but the
modern micro-grids/smart grids need state-of-the-art technology, including a bi-directional power
flow and big-data processing/cloud computing. Modern micro-grid systems should provide more
flexibility, reliability, sustainability, security, and two-way communication services, as shown in Figure 3.
In particular, the integration of RES, EVs and DGs into power systems is achieved in an efficient



Appl. Sci. 2019, 9, 4973 4 of 18

way in micro-grid systems, based on power electronics with wide band-gap devices (IGBT (Insulated
Gate Bipolar Transistor)s and MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor)s), such as
gallium nitride on silicon (GaN-on-Si) technology.
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Distributed Energy Resources (DER) components used in micro-grids, including PV systems, Wind
Turbines (WTs), ESSs, EVs, require power electronics interfaces like DC/AC inverters, bi-directional
DC/DC converters or AC/DC/AC converters, as can also be seen in Figure 3. A micro-grid can include
many converter topologies to interface DG units and loads. For instance, the PV array in Figure 3
connects a number of PV modules to a one quadrant DC-DC converter interfacing the PV-generated
power to the load via the common DC bus, when operates in stand-alone hybrid mode, together with a
battery bank that is connected to the common DC bus via a bidirectional DC-DC converter. The wind
turbine generator and the flywheel system are connected to the common DC bus through a DC-AC
inverter and a DC-DC converter. In this case, the DC-DC converter connected to the DC-link/DC-bus
can serve as a storage or as an electrical brake, for wind turbine during wind gusts.

DC/AC inverters play an important role in frequency and voltage control, while AC/DC converters
can isolate the micro-grid from the utility and properly match it with the DC loads in residential
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applications [9,26,27]. Inverters for utility connection can be broadly classified into two types:
Switch-mode single-phase inverters and switch-mode three-phase inverters. The detection of islanding
is much easier in a three-phase than a single-phase inverter. Although, inverters that are rated at a
power below 5 kW are mostly connected to single-phase networks.

The most important power interfaces between DG sources and loads (DG inverters) employed
voltage source inverters (VSI), which can be classified in two categories [28–30]: current-controlled
inverter (CCI) and voltage-controlled inverter (VCI). CCI could also be used as an active power filter
to reduce/mitigate the THD (Total Harmonic Distortion) factor of the converter, improving in the same
time the power quality of the hybrid micro-grid. Instead, VCIs serve for supplying the active and
reactive powers as well as to provide voltage and frequency regulation for islanding operation of
the micro-grid.

Hybrid micro-grids have the benefits of both AC and DC micro-grids in supplying conventional
AC loads and AC sources on AC side (AC bus) and DC loads and DC sources on DC side (DC
bus), in controlling the corresponding individual micro-grid (sub-grid) and then in coordinating and
interconnecting the AC with DC micro-grids through an interlinking converter [31–34], in which the
DC-side is dynamically decoupled from the AC-side. Interlinking converters play a key role in hybrid
micro-grids regarding the grid-tied and islanding operations and the seamless transition and resilience
to main grid perturbation (LVRT-Low Voltage Ride Through capability), active harmonic filtering
capability and power-flow control.

Each converter type requires a proper control strategy/algorithm that is selected among numerous
methods, based on specific requirements and applications. The control algorithms could be classified
according to their loop either, in feedback or in feed-forward structure. For instance, the controller of
DC/AC switch-mode inverters can contain six parts: Maximum power controller, ESS charge controller,
voltage controller, harmonic controller, RMS voltage controller, and current waveform generator.

Many DER components provide or generate a DC current, which is part of an internal DC
micro-grid to avoid losses and permits plug-and-play capabilities. The hybrid energy systems involve
a well-optimized energy control and management infrastructure to achieve the highest possible
energy level.

Moreover, control strategies and monitoring capabilities, automatic control, and configuration of
the grid, and the active involvement of the consumers in energy production extend the importance of
the micro/smart grids. All the advantages of smart grids can be achieved by power electronic converter
integration and ICT technologies with the grid [10,26,27].

