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Preface

The dissertation is based on the research work done at the Department of Engi-
neering Sciences, Faculty of Engineering and Science, University of Agder (UiA),
in Grimstad, Norway from December 2018 to August 2022. Professor Mohan Lal
Kolhe has been the principle supervisor and Associate Professor Nils Ulltveit-Moe
has been the co-supervisor of this Ph.D work. This Ph.D. research work intends to
develop, analyze and evaluate the performance of charging resource allocation and
coordination strategies for an electric vehicle (EV) fast charging station (FCS). The
uniqueness of this research work is that it enhances the utilization of limited charging
resources at FCS with heterogeneous EV users while assuring a high-quality service
to EV users. FCS allows opportunistic EV users to dynamically exploit unused
limited charging resources at the FCS with proposed innovative charging resource
allocation, admission control and charging coordination strategies. The research
work presented in this dissertation has been funded by UiA.
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Abstrakt

Elektrisk transport får stadig mer oppmerksomhet fra alle interessenter innen trans-
portsektoren på grunn av de mange miljø- og helsemessige fordelene ved e-mobilitet.
Spredningen av elektriske kjøretøy (EV-er) utgjør derimot en enorm utfordring på
grunn av problemer knyttet til lange ladetider, rekkeviddeangst og ladeautonomi.
Den raske utplasseringen av hurtigladestasjoner(FCS-er) for elektriske kjøretøy (EV)
kan lindre disse utfordringene. For å begrense belastningen på strømnettet må
FCS-er for øyeblikket bygges som mikronett eller aktive generatorer (AG-er), noe
som gir en mulighet til å introdusere flere fornybare energikilder (RE) i de dis-
tribuerte nettverkene. Kapasiteten til FCS-en og antallet ladere for EV-er/utstyr
for EV-strømtilførsel (EVSE) kan betraktes som den begrensende ladingsressursen
for FCS-en. FCS-en står overfor drifts- og tekniske utfordringer for å imøtekomme
etterspørselen fra heterogene EV-brukere.

