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Abstract

This manuscript is aimed to present a complete experimental analysis on DC
power architecture for fast charging operations of full electric and plug-in hybrid
vehicles. The described research activities start from an experimental
characterization of energy storage systems of different technologies during their
charging and discharging operations. These tests are carried out through a specific
laboratory bench, which is properly controlled in order to obtain the required
charging/discharging profiles. Then the analysis on the DC charging architecture is
performed by means of a laboratory prototype, which has been designed and
realized as case study. The analyzed prototype of DC charging station is composed
by a 20 kW grid tied AC/DC converter, which realizes the DC-Link starting from
the low voltage AC grid, and DC/DC power converters for the connection of
vehicles on charge and stationary energy storage buffers. Experimental tests are
aimed in this case to characterize and analyze the performance of the considered
DC power architecture in different operative conditions. Laboratory results have
firstly shown the good behaviour of lithium storage technologies in supporting fast
charging/discharging operations. Then the experimental evaluations on the
laboratory prototype have shown the effectiveness of the realized control strategies
and the real advantages of using DC charging architecture, integrated with energy
storage buffers, mainly in terms of efficiency, charging times and impact on the
main grid.
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Introduction

Nowadays road transportation systems are mainly based on the use of fossil
fuels as primary energy sources. In fact, private, public and corporate road vehicles
are responsible for about the 60% of global oil consumption. In addition a strong
increase in fossil fuels demand, mainly due to the growing number of road
vehicles, is expected in the near term future [1] [2]. This scenario of oil
dependency involves numerous and relevant issues, which interest environmental,
economic and political aspects. In order to address these issues recent advancement
in internal combustion engine technologies, also encouraged by new strictly
international legislations, have allowed improvements in vehicle conversion
efficiencies and tailpipe emissions [3]. Nevertheless worldwide crude oil
consumption and the amount of pollutant and greenhouse gases emissions in the
earth atmosphere are in continuous grow.

In the above context electric and plug-in hybrid vehicles, which are both
commonly referred as plug-in vehicles (PEVs), appear to be a feasible solution to
support the transition towards a sustainable mobility, since they are characterized
by high well-to-wheel conversion efficiency and no local pollutant emissions As
matter of fact the widespread adoption of this kind of vehicles in the road
transportation sector is still affected by different enabling factors such as the
development of battery technology and the diffusion of a proper charging
infrastructure. In this regard recent lithium based energy storage systems have
given a strong support to the acceptance of PEVs in private and corporate sectors
[4] [5]. This is mainly due to the fact that new lithium compounds are characterized
by high values of energy and power densities, which allow supplying PEVs with
good performance in terms of acceleration and daily travel range. On the other
hand the reduced autonomy is still considered by the great part of the users as the
main technical bottleneck of PEVs [6]. As a consequence it is clear that the
capillary diffusion of a proper charging infrastructure would be required in order to
support the use of PEVs also for long travel distance. In fact in the most of the
cases PEVs are charged during the night through private charging equipment,
which is generally devoted to the low power operations, characterized by charging
times up to 8 hours. This type of recharge can be considered suitable for urban
mobility since it allows a daily travel range of about 150 km [6]. Longer travel



distances could be obtained with the development of a proper charging
infrastructure characterized by the availability of frequent fast charging stations
along the road. Unfortunately fast charging operations generally involve high
power requirements from the main grid, which might not be able to support
simultaneous fast charging operations of different vehicles.

The above issues can be addressed in a smart grid scenario where PEVs can be
charged in an efficient and clean way thanks to the intelligent integration of
renewable energy sources and stationary energy storage systems supporting the
main grid in its interaction with the plug-in mobility. In this regards different
architecture are proposed in literature, supported by the related simulation activities
and results, with specific focus on the energy management strategies of distributed
systems[7][8][9]. On the other hand, the lack of literature knowledge and
information on experimental data justifies the interest of the research activities
reported in this manuscript towards a laboratory analysis on the real performance
of DC fast charging architecture. This analysis is realized by means of a laboratory
prototype, which has been properly designed and realized as case study. In addition
the above activities are supported by an experimental study on the real behaviour
of different vehicle energy storage systems during their charging/discharging
operations, in order to evaluate the effect of the charging rate on vehicle expected
travel range.

This manuscript starts with a description, reported in Chapter 1, of the smart
grid concept and the intelligent integration of renewable energy sources, stationary
energy storage systems and PEVs under different aggregative schemes. Then,
Chapter 2 analyzes different charging modes and architecture with particular focus
on DC power configurations, based on the use of energy storage buffers, which are
aimed to mitigate the power requirements of fast charging operations from the
main grid. The different PEVs storage technologies are described in detail in
Chapter 3, with specific attention on the identification of their main performance
parameters. Chapter 3 also introduces the laboratory test bench used for the
experimental characterization of different energy storage modules. The laboratory
prototype of DC fast charging station is presented in Chapter 4, with a description
of the design criteria, converter topologies and control strategies. Chapter 5 reports
the experimental results and discussion related to the experimental tests on energy
storage modules of different chemistries and to the laboratory analysis on the DC



charging station prototype. Finally conclusions and future works are reported in the
last Chapter.

The activities reported in this manuscript have been carried out in collaboration
between the Istituto Motori of the National Research Council of Italy and
Department of Electrical Engineering and Information Technology of the
University of Naples - Federico II.



Chapter 1. Electric and plug-in hybrid vehicles in the smart
orid scenario

Introduction

Full Electric and Plug-in Hybrid Electric Vehicles are emerging as one of the
most attractive solutions for the growing amount of air pollution related to the
public and private road transportation sectors [10].

When PEVs are connected on charge, they are currently considered as a simple
load with minimal effects on the daily power demand profile. This is mainly due to
the fact that the diffusion of this kind of vehicles is still very low and the existing
charging infrastructure is mainly based on low power charging points, which are
devoted to slow charging operations generally performed during the night.
Nevertheless the electric power system, in its existing configuration, is not ready to
face long-term diffusion of PEVs fleets, which are expected to gain more and more
market share on the base of different scenarios presented in the literature [11].

For the above reasons a transaction towards a new sustainable distributed
architecture involving intelligent management systems is considered as a possible
way out in order to avoid large capital investments in network reinforcements. At
the same time the smart integration in the existing network of renewable energy
sources can give further support to the reduction of pollutant emissions related to
traditional energy generation systems.

This Chapter starts with a detailed market penetration analysis related to
electric (EVs) and plug-in hybrid (PHEVs) vehicles, with specific focus on the
comparison between Italian and International automotive sector. This analysis is
aimed to evaluate the main technical bottlenecks and enabling factors for a large
scale adoption of these kinds of vehicles. Then the smart grid concept is introduced
with a description of its advantages in supporting the integration of PEVs into
intelligent and distributed power architecture, characterized by a growing amount
of stationary energy storage systems and renewable energy generation units.
Finally different smart aggregation, communication and control schemes are
presented with the aim of evaluating the possible benefits for the main grid related
to the integration and the proper management of a large number of vehicles on
charge.



1.1 Market penetration analysis of electric and plug-in hybrid vehicles

In recent years the Italian automotive sector has been affected by a decrease of
about 40% in the number of vehicles sold, which have been reduced from 2.2
millions, in the 2005, to 1.3 millions, in the 2013. In this context full electric
vehicles (EVs) represent a niche sector with a market share lower than 1%.
Nevertheless the number of EVs is growing with a positive trend in comparison
with the automotive market behavior. In this regards, Figure 1 reports the number
of units sold, from 2005 to 2013, and the market share of this kind of vehicles with
reference to Italian automotive sector. In particular, although the percentage of EVs
with respect to the whole vehicle market is still very low, a remarkable increase in
the number of units sold can be observed from 2009 onwards [12].
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Figure 1 Number of units sold and market share for full electric vehicles in Italy.

From a sector analysis it results that the 80% of EVs market can be assigned to
car-rental and/or car-sharing companies. In particular car-sharing is considered a
new sector of great interest since it allows users, which are oriented in buying EVs,
to carry out preliminary road tests on their performance. As a consequence, car-
sharing services can work as a flywheel for the future development of EVs market.
Other interesting aspect of these services are mainly related to their advantages in
terms of cost, with respect to car-rental or taxi services, and reduction of
circulating vehicles on the roads, with positive consequences on the traffic and
viability in the urban areas. Moreover, when based on electric mobility, car-sharing
and car-rental services allow their users to access limited traffic and parking areas.



Another sector of strong interest is represented by corporate fleets, which are
considered responsible for 10%-15% of EVs Italian market share. In fact many
companies can take advantage from the acquisition of higher number of vehicles
with respect to private users, with consequent facilitation in payment conditions.
Other advantages are represented by the return on image for the companies, which
adopt corporate fleets based on ‘green’ mobility. Nevertheless the average travel
ranges required are often higher in comparison with the reduced autonomies,
characteristic of the electric mobility. This is one of the reasons why the adoption
of EVs for corporate fleets is generally limited to applications where the vehicle
mission is well known and the required travel distances are low, such as last mile
delivery or taxi services,.

The private sector gives the lowest contribution to the EVs market, with an
evaluated percentage of about 5% with respect to the sold units of EVs. This is
mainly due to their low travel ranges and the lack of a proper public charging
infrastructure, which strongly affect private customer’s acceptance toward electric
mobility.

The increasing market penetration of road EVs in recent years can be justified
by the recent availability on the market of a new generation of electric vehicles,
which are characterized by innovative design, high travel range up to 200 km and
attractive costs, when supported by national incentives. In this regard Figure 2
reports the models of electric vehicles sold in Italy in the 2013 [12].
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Figure 2 Main electric vehicle models sold in Italy in the 2013.



The market situation for hybrid electric vehicles (HEVs), based on the use of
thermal engine and electric dive in different possible configurations, is
characterized by higher values of sold vehicles and market share, in comparison to
the case of EVs, as reported in Figure 3 [12].
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Figure 3 Number of units sold and market share for hybrid electric vehicles in Italy.

In particular the above Figure 3 refers to both traditional and plug-in hybrid
vehicles, which presents the interesting feature of recharging their battery pack
directly from the main grid. The higher values of units sold for HEVs with respect
to EVs is justified by lower cost of their battery pack and higher travel range. In
fact, hybrid thermal-electric propulsion system can take advantage of high energy
density and low refilling times generally related to the use of traditional oil based
fuels. Nevertheless also in the case of HEVs the market penetration is still very
low, reaching a maximum percentage value of about 1% with respect to the whole
automotive market. On the other hand it is possible to observe a constant grow, in
terms of units sold, of about 26%/Year from 2005 to 2013.

In order to compare the Italian automotive market related to electric mobility
with other countries, Figure 4 reports the number of EVs sold and the market share
of electric mobility, taking the year 2013 as reference, for different countries.



50

I I
®Number of EVs Sold
¥ EVs Market Penetration

40

w
o

[kUnits]
[%]

20

» & & & & & A
N4 & Q(é‘ R & §
I «~ & &
S
S

Figure 4 Number of EVs sold and market share — Comparison among different countries.

From Figure 4 it is clear that, although market share of electric mobility can be
still considered low, there are significant differences among the results reported for
all the analyzed countries. In fact Japan and United States of America are
characterized by a number of EVs sold 30 times higher in comparison with the
Italian market and respectively represents the 28% and 26% of the worldwide EVs
market.

On the other hand a different scenario can be observed for the values of market
share analyzed for each country. In particular, Norway shows a market share of
particular relevance reaching a value of about 3%. The positive trend of Norway
can be justified considering the strong economic incentives, given by the
government of this country, in order to support the adoption of EVs by private and
corporate users. In fact the objective declared by the Norwegian government is to
reach 50000 circulating road electric vehicles by the end of 2018. The incentives
supporting this ambitious objective are mainly based on purchase VAT exemption,
reduction of motorway tolls and possibility to access in limited traffic zones.
Moreover the diffusion of electric vehicles in this country is further encouraged by
the availability of a well-developed charging infrastructure, which is characterized
by about 4000 charging points geographically dislocated in all the country.

The above considerations, related to different countries, evidence the effect of
the availability of a proper charging infrastructure, supported by government
incentives, on future large-scale adoption of electric and hybrid mobility [13].

10



1.2 Integration of PEVs and renewable energy sources in the smart grid scenario

The considerations reported in the above paragraph have shown a slight but
constant grow in the number of road electric and hybrid vehicles for all the
analyzed countries. In fact these kinds of vehicles are now considered a good
solution for urban mobility, reducing at the same time oil dependency and its
related emissions in the earth atmosphere. Nevertheless a transition towards a clean
road mobility system is strictly related to the proper integration of PEVs with
actual electric power system. In particular, the existing electric infrastructures are
not specifically designed to satisfy the increase in power demand related to a large-
scale diffusion of this kind of vehicles. In fact simultaneous and uncontrolled PEVs
charging operations are expected to directly affect the electric power distribution
system, involving high power peak and overload capacity, with the consequent
over-dimensioning of cables, power transformers and other components [14]. On
the other hand, when the integration of a large-number of PEVs with the electric
power system is well planned, the wide adoption of the electric mobility could add
value to the main grid in terms of efficiency, performance and power quality [10].

In addition, in order to perform the vehicle charging operations without further
environmental issues, which are directly related to traditional generation systems,
the main grid is required to integrate a growing amount of distributed generating
units, based on Renewable Energy Sources (RESs), such as solar, wind and sea
waves [15]. Unfortunately RESs are generally considered unpredictable, in terms
of generated power, since they are affected by both daily and seasonal changes in
meteorological conditions, such as wind speed, solar radiation, temperature, etc.
[16][17].

The above issues can be properly addressed in a smart-grid scenario, which
consists in the integration, supervised by specific intelligent devices, of the existing
electric power system with distributed generating units, stationary energy storage
systems and electric mobility [18].

1.2.1 The smart grid concept

Nowadays the electric power system is mainly characterized by centralized
power architecture where the electric energy production is demanded to high power
generating units, generally based on the use of traditional fossil fuels. On the other
hand, the growing amount of distributed energy generation systems, also affected
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by natural power fluctuations of RESs, can not be faced with the existing power
system architecture. In fact, in order to compensate RESs power fluctuations, the
base-load production of power plants would require a proper regulation.
Nevertheless, this regulation is quite difficult and involves unacceptable efficiency
losses [19]. An alternative solution would be the disconnection from the main grid
of part of intermediate load following generating units, with the disadvantage of a
strong reduction in reliability of the electric power system. As a consequence, the
solution, commonly adopted in the network management, is based on the
disconnection of some distributed/renewable energy generation systems, with
consequent economic and efficiency losses for the whole generation system [20].
For the above reasons a transaction towards new clean and distributed
architecture integrated with stationary energy storage systems is becoming a key
issue to be faced in the next years. In this regards Figure 5 reports a schematic
comparison between the existing and new electric power system architecture.
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Figure 5 Comparison between existing and future electric power system architecture.