2.3. Control Strategies Used in Hybrid Micro-Grids

Two particular and opposite approaches are used with respect to the power system’s control
strategies: Centralized and decentralized. A compromise between fully centralized and fully
decentralized control schemes can be achieved by means of a hierarchical control scheme consisting
of three control levels: Primary, secondary, and tertiary. Micro-grids three-level hierarchical control
consists of controlling the voltage and frequency, as primary and secondary controls (droop control),
while the tertiary control is responsible for economic and optimization operations, including Battery
Management System (BMS), control of the Battery Storage System (BSS), as well as managing the
import and export energy between the micro-grid and power systems [28,35]. The innovative and
integrated energy management and control systems will follow a hierarchical control structure, based
on three levels of hierarchy:

• local decentralized control of individual distributed resources;
• regional control of manageable subsets of resources, at micro-grid or VPP (Virtual Power Plant)

level; and
• central control of all the system resources, previously aggregated at the second hierarchy level.
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The integrated energy management system, for optimizing future aggregators’ assets, is
coordinated through an advanced ICT data hub platform that allows DSOs (Distribution System
Operators) and aggregators to deal with innovative aspects of their distribution network operation
and planning with smart energy storage solutions, including V2G integration, power electronics based
interface, with bi-directional power control of DER and ESS and integrating IoT into the micro-grids.

Hybrid micro-grids and the integration of DER units introduce several operational challenges
that need to be incorporated into the control systems, in order to make certain that the present levels of
reliability are not considerably affected, and the potential benefits of DG are fully exploited. The main
role of micro-grid control is to assist the active and reactive power generated by the DER components,
as well as load demand.

The most relevant provocations in the control of a micro-grid, include bi-directional power
flow, stability issues, power balance, uncertainties among DERs coordination, and transition between
stand-alone and grid connected operation modes.

Providing technical support to the grid during the transmission of power from generating units to
the consumers can be referred to as an ancillary service and involves the adjustments of both the active
and reactive power of the flexible resources. For power management in modern micro-grids and the
utilization of ESS in different applications, the applied control strategy is the most critical part, in order
to have full benefit of all the elements of the power system.

2.4. Integration of RES into Hybrid Micro-Grid Systems

A massive rollout of DERs, together with their real integration in the micro-grid management,
is an expected requirement in achieving a real impact on technology. The cost of energy will be a
critical factor for driving investments in renewable and alternative energy technologies, and a stable
investment climate will be required to exploit new hydrocarbon reserves and develop alternative and
renewable energy resources.

A successful hybrid micro-grid deployment depends on a fully integrated system. The integration
of RES in hybrid micro-grid systems has become increasingly attractive, mainly because of the minimal
operating and maintenance costs. The cost of PV systems and WTs has dramatically declined in the
last few years. PV and WT systems also become more efficient due to advancing technologies and
communication systems. The hybrid micro-grids combine the benefits of RES with the advantages of
conventional power generation, delivering lower, long-term operating costs of ownership.

Three models have been proposed in relation to the energy prosumers that are integrated into the
micro-grids: Peer-to-peer, prosumer-to-grid, and prosumer community groups [36]. The first model
supports the ability of electricity producers and consumers to directly buy and sell electricity, while
the next two methods are close to the centralized grid model concepts and architecture.

Each component of a hybrid micro-grid brings advantages that strengthen the entire system, but
energy storage systems are a key enabler, contributing to power stability and energy time-shifting.
The deployment of long-term ESS can have an important effect on the optimal operation of micro-grids.
In addition to balancing the demand-supply when power shortage or surplus are encountered, ESS can
be used to maintain dispatchable DG units operating at their maximum efficiency and can prevent or
reduce the use of expensive energy sources during peak hours. More details on ESS will be presented
in the next section.

3. The Role of Energy Storage in Micro-Grids

A fundamental partner of the micro-grid improved architecture is the ESS embedded in the
architecture, which is described in Section 4. Even if the batteries of the EVs connected to the grid may
be used according to the V2G paradigm, an embedded ESS is necessary to provide the grid with at
least a minimum amount of storage. The ESS is useful as a tank where the excessive energy arising
from the production side can be stored, or by which the lacking energy to sustain a user request can be
found. The ESS, thus, acts as a mediator between the energy production and the energy consumption
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sides, providing several advantages [37]. First of all, the ESS provides a peak shaving function that is
useful from both sides. If the peaks in the power demand are sustained by the ESS (e.g., during the fast
charge of an EV connected to the grid), the power requirements towards the grid can be relaxed with
beneficial effects in both, grid connection costs and technical constraints. On the other hand, ESS will
store the peaks in RES energy production due to favorable weather conditions, when the user demand
is low or the energy introduction in the main grid is not profitable or even costly. To fully exploit
the beneficial effects of the presence of an ESS, a controller that manages the three-way bi-directional
energy fluxes is mandatory. The control of the energy fluxes should consider the expected level of
energy production (even with possible short and middle term forecasts), the expected demand coming
from the user side and the costs, both positive and negative, associated with the power exchange
toward the grid. The open research problem is in finding the optimal algorithms with which the
energy fluxes are managed and considering the constraints given by the limits in maximum power and
maximum energy, which characterize the ESS used in the micro-grid [38–45].