Denne avhandlingen presenterer innovative strategier for tildeling og koordiner-
ing av ladingsressurser som maksimerer de begrensede ladingsressursene ved FCS-en
med heterogene EV-brukere. Det tillater at opportunistiske EV-brukere (OEV-er)
utnytter tilgjengelige ladingsressurser med dynamiske hendelsesstyrte strategier for
tildeling og koordinering av ladingsressurser, i tillegg til primære EV-brukere (PEV-
er) (registrerte eller planlagte EV-brukere). Videre fokuserer utviklede strategier
på de begrensede ladingsressursene som er tildelt primære/registrerte EV-brukere
(PEV-er) ved FCS-en, som får tilgang til FCS-en med spesifikke privilegier i henhold
til tidligere avtaler. Men tilgjengelige ressurser blir ikke optimalt utnyttet på grunn
av ulike usikkerheter knyttet til EV-ladingsprosessen, som EV-mobilitetsrelaterte
usikkerheter, feil på EVSE, usikkerhet i energipriser osv. Utviklede strategier tar
hensyn til at ubrukte ladere og ledig plass for EV-er ved FCS-en er en mulighet for
ytterligere utnyttelse med OEV-er ved hjelp av innovative strategier for koordiner-
ing av ladingsressurser. Denne avhandlingen utvikler et FCS-sentrert rammeverk for
vurdering av ytelse som evaluerer ytelsen til utviklede strategier med hensyn til ut-
nyttelse av ladingsressurser, fullføring av lading og kvalitetsaspekter ved tjenesten
(QoS) for EV-brukere. For å evaluere QoS for EV-ladingsprosessen, blir forskjel-
lige parametere som EV-blokking, forhåndsavbrudd i ladeprosessen, gjennomsnittlig
ventetid, gjennomsnittlig ladetid, tilgjengelighet av FCS, lade pålitelighet osv. ut-
ledet og analysert. I tillegg forbedrer de utviklede innovative strategiene for tildeling
og koordinering av ladingsressurser med ressursaggregering og etterspørselselastisitet
utnyttelsen av ladingsressurser samtidig som de gir høy QoS for lading av EVs.
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For de vurderte tilfellene har vi observert at selv om mer enn 80% av ressursut-
nyttelsen ikke kan oppnås bare med PEV-er, oppnår FCS-en nesten 100% ressursut-
nyttelse med ladningsressursaggregering og etterspørselselastisitet med heterogene
EV-brukere. Ressursutnyttelsen er alltid over 50% uavhengig av ankomsttakten
for PEV-er. Ladepåliteligheten til FCS-en forbedres med utviklede strategier for
tildeling og koordinering av ladingsressurser sammen med en rekke mobile eksterne
ladere (MOBCs). Analysen viser at økt antall ankomster av PEV-er og feil på
EVSE-er påvirker ladepåliteligheten til OEV-er i stor grad. Imidlertid kan reserver-
ing av MOBC-en ved FCS-en betydelig forbedre ladepåliteligheten til OEV-er. De
utviklede strategiene for koordinering av ladingsressurser har forbedret ladepålite-
ligheten til OEV-er med 56% og PEVer med 91% i scenariet der den betraktede
ankomsttakten for PEV-er er maksimal, sammenlignet med FCS uten MOBC-er.
For å skalere opp kapasiteten til FCS-en, er en fotovoltaisk (PV) basert aktiv gen-
erator (AG) integrert ved hjelp av en utviklet AC-koblet mikronettarkitektur. PV-
AG-en bruker en innovativ kontrollmetode basert på en endelig tilstandsmaskin med
tilstandsstrømkontroll og droop-karakteristikker for å håndtere den dynamiske kraft-
flyten innen FCS-en. Den sikrer frekvensstabiliteten påvirket av de raske endringene
i kraftintensiv EV-etterspørsel ved FCS-en.

Det utviklede FCS-sentrerte rammeverket for vurdering av ytelse, sammen med
strategier for tildeling og koordinering av ladingsressurser, er nyttige for å optimalt
utnytte de begrensede ladingsressursene samtidig som en høy QoS opprettholdes for
heterogene EV-brukere. I tillegg er dette arbeidet nyttig for å få en kvantitativ
oversikt over hele ladeprosessen ved FCS-en.



Abstract

Electric transportation is gaining the increasing attention of all the stakeholders
of the transportation sector due to the many environmental and health merits of
e-mobility. However, the proliferation of electric vehicles (EVs) is an enormous chal-
lenge due to some issues related to long charging times, range anxiety and charging
autonomy. The rapid deployment of electric vehicle (EV) fast charging stations
(FCSs) can alleviate these challenges. To mitigate the impact on the power grid,
currently, FCSs must be built as micro-grids or active generators (AGs) which pro-
vides an opportunity to penetrate more renewable energy (RE) sources within the
distributed networks. The capacity of FCS and the number of EV chargers/ EV
supply equipment (EVSE) can be considered as the limiting charging resource of
the FCS. The FCS faces operational and technical challenges to fulfill the demand
of heterogeneous EV users.