The energy management in such distributed architecture becomes more
complex and challenging, involving the control of active/passive loads, energy
storage systems and low power unpredictable generating units. As a consequence
the integration in the electric power system of intelligent devices, specifically
devoted to energy control and metering, becomes an essential requirement to face
this new scenario.
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In this context, the smart grid concept can be considered as a new technology
identified by the combination between Information & Communication Technology
and power system engineering, which aims to obtain a flexible, efficient and
reliable electric power system [18].

Following users and electrical power system needs a smart grid is designed to
satisfy the following requirements [21]:

o [ntelligence: the smart grid is characterized by "intelligent" sensors and control
equipment, able to perform calculations, measures and to communicate with
other devices.

e Energy market oriented: smart grid architecture allows active participation of
users with real-time communication between the consumer and utility
companies. These communications allow network operators to treat users as
resources available in the daily management of the network, facilitating the
movement of peak demand and the formulation of real-time pricing;

® Open: smart-grid architecture is conceived to accept energy coming from
several sources supporting new technologies, new services and new markets.

e Focused on quality: The integration and management of stationary energy
storage systems in combination with distributed generating units increases
power quality avoiding voltage drops, peaks, disturbances and interruptions.

® Robust: the integration of intelligent device increase reliability of the whole
grid.

It is clear that the transaction towards new electric power system architecture
based on the adoption of the above concepts requires economic and technological
effort. From this point of view an unexpected support can be represented by
electric vehicles during their charging operations [9]. In fact, as described above,
one of the most attracting features of the smart grid concept is the possibility to
balance the power generation from unpredictable RESs. This objective can be
reached through the proper management of stationary energy storage systems or
controllable dispatch loads [22]. Nevertheless the large adoption of stationary
energy storage systems involves high investment and maintenance costs, which
have actually delayed the wide spread of renewable energy generation systems
[18].In this context, PEV batteries, when connected to the main grid, can work as
stationary energy storage systems, which smooth the surplus of electric power
generated by RESs, through different charging schemes. Moreover they can also
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feed the electric power back to the main grid, in supplying regulation and ancillary
services through the Vehicle to Grid (V2G) schemes [23].

1.2.2 Vehicle to grid operations

Electric and hybrid plug-in vehicles, when integrated in a smart grid scenario,
can be considered both as dynamic loads, drawing energy from the main grid, and
as stationary energy storage systems, supporting the main grid with ancillary
services. This last operative condition is generally referred as Vehicle to Grid
(V2G) operation. The V2G concept is based on the aggregation of a large number
of EVs, on the base of specific control schemes, in order to support electric grid in
regulation and management operations [24].

PEVs can support the main grid, realizing V2G operations, through
bidirectional or unidirectional power flow management.

In the first case the electric power is supplied by the main grid, when the
vehicle is on charge, and can be fed back, from the vehicle towards the main grid,
in order to perform active participation in energy and ancillary services market. On
the other hand in case of unidirectional power flow management, the electric power
can be only supplied by the main grid toward the vehicles on charge. In this last
case PEVs owners are enabled to participate in the energy market providing
frequency and voltage regulation [25].

Bidirectional V2G system can support the grid with higher quality ancillary
services in terms of voltage and frequency regulation playing also the role of
efficient peak power and spinning reserves. Unfortunately, the need to involve
extensive safety protection measures, such as anti-islanding protection, and the
higher cost of power electronics related to bidirectional charging systems reduce
the economic benefits of this mutual interaction between the grid and EVs [9].
Moreover the ancillary services supplied by a single vehicle are often negligible, in
terms of available electric power and energy, with respects to the needs of the main
electric grid, and might strongly affect the EV battery durability and owners’
acceptance towards V2G operations.

In fact the continuous battery cycling required by V2G operations strongly
affects the battery durability as a function of the depth of discharge of each cycle.
In this regard Figure 6 reports the durability, in terms of number of cycles versus
Depth of Discharge, for a LiFePOsbattery pack, which is a typical energy storage
system used for automotive applications [26].As it is clear from Figure 6 the EVs
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battery pack can support a high number of charging and discharging operations but
only for very low values of depth of discharge. For this reason the contribution that
a single vehicle can give to the main grid in terms of power supplied is further
reduced.
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Figure 6 Number of Cycles vs Depth of Discharge for a LiFePO4 battery pack.

Higher benefits can be surely obtained when PEV's are not considered as single
entities and are grouped with an aggregation logic supplying high power
bidirectional V2G services to the main grid.

1.2.3 V2G Aggregation Schemes

In order to obtain a large scale adoption of V2G ancillary services, the
requirements of both Grid System Operator (GSO) and vehicle owners need to be
satisfied. In particular, on the operator side, availability and reliability of V2G
operations are considered as fundamental features of these services, whereas
vehicle owners would aspect to obtain a strong return from their investment in a
vehicle technology, which support bidirectional V2G operations.

The above requirements can be reached with either direct or aggregative power
and communication architecture [27].

The main scheme of a direct V2G architecture, also called deterministic
architecture, is reported in Figure 7.
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Figure 7 Main scheme of a direct V2G architecture.

In particular this architecture is based on a direct communication scheme
between the GSO and the vehicles on charge. In this way the EVs are
autonomously controlled by the operator as single deterministic power sources,
trough direct communication and power lines. Under deterministic power and
communication scheme, the PEVs connected on charge can trade with the grid
operator for ancillary services, whose availability ends when the vehicles leave the
related charging point. The direct architecture represents a quite simple scheme for
the management of V2G operations but it is strongly affected by recognized
technological issues. These issues are mainly due to the absence of proper
communication infrastructure able to manage the huge amount of measuring and
control signals related to the interaction of the GSO with each vehicle on charge. In
fact the interaction between the GSO and EVs, in direct scheme, is required to be
based on high bandwidth communication lines because of the geographically
distributed nature of V2G services. Moreover in long-term evaluations, based on
different possible penetration scenarios [11], a high number of vehicles can be
continuously engaged and disengaged from the grid. In this context the GSO is
required to constantly update information about contract status, connection status,
owner requirements and state-of-charge for each PEV.

The main scheme of aggregative indirect V2G architecture is reported in
Figure 8.
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Figure 8 Main Scheme of Aggregative Indirect V2G Architecture.

With this architecture PEVs are grouped and managed with aggregative logic
and act as virtual power plants (VPPs) during V2G operations [18].In this context
the role of the Aggregator is devoted to the management of a high number of
charging vehicles on the base of the main grid operative conditions and
requirements. In particular, the aggregator works as an intermediate service
interposed between the GSO and groups of vehicles on charge. Following this
power and communication scheme, the aggregator receives from the GSO specific
requests for supplying ancillary services. Then, trough high bandwidth
communication lines it enables and manages the V2G operations of different
available vehicles. In this way the aggregator can supply the main grid with high
power ancillary services at any time, whereas vehicle owners are free to choose
when to connect/disconnect the vehicle from the specific charging point, following
their specific habits.

The aggregative architecture presents different advantages with respect to the
deterministic power and communication scheme. In fact the high number of
vehicles, able to perform V2G operations and grouped under the same aggregation
scheme, improves the reliability and availability of ancillary services provided by
the aggregator. As a consequence, during its interaction with GSO, the aggregator
can be considered as a conventional ancillary services provider, based on the same
existing communication infrastructure. In fact, with the aggregative architecture,
the GSO performs deterministic communications only with a reduced number of

17



aggregators rather than a high number of geographically distributed vehicles. On
the other hand, the infrastructure supporting the communication between the
aggregators and vehicles is strongly reduced with respect to the direct architecture,
where the GSO is required to perform high bandwidth communications with each
vehicle connected to the charging points.

For the above reasons the indirect aggregative architecture can be considered
more modular and extensible, in comparison with the direct scheme, since it allows
to support the increasing number of vehicles, performing V2G operations, with an
increased number of aggregators[27][28].

1.2.4 PEVs charge in the smart grid scenario

In the context of a smart grid scenario the smart charging of PEVs allows
vehicle owners and GSO to schedule vehicle charging profiles in order to get
technical and economic benefits. Following the aggregative power and
communication scheme reported in the previous paragraph, also vehicle charging
operations can be properly managed and optimized through the use of aggregators.
In particular, the aggregator control can be performed on the vehicles either in a
centralized or in a distributed framework [1].

The main scheme of a centralized control framework is reported in Figure 9
[29].

Electricity and

Ancillary
Services Market

[ AGGREGATOR )

v v

[Charging PointJ [Charging Point o
(2)

()

Figure 9 Main scheme of a centralized control framework.
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In this case, the aggregator directly manages the charging operations of all the
vehicles connected to the charging points, which are grouped under its
responsibility. Moreover the aggregator controls also other entities, such as
charging post managers, which are in charge of PEVs parks management. In this
control framework, the aggregator evaluates proper algorithms, based on the
collection of data related to status and owner’s preferences for each charging
vehicle, in order to achieve specific objectives. These objectives are mainly
focused on the maximization of aggregator profits and the optimization of charging
operations in terms of cost and grid impacts [25]. As a consequence, with this
configuration, the aggregator is also responsible for the participation of the
vehicles in the electricity and ancillary services market.

The main scheme of a distributed control framework is reported in Figure 10
[29].

Electricity and i Price Signals
Ancillary
Services Market
Request for Market
Partecipation

Figure 10 Main scheme of a distributed control framework.

In this case the decisions of charging or V2G operations are committed to each
connected vehicle. For this reason, with distributed control framework, each
vehicle is required to be equipped with intelligent devices called Vehicle
Management Systems (VMS). Although in this case the availability of the vehicle,
in supporting aggregator needs, may depend on VMS and owners’ preferences,
different strategies can be adopted to realize an almost predictable load/generation
profile. These strategies are mainly aimed to cost reduction for the customers,
during their charging operations. In particular, as reported in Figure 10, the
aggregator can send information about the electricity price to each vehicle. Then
each vehicle, through specific algorithms running on its VMS, performs
evaluations aimed to optimize the cost of charge, taking into account owner’s
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preferences but without exchanging this information with other physical or virtual
entities. Following the same operational scheme, each VMS can send to the
aggregator specific request for the participation in V2G operations [1].

In addition, distributed control framework can be aimed also to other specific
objectives, such as reduction of air pollution in green areas, reduction of charging
times, maximization of V2G operations etc... For this reason the management of
distributed control framework needs to be performed taking into account different
objectives, which may depends on geographical, economic and technological
reasons. One of the most common approaches to deal with such a complex
distributed system is referred as Multi Agent System (MAS) [30]. MAS can be
considered as a set of more intelligent entities, called Agent, which cooperate and
communicate each other dividing complex computational problems into more
simple sub-problems. Following literature definition [31], an agent is characterized
by: autonomy in taking decision without continuous user feedback; communication
ability, in order to interact with other agents; ability to start its own action to follow
a specific goal; ability to receive external information and rapidly respond to
changes.

In this scenario each vehicle on charge has its own reference agent with its
own objective, according to its status and to the status of the other agent working in
the same MAS.

Conclusions

This chapter, starting from a market analysis of the Italian and International
automotive sectors, has shown the main technical bottlenecks and enabling factors
for a large scale adoption of PEVs. From the reported analysis it results that
although the market share of PEVs is still very low, a constant grow in the number
of sales related to this kind vehicles can be observed. This is mainly justified by the
availability on the market of a new generation of electric vehicles characterized by
high performance and innovative design. The comparison among different
countries has evidenced that national incentives and large-scale development of
charging infrastructure can be considered as relevant enabling factors for the
diffusion of electric vehicles.

In addition this chapter has introduced the concept of smart grid with specific
focus on its role in the intelligent integration of PEVs with renewable energy
sources and stationary energy storage systems. In the smart grid context different
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aggregation, communication and control architecture have been described
evidencing the real advantage of using distributed aggregative schemes based on
Multi-Agent systems for the smart integration of PEVs aimed to optimize V2G and
charging operations.
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Chapter 2. Charging infrastructure for electric and plug-in hybrid
vehicles

Introduction

As described in the above chapter, the development of a proper charging
infrastructure, both for public and for private use, is considered one of the key
enabling factors for the wide spread of PEVs. In comparison with the refueling
facilities for traditional oil based road vehicles, charging infrastructures for PEVs
are generally characterized by a large variety of topologies, which can be mainly
classified on the base of the rated electric power and maximum charging times. In
particular residential or working place charging devices are generally related to low
power charging operations and can be considered suitable for the slow charge of
the vehicle when it is parked for a long period of time. On the other hand fast
charging operations are required to enable the use of PEV also for long travel
distances. In this case, high power devices can be considered in order to charge the
vehicle in less than 30 minutes. The impact that these kinds of operations may have
on the electric power system needs to be properly taken into account in order to
avoid unexpected overload conditions for the main grid. This issue can be properly
addressed in a smart grid scenario taking advantage of distributed stationary energy
storage systems, which support the main grid during fast charging operations.

This chapter starts with an analysis of the existing charging infrastructure
considering the relationship between the diffusion of PEVs on the local market and
the development of the national charging infrastructure. Then the different PEV
charging modes considered by the SAEJ1772 standard are described with detailed
information on DC charging modes and related connectors. The chapter continues
with a description of possible charging architecture specifying advantages and
drawbacks related to AC and DC bus configurations. In this context particular
focus is given to buffered architecture, which is proposed in order to mitigate the
impact on the main grid of the fast charging operations. The chapter ends with a
detailed description of distributed buffered architecture based on the use of
multilevel converters.
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2.1 Analysis of charging infrastructure for electric and plug-in hybrid vehicles

Nowadays the Italian charging infrastructure for electric and plug-in hybrid
vehicles is characterized by 642 public charging points, which are dislocated in 74
provinces. The geographic distribution of public charging points in Italy is reported
in Figure 11 [32].
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Figure 11 Geographic distribution of public charging points in Italy.

Although an average value of about 10 charging points for each province has
been evaluated, it is possible to observe that many Italian cities are still equipped
with only one charging point. Moreover the 60% of charging points are located in
Florence, Rome and Milan, which in the past have taken advantage of pilot projects
supporting the diffusion of charging infrastructure. In this regard Figure 12 shows
the first ten Italian provinces in terms of number of charging points. It is important
to observe that 145 of the 642 charging points are based on the use of renewable
energy sources, giving in this way a further contribution to the reduction of
pollutant and greenhouse gases emissions. In particular Pisa and Rome are the
cities with the highest number of this kind of charging points.
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Figure 12 Number of charging points for the first ten Italian provinces.