3.1. Energy Storage System Technologies for Micro-Grids

The energy storage technology, that is presently widely acknowledged as the best to use
in micro-grids, is based on electrochemical components, in particular rechargeable batteries [12].
Li-ion chemistry is emerging and consolidated as the most used battery technology. The intrinsic
advantages of Li-ion batteries with respect to lead-acid stand as the larger values of the energy and
power densities with respect to both unit weight (Wh/kg and W/kg) and unit volume (Wh/L and
W/L) [46]. The net results are ESSs that are more compact in size and weight, more efficient for the larger
number of charge/discharge cycles possible, and even cost-effective in long-term applications. These
advantages are only marginally counterbalanced by the larger cost of the battery cells and the poor
intrinsic safety of some sub-chemistries of the Li-ion family, which requires an accurate monitoring
and management of the battery, in order to keep every cell constituting it in its Safe Operating Area
(SOA) [47].

If the Li-ion cell costs are progressively decreasing due to the everyday larger number of
applications in which they are used, the development of BMSs, capable of optimally monitoring and
managing a Li-ion battery, is still open [48]. Several electronic circuits mainly based on application
specific integrated circuits (e.g., battery monitor ICs) are being developed and utilized as BMSs [49–51].
The main and fundamental function of a BMS is to measure most of the battery quantities, and in
particular, the voltage and temperature of each cell, the battery current and any other useful parameter,
and to operate to maintain every cell of the battery inside the SOA. It is well known that exceeding
the SOA limits may lead to dangerous and even catastrophic consequences [52]. Therefore, the BMS
must be able to limit or even interrupt the battery current when a potentially dangerous situation
is detected. Moreover, the BMS is required to carry out other more advanced functions, such as the
charge balancing between the cells to compensate possible mismatches, the estimate of the residual
charge available in the battery, the estimate of the state of health of the battery cells, and to perform all
the diagnostic functions useful to reveal the battery status and prolong battery life [53]. The battery
temperature management is another task in charge of a BMS, usually carried out by activating fans for
the battery cooling or even heaters, when the battery operates at very low temperatures and needs to
be pre-heated before being fully operational. BMSs are sometimes also asked to dynamically manage
the battery architecture [54,55], by controlling the parallelization of battery strings when the battery
architecture is modular, and the battery capacity in ampere-hour can be selected and adapted to the
application requirements by choosing the number of strings to be connected in parallel. Even part of
the battery module series, that increase the battery voltage, can be excluded by the BMS with a bypass
switch, in order to allow the module substitution or maintenance without interrupting the energy
storage service [56]. Finally, the BMS provides the communication functions required to insert the ESS
in the micro-grid network, by which, the grid management functions and the policies regarding the
energy flux management, are carried out. In conclusion, the BMS is an electronic system that provides
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very powerful and fundamental functions. The BMS realization is based on electronic platforms that
must be sufficiently powerful but, at the same time, compatible in size and cost affordable for the
considered application. Microcontroller-based and even-FPGA (Field Programmable Gate Array)
based platforms, when complex algorithms have to be executed, are the most useful solutions as BMS
realizations [57]. Figure 4 shows the main functions performed by a BMS, grouped in the three fields
of Safety and Lifetime Extension, Battery State Estimation and System Integration.Appl. Sci. 2019, 11, x FOR PEER REVIEW 8 of 18 
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3.2. Non Lithium Battery Technologies for Micro-Grids