This thesis presents innovative charging resource allocation and coordination
strategies that maximize the limited charging resources at FCS with heterogeneous
EV users. It allows opportunistic EV users (OEVs) to exploit available charging
resources with dynamic event-driven charging resource allocation and coordination
strategies apart from primary EV users (PEVs) (registered or scheduled EV users).
Moreover, developed strategies focus on the limited charging resources that are allo-
cated for primary/ registered EV users (PEVs) of the FCS who access the FCS with
specific privileges according to prior agreements. But the available resources are
not optimally utilized due to various uncertainties associated with the EV charging
process such as EV mobility-related uncertainties, EVSE failures, energy price un-
certainties, etc. Developed strategies consider that idle chargers and vacant space
for EVs at the FCS is an opportunity for further utilizing them with OEVs us-
ing innovative charging resource coordination strategies. This thesis develops an
FCS-centric performance assessment framework that evaluates the performance of
developed strategies in terms of charging resource utilization, charging completion
and the quality of service (QoS) aspects of EV users. To evaluate QoS of EV charg-
ing process, various parameters such as EV blockage, charging process preemptage,
mean waiting time, mean charging time, availability of FCS, charging reliability, etc
are derived and analyzed. In addition, the developed innovative charging resource
allocation and coordination strategies with resource aggregation and demand elas-
ticity further enhance the charging resource utilization while providing a high QoS
in EV charging for both PEVs and OEVs.
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For the considered cases, we have observed that even though more than 80%
of resource utilization can not be achieved only with PEVs, but FCS accomplishes
all most all 100% of resource utilization with charging resource aggregation and
demand elasticity with heterogeneous EV users. The resource utilization is always
higher than 50% irrespective of the arrival rate of PEVs. The charging reliability
of FCS is enhanced with developed charging resource allocation and coordination
strategies along with a set of mobile off-board chargers (MOBCs). The analysis
shows that increasing more arrivals of PEVs and EVSE failures severely affect the
charging reliability of OEVs. However, reserving MOBCs at FCS can enhance the
charging reliability of OEVs significantly. The developed charging resource coordina-
tion strategies have improved the charging reliability of OEVs by 56% and PEVs by
91% in the scenario where the considered PEV arrival rate is maximum, compared to
that of FCS without MOBCs. To scale up the capacity of FCS, a photovoltaic (PV)
based active generator(AG) is integrated using developed AC-coupled micro-grid
architecture. The PV-AG uses an innovative finite state machine-based hierarchical
control approach with state-flow control and droop characteristics to manage the
dynamic power flow within FCS. It assures the frequency stability affected by the
rapid changes in power-intensive EV demand of FCS.

The developed FCS-centric performance assessment framework along with charg-
ing resource allocation and coordination strategies are useful for optimally utilizing
the limited charging resources while assuring a high QoS for heterogeneous EV users.
In addition, this work is useful to get a quantitative overview of the whole charging
process at FCS.
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Chapter 1

Introduction

This chapter presents the background information related to electric vehicle (EV)
charging emphasizing the grid impact associated with EV charging. The state-of-art
literature review is presented in this chapter to formulate the research goal along
with research objectives. Finally, the outline of the report presenting the structure
of the available chapters is given.

1.1 Background and Motivation

Growing concerns about climate change, global warming, and the rapid depletion
of fossil fuels have boosted the attention of all the stakeholders of the transporta-
tion sector towards electric transportation in place of fossil-fueled transportation.
Globally, reducing the contaminants in emissions according to yearly based targets
has become a mandatory requirement to be achieved [1]. The proliferation of elec-
tric vehicles (EVs) contributes to the United Nations’ sustainable development goals
(SDGs) in terms of mobility to achieve an affordable, reliable, and sustainable mode
of transportation [2]. The evaluation of the global EV stock by transport mode from
2010 to 2020 is illustrated in Figure 1.1.
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Figure 1.1: Global EV stock by transport mode in 2010-2020 [4]

Moreover, due to the scarcity of fossil fuels and the volatility of their prices, EVs
are getting growing in popularity with the advancement of energy storage technolo-
gies. In this context, EVs create a more clean, sustainable and decarbonized future
[1, 3].
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Over the last decade, a variety of governmental policies for EVs have been insti-
tuted that support mass adoption of EVs. But still, the challenge in terms of required
EVs on the world’s roads remains enormous to make progress toward climate goals
[4]. Due to perceptible advancements of EV battery, energy conversion and electric
propulsion technologies over the last couple of years, the proliferation of EVs has
become a cost efficient substitute in transportation sector as compared to escalating
fuel prices [4–6]. The weighted average cost of EV batteries has been declined 13%
in 2020 with respect to 2019, reaching USD 137/kWh at a pack level that attributes
to the rapid adoption of EVs [4]. Despite the declining cost and performance ad-
vancement of EV batteries, battery degradation, charging constraints,thermal char-
acteristics, limited energy densities still pose major challenges in terms of the long
charging time and range anxiety of one charge to promote EVs [7, 8].