Taking into account the worldwide scenario, Figure 13 reports a comparison

among different countries in terms of number of slow and fast charging points [33].
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Figure 13 Number of charging points — comparison among different countries.

From the reported comparison it is clear that the diffusion on the market of
PEVs, evaluated in the first chapter, is strictly related to the development of a
proper charging infrastructure. Moreover many countries are equipped for the main
part of low power public charging points, which are related to slow charging
operations. From this point of view, the only exception is represented by Japan,
where the CHAdeMO (CHArge de MOve) consortium has given financial support
to the diffusion of high power fast charging stations.

From the above considerations it is clear that the development of charging
infrastructure is still very low, in the most of the country, and in many cases the
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adoption of low power charging infrastructure has affected the diffusion on the
market of PEVs both for private and for corporate use.

2.2 PEV Charging Modes

The proper design of a charging infrastructure pursues the main objective of
supporting PEV owners both with low power charging operations, related to short
daily travel range, and with high power fast charging operations, which are
required in order to satisfy longer travel range.

On the base of the rated power of the charging point and of reachable refilling
times, different PEV charging levels can be defined. These levels have been
classified by the SAEJ1772 and associated to slow and fast charging operations. A
brief summary of these levels is reported in Table 1 [18] [34].

Level Charging Maximum Maximum Charging | Charger | Voltage
Voltage [V] | Current [A] | Power [kW] | Time Location | Supply
ACLevel1 | 1207230 16 2 7:17h | OnBoard | “Mele
AC phase
ACLevel2 | 2307400 80 20 15+7h | OnBoard | SImEle-
AC phase
200 + 500 22 min + .
DC Level 1 DC 80 40 121 Off Board | Tri-phase
200 + 500 10 min + .
DC Level 2 DC 200 100 20 min Off Board | Tri-phase
200 +
DC Level 3 OOD C600 400 240 <10 min | Off Board | Tri-phase

Table 1 AC/DC charging levels reported in the SAE J1772 standard.

AC level 1 charging operations generally refer to the connection of PEVs to a
charging point supplied by a single phase AC line not exceeding 230 V AC. This
charging mode is generally performed by means of national plug and socket system
not exceeding 16 A depending on the specific country and standardization. The low
power charging operations related to this mode are the slowest and can be
considered suitable only for the recharging of vehicles during the night or when
vehicles are parked for a long time. On the other hand this mode ensures low costs
for the vehicle owners and low power requirement from the main grid. In addition,
in this case, no specific charging equipment is required but only protective earth
conductors have to be considered for safety reasons [35].
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AC level 2 charging operations refer to the connection of PEV to high power
charging points, supplied by single-phase or tri-phase AC network. In this case the
maximum charging current does not exceed 80 A. This charging mode is typical of
public charging stations and is generally supplied by tri-phase AC voltage at 50/60
Hz. It is also called ‘semi-fast’ charging solution since the PEV battery pack can be
charged in few hours when the driver is at work or during every day activities. In
this case, the charging equipment is more complex since connectors with a group
of control and signal pins are required for both the vehicle and socket side of the
cable. Actually the charging power of this level is limited by the fact that the
AC/DC conversion is committed to the on board charger, whose rated power is
affected by vehicle size and weight requirements [35].

DC charging Levels 1+3 have been initially developed by CHAdeMO
consortium and are characterized by the use of off-board DC charging stations. In
this case the charging station is permanently connected to the three-phase AC
network and integrates the power electronics devoted to the conversion from AC to
DC voltage, which is required for the supply of PEV battery packs. In this case
smart control systems are integrated both on board and in the DC charging station,
which is required to adapt voltage and current profiles to the specific vehicle
battery pack requirements. In fact in this case the whole charging procedure is
managed through the continuous communication between the charging station and
the BMS of the vehicle battery pack. Typical PEV refilling times of DC charging
levels are in a range from 20 to 30 minutes. Actually the charging power is limited
in many cases by the maximum allowable current of 125 A and voltage of 500 V of
the existing CHAdeMO standard connector [8]. Combining high power converters
with the latest battery technologies this charging mode could allow a recharge from
0 to 80% of battery SoC in less than 5 minutes. This last type of recharge is also
referred as ultra-fast charge [8].

Fast charging operations are considered an essential step in order to obtain a
wide diffusion on the market of PEVs. Nevertheless there is still a great debate on
how to get a universal standard on fast charging connectors. In this regard two
different technical solutions have obtained a large acceptance by PEV and charging
stations manufacturers. A first solution which has gained a remarkable diffusion
among Japanese vehicle manufacturer is CHAdeMO connector, whose picture is
reported in Figure 14. The CHAdeMO standard has been developed by the
CHAdeMO association [36], which involves different Japanese companies
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operating in the automotive (such as Nissan, Mitsubishi and Toyota) and power
electronics filed. This connector is specifically designed to supply vehicle battery
packs with high values of DC voltage and current.

Figure 14 Picture of the CHAdeMO connector.

The most relevant drawback of the CHAdeMO standard is that it is generally
related to a vehicle inlet, which supports only DC charging operations. For this
reason an additional AC inlet has to be installed on the vehicle in order to support
slow AC level charging procedure. As a consequence CHAdeMO standard has
been adopted only by Japanese car manufacturers whereas American and European
companies have refused the adoption of this standard [37].

In order to solve the main issues related to CHAdeMO standard, another
connector have found a wide diffusion in the automotive sector. This connector,
whose picture is reported in Figure 15, has been realized on the base of
collaboration among European and American automotive manufacturers and the
Society of Automotive Engineers (SAE). For this reason it is also referred with the
name of SAE combo connector [18]. In this case AC and DC pins are integrated on
the same connector. As a consequence AC single phase (AC level 1), AC tri-phase
(AC level 2) and DC (DC level 1 + 3) charging operations can be performed trough
SAE Combo connector [37].
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Figure 15 Picture of the SAE combo connector.

Following the above charging levels and mode it is clear that the charging
power delivered by the main grid to charge the vehicle, is strictly related to the
rated power of the on-board/off-board battery charger and to the performance of
PEV storage systems.

2.3 AC and DC charging architecture

In the smart grid scenario, different micro-grid architecture can be proposed
with the aim of enabling the energy sharing among stationary energy storage
systems, PEVs and renewable energy sources.

In particular two different configurations, mainly based on the use of either AC
bus or DC bus, are generally suggested in the literature [7].

The use of AC bus architecture is supported by the fact that the existing
transmission and distribution infrastructures have been designed to work with AC
voltage. As a consequence the great part of the electric loads both for domestic and
industrial appliance are supplied by AC voltage. The main scheme of a charging
architecture based on the use of AC bus is reported in Figure 16 [38]. In this case
the electric power exchange among the vehicles on charge and renewable energy
sources is managed by controlling each bidirectional AC/DC converter. In addition
also vehicle to grid operations are obtained through the direct control on the PEV
battery chargers.
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Figure 16 PEV charging architecture based on AC Bus.

On the other hand, as mentioned in the previous chapter, the new electric
power system scenario is characterized by distributed DC electric loads,
represented by the PEVs on charge, generation units, mainly based on renewable
energy sources, and stationary energy storage systems. This new scenario,
supported also by the growing diffusion of DC electronic equipment for domestic
and office appliance, justifies research and technical interest towards the use of DC
architecture. As matter of fact PEV storage systems are required to be recharged
using DC voltage, involving in the most of the case the connection to AC
infrastructures trough low efficiency AC/DC conversion stages. In addition, also
distributed electric generation units, based on Renewable Energy Sources (RESs),
are generally realised in DC. In this case, in order to tie with the AC bus, the
generated voltage would be required to be converted in AC and then probably
converted again to supply DC electronic equipment or PEV battery pack. This DC-
AC-DC conversion strongly affects the electric energy generation from RESs with
high efficiency losses. The above issues can be properly addressed with the DC bus
architecture reported in Figure 17 [38].
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Figure 17 PEV Charging Architecture with DC Bus.

With the above architecture the DC bus is realized by means of a high
efficiency AC/DC converter, also referred as grid-tied converter [7]. The vehicles
and renewable energy sources are connected to the DC bus trough high efficiency
DC/DC converters. In this way it is possible to take advantage of high efficiency
DC/DC voltage conversions, avoiding also the double conversion losses (DC-AC-
DC) related to RESs. The energy exchange on the DC bus is managed trough the
proper control of the DC/DC converters related to PEVs and RESs, whereas V2G
operations are obtained through the AC/DC grid tied converter. Other advantages
of DC bus architecture are related to the facts that the synchronization of
distributed generators is not necessary and the power quality is not affected by
inrush current, single phase loads and generators. Moreover, it can be evaluated
that the use of this architecture reduces the whole conversion losses from about
32% to less than 10% [39]. Nevertheless also DC architecture presents some
disadvantages in terms of costs mainly related to lack of expertise on this kind of
configuration.

2.4 DC charging architecture based on energy storage buffers

One of the main issues for the large acceptance of PEVs in the private
automotive market is mainly related to their charging times, which are considered
too high in comparison with traditional oil based road vehicles. This comparison
can be better analyzed by an evaluation of the vehicle Autonomy Flowrate (AF).
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The AF term can be defined as the increase of the distance covered by the vehicle
for each minute of recharge and can be expressed through equation ( 1).

AF = — A, (1)

Where, Cg,is the charging rate, T,is the tank or battery capacity and A is the
evaluated vehicle autonomy after a complete refilling/charging procedure.

A comparison between a small city diesel car and an electric vehicle is
reported in [8], in terms of AF, considering respectively a tank capacity of 45 [ and
a battery pack capacity of 24 kWh. It results that, with the existing charging
technology, the electric vehicle presents an AF of 4 km/charging minute, which is
about 180 times lower than the case of the diesel car. These results can be justified
taking into account the differences between the two vehicles in terms of vehicle
autonomy after a complete recharge, Ac, and in charging rate, Cg. In particular,
from simple calculations, it can be evaluated that PEVs should be equipped with a
battery capacity of about 135 kWh, supported by a charging power of 6.3 MW, in
order to reach the same AF values of the traditional oil based cars. The above
values are not considered reachable in the short term with the existing energy
storage and power electronics technologies [8].

As a matter of fact the traditional oil based vehicle autonomy, which can be
evaluated as about 800 km, should not be taken into account for the above
evaluations. In fact, no vehicle owner is expected to drive for 800 km without any
intermediate stop. In addition the daily travel range of road vehicles has been
evaluated as less than 50 km in 80% of the cases, as their use is related for the great
part to urban areas [6]. In these cases low power charging operations can be
considered suitable for end users, since the refilling of vehicle battery packs during
the night, in 8+10 hours, ensures a travel range from 100 to 150 km during the
daylight. A feasible solution to obtain longer traveling distances would require
frequent charging stations along the road, able to supply a significant amount of
power to the vehicle battery packs. In this way, although PEV autonomy is lower
than the case of oil-based fuel cars, their recharging time could be reduced to a
'fuel stop'- equivalent time.

In order to pursue the objective of a strong reduction in charging time, the
main issues are related to the electricity distribution system, which is required to
supply high power peaks during the ultra-fast charging operations, especially when
fleets of vehicles need to be charged in few minutes at the same time. To support
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this consideration, Figure 18 reports the electric power from the main grid involved
in the charging operations of three different types of electric vehicles, characterized
by battery packs of different in size, from O to 80% of their SoC.
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Figure 18 Power Requirement of the Ultra-Fast Charge.

From the above figure it is clear that to obtain a charging time lower than 10
mins, for the three considered typologies of vehicles, an amount of electric power
from 100 to more than 250 kW needs to be provided from the main grid to the
charging point. As a matter of fact the main grid is not properly dimensioned to
support these operative conditions, which would involve an over-dimensioning of
cables, power transformers, devices, etc.. As a consequence in the design of PEV
charging architecture the impact of the fast and ultra-fast charging operations needs
to be properly taken into account.

The above issues can be properly addressed by using specific DC charging
architecture based on stationary energy storage systems, which act as a buffer and
support the electric power coming from the main grid during the charging
operations of PEVs. This specific DC Bus architecture has been analyzed from
theoretical point of view in different papers [8][7][38] and is also referred as

buffered architecture. The main power scheme of this architecture is reported in
Figure 19.
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Figure 19 Main scheme of charging architecture with energy storage buffer.

In particular the buffered architecture is characterized by two conversion
stages obtained through AC/DC, also referred as grid-tied converter, and DC/DC
converters. In this case the electric power required to perform the fast charging
operations of PEVs is composed by two terms. The first term of power is
represented by the flux coming from the main grid, which is represented in the
above figure by the thin blue arrow and supply the DC micro-grid through the
AC/DC converter. The second one is the power flux coming from the stationary
energy storage buffer, which is represented in the same figure by the thick yellow
arrow and goes through the DC/DC converter. As a consequence, following
different designing criteria, the AC/DC grid tie converter can be conveniently and
efficiently downsized in comparison with the actual power needed to recharge
PEVs. In fact, the functions of the grid tie converter are limited to low power
operations performed during either the low power buffering phase, when the
energy storage buffer is charged by the main grid, or the fast charging of the
vehicle, supported by energy storage buffer. It is clear that in this case the rated
power of the grid-tied converter is affected only by the charging rate required for
the buffering phase. On the other hand the power flux coming from the energy
storage buffer gives the highest contribution of electric power during PEV charging
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operations. In this case the proper design of the energy storage buffer is
particularly relevant since the related battery pack is required to perform high
discharging rates, in order to supply the DC bus with high values of electric power
during the fast charging operations. In addition the buffer battery pack needs to be
characterized by high performance in terms of durability, since it has to support the
main grid during a high number of charging operations. As an example, for the fast
charging operation of a 16 kWh battery pack, the evaluation reported in [8]
considers a 460 V - 134 Ah LiFePO, energy storage buffer. In this case the use of
the LiFePO, chemistry is justified by the fact that these batteries are characterized
by high discharging rates, up to 10 C, and a high number of cycle life, up to 3000.