Besides lead acid batteries, other electrochemical technologies are being used as storage
systems in stationary applications. Sodium-sulfur and sodium-metal halide batteries (also known
as ZEBRA batteries [58]) have been applied in installations beside utility factories and PV fields [59].
These technologies may also be useful in smaller stationary applications, such as in micro-grids, because
of the intrinsic safety of the technology, which does not require the accurate and safe management
of the cells. The technologies are based on the conduction of sodium ions through a beta-alumina
electrolyte, and thus, employ a low-cost material as sodium that is abundant in nature. The only
disadvantage is the necessity to operate the battery at an inner temperature of at least 250 ◦C to allow
the liquefaction of the sodium and the ion conduction. Therefore, heaters consuming useful energy
are required to maintain the operation of the battery. An interesting feature of sodium-metal halide
batteries is that when a cell fails, it results in a short circuit that maintains the continuity and the
operation of a series connected string, even if with a slightly lesser overall voltage. Unfortunately,
the technology is promising but has not reached full development yet, in order to deeply penetrate
the market. Further improvement in cell reliability and BMSs are needed to fully exploit the possible
technology advantages [60].

3.3. Advanced Battery Management Systems

As pointed out in Section 3.1, the BMS plays a fundamental role in every energy storage system [61],
particularly those based on Li-ion technology. Besides the basic monitoring and management functions
mentioned above, there are advanced functions that updated BMS is required to perform. First of all,
the BMS architecture must be designed to fit to different configurations of the battery, that usually
consists of cells, modules (usually series connected), and strings (usually parallel connected). The BMS
functions may be spread among the various layers of the BMS architecture [62]. Typical architectures
span from a single master BMS that controls the entire battery, to hierarchical distributed ones, by
which the BMS hardware is distributed over the battery modules and even down the individual battery
cells [63,64]. Figure 5 shows a typical BMS hierarchical architecture that matches the parallel/series
structure of the battery cells [49,65].
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connected to the lower layer slave BMSs (MMUs) [49].

The State of Charge (SoC) of a battery is a fundamental quantity as it indicates the residual charge
remaining in the battery, and thus, gives indications on the residual support provided by the ESS
to the application. Moreover, the SoC estimate must be carried out on every cell of the battery, as
the battery cells may be mismatched, and that mismatch may increase with ageing. Unfortunately,
SoC is a quantity not directly measurable, but it must be calculated from other quantities, e.g., by
integrating, in time, the current flowing in the battery. As in every non-ideal integration process,
offsets or inaccuracies in the current sensor readings rapidly lead to a calculation of the integral
that is affected by increasing and unacceptable errors. Many alternative approaches to the so-called
Coulomb counting technique have been proposed [66,67]. Most of them are based on a model of the
battery that is subjected to the same load and operating conditions of the real battery. The status of
the battery, estimated from the model calculation, resembles the status of the real battery. Therefore,
the SoC and other battery parameters can be estimated by the model. The most popular models are
electrical models. They provide acceptable accuracy, together with affordable computation complexity.
The battery is represented by an electromotive force (the so-called Open Circuit Voltage) that varies
as a function of SoC, a series resistance, that models the internal losses, as well as a series of some
resistor-capacitor parallel groups, which model the relaxation phenomena in the battery. The BMS is,
thus, required to solve the model-based circuit to obtain an accurate estimate of the SoC. A further
effect, that makes the SoC estimate tougher, is the variation of the model parameters. In fact, the values
of the electrical components, which make up the battery model, vary in time, according to the state
of charge, temperature, the environmental conditions, and the health status of the battery. A further
challenge for an advanced BMS is, thus, to identify and track the parameter changes, only by observing
the current, voltages, and temperatures of the battery cells.

Several state estimation and parameter identification techniques have been applied in the literature,
starting from the moving window least square methods, to filtering, such as Extended Kalman Filters
and Particle Filters. In any case the choice of the estimation technique must be traded off between the
computation complexity required and the accuracy needed.
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An even tougher task for a BMS is the evaluation of the health status of a battery [68,69].
The battery ageing is a complex process that depends on the utilization of the battery in term of
operating temperatures, load profiles, and the number of charge/discharge cycles. It typically results in
the progressive fading of the maximum capacity of the battery and the increase of the series resistance,
which determine the increased internal losses and reduced power capability. The knowledge of the
battery health status, together with the expected operational profile, may lead the BMS to estimate the
Residual Useful Life of the battery.

3.4. Battery Charging Process

Battery cell manufacturers usually provide the user with constraints about the appropriate
recharging process of the battery. The suggested charging profile is the Constant-Current
Constant-Voltage (CC-CV) one [70]. It consists of a first phase in which the battery is charged
with a constant current. The current value depends on the cell technology, and it is in the order of the
battery capacity C expressed in ampere. Fast charging usually exceeds 1 C, whereas slow charging
spans from 0.1 C to 0.5 C. The faster the charging, the higher the internal cell temperature and thus
the possible stress that may determine ageing. The second phase starts when the battery voltage
reaches the float value. The charger keeps the voltage constant since then, to gradually fill the battery
up the maximum charge level. The process ends when the decreasing current reaches a threshold,
usually a rather low fraction of the battery capacity expressed in ampere. The battery inserted in
the multi-source/sink micro-grid scenario, depicted in Figure 6, cannot fully adhere to the above
described charging process. Instead, as the charging and discharging phases are defined according
to the overall management of the energy fluxes, the BMS should verify the manufacturer constraints
in terms of current, temperature, and individual cell voltages. Should it happen, the bi-directional
DC/DC converter, that connects the battery to the power bus (see detailed circuit schematic in Figure 7),
must be driven in such a way as to reduce the charging current and to withstand the manufacturer’s
limits. As the battery is not subjected to full discharge/charge cycles, the accurate knowledge of the
battery SoC is mandatory to fully exploit the established energy flux policy mentioned in Section 2.3.
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bidirectional ports; 1 DC unidirectional solar power port).

4. Innovative Micro-Grid with Bi-Directional Flows for RES and EV Charging

As anticipated above, a new micro-grid architecture is described in this Section (see Figure 6),
which exploits bi-directional EV charger plus RES to overcome the flexibility limit of the architecture,
as shown in Figure 1. Section 3 has shown why Li-ion batteries are being widely used for the high
power and energy densities. Thus, they serve as energy storage unit connecting to the smart grid and
to a RES such as PV panels in our focused application. This leads to a hub connection discussion: The
current industry devices lack an efficient integrated connection system, since PV panels are not directly
connected to the EV charger. Typically, they are first connected to the grid via a unidirectional DC/AC
solar inverter, then a traditional unidirectional EV charger is used to connect the grid with the EV
implementing an AC/DC conversion. This means that energy flows over two paths in a conventional
solar-powered EV charging system, resulting in extra power losses and higher system cost. Instead, a
novel bidirectional EV charger system is proposed in Figure 6 to build a direct connection between
PV panels and the EV, and to create a V2G path. Therefore, reduced power loss and lower system
cost features are achieved from a highly integrated power electronics system with high efficiency and
high-power density.

The idea of the system scheme in Figure 6, as further detailed in the circuit scheme of Figure 7, is
having a central DC power bus, plus a bidirectional flow between the AC grid and the power DC bus
thanks to a 3-phase bidirectional converter, and a bidirectional flow between the DC battery on-board
the EV and the DC power bus thanks to a bidirectional DC/DC converter. A unidirectional flow is
still foreseen from the PV solar panel sub-system towards the DC power bus, using a boost DC/DC
converter to adapt the output solar PV level to the DC power bus level.

The DC power bus voltage is typically in the range from 250 V to 600 V, e.g. it has been sized at
400 V in [3] in case of a 10 kW bidirectional EV charger and at 450 V in case of a 1.65 kW bidirectional
EV charger in [71]. In [72–74], as special optimization case, a bidirectional EV charger is proposed
where the value of the DC power bus can be sized from 500V to 840V. The AC grid is typically a 3-phase
380Vac one.

In the detailed circuit schematic of the EV bidirectional charger in Figure 7 the bidirectional
3-phase AC/DC converter and the boost DC/DC converter follow classic circuit solutions. For the
isolated bi-directional DC/DC converter in Figure 7, instead of using a dual-active bridge topology as
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in [71–74] (see Figure 8B), a half-bridge series resonant LLC topology is proposed (that of Figure 8A).
This approach allows reducing the number of active switches to be used and hence it makes more
convenient the adoption of SiC power Mosfets (e.g., Cree C2M0040120D adopted in [3]) instead of
classic Si power Mosfets (e.g. Infineon IPW60R045CP adopted for the primary stage in [71]). Indeed,
SiC power Mosfets are more expensive than Si power Mosfets: a market analysis on stocks from 100 to
1000 devices for the power mosfets in Table 1 has shown that the selling price for each SiC power device
is 1.7 to 3.5 times higher than that of Si power device. Hence, a circuit solution like that in Figure 8A
that minimizes the use of active devices make more convenient the adoption of SiC power Mosfets.
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Table 1. Power Mosfets performance comparison (same package and current), SiC in [3] vs. Si in [71].