2.5 DC charging architecture based on Multilevel Converters (MCs)

Nowadays, Multilevel Converters (MCs) are gaining more and more attention
for their use in industrial and research applications. This is mainly due to the
possibility of modular power architecture to take advantage of high number of
voltage conversion levels. In this way it is possible to strongly reduce the harmonic
distortion of the output voltage with positive consequences on dimensioning of
filters. Further benefits related to this kind of conversion architecture are mainly
identified by the reduction of power semiconductor losses and the higher level of
modularity and reliability in comparison with traditional power conversion
schemes [40][41].

The use of MCs was initially focused on the AC drive sector. However,
encouraged by the above mentioned advantages, these devices have found a rapid
spread also for different applications. In particular MCs can be considered
particularly suitable for the integration of electrochemical energy storage systems,
since batteries or super-capacitors can be used as distributed DC sources,
supporting cascaded H-Bridge converter architecture [42].

2.5.1 Background

MC topologies are generally based on the cascaded connection of a large
number of Sub-Modules (SMs). These SMs are generally electrically connected in
series and are grouped in arms. These arms, also referred as branches, can be
connected in different configurations on the base of the specific topology. In this
regards Figure 20 represents two possible configurations related to single
phase/single phase or single phase/DC (a) and tri-phase/single phase or tri-
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phase/DC (b) conversion architecture. The specific AC or DC voltage conversion
depends on the SM topology [40].
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Figure 20 MMC topologies for single phase/single phase or single phase/DC (a) and tri-
phase/single phase or tri-phase/DC (b) voltage conversion.

Different SM topologies have been proposed in the literature on the base of their
specific reference application. The most common presented topologies are related
to the full-bridge and half-bridge configuration respectively represented in Figure
21(a) and Figure 21 (b) [40]. As clear from the reported schemes, with the half
bridge SM (b), only null or positive values can be obtained on the arm side. For
this reason this kind of configuration can be considered suitable only for the
connection of the MC to a DC source. On the other hand, with full bridge
topologies (a), it is possible to obtain positive, negative and null values of voltage.
As a consequence, this last configuration can be used for the connection of MMCs
both to AC and to DC systems.
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Figure 21 Full Bridge (a) and Half Bridge (b) Sub-Module Topologies.
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One of the drawbacks of the full-bridge configuration is related to the higher
number of components, with respect to the case of the half bridge, with the
consequent increase in the cost of the whole system.

2.5.2 Integration of energy storage systems with multilevel converters

The integration of energy storage systems is generally performed by means of a
cascaded H-bridge converter, whose main scheme is reported in Figure 22 [43]. In
particular, this tri-phase architecture is based on a series of different SMs
connected to single storage elements realizing a specific Storage Sub-Module
(SSM). In this way each SSM can be properly controlled in order to overcome
balancing issues related to the difference in voltage values of the energy storage
units [44].
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Figure 22 Main scheme of a tri-phase cascaded H-bridge converter.

For the reasons explained in the previous sub-paragraph, the interaction between
single phase or tri-phase AC grid and energy storage systems can be managed by
using full bridge SM topologies. In this regard the energy storage unit is generally
connected to the SM following one of the configurations reported in Figure 23.
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Figure 23 SM topologies for the integration of energy storage units.

In particular in the configuration reported in Figure 23 a, the storage unit is
directly connected to the H-Bridge converter. With this configuration, the SM
controls both the AC/DC voltage conversion and the charging/discharging
procedures of the related storage unit. The second configuration is based on a
double-stage conversion scheme (b). In this case the charging/discharging
operations of the storage unit are properly controlled by means of a half bridge
DC/DC converter. This converter also allows decoupling the storage unit from the
DC-Link of the H-bridge converter, which can performs in this way a better
modulation of the AC signal. The third configuration reported (c) is similar to the
second case with the only difference that in this case an interleaved boost converter
is used on the energy storage side, in order to perform a reduction in the inductor
current ripple [42].
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2.5.3 Integration of multilevel converters and energy storage buffers for fast
charging operations

On the base of the topics introduced in the above sub-paragraphs, an evolution
of the buffered architecture can be considered. In fact fast charging operations of
PEVs, supported by energy storage buffer can be obtained by means of a
distributed power architecture based on the use of multilevel converters integrating
energy storage units.

Actually similar schemes have been proposed in the literature also for different
applications taking advantage of the benefits related to the use of MCs [45][46].

In [47] the presented architecture is based on the configuration, reported in
Figure 24, based on Cascaded H-Bridge (CHB) multilevel converter with SSM
integrating energy storage units and full bridge isolated DC/DC converters. In this
case, multiple DC conversion stages are obtained through a series of modular
AC/DC bidirectional converters, connected with energy storage units. The outputs
of the different SSM, working on a single branch, are connected in parallel in order
to supply the PEVs with high charging power. This charging power is provided by
the main grid supported by energy storage units, which work as power buffer
trough the proper control of each SSM [48].

400V, 50 Hz
|
gJ
fi
L
1 ssmyy 1 ssmy, 1 ssmy,
1 SSMa, 1 ssMa, 1 SSMay

PEV 1 PEV 2 PEV 3

] Ll | L
|_ | I—SSM,,,, [ |—88an |

Figure 24 Fast charging architecture based on MCs and energy storage buffer.

The main power scheme of the single SSM is reported in Figure 25.
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Figure 25 main power scheme of the single module integrating energy storage unit.

In particular, v.;;, is the voltage related to the storage unit of the SSM; on the
branch j, whereas vpgy; represents the battery pack voltage related to the vehicle on
charge connected to the branch j. Each single SSM can be properly controlled in
order to solve different functions. In particular the H-Bridge AC/DC converter can
be used for low power charging and voltage balancing procedures of the energy
storage units. Moreover it is also responsible for the management of the amount of
electric power coming from the main grid during fast charging operations. The
energy storage units can be connected to the DC link through a direct passive
interface or an indirect active interface in order to reduce power fluctuations and
increase the lifetime of the modules [48]. The charging operations of PEVs are
managed through the control of the H-Bridge isolated DC/DC converter

Among storage technologies, different kinds of solutions can be investigated
mainly based on different chemistry of super-capacitors and batteries. In [47], for
the specific application LiFePO, storage units have been taken in consideration for
their suitable characteristics. In fact this kinds of battery present very flat voltage
charging/discharging curve, in a wide range of SoC, and good
charging/discharging rates.

2.5.4 Main control scheme

The main control scheme of the architecture presented in the above sub-
paragraph is based on the hierarchical strategy reported in Figure 26 [46][47].
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Figure 26 Main control scheme of a distributed buffer.

As it is clear from the above scheme, the suggested control strategy is mainly
based on the active/reactive power control, SoC balancing control, for each branch
and among the SSM grouped on a single branch, and PEVs charging operation
control.

Decoupled Current Control Method

The first control is focused on the management of the energy fluxes exchanged
between the SSMs and the main grid. In this case the proposed control is aimed to
perform an independent active and reactive power management by means of
decoupled current method.

The main operative scheme of the decoupled current control method is reported
in Figure 27.
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Figure 27 Main operative scheme of the decoupled current control method.
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The d-q transformation applied to L/filter leads to following equation ( 2 ).
—1 dig Loi
Vsq— Vg = f dt w flq

A
qu Uq— fdt (L)fld.

(2)

Where v,(ig) and v,(i,) are respectively the d-axis and the g-axis component of
v(i). In the same way vy and vy, are the d- and g-axis component of v,. The Active
and reactive power can be expressed with the following equation ( 3 ):

= Vg4 1
p_ Sd.‘d (3)
q = VUsq lq

The line space vector voltage, v;, is oriented along the d-axis of the rotating
stator frame. For this reason active and reactive power can be controlled
independently by means of the proper control of izand i,.

The active power reference value, p*, is evaluated, taking into account the
charging current required by the different sub-modules on each branch, by means
of the following equation ( 4 )..

n
P’ =Zvc,-,,--i*ci,, (4)
j=1
Where n is the number of SSM and the index i=u,v,w is related to each branch.
For the proper control of the reactive power, its reference value, g*, is set to zero.
The presented control scheme, reported in Figure 27, aims to compensate the
effect of source voltage and steady-state drop voltage across the filter inductance.
In this scheme, two current PI controller give, as output, the v;* and v,* voltage
reference signals. The three phase voltage reference values are obtained by means
of the inverse d-¢q transformation.

SoC Balancing Control
Following the hierarchical control scheme reported in Figure 26 the SoC
balancing control can be divided into SSM charge control and cluster balancing

control [46]. The first control scheme, as reported inFigure 28, is related to the
control of the State of Charge of each storage unit.
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Figure 28 SSM Charge Control.

In Particular, this scheme is based on the proper management of the first H-
Bridge AC/DC converter, which controls the actual voltage, Ve, of each storage
taking as reference the value, V*Cu,of its maximum charging voltage. On the base
of the comparison between the above voltage values, a PI controller gives as output
the reference current, [ *Ci,i' Then, a second PI controller is devoted to the
evaluation of the modulation index, p; ;, of the converter in order to control the
charging current for the related storage unit.

The cluster balancing control, reported in Figure 29, has the aim to keep the DC
mean voltage of the controlled branch I, equals to the DC mean voltage among the
three branches.

H-Bridge AC/DC Converter

. : + sin(wt-¢)) J=uvw
i 0;=0,-21/3,+2m/3

Figure 29 Clustered Balancing Control.

In this case the DC mean voltage can be defined by the following equation ( 5 ):

_ 1
Vc:§-(vcu+vcv+vcw) (5)

The clustered balancing control produces the i-phase balancing signal v ; as:

vz'j=k-(hAvC].— id)-sin(a)t—(pj) (6)

where Avcj and iz are both DC signals. The DC output signals of the minor

current are converted into AC signals, on the u,v,w branches, respectively through
their multiplication for the term sin(wt), sin(wt—2mn/3) and sin(ot + 27/3).

The reference signals for each sub-module are given by the sum of three phase
voltage active power components v,;, v, , v, coming from the decoupled current
method, and three phase voltage of the clustered balancing control v, ; j=u,v,w.

42



PEV Charge Control
The charging operations of the connected PEVs are related to the proper control
of the H-Bridge DC/DC isolated converter. The main operative scheme of this
converter is reported in Figure 30
H-Bridge Isolated DC/DC Converter

I p
i [ T

PI Controller i PI Controller
“hi, J

*
Sch ij

VpEV

Figure 30 Main control scheme of the H-Bridge isolated DC/DC converter during the PEV
charging operations.

In this case, each SSM;; is controlled on the base of the comparison between the
maximum charging voltage of the PEV battery pack, connected to branch;, and its
actual value. Then the control evaluates the required recharging current and the
switching sequence for the PWM control of the converter.

Conclusions

This chapter has been mainly focused on the analysis of charging infrastructures,
which play an important role in supporting the wide adoption of PEVs. Starting
from the different charging modes and connectors related to the SAE J1772
standard, AC and DC charging architecture has been considered showing the
advantages of using stationary energy storage buffers, which can support the main
grid during the fast charging operations of PEVs in a smart grid scenario.
Moreover the description of buffered architecture based on multilevel converters
have evidenced the possibility of further benefits, in terms of voltage balancing
among the energy storage cells and power quality, which can be obtained with the
use of distributed configurations.
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Chapter 3. Energy storage systems for PEVs

Introduction

The advantages related to the electric mobility, in terms of high conversion
efficiency and low pollutant emissions, justify the strong interest of researchers and
manufacturers through the development of high performance battery technologies.
In fact low travel range, high charging times and low durability of the battery pack,
in terms of life cycles, have delayed in the past years the diffusion of electric
vehicles on the market [49]. From this point of view, recent researches and
experimentations have allowed reaching energy and power density values, which
satisfy in most of the cases urban mobility requirements [50]. These technology
advancements have encouraged automotive manufacturers to increase their
investments in the production of electric and plug-in hybrid vehicles, which has
overcome the prototype phase and are now ready for large-scale production. In
addition new high power density storage technologies, such as super-capacitors,
are expected to give further contribution in improving PEV performance, when
connected in hybrid configurations with high energy density storage systems [51]
[52].

This Chapter starting from an analysis of the main performance parameters
related to energy storage systems (ESSs) for PEV applications, presents an
overview on the different storage technologies with particular focus on lithium
batteries and super-capacitors. Finally this Chapter describes the experimental
setup for the laboratory characterization of energy storage systems with the main
characteristics of the energy storage modules, which have been used for the
experimental tests reported in Chapter 5.
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3.1 Main performance parameters of energy storage systems

Nowadays a large number of energy storage technologies, based on different
chemistries, have been investigated in the literature and by automotive
manufacturers [53][54][55]. In order to assess the performance of the different
storage technologies, when supplying PEVs in their typical operative conditions,
an identification of the main parameters related to the electrical behavior of the
ESSs is required.

One of the most important parameters for ESSs is the Capacity. This value is
generally measured in Ah and can be defined as the amount of charge, which is
possible to drawn from a fully charged storage unit, until it reaches its minimum
voltage value. It is important to notice that this value is generally referred in the
literature to the actual capacity of the battery when it is discharged in exactly one
hour. As a consequence if a battery is characterized by a capacity of 50 Ah, it will
be fully discharged in one hour with a constant discharging current of 50 A.
Nevertheless battery manufacturers use to refer the rated capacity to a specific
discharging time, which is generally 5 4 or 20 A, and report in form of table or
graph the behavior of the capacity for different discharging current values.
However the values of capacity reported in the datasheet can be considered reliable
only for new batteries at a fixed constant temperature. In addiction the actual
capacity value of a battery is generally strongly reduced for high discharging
currents. This changing in the expected capacity is caused by the energy losses due
to uncompleted or unwanted chemical reactions inside the cells [56]. The
laboratory evaluation of the actual capacity of storage systems in different
operative conditions is of great interest since it can give a first idea on the expected
vehicle autonomy, when supplied by the ESS under test. New technologies of
lithium batteries and super-capacitors are less affected by capacity losses with
respect to lead acid batteries [S7].

The charging/discharging rate of ESSs is defined as the maximum current,
which can be used for storage systems charging/discharging operations without
affecting their durability in terms of life cycles. This parameter is experimentally
evaluated by the manufacturer and is reported in the datasheet as the ratio between
the maximum allowed current and the rated capacity value. As a consequence the
charging discharging rate should be reported in A (b’ = A/Ah) but it is common
use to represent this parameter followed only by the letter C, without any
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measuring unit (For this reason it is also called C-rate). In particular a 50 Ah
battery is discharged with a C-rate of 1 C when it is discharged with a current value
of 50 A. New lithium battery technologies are able to easily reach 10 C discharging
rate and about 3 C charging rate. This parameter is particularly relevant since it can
define the maximum electric power supplied by the ESSs, during the peak power
demand of the vehicle running on the road, and the maximum power supplied to
the vehicle ESS during the charging operations.

The State of Charge (SoC) is the amount of residual charge available from an
ESS evaluated as a percentage of its capacity. As a consequence the SoC, at the
time t;, can be calculated with the following equation ( 7 ):

) ttoi i(t)dt

C

Where t, represents the starting time of ESS charge/discharge operation and C
is the ESS rated capacity. The SoC evaluation is generally taken into account for
the assessment of the residual vehicle travel range. It is clear that the equation ( 7 )
can be considered reliable in the hypothesis that the value of SoC(tp) is well known
and the battery capacity does not depend on charging/discharging current values.
Actually the proper evaluation of SoC is generally affected by environmental
temperature, ESS State of Health (SoH) and charging/discharging current values.
For this reason the right evaluation of SoC, for different storage technologies, is
still considered a topic worthy of literature investigation [58][59].

SoC(t;) = SoC(ty) — (7)

The Energy Density of an ESS can be defined as the electric energy stored per
unit volume (Wh/I) or per unit weight (Wh/kg). The evaluation of the energy stored
is generally referred to the rated value of voltage and capacity and can be
calculated with the equation ( 8 ).

E(WR) = V(V) - C(Ah) (8)

The volumetric energy density (Wh/[) was introduced in the past since many
batteries was characterized by liquid electrolytes. However, although the
application of this kind of batteries is not considered in the automotive field, the
unit volume is still considered useful since it can give a first idea on the dimensions
of an ESS, which are required to respect the on board space constraints of PEVs.
The gravimetric energy density (Wh/kg) is usually referred as specific energy and
can be considered in order to evaluate the weight of an ESS, which have to respect
the on board weight constraints of PEVs. On board weight limits are generally
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more restrictive than space constraints, for this reason the scientific and technical
literature generally refer to the specific energy.

The power density can be defined as the power obtainable by an ESS per unit
volume (W/l) or per unit weight (W/kg). In the latter case this parameter is
generally referred as specific power. The evaluation of specific power needs to take
into account that it is not convenient to operate the battery at its maximum power
for a long time since the battery life might be seriously compromised.

The energy storage durability 1is defined by the number of
charging/discharging cycles that an ESS can perform, without reducing its actual
capacity. Generally, for this evaluation, the actual capacity is considered acceptable
until it reaches the value of 80% of the ESS rated capacity [26]. The ESS durability
is strongly affected by the working temperature and by ESS Depth of Discharge
(DoD), which is given by the following formula for the related time of evaluation
ti

DoD(t;) = 100% — SoC (t;) (9)

For this reason ESS manufacturers strongly recommend to not overcome the
DoD value of 20 % during the ESS discharging operations. It is clear that a high
ESS durability would be required for PEV applications since it strongly affects the
maintenance costs [60][61].

The Amperhour Efficiency of an ESS, also referred as Columbic Efficiency, is
defined as the ratio between the amperhours supplied, during ESS charging
operation, and the amperhour that is possible to drawn from the ESS, during its
discharging operation. In the same way the Energy Efficiency can be defined taking
into account also ESS voltage values. Columbic and energy efficiencies are
generally affected by current values involved both in the charging and in the
discharging operations. For this reason the efficiency evaluations are generally
referred to specific charging and discharging procedure.

Following the above definitions, it is clear that an ESS suitable for automotive
applications is expected to satisfy different requirements, which can be
summarized as follows [62]:

- High specific energy. This requirement involves the extension of all
electric range for the vehicle, reducing at the same time the number of
charging/discharging cycle of the battery pack.
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- High specific power. The use of high specific power ESS enable the
possibility to increase the acceleration performance of PEV, reducing at the
same time the vehicle charging time without losses of ESS durability.

- High durability. As already mentioned above, this parameter can reduce the
maintenance cost of the on board ESS, which is one of the critical issues
for the diffusion of PEV on the automotive market.

Finally, also environmental aspects, which are mainly related to the use of
toxic materials, need to be properly taken into account in the choice of the ESS.

Different storage technologies are now available on the market and can be used
for different purposes. Among those, electrochemical batteries and super-
capacitors are considered the most promising technologies for their application in
the automotive field.

3.2 Electrochemical batteries

3.2.1 Lead Acid Batteries

Lead-acid batteries have been largely used in the past for industrial and electric
traction systems. The elementary cell of a lead storage unit is characterized by a
negative electrode of metallic lead and a positive electrode of lead dioxide,
whereas the electrolyte is realized by means of an aqueous solution of sulfuric acid
with high ionic conductivity [63]. Different technologies have been investigated
during the years and can be classified in two main categories: flooded and valve
regulated (VRLA) lead acid batteries. The latter mentioned technology was
developed in order to solve the issues of flooded batteries mainly related to the
drying of the cells, which requires the frequent control of the distilled water level
inside the battery. For this reason VRLA are also called no maintenance batteries
since they need minimal attention and maintenance operations by the user.

Lead acid batteries are characterized by a voltage per cell of about 2.0 V, an
energy density in the range 35+50 Wh/kg and a specific power of 150 W/kg. As a
matter of fact, in comparison with new lithium technologies, this kind of storage
system presents disadvantages in terms of very low energy density, low
performance at high discharging currents, low charging rate and high
environmental impact. These disadvantages have strongly affected the use of lead-
acid battery for supplying road electric vehicles. However this battery technology
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still finds a large acceptance in other kinds of applications, especially in the
industrial sector and for stationary storage, where restrictive constraints in terms of
volume, weight and charging rate are not required. Their widespread utilization is
justified by the fact that lead acid batteries are particularly secure, with respect to
other technologies. In addition their cost is considerably cheap and their operative
conditions are less affected by environmental temperature, with respect to other
storage technologies. In conclusion lead acid batteries represent a well-known
battery technology and for this reason their behavior is often used also as reference
in order to evaluate the performance of other storage technologies [64] [57].

3.2.2 Lithium Batteries

Nowadays, new energy storage technologies based on lithium compounds are
catching great attention in the automotive field. This is mainly due to their
characteristics of high specific energy and specific power, which allow supplying
PEV with high performance in terms of acceleration and driving range.

In fact, lithium has been recently considered as an attractive metal, to be used
as anode material, since it is characterized by lightness and high potential.
Nevertheless its utilization in the automotive sector involves different issues
related to safety hazard, which are mainly due to the high reactivity of this metal.
As a consequence, in lithium-ion batteries, both positive and negative electrode are
realized by using “lithium host” compounds, where an intercalation process occurs.
In this case lithium ions can be reversibly removed or inserted without any
significant structural change in the host. The negative electrode is generally based
on graphitic carbon, whereas the positive electrode is realized using a metal oxide
based on lithium compound, which can be in the form Li“M”O, or Li“M”O,. In
this case the letter “M” indicates a metal, which is generally represented by Cobalt
(Co), Nickel (Ni) or Manganese (Mn). The resultant electrochemical reaction
involves a cyclic transfer of lithium ions from the cathode (the lithium source) to
the graphite anode, with no presence of metallic lithium. The cell voltage is 3.8 V
at 25 ° C. This type of battery has been proposed for vehicle applications with solid
electrolytes constituted by polymeric materials, able to transfer lithium ions
between electrodes [50]. In this case, the absence of liquid phases simplifies the
realization of leak-proof and light-weight containers, which represents an
additional advantage for on board ESSs. In particular, it is possible to realize
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sandwich of foils, characterized by packaging flexibility and insensitivity to
shock/vibration damage, as required by many car manufacturers.

Recent developments in the field of lithium batteries have been focused on the
possibility to reach very high energy and power densities by using new types of
anode and cathode. In particular, the researches about the cathode of lithium ion
batteries have been intensively oriented on high voltage spinels and high capacity
layered lithium metal oxides. The LiCoO,, or Li-Co-Mn mixed oxides are
commonly used in lithium ion batteries as cathode materials. These compounds are
characterized by interesting performance in terms of high capacity, good rate
capability and skill to operate at high voltage. The main limitation of this type of
cathode material is constituted by the cost of cobalt and battery stability, which
could not be considered optimal during the recharging phases [4].

It is important to observe that lithium battery pack are generally realized with
different cells, which are generally connected in series. The cells realizing the
battery pack, at the beginning of its life, are completely balanced and present the
same cell voltage value. Unfortunately, during the charging and discharging
operations of the battery pack, the voltage value of each cell can change, with a
slight difference in comparison with the other cells, on the base of its temperature,
SoH and internal resistance. This phenomenon is generally cause of voltage
unbalance, which represents a condition to avoid in order to keep the battery safe
and preserve battery durability. In fact during charging and discharging operations,
in case of voltage unbalance among the cells, over-charge or under-charge
conditions may happen since only the whole battery pack voltage is measured. In
order to avoid these conditions, lithium batteries are generally equipped with a
Battery Management System (BMS). A BMS is an electronic device which
controls the voltage balance among the cells and interrupts the circuits at the
battery terminals in case of under/over-voltage conditions, short circuit and
overheating conditions [65].

As an example, a picture of a 20 Ah — 49 V Li[NiCoMn]O, battery pack with
its BMS is reported in Figure 31.
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Figure 31 Picture of LifNiCoMn]O; Battery Pack with its BMS.

Recently, other low-cost cathode materials have been studied and proposed
with the main aim of reducing cost and increasing both safety and reliability of
lithium based batteries. In particular LiFePO,, based on olivine crystal structure,
have shown promising characteristics for their application to supply road electric
and hybrid vehicles [66][5] [67]. The main advantages of LiFePO, batteries are
based on the low cost and high availability of the metal iron together with high
thermal stability and safety properties, mainly related to the strength of the
covalent Fe-P-O bond, which reduces the risk of oxygen release [68]. Their energy
density is lower than LiCoO, cathode technologies, but their main limitation is
represented by the high values of internal resistance, which is cause of losses and
affects battery efficiency [68]. As example, a picture of a 300 V - 60 Ah LiFePO,
battery pack is reported in Figure 32.

Cell Balancing Units (CBU)

Battery Management
System (BMS)

Figure 32 Picture of LiFePO, battery pack with BMS and CBU.

In the above picture also the Cell Balancing Units (CBU), which allow BMS to
monitor and control each cell, are reported.

The above mentioned lithium technologies are characterized by an energy
density up to 200 Wh/kg, which results in an all-electric travel range of about 150
km for a PEV supplied by these battery packs. The new challenge for the
researchers is the increasing in durability and charging rates of lithium battery
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technologies in order to reduce more and more the vehicle charging times. In this
context an interesting recent technology is represented by lithium—titanate battery
(LisTisOy», also known as LTO), which is a modified lithium-ion battery that uses
lithium-titanate nanocrystals on the surface of its anode instead of carbon graphite
[69][70]. Although LTO storage units are characterized by rated voltage per cell of
2.4 V, which is lower than LiCoO; and LFP, they present great advantages in terms
of durability, safety and charging rates. In fact these batteries can support charging
rates higher than 10 C, which means that they can perform a complete recharge in
less than ten minutes. The LTO based batteries have also the characteristic of an
operating temperature range wider than other lithium battery technologies, in
particular they have excellent low-temperature discharge characteristics with an
actual capacity of 80% at 243 K. Moreover, their life span and power density are
not lower than other lithium batteries, and their charging efficiency can be even
higher than 98%. On the other hand, the energy density of 65 Wh/kg for the LTO
batteries is higher than lead acid technology, but it is still lower than the other
lithium based batteries [71].

3.3 Capacitors

In order to improve PEV performance during acceleration and regenerative
braking operations, ESSs are required to support high values of
discharging/charging electric power. The existing battery technology is mainly
devoted to increase energy density and is generally characterized by a durability,
which is strongly affected by high values of charging/discharging current. For this
reason high specific power storage devices, such as capacitors are becoming an
interesting solution to power electric vehicles, in combination with battery packs,
realizing hybrid energy storage systems. Among capacitor technologies,
electrochemical double layer, also referred as super-capacitors, and Lithium-ion
Capacitors represent the two most attractive solutions for automotive applications,

3.3.1 Electrochemical double layer capacitors

Electrochemical double layer capacitors (EDLCs) combine high power density
and durability, in terms of life cycles, with higher energy density values, compared
with traditional capacitors technologies, such as electrostatic and electrolytic
capacitors.
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EDLCs are almost similar in construction to traditional electrostatic capacitors.
The main differences are related to the presence of a conductive electrolyte salt in
direct contact with the metal electrodes, whereas a separator provides insulation
between the electrodes and allows the transfer of ions [72]. In addition EDLCs
electrodes are characterized by a porous structure, which allows reaching greater
capacitance per unit volume, with respect to the traditional capacitor technologies.
In fact the capacitance (C=¢gpA/d) can be increased thanks to the possibility of
reducing the separation d between the electrode surface and the ionic charges. A
simplified scheme of an EDLC is reported in Figure 33 [73].

Electrolyte
- Eelctrode Sepa{ﬂor + Eelctrode

Electrolyte

Figure 33 Simplified scheme of an EDLC.

The higher energy density, with respect to traditional capacitor technologies, is
due to the porous structures of the EDLCs electrode surface, realizing equivalent
areas up to 2000 m*/cm’. The rated cell voltage for an EDLC is of about 2.6 V
[74].

Different materials, such as carbon materials, mixed metal oxides and
conducting polymers, have been proposed in literature to be used for super-
capacitor electrodes [72]. In particular, interesting performance has been obtained
with carbon technology in its various forms such as carbon cloth, activated carbons
and carbon nano-tube [75]. In recent years, graphene has also been considered as a
promising capacitor electrode material. This is mainly due to the characteristics of
chemical stability, high electrical conductivity and large surface area of this
material [76].
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3.3.2 Lithium-ion capacitors

The need for a rechargeable energy storage device that provides both high
energy and high power densities justifies the growing attention of the research
towards new lithium based capacitor technologies.

In this context lithium-ion capacitors (LiC) has been proposed as a mixed
solution between lithium-ion batteries and EDLCs. This capacitor technology is
based on the use of two different materials for positive and negative electrodes and,
for this reason it can be classified as an asymmetric or hybrid storage technology.
In particular, as reported in Figure 34, lithium-ion capacitors are realized with a
traditional lithium battery electrode, characterized by Li intercalated hard carbon
anode, and a double-layer cathode electrode [77].

Lithium Battery Electric Double Layer Capacitor
: : Electrolyte Electrolyte

Graphite LiCoO, Activated Activated
Carbon Carbon

Lithium lon Capacitor
High Energy
Density

High Power Density
High Durability

Li-doped Electrolyte Activated
Carbon Carbon

Figure 34 Simplified Scheme of lithium-ion capacitors.