Power Mosfets Package IDmax VDSmax RDSon QG TdON TdOFF Trr

SiC
C2M0040120D TO-247 60 A 1200 V 40 mΩ 115 nC 15 ns 26 ns 54 ns

Si IPW60R045CP TO-247 60 A 60 V 45 mΩ 150 nC 30 ns 100 ns 600 ns

As shown in Table 1, for the same package (T0-247) and hence the same occupied area on a printed
circuit board, and the same rated current IDmax, SiC power Mosfets double the sustained voltage vs.
Si power Mosfets (1200 V vs. 600 V), improve the typical figure of merit RDSon x QG [75] by reducing
both the RDSon and the total gate charge (QG), and remarkably reduce ton/off-delay time (tdON/tdOFF)
and reverse recovery time (trr) of the integrated diode.

From a switching frequency point of view, the solutions proposed in [3,71] for bidirectional
DC/DC conversion are in the order of 100 kHz, more in detail up to 140 kHz in [71] and up to 150 kHz
in [3]. As discussed in [72–74], by using wide bandgap power devices like SiC and GaN the typical
frequencies of power Si devices of about 100 kHz can be increased above 300 kHz. For example, a
500 kHz switching frequency is used for a 6.6 kW CLLC DC/DC resonant converter in [72–74] where a
bi-directional EV charger is proposed by cascading a first AC/DC stage (switching at 300 kHz) followed
by the 500 kHz CLLC DC/DC converter stage. The higher the frequency, the lower the size and weight
of the inductive passive devices (inductors, transformers).

As far as the selection of the active devices is concerned the work in [72–74] proposes a mix of
650 V GaN and 1.2 kV SiC power switch devices. Particularly, since in [72–74] the power DC Bus of the
EV charger is sized for values ranging from 500 VDC to 840 VDC (when the battery on board the EV is
250 VDC to 420 VDC) it is necessary to change the 650V GaN devices with 1.2 kV SiC Mosfets in the
AC/DC stage and in the primary side of the DC/DC stage of the bidirectional EV charger. 650V GaN
devices are used in [72–74] only for the secondary stage of the bidirectional DC/DC converter. A full
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650 V GaN devices solution is discussed in [74] but limited to applications where the DC power bus is
450 V at maximum.

Summarizing, compared with Si devices, the absence of reverse recovery charge in wide-bandgap
devices (GaN and SiC) enables bidirectional operation with simplified converter structures. Moreover,
wide-bandgap devices have better figure of merit [75] than Si devices and hence for a given ON-resistance
and breakdown voltage, wide-bandgap devices require smaller die size, which translates into smaller
gate charge and junction capacitance. These characteristics allow increasing switching frequency
(above the 100 kHz typical of converters with power SI devices) and reducing the switching loss. From
reported results [3,72–74] of recent bi-directional EV chargers, 650 V GaN devices may allow a higher
switching frequency than 1.2 kV SiC devices, but the latter become mandatory to manage in a reliable
and efficient manner DC power bus of 500 VDC or above.

With the larger battery capability in EVs, power flow between the EV and the grid is exploited in a
bi-directional fashion. It is especially useful in applications using renewables such as solar generation
as in [3]. Its flow chart is viewed in Figure 6, in contrast to the traditional way shown in Figure 1. In the
bi-directional power flow interaction, the solar power can flow either from the PV panel to the grid or
to the EV, and the battery charging power can flow from grid to vehicle (G2V) or vice versa (V2G).
Two additional power flows are provided and managed in Figure 6 if compared to the unidirectional
mode in Figure 1. Moreover, a further partner of the new architecture can also be the ESS, discussed
in Section 3, located inside the residential installation that may or may not be included in the above
described scenario.

The proposed approach in Figure 6 has several main advantages. First, there is an increase in
system flexibility. V2G power flow implies the power can be drawn from the battery serving as the
electric source in [4], which has significant benefits in the future applications such as powering house
during the electricity shutdown. Moreover, the system becomes quite simpler after applying the
bi-directional power flow method, and its benefits can be summarized in these two points: (i) Direct
access to solar generation and EV battery; (ii) efficiency maximization.