During charge and discharge operations, the behavior of each electrode
realizing the LiC cell is similar to their behavior in the respective non-hybrid
devices (Lithium-ion battery or EDLC) [78]. For this reason the potential of the
anode remains low while the potential of the cathode rises and falls during the
different charging/discharging operations. In this regard Figure 35 reports a
comparison among the behavior of the electrode voltage for the case of EDLC (A)
and LiC (B).
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Figure 35 Electrode voltage behavior during charging and discharging operations for EDLCs (A)
and LiC (B).

The above comparison clearly justifies the higher energy density of LiCs, due
to their higher nominal voltage. In fact, in the case of EDLCs, the voltage of the
cathode and anode vary symmetrically as activated carbon is used for both
electrodes and lower values of nominal voltage can be obtained.

In order to summarize the storage technologies analyzed in this chapter, Figure
36 reports a comparison among these technologies in terms of Energy Density vs
Power Density.

1000

Energy Density [Wh/kg]

1

0.01 0.1 1 10
Power Density [kW/kg]

Figure 36 Comparison among different storage technologies.

As it can be clearly observed from the above comparison, new lithium battery
and capacitor technologies pursue the same objective of reaching high values of
energy density combined with high values of power density.
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3.4 Laboratory test benches for experimental analysis on energy storage systems

As mentioned in the above paragraphs the performance of energy storage
systems are strongly affected by their real operative conditions. For this reason
different papers have focused the attention on the experimental analysis of the
above technologies, in order to support the lack of knowledge on the actual
behavior of storage systems [26] [57] [78] [79].

During the research activities reported in this manuscript, an experimental
analysis on battery modules of different technologies has been realized through a
laboratory test bench, whose block scheme is reported in Figure 37[57] [79].

x
Monitor and @
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Temperature s
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Ah/Wh
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Figure 37 Laboratory test bench for battery characterization.

The main architecture of the above test bench, also referred as Life Cycle
Tester, is based on bidirectional AC/DC power converter, which is controlled by
means of a specific software interface based on RS232 communication protocol.
The software interface allows the main electrical parameters, such as battery
voltage, current, power and temperature to be set as reference, monitored and
acquired. In this way the battery packs under study can be characterized through
charging and discharging tests at constant current/voltage/power values. In addition
the above electric parameters can be set, in order to follow different profiles, as
sequences of phases, with a transition time between two consecutive phases of
about 900 ms. Thanks to the above control modes allowed by the laboratory test
bench, the real working conditions of the single battery module supplying an
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electric traction drive can be simulated and analyzed. The main electric
characteristics of the life cycle tester are reported in Table 2.

AC Input [V] 400 AC

Max Output Voltage [V] 18 DC
Max Output Current [A] 100

Output ripple 7 % Irms at full range

Transition time From CH to DISCH 900 ms
Efficiency 0.91
Power Factor 0,78

Cooling Forced Air

Protection degree 1P 21

Table 2 Main characteristics of the Life Cycle Tester.

As it can be observed from the above table, the thyristor pulse technology and
appropriate choke allow to reduce the ripple current down to 7% rms, to obtain fast
transient response times and a good accuracy to follow the references.

The above laboratory test bench has been used in order to carry out
experimental analysis on the charging efficiency of different battery packs, which
is reported in Chapter 5. Dynamic tests have also been carried analyzing the
behavior of these battery technologies, when supplying an electric drive coupled
with an eddy current brake for the simulation of standard driving cycles [57].

The energy storage modules, which have been considered for the above tests,
are based on LiFePO,4 and Li[NiCoMn]O, chemistries whereas a lead acid module
has been considered as reference. The main characteristics of these battery modules
are reported in Table 3.

Lead acid |Li[NiCoMn]O, LiFePO,
Nominal Battery Voltage [V] 12.0 14.6 12.8
Nominal Capacity [Ah] 40 40 40
Nominal Energy [Wh] 480 584 512
Specific Energy [Wh/kg] 25 176 80
Energy Density [Wh/] 67 350 142
Maximal continuous discharge current [A] 200 (5 C) |200 (5 O) 120 3 O)
Peak discharge current [A] 800 (20 C) |400 (10 ©O) 800 (20 O)
Specific Power [W/kg] 660 1700 1600
Durability (Cycle Life at 80% DOD) 500 1000 3000

Table 3 Main characteristics of Lead acid and Li battery modules.
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Conclusions

In this chapter the main electric parameters of energy storage systems have
been identified in order to evaluate their performance, when supplying road electric
and plug-in hybrid vehicles. In addition a detailed analysis of traditional and
innovative chemistries, related to battery and capacitors, is reported with a
comparison among different storage technologies in terms of energy density and
power density. This analysis have shown the main advantage of using hybrid
storage systems which combine the high energy density, related to lithium
batteries, with high power density and durability related to super-capacitors.
Finally the test bench, which is used for the laboratory characterization of energy
storage systems, has been presented with a description of the main characteristics
and control modes. The obtained experimental results of these laboratory tests are
reported in Chapter 5 for different storage technologies.
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Chapter 4. Case Study: Laboratory prototype of a DC fast charging
architecture

Introduction

Nowadays, different solutions have been proposed in the literature in order to
realize fast charging architecture based on the use of AC or DC bus. In this regard
many papers have focused their attention on the identification of energy
management strategies for charging stations with renewable energy sources and
stationary energy storage systems. Nevertheless, these papers are mainly based on
simulation activities, without focusing the attention on experimental analysis and
validations [7] [80] [81]. These kinds of activity can find further supports in
experimental evaluation, based on a laboratory prototype, mainly aimed to
compensate this lack of information with real data.

This Chapter reports a description of a laboratory prototype of DC fast
charging architecture, which is considered as case study for the experimental
evaluations of this work. This prototype has been designed and realized during the
research activities described in this manuscript. The main criteria adopted for the
designing of the prototype are reported at the beginning of this chapter with some
details on the simplified model used for preliminary theoretical analysis. Then a
description of the main characteristics of DC/DC and AC/DC power converters,
realizing the laboratory prototype, is reported with particular focus on their specific
topologies. Moreover the main power fluxes and energy management strategies,
which allow the experimental characterization of the prototype in its different
operative conditions, are described with detailed information on the control scheme
of each power converter.
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4.1 Design criteria of DC fast charging architecture

Starting from the considerations, reported at the end of Chapter 2, about the real
advantage of using DC charging architecture based on stationary energy storage
buffer, a prototype of buffered architecture has been designed and realized on the
base of the power scheme reported in Figure 19 of Chapter 2, in order to perform
laboratory tests in different operative conditions.

The design procedure of the prototype has been supported by a simulation
activity whose main results are reported in [82]. In particular a simplified model of
the DC fast charging architecture has been realized in Matlab-Simulink
environment. This activity has been realized taking advantage of the Sim-Power
systems tool, which is a powerful library specifically devoted to the simulation of
electric components. The main scheme of the evaluated model, for the DC-Link
side, is reported in Figure 38.
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Figure 38 Block Scheme of the Simulink model for DC-Link side of the DC fast charging
architecture.

The modelling procedure of the proposed architecture is mainly focused on the
evaluation of the main power fluxes within the charging station and on their
control, which aims to optimize charging times and impact on the main grid in
terms of power requirements during vehicle fast charging operations. This
preliminary simulation study has been carried out without taking into account the
PWM modulation and energy losses of the power components, since these
evaluations are not considered useful to determine and evaluate the different
energy management strategies. In this hypothesis the AC/DC power converter has
been simulated represented through an ideal Voltage Controlled Voltage Source
(VCVS) representing the DC bus with a constant voltage value. This value has
been set at 790 V, considering the AC/DC power converter realized as a voltage
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source active rectifier, characterized by an input voltage of 400 V AC. Moreover,
in a similar way, the behaviour of both the two DC/DC converters considered is
simulated Current Controlled Current Sources (CCCS), which are controlled by
means of the following equations ( 10 ) to obtain the charging/discharging
operations of the related battery packs.

VDC—LinkIDC—Buffer = IBufferVBuffer
{ (10)

Vbc-LinkIpc-pev = IpevVPEY

In particular equations ( 10 ) have been evaluated without taking into account the
efficiency losses of each converter.

On the base of the evaluations obtained through the above described simulation
activity the laboratory prototype has been realized in collaboration with the MsC
Oy, which is a Finnish company operating in the field of power electronics. The
DC bus conversion stage is obtained by means of an AC/DC bidirectional power
converter, which is connected to the three-phase low voltage AC network, through
a 20 kVA insulation power transformer. In this case, the possibility of the grid-tied
converter to manage bidirectional power fluxes also allows the realized DC micro-
grid to perform V2G operations. The use of insulation power transformer is
justified by the fact that galvanic insulation is not provided by the converters
realizing the DC micro-grid. The integration of buffer and PEV battery pack with
the DC-Link is featured by means of two DC/DC power converters. In particular,
the DC/DC converter related to the energy storage buffer is required to manage
bidirectional power fluxes in order to perform charging, discharging and islanding
operations. In addition, both the DC/DC converters are designed to to interface
their output with a large variety of battery packs, characterized by different values
of charging voltage and charging/discharging rates. However the rated voltage
values, which has been taken as reference in order to carry out the experimental
tests reported in the following Chapter, have been selected as 50 V for the vehicle
on charge and 288 V for the energy storage buffer. In the first case, the voltage
value of 50 V is typical for full electric two wheelers, whereas the value of 288 V,
chosen for the energy storage buffer, is typical for full electric cars and allows also
analysing V2G operations. The information exchange and communication
protocols among PEV, buffer and the charging architecture is not analysed, since it
is not considered the main aim of this work.
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4.2 Characteristics of power converters realizing the laboratory prototype

The electric scheme of the AC/DC grid tied converter is reported in Figure 39

[67].
DC-Link +
----------- CE e R
Ly
Low Ly
Voltage Vociink| == Cperimk
AC Grid Ly,
DC-Link -

VocLim——| | PWM signals !

Embedded Control Board

Figure 39 Electric scheme of the AC/DC converter.

In particular, the selected grid-tied converter is a full bridge three-phase active
front-end converter, based on 1200 V Semikron IGBT devices with a DC-Link
voltage reference set at 790 V. The choice of this high reference voltage value
allows interfacing the charging architecture also with high voltage energy storage
systems. In addition this choice is required in order to reduce the current involved
on the DC-bus during the different operative conditions, with positive
consequences on the sizing of electric protections and conductors.

The main operative parameters of the bidirectional AC/DC grid-tied converter
are reported in Table 4.

Model MSC 32DCAC750ME
Power Fluxes Bidirectional
DC-Link Side

DC Voltage [V] 790

Rated Current [A] 32

AC Three-Phase Side
Main Grid Voltage [V] 380-480 @ 50/60 Hz

Rated Current [A] 32
Rated Power [kVA] 20
Control Mode DC Link Voltage Reference

Rated Efficiency [p.u.] 0.96

Table 4 Main characteristics and operative conditions of the AC/DC grid-tied converter.
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It is clear that, although the DC rated current of the grid tied converter is 32 A,
the DC bus is designed to support current values up to 200 A in order to enable the
energy sharing among existing and future storage/generation units on the DC bus.

The selected DC/DC bidirectional converter is devoted to the management of the
power fluxes related to the considered energy storage buffer. The electric scheme
of this converter is reported in Figure 40 [67].

DC-Link +
----------- A E L E I
Lu
e Y YT
L
ES _ X AR I
Buffer f . I Voctine | == Cpe i
i PN
----- A
ES .
Buffer DC-Link -
Vicsink ——] % PWM signals %
fos——» Embedded Control Board

Figure 40 Electric scheme of the bidirectional DC/DC converter.

In particular the topology of this converter is based on interleaved full-bridge
architecture. In this case the converter legs are electrically connected in parallel
trough three identical 2 mH/30 A inductances. The considered interleaved
architecture for this power converter presents different advantages in terms of
reduction of current ripple in comparison with single-phase topologies of the same
rated power [83]. The 20 kHz pulse-width modulation (PWM) control of this
converter is devoted to perform energy storage current reference and DC-Link
voltage reference control modes trough the proper switching sequences of the six
IGBTs. In addition also the current balancing among the three legs of this
interleaved power converter is performed trough the PWM control. The embedded
control board allows user to set the energy storage current and the DC-Link voltage
reference by means of analogue voltage signals. In the first case the direction of
power flux can be control trough a specific digital input signal. In this way the
converter can be controlled both as a current source converter, using the energy
storage charging/discharging current, I*ES, as reference, and as a voltage source
converter, using the DC-Link Voltage, V*DC-Linka as reference. Table 5 summarizes
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the main characteristics and operative conditions of the bidirectional DC/DC

converter.
Model MSC 60DCDC750DE
Power Fluxes Bidirectional
DC Link Side
Voltage range [V] 100 - 800, DC
Rated Current [A] 20
ES Side
Voltage [V] 100-750, DC
Rated Current [A] 20
Control Mode - ES Current Reference

- DC-Link Voltage Reference

Rated Efficiency [p.u.] | 0.96

Input Signals Digital Signal: Charge/Discharge, Control mode
selector (V/I)

Analog Signals: I 5,5 = Current Reference on the
ES side (0-10 V = 0-20 A); V' pc.rim = DC-Link
Voltage Reference (0-10 V=0-710 V)

Output Signals Analog Signals: I5,;= Energy Storage Current
and/or Vpc.rix = DC-Link Voltage (0-10 V)

Table 5 Main characteristics and operative conditions of the bidirectional DC/DC power converter.

Differently from the above case, the topology of the DC/DC converter related to
the vehicle battery pack is based on a simple unidirectional buck architecture
driven by 11 kHz PWM technique. This choice is justified by the main function of
this converter, which is limited to the charging operations of the two-wheelers
battery packs. These battery packs are generally characterized by low performance
in terms of rated capacity and voltage, since they are not required to support heavy
vehicles for long travel distances. For this reason the possibility of realizing V2G
operations, with the 790 V DC-Link supplied by the vehicle battery pack, is not
considered a requirement for this converter. The main operative parameters of the
DC/DC unidirectional power converter are similar to those of bidirectional
converter, with the only difference that in this case the DC link voltage reference
control mode is missing.

A Picture of the power converters integrated in the demonstrator and the
complete laboratory setup are reported in Figure 41.
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B— DC/DC Bidirectional Converter
C — DC/DC Unidirectional Converter

D — DC/DC Bidirectional Converter for
future RESs/ESs Integration

E — DC-Link

F — PEV Battery Pack On Charge
G — Monitoring PC

H — Additional Space for Future
Extension

Figure 41 Picture of the charging station demonstrator.

The 790 V DC-Link is realized by means of the copper bars (E), which are
visible in the middle of this picture. Other components are also included in the rack
order to support the measurement/control system and to guarantee the electric
safety. An additional converter (D) is included in order to perform future
integration of renewable energy sources.

The experimental tests on the prototype, reported in the following Chapter, are
carried out using two different battery packs, characterized by different chemical
composition and rated voltage. The main characteristics and operative working
conditions for these battery packs are reported in Table 6.

Lead acid |LiFePO,
Nominal Battery Pack Voltage [V] 288 51.2
Nominal Cell Voltage [V] 2.0 3.2
Number of Cells 6x24 4x4
Nominal Capacity Cy, [Ah] 40 40
Nominal Energy [kWh] 11.5 2.0
Specific Energy [Wh/kg] 25 80
Energy Density [Wh/I] 67 142
Maximum Ch. Voltage [V] 334 64
Minimum Disch. Voltage [V] 230 41.6
Maximum Ch. Current [A] 8(0.20C) 1203 O)
Maximum Disch.Current [A] 2005 OC) 1203 ©)
Max Peak Disch. Current [A] 800 (20 C) 400 (10 C)

Table 6 Main characteristics of the Lead acid and LiFePO, battery pack used for the laboratory
tests with the prototype.
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In particular, for the above tests, the 51 V — 40 Ah LiFePO4 battery pack,
provided by Winston Battery is considered as representative of the vehicle on
charge, whereas a lead acid 288 V — 40 Ah battery pack, provided by Exide
Technologies, is considered as representative of the ES buffer.

4.3 Main Power fluxes of the proposed architecture

The demonstrator of charging station is designed to perform different operations,
by means of the proper management of the power fluxes exchanged among the
power converters and between the demonstrator and the main grid. A block scheme
of the main power fluxes allowed with the realized architecture is reported in
Figure 42 [38] [82] [67].

Three-Phase

AC Network
AC
DC
//
/7
(62 (62 (¢)
DC DC
DC
PEV Energy Storage Buffer

Figure 42 Main power fluxes of the laboratory prototype.

As reported in the above figure, the AC/DC grid tied converter, by means of the
power fluxes @1 and ®2, can perform the low power charging operations both for
the energy storage buffer and for PEV connected on charge, drawing energy from
the main grid. In addition, thanks to its bidirectional topology, the grid-tied
converter also allows V2G operations, taking advantage of the power flux ®3.

66



On the DC side of the realized architecture the bidirectional DC/DC power
converter can be properly controlled, in order to perform the following operations
[67]1[7]:

- low power charging operations of the ES buffer, using the energy coming
from the main grid, through the grid-tied converter, taking advantage of the power
flux®1;

- PEV charging operations in islanding configuration. In this case PEV
battery pack can be charged by means of the power flux ®4, without any power
contribution from the main grid. In these operations no AC/DC conversion stage is
performed;

- PEV charging operations supported by the power coming from both ES
buffer and grid. In this case the PEV battery pack can be charged trough flux ®3
and @4, with a strong reduction of the electric power requirement from the main
grid;

- V2G operations supported by the power flux ®3. These operative
conditions are related to the connection of the bidirectional DC/DC converter with
a four wheeled vehicle battery pack. The management of V2G operations involve
the simultaneous control of both the AC/DC and DC/DC bidirectional converter.

Finally the charging operations of the considered PEV are managed through the
proper control of the unidirectional DC/DC converter taking advantage of the
power fluxes @2 and/or ®4.

As described above, the proposed DC architecture is particularly suitable for the
integration of RESs. In fact, the electric energy coming from DC voltage RESs,
such as solar panels, can be directly supplied to the DC bus through high efficiency
DC/DC converters. As shown in Figure 43, the energy coming from the renewable
energy sources, through DC/DC power converters could flow towards the DC bus
by means of the power flux ®@5. Then the same power flux can follow one or more
power fluxes of Figure 42.
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Figure 43 Main power fluxes for the proposed architecture with RESs.

4.4 Control strategies of the prototype for fast charging and vehicle to grid
operations

Specific control strategies are implemented on the laboratory demonstrator in
order to manage the power fluxes described in the above paragraph in different
operative conditions. These control strategies can take advantage of the acquisition
and control system whose main scheme is reported in Figure 44 [67].
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Figure 44 Block scheme of the laboratory acquisition and control system.

In particular, the above scheme shows the measurement of the main electric
parameters, which have been obtained through voltage and current sensors
dislocated in different points of interest. The DC electric parameters are acquired
through a National I/O Compact DAQ device, communicating with the supervising
computer trough Ethernet protocol. The AC parameters are acquired by means of a
Diris A40 digital grid analyzer, whose acquisition data can be read by the
supervising computer trough ModBus RS485 communication protocol. The
acquisition, filtering, monitoring and control of all electric parameters are realized
by using a specific software interface realized in LabVIEW environment.

The control strategies of the power fluxes are implemented trough the
simultaneous operations of both the on board embedded control of the power
converters and external PI controllers, which are realized through the LabView
interface on the supervising computer. In particular, in all the charging operations
of PEV or buffer battery packs, involving the electric energy coming from the main
grid, and in the V2G operations, the AC/DC bidirectional converter is controlled as
a voltage source converter. In this case the control strategy can be performed by
means of the embedded controller of the grid-tied converter, whose main operative
scheme is reported in Figure 45 [67].
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Figure 45 Control scheme of the bidirectional AC/DC power converter.

As reported in the above scheme, the embedded controller, on the base of the
error, ¢,, between the DC-Link voltage reference, V*DC-Link, and its measured value,
Vbc.Links generates a proper switching sequence, S*c, for the on board power
devices, trough the PWM technique on the base of the evaluated modulation signal,
p.

The control strategy realized for the unidirectional power converter, during the
charging operations of PEVs is related to the management of the power fluxes ®2
and @4 reported in Figure 42. The main control scheme of this converter is

reported in Figure 46 [82] [67].
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DC/DC Unidirectional Converter

Plpgy
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Veer — + o~ EPEV Ipgy '~ onBoard | P Vﬁ/ Se
_ “| Controller M

IPEV

VPE v

Current and
Voltage Sensors

Figure 46 Control scheme of the unidirectional DC/DC power converter.

In this case the vehicle charging current is controlled trough the embedded on
board current controller, whereas its battery voltage is controlled trough an external
control loop. In particular the external controller, Plpgy, evaluates the error, epgy,
between the reference vehicle charging voltage, V*pEV, and its actual value, Vpgy,
obtained through the voltage sensor on the vehicle side of the converter. On the
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base of this comparison, the external controller evaluates the required PEV
charging current, I*PE\/, which is then limited trough a saturation block on the base
of the maximum charging current desired. This current value is then used as
reference value by the on board embedded controller of the unidirectional DC/DC
power converter. Finally the embedded current controller evaluates the proper
switching sequences for the on board power devices in order to track the reference
current value I pgy,

As already mentioned in this Chapter, the DC/DC bidirectional converter can be
controlled both in DC-Link voltage reference and Energy Storage current reference
mode. The first mode, which presents a control scheme similar to the case of the
AC/DC converter described in Figure 45, is used to perform the islanding operative
conditions. In this case the DC-Link is supplied by the only energy coming from
the energy storage and its voltage reference value is set at 710 V. The energy
storage current reference control mode is used in order to perform both vehicle to
grid operative conditions and to support the main grid during the PEV fast charging
operations which can be respectively controlled trough the power fluxes ®3 and
@4 reported in Figure 42. The main scheme of the control related to this last

operative condition is reported in Figure 47 [67].
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PI Buffer
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VPE 4 [Buffer

Current
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Figure 47 Control scheme of the bidirectional DC/DC converter during PEV fast charging
operations.

Also in this case the external control loop is based on the evaluation of the error,
eppv, between the reference vehicle charging voltage, V' pey, and its actual value,
Vpev. On the other hand the parameter of the controller, Plg,q.r, are tuned in order
to obtain, as output, the reference discharging current of the energy storage buffer,
I*Buﬂer. This reference value is then limited trough a saturation block, which takes
into account the maximum discharging current allowed for the energy storage
buffer. It is important to observe that, this reference value can be properly used for
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the regulation of the electric power coming from the main grid during the vehicle
charging operations. This is justified by the fact that the proposed grid-tied
converter is controlled as a voltage source converter. Finally the embedded
controller is devoted to the evaluation of the proper switching sequences of the on
board power devices in order to track the current reference value / *Buﬁ‘gr_ In this way
the evaluation of the energy storage buffer discharging current takes into account
the electric power required both for the fast charging of the vehicle and for the
reduction of the impact of this kind of operations on the main grid.

Conclusions

In this Chapter the design criteria and the realization of a laboratory prototype of
fast DC charging architecture for PEVs have been analyzed. In particular, the main
characteristics and topologies of DC/DC and AC/DC power converters have been
identified, starting from preliminary evaluations based on a simplified Matlab-
Simulink model. The description of the proposed architecture has shown the
possibility of realizing different power fluxes mainly related to PEV fast charging,
supported by stationary energy storage buffer, islanding and V2G operations.
Finally the main control schemes of the power converters, supporting the above
operative conditions, are reported with a detailed description of on board and
external controllers.
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Chapter 5. Results and Discussion

Introduction

This chapter is devoted to the discussion of the main results obtained during the
research activities reported in this manuscript. In particular the first part is related
to the characterization of different battery technologies, by means of the life cycle
tester described in the Chapter 3. The discussion is focused in this case on the
analysis of the main performance of the above battery modules during their
discharging operations, for different constant current values. In addition
experimental tests are carried out with the aim of evaluating the charging
efficiency of each battery module for different charging rates. The second part of
this chapter is aimed to analyse the performance figures of the realized prototype of
DC fast charging station. In this case the experimental results are related to the
main operative conditions obtained by means of the proper control of each
converter, through the energy management strategies reported in Chapter 4.
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5.1 Experimental Results on the performance of lithium batteries for PEVs

The experimental results reported in this paragraph are related to the laboratory
characterization of energy storage modules, obtained through the life cycle tester,
described at the end of Chapter 3. In particular different charging and discharging
tests have been performed on the LiFePO, and Li[NiCoMn]O, modules, whose
main characteristics are reported in Table 3, in order to evaluate their main
performance figures in comparison with a 12 V-40 Ah lead acid battery used as
reference. The lead acid and the two lithium batteries, used to perform the tests
described in this paragraph, have been preliminarily cycled up to a number of
cycles corresponding at the 50% of their rated durability. The tests of this
paragraph aim to analyze the behavior of the considered storage modules in terms
of voltage drop, actual capacity, temperature and charging/discharging efficiency.

For the first set of tests each one of the three battery modules is separately
charged with a constant current/constant voltage profile, setting a value of 4 A as
current limit, which corresponds to a charging rate of 0.1 C. These charging
procedures are repeated before each test and are stopped when the charging current
is around zero for more than two hours. Starting from these preliminary conditions,
after a resting period of about one hour, each battery module is completely
discharged, with a constant current procedure, until it reaches the minimum
discharging voltage suggested by the manufacturer. These discharging tests are
performed at a constant current of 20 A, 40 A, and 60 A, following the same
procedure. The results of these tests are respectively shown in Figure 48, Figure 49
and Figure 50 [57]. In these cases the battery voltage in V (Figures A) and the
discharged capacity (Figures B), are evaluated as a ratio of their rated values
reported in Table 3.
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Figure 48 Discharging tests on LifNiCoMn]O,, LiFePO, and Pb batteries @ constant discharging

current of 20 A.
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Figure 49 Discharging tests on LifNiCoMn]O,, LiFePO, and Pb batteries @ constant discharging

current of 40 A.
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Figure 50 Discharging tests on LifNiCoMn]O,, LiFePO, and Pb batteries @ constant discharging
current of 60 A.

During these tests the voltage trends (Figures A) of the three modules analyzed
present different behaviors. In particular LiFePO, chemistry shows an almost flat
discharging voltage curve versus time, due to the cathodic process reversibility,
associated with the similar structure of the two phases involved in Li
insertion/extraction, i.e. LiFePO4 and FePO, [66]. The reported behaviors of actual
battery capacity (Figures B) are strongly affected by the discharging current values.
In particular the highest reduction of actual capacity is evaluated for the lead acid
batteries, especially at high discharging currents. In fact, the Pb storage module, in
the discharging test @ 60 A reported in Figure 50, reduces the evaluated actual
capacity up to 50% of its rated value. The same high discharging current test is less
effective on both the lithium technologies, which present at the end of the test an
actual capacity value quite similar to their rated capacity. In fact from Figure 50, it
can be observed that an actual capacity value of about 75% for Li[NiCoMn]O, and
around 100% for LiFePQOy, is reached. During the tests, the battery temperature is
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measured on the external box of each battery module. The temperature increase
observed during the discharge phase can be correlated to resistive dissipation of the
conductive materials inside the storage modules, and to the exothermic nature of
the discharge processes. The experimental results (Figures C) evidence that for the
three types of batteries the temperature rising is in an acceptable range for the
safety values suggested by the manufacturer [57].

Another set of tests is performed with the aim of evaluating the performance of
the analyzed battery modules during the charging phases. For these tests the
charging efficiency is evaluated, for different charging rates, as the actual value of
the electric energy that is possible to obtain from each battery, during its
discharging phase at a fixed current, with respect to the electric energy supplied
during battery charging phase. These tests are carried out with charging rates
ranging, from 0.05 C to 2 C, for the lithium batteries and from 0.05 C to 0.2 C,
which corresponds to the maximum charging rate, for the lead acid battery. After
each recharge the battery modules are discharged at a constant discharging rate of
0.2 C, in order to evaluate the charging efficiency, until the minimum discharging
voltage is reached.

The results related to the above described tests are reported in Figure 51 A for
the lithium batteries and in Figure 51 B for the lead acid battery. The reported
results show the better performance of lithium technologies in terms of efficiency
with respect to traditional Pb Technology. In particular, it can be observed that the
efficiency values measured for the lithium batteries, at high charging rates, are
quite similar to those evaluated for lead batteries at low charging rates [57].
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Figure 51 Charging efficiency of LifNiCoMn]O, LiFePO,, and Pb batteries versus charging rate.
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The results reported above evidence that Li[NiCoMn]O, storage modules are
characterized by the highest charging efficiency in comparison with the other
technologies analyzed in this manuscript. In fact they are characterized by
efficiency values from 0.98, for low charging rates, to about 0.90, for higher
charging rates. On the other the LiFePO, battery present charging efficiency values
from 0.98 to 0.78 at the higher charging rate. This behaviour is clearly justified by
the battery internal resistance, which is rather high for this kind of lithium module
[68] [84]. However, in the real use of the LiFePOy batteries the strong degradation
of performance, in terms of durability, for high values of charging rates, needs to
be considered, as described in [26].