Concerning the direct access to solar generation and EV battery, thanks to the two additional
power flow path—solar power to EV charging and EV back-feed to the grid-(see Figure 6 compared to
Figure 1), the system becomes more valuable in the energy usage and transfer. The system integrates
the functionality of solar inverter and battery charging into one system, by providing direct access
between each power element, which significantly reduces the system size.

Concerning efficiency maximization, the overall system efficiency can be improved of about 4%
by comparing the bi-directional power flow method with the traditional unidirectional power flow
method. From the perspective of fairness, their measured efficiency data are based on same metrics of
power electronics system experiment: EV charger data are taken from [3], and solar inverter data are
taken from [5]. If for example the power converters (solar inverter and unidirectional converter in
Figure 1, and bi-directional converter in Figure 6) have an efficiency of 96%, the scheme in Figure 1
will result in an overall efficiency of 92% less than the efficiency of 96% achieved with the scheme
in Figure 6.

The 4% improvement is a substantial saving on the economics of electricity usage, besides
the materials cost saving from one compact integrated system, compared to two bulky systems
separated systems. The only hardware requirement to implement the circuits and systems proposed
in Figures 6 and 7 is the use of bi-directional capable semiconductor switches in [3], based on the
today available SiC technology. Since SiC is becoming a mature technology, the proposed approach
adds trivial circuit complexity as shown in the circuit in Figure 7, which has been implemented and
characterized in [3,21–23]. The bi-directional converter in Figure 7 has been tested with battery packs
of 400 V and charging/discharging power levels in the range from 1 to 10 kW.

It is worth noting that the scheme in Figure 6, and hence the circuit in Figure 7, can further be
improved in terms of flexibility since it is possible to exploit as ESS, not only where available in the
EV side, but also that available at RES side. Indeed, new solar energy sources are available in the
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market [2], where a high-voltage Li-ion battery energy storage is integrated with capacity scalable
from 4 kWh up to 12 kWh. The energy storage in [2] can sustain DC voltage inputs from 170 V to
575 V at the battery port side, where each basic battery module of 4 kWh can be charged/discharged
at maximum charge power of 1.6 kW, and maximum discharge power of 2 kW. By parallelizing the
modules, we obtained an overall energy storage up to 12 kWh with maximum charge power of 4.8 kW
and maximum discharge power of 6 kW. In this way, new additional modes with respect to Figure 6
can also be enabled, with power flowing also towards, and not only from, the solar power node.
Moreover, the new products appearing on the market for energy production, conversion and storage
are equipped with advanced connectivity and diagnostic features [76,77], helping the integration phase
in micro/smart grids.

5. Conclusions

The cost-reducing techniques of RES components used in micro-grids are mainly PV systems
and WTs, and these provide new possibilities for clean, reliable, and affordable systems in micro-grid
configurations. New hybrid micro-grid systems can quickly and cost-effectively be implemented in
remote locations, thus, opening new opportunities to investigate the new concepts as alternatives to
conventional power systems.

ESS components, particularly batteries based on Li-ion or sodium technologies, are identified as a
key technology for the integration of intermittent RES. This, in turn, introduces major challenges to the
control system for the appropriate management of this resource.

The integration of an energy management system in a future micro-grid, for optimizing future
aggregators’ assets, should be coordinated through an advanced ICT data hub platform that allows DSOs
and aggregators to deal with innovative aspects of their distribution network operation and planning
with smart energy storage solutions. This would include V2G integration, power electronics-based
interface with bi-directional power control of DER and ESS, and integrating IoT (Internet of Things)
into the Smart Grids.

With reference to a new and improved energy grid, this paper first reviewed trends in RES, power
converters, and control strategies, and analyzed trends in battery energy storage and the relevant
issues in battery charging and BMS. An alternative micro-grid architecture was then proposed to
overcome the lack of flexibility of the classic energy grid. By mixing DC and AC sources, the hybrid
micro-grid shows an alternative architecture where the use of bi-directional EV chargers may allow
the creation of a micro-grid directly interconnecting all the nodes with bi-directional energy flows:
Main grid node, RES node, energy storage nodes, both on-board the vehicle and inside the micro-grid
structure. The proposed model is also sustained by the new products emerging in the market, such as
new solar inverters that include are appearing [2], where a local energy storage for the RES and hence
can enable bidirectional power flows from/towards the RES.
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