From the experimental results of the tests reported in this paragraph it follows
that PEVs can take advantage of the behaviour of lithium compounds, in terms of
high discharging and charging efficiency, in order to improve their travel range and
charging times. For this reason experimental tests, on the same battery packs
supplying electric power trains on standard driving cycle, have also been carried
out. A description of these tests with the related results is reported in [S7].

5.2 Experimental results on the laboratory prototype of DC fast charging
architecture

The experimental tests reported in this paragraph aim to characterize the
laboratory prototype of DC fast charging architcture in its different operative
conditions, taking advantage of the control schemes and energy management
strategies described in the Chapter 4. All the tests reported in this paragraph are
referred to the LiFePO4 and Lead acid battery packs, whose main characteristics
are reported in Table 6. In particular, before the beginning of each test, the
LiFePO, battery pack, representing the vehicle on charge, has been preliminary
discharged at a low constant current value of 4 A. On the other hand, the lead acid
battery pack, representing the energy storage buffer, has been preliminarily
charged with a 8 A /330 V constant current/constant voltage charging procedure.
The discharging procedure for the LiFePO. battery pack is stopped when the
minimum voltage value is reached, whereas the lead acid battery pack is
considered fully charged when the charging current value is lower than 1 A for
more than one hour. The tests start after a resting period of about one hour for both
the above battery packs. In addition, in order to avoid over-voltage conditions for
the cells of the LiFePOy battery pack, its charging operations are stopped when the
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SoC reaches the value of 95%[85]. The main results of the following tests have
been reported also in [67].

The first test on the laboratory prototype is related to the charging operations of
the LiFePO, battery pack using the electric power coming from the main grid. The
charging test is performed, trough the flux @2 of Figure 42, by means of the proper
control of AC/DC and unidirectional DC/DC converters, with a maximum current
of 60 A corresponding to a charging rate of 1.5 C. The main results of this test are
reported in Figure 52, which shows the typical CC/CV charging procedure
obtained with the control scheme of Figure 46. In this case the maximum charging
voltage of 61 V is reached at the end of the 60 A constant current phase (A). The
active power supplied by the main grid during the charging procedure reaches the
maximum value of 4.5 kW, corresponding to a vehicle charging power of 3.4 kW
(B). In this case, the average conversion efficiency, #,,, of the whole system can
be evaluated as the ratio between electric energy supplied by the main grid and
energy measured at the battery terminals. For this test a value of #,,, = 0.76 and an
average power factor of 0.94 have been evaluated [67].
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Figure 52 Voltage, Current and Power versus Time for the charging operation of 40 Ah LiFePO,
battery pack at 60 A from the main grid.

From the test reported above it can be deduced that the DC charging station
prototype is able to perform fast charging times, reaching the value of SoC of about
80 % in about 35 mins. On the other hand the power requirements from the main
grid needs to be properly taken into account for this charging operations. In fact
typical commercial chargers for two-wheelers are characterized by a rated charging
power of about 500 W [67], whereas in the above test the power supplied by the
main grid is of about 4.5 kW (almost ten times higher). This aspect is particularly
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relevant when vehicle of different sizes are simultaneously connected on charge.
For the above reason a new set of tests, reported in the following, is performed
with the aim to characterize the laboratory prototype in the charging operations
supported by the electric power coming either from ES buffer, when the
demonstrator works in islanding operative condition, or from ES buffer plus main
grid.

The first test is related to the charging operations at 60 A of the LiFePO, battery
pack with prototype working in islanding operative conditions. These operative
conditions are performed, trough the power flux ®4 of Figure 42 reported in
Chapter 4, by means of the proper control of the two DC/DC converters. For this
test the DC-Link is supplied by the electric power coming from the energy storage
buffer. As a consequence the DC/DC bidirectional converter is controlled using the
DC-Link voltage reference mode, with V*DC-Link set at 710 V. On the other hand the
DC/DC unidirectional converter is controlled as in the previous test, whereas the
AC/DC grid tied converter is disabled. The main results of this test are reported in

Figure 53.
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Figure 53 Voltage, Current and Power versus Time for the charging operation of 40 Ah LiFePO,
battery pack at 60 A in islanding operative conditions.

As shown by the reported results, after the first seconds of test, the buffer battery
pack voltage drops down (A). This behaviour is justified by the sudden step of
PEV battery pack current reference, I*PE\/, imposed by the controller, Plpgy, of the
unidirectional DC/DC converter to start the vehicle charging operations. Then the
voltage of the energy storage buffer decrease with a lower gradient until it reaches
the value of 261 V, corresponding at the maximum discharging current of 14.7 A, at
the end of the constant current charging phase of the vehicle battery pack. From a
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comparison between the electric power coming from the energy storage buffer and
the power incoming in the vehicle battery pack (B) it results that the same charging
operation of the previous test is performed with a maximum power requirement
from the energy storage buffer of about 3.85 kW. In this case an average
conversion efficiency, 74, = 0.86, is evaluated as the ratio between the energy
supplied to the EV battery pack and the energy coming from the storage buffer,
both of them evaluated at the respective terminals [67].

The second experimental test of this set is related to the charging operation at 60
A of the LiFePO, battery pack, with the contribution of the main grid supported by
the electric power coming from the energy storage buffer. This operative condition
is performed taking advantage of the power fluxes @2 and ®4 reported in Figure
42 of Chapter 4. The power withdrawn from the main grid can be limited trough
the proper regulation of the ES buffer current reference, since the grid tied
converter can be controlled only in voltage reference mode, following the scheme
of Figure 45 with V pcLine set in this case at 790 V. The ES buffer current is
controlled by means of the DC/DC bidirectional converter, through its discharging
current reference mode, with I*Buﬁce, set at a maximum value of 4 A. The main
results of this test are reported in Figure 54 [67].
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Figure 54 Voltage, Current and Power versus Time for the charging operation ?f 40 Ah LiFePO,

battery pack at 60A supplied by main grid + energy storage buffer with I ., = 4A.

In this test the buffer battery pack is discharged, during the first phase, at the
maximum current value allowed of 4 A, reaching the minimum voltage value of
283 V (A) at the end of the constant current phase of the vehicle charging
operation. The electric power coming from the main grid is limited, to the
maximum value of 3.4 kW, by the electric power of 1 kW discharged by the ES
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buffer (B). As a consequence the main grid active power is reduced of about 25%
with respect to the test of Figure 52, where the vehicle is charged with the only
energy coming from the main grid. The second part of the test is clearly related to
the constant voltage phase, where the current values involved in the charging
operations of the LiFePOy battery pack are limited by the reduced reference values
imposed by the control system. For the main part of this test the grid tied converter
works with a power factor of 0.9, whereas the whole system average conversion
efficiency is 74, = 0.74, evaluated as the ratio between the energy supplied to the
LiFePO, battery pack and the energy coming from the main grid plus storage
buffer [67].

The third test of this set is performed under the same operative conditions of the
previous one but in this case a maximum discharging current reference of 12 A is
set for the DC/DC bidirectional converter. The main results are reported in Figure
55.
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Figure 55 Voltage, Current and Power versus Time for the charging operation *of 40 Ah LiFePO,

battery pack at 60A supplied by main grid + energy storage buffer with I p,g,, = 12A.

In this case the power requirement from the main grid are reduced up to 75%
with respect to the case of Figure 52 thanks to the electric power supplied by the
ES buffer, which reaches a maximum value of about 3 kW during the constant
current phase of the LiFePO, charging operation (B). For this test, the grid-tied
converter works at a power factor of about 0.58 and the whole system average
efficiency, evaluated as the above test, iS Nayg = 0.82.

A similar test has also been carried out in operative conditions, which are
identical two the previous two tests, but with an ES buffer current reference value,
I*Buﬁce,, set at 8 A. The behaviour of electrical parameters is not reported in this
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manuscript since it is quite similar to the previous two tests. In this case, the power
factor for the grid tied converter is of about 0.8 and the average whole system
conversion efficiency is Naye = 0.77.

In order to summarize the tests reported in this paragraph on the laboratory
prototype the main operative conditions and electrical parameters of each charging
test are reported in Table 7.

Chareine Operation Main ES Buffer ES Buffer ES Buffer Islanding
ging tp Grid | +Main Grid | +Main Grid | +Main Grid |  Mode
Vehicle Max.
Charging Current [A] 60 60 60 60 60
Buffer Max.
Discharging Current [A] \ 4 8 12 14
Vehicle (Buffer)
Battery Max Power [kW] 3.4 (0) 3.4 (1,14) 3,4(2,22) 3.4 (3,08) 3.4 (3,85)
DC Bus Voltage [V] 784 781 783 784 712
DC Bus Max Power [kW] | 4 47 4,19 4,06 3,41 3,56
Main Grid Max Active
Power [kW] 4,5 34 2,22 1,35 \
Avg Power Factor 0,94 0,90 0,80 0,58 \
Avg Unidirectional
DC/DC Efficiency [p.ic] 0.77 0.83 0,90 0,92 0.94
Avg Bidirectional
DC/DC Efficiency [pw] | 061 0-79 0-85 0.92
Avg Bidirectional
AC/DC Efficiency [p.u.] 0,99 0.98 0.91 0.70 \
Whol tem A
[107C SYSTEI AVE 0.76 0.74 0.77 0.82 0.86
Efficiency Navg [p-u.]

Table 7 Main operative conditions and electrical parameters of the tests performed on the
laboratory prototype.

From the above table it is clear that, in the performed operative conditions, the
laboratory prototype works with efficiency values, nae, which are always higher
than 70 %. In particular, the highest values of efficiency are evaluated, for both the
DC/DC unidirectional and bidirectional converters, in islanding operative
conditions, when the charging operations are supported by the only electric power
coming from the ES buffer and the DC-Link voltage reference, V*DC-Link, 18 set at
710 V. The slight decrease of efficiency related to the other operative conditions is
justified by the fact that, when charging operations involve the main grid, the DC-
Link voltage reference is set at 790 V by the control system of the grid-tied
converter, increasing in this way the voltage conversion ratio between the DC-Link
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and battery packs connected to the DC/DC converters. In addition, for these last
operations, high current ripples, introduced by the grid-tied converter, can be
considered cause of conduction losses (i.e., rms losses) [86][87]. For the same
reasons the conversion efficiency of the two DC/DC converters decreases for
higher electric power contributions from the main grid. As a consequence the
highest value of 1, for the tests with ES buffer+main grid, is evaluated for the
buffer discharging current of 12 A. Finally, the highest value of the power factor is
measured when the vehicle charging operations are supplied only by the main grid,
since the grid-tied converter works in this case closer to its rated operative
conditions.

Conclusions

The results reported in this chapter are related to the experimental analysis of
different battery modules during their charging/discharging operations and to the
performance evaluation of the DC charging station laboratory prototype in its main
operative conditions.

The experimental analysis of Li[NiCoMn]O, and LiFePO, battery modules have
been carried out through the laboratory life cycle tester. In particular, the actual
capacity for both the two lithium technologies have been evaluated as very close to
their rated capacity also for high values of discharging current. On the other hand
charging efficiency tests have shown better performance of Li[NiCoMn]O,, in
particular at high charging rate, with positive consequences on both regenerative
breaking and fast charging operations.

From the experimental evaluations carried out on the laboratory prototype it
follows that the use of stationary energy storage systems can perform a strong
reduction of the impact of fast charging operations on the main grid. In addition, in
all the operative conditions, an overall system efficiency higher than 70% has been
evaluated, showing the real advantages of using DC architecture with only one
AC/DC conversion stage. Finally experimental tests have shown that the higher is
the contribution of the energy storage buffer the higher is the whole system
efficiency.

84



Conclusions and future work

In this manuscript reports the main design criteria, control strategies and
experimental tests of DC fast charging architecture for full electric and plug-in
hybrid vehicles are reported. The realized prototype presents different advantages,
which are mainly related to the possibility of using high efficiency DC/DC power
converters for an intelligent integration of PEVs, stationary energy storage buffer
and renewable energy sources in a DC micro-grid configuration. With this kind of
architecture the stationary energy storage buffers play an important role in
supporting the main grid during PEV fast charging operations. Moreover V2G
operations can be properly managed thanks to the bidirectional power fluxes of the
considered power converters. Particular attention is also devoted to the description
of the most recent energy storage technologies, such as battery and capacitors,
which are considered particularly suitable to supply electric traction vehicles with
good performance in terms of acceleration and autonomy. In this regard a
laboratory test bench for experimental characterization of storage modules is
introduced and described in order to analyze the behavior of the different storage
units during fast charging and discharging operations.

Experimental results on the behaviour of the battery modules under test have
shown the good performance of lithium technologies in terms of sicharging and
charging efficiency. In fact the actual capacity for both the two lithium
technologies have been evaluated as very close to their rated capacity also for high
values of discharging current. On the other hand, both lithium technologies have
shown a charging efficiency higher than 75% with charging rates up to 2 C.

In addition the different control strategies have been evaluated and tested on the
laboratory prototype of DC charging architecture showing their effectiveness in the
organization and management of the main power fluxes. The experimental results
have evidenced in this case the advantages of using fast charging architecture
based on DC bus with energy storage buffers. These advantages are mainly
evidenced in terms of overall system efficiency and impact on the main grid, in the
different operative conditions of the demonstrator. The convenience of using this
kind of architecture become more relevant especially in case of simultaneous
charging operations of a various number of vehicles of different size, which may
not be supported by the main grid in its existing configurations.
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Future activities are expected to be carried out both on the characterization of
battery modules and on the experimental analysis of DC fast charging architecture.
In particular the laboratory analysis of high energy density storage systems
working in hybrid configuration with high power density devices, such as super-
capacitors or LiC, is considered an attractive research activity since hybrid storage
systems are expected to strongly improve the actual performance of PEVs. In
addition future experimental activities on charging architecture based on the use of
modular converters, integrated with single storage units, could further reduce the
impact of fast charging operations on the main grid, in terms of power quality, and
compensate the lack of experimental knowledge on the control of such complex
distributed architecture.
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