Apart from limitations associated with EV batteries, lack of quick and seam-
less charging facilities to extend the cruise range of an EV, just like in fuel-based
counterparts poses another key challenge to proliferation of EVs. Currently, charg-
ing of EVs is done mostly with private chargers at residential places and parking
lots. Residential charging is possible at detached houses only. Consequently, the
charging autonomy affects the achievement of goals for rapid EV deployment [4].
Currently, high capacity EVs are used to increase the driving range with one charge
but it increases the weight and cost of vehicle enormously. As overall, despite socio-
economic, health and environmental merits associated with EVs, issues related with
high vehicle cost, long charging time, range anxiety and charging autonomy pose
key challenges to promote EVs [9, 10].

The battery charging modes can be basically classified as slow charging and fast
charging based on the charging power level. The international standards for these
different modes of EV charging from a power source are defined in IEC 61851-1:2017
[11]. The EV suply equipment (EVSE) that can provide these different charging
modes are practically built with different protocols and couplers. The slow charg-
ing mode employs the AC power, where as the fast charging mode uses the DC
power. Usually, the slow charging mode is built with AC Level 1 and AC Level 2
on board chargers that use 120 V and 240 V AC input, respectively[12]. The So-
ciety of Automotive Engineers (SAE) has defined a North American standard SAE
J1772 (IEC 62196 Type 1) for EV conductive charge coupler that perform Level
1 or Level 2 charging [13]. This is the general industry standard for Level 1 and
Level 2 slow charging that supports charging rates from 1.44 kW up to 19.2 kW [14].
This slow charging mode is widely employed in overnight charging at homes and
parking lots where long charging time is acceptable. Consequently, due to limited
power ratings of on board chargers, quick and seamless refueling process of EVs
can not be achieved with slow charging mode. In the recent market, we can see
different EVSE producers manufacture DC fast conductive chargers rated at 50 kW
to 400 kW. And further efforts are on developing mega-chargers rated at 900 kW [15].
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Table 1.1: Different Industrial Standards for DC Fast Charging Systems [17]

Industry International Maximum Output Parameters
Standard Standard Voltage Current Power

CHAdeMo IEC 62196-3 1000 V 400 A 400 kW
(Configuration AA)
IEEE 2030.1.1

GB/T IEC 62196-3 1000V 250 A 120 kW
(Configuration BB)
GB/T 2034.3

CCS Type1 SAE J1772 600 V 200 A 150 kW
IEC 62196-3
(Configuration EE)

CCS Type 2 IEC 62196-3 1000V 200 A 175 kW
(Configuration FF)
SAE J1772

Tesla - 410 V 330 A 135 kW

The ICE62196-3 [16] standard has been formulated especially for DC fast charg-
ing (Level 3) and it defines four different vehicle coupler configurations for DC fast
EVSE. These four configurations are built with four different industry standards
with corresponding voltage, current and power ratings to assure compatibility. Tesla
has their own DC fast EVSE with a own coupler inlet explicitly for Tesla vehicles.
These five industry standard systems for DC fast charging are tabulated in Table
1.1 [17]. Configuration AA defined in the ICE62196-3 standard is proposed and
built by CHAdeMO association. Correspondingly, configuration BB (GB/T) is only
available in China. Combined charging system (CCS) type 1 is an extended version
of the SAE J1772 standard and used in North America. CCS Type 2 is adopted in
Europe and Australia. In EVSE, the cable size increases with the maximum power
delivery [17].
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Figure 1.2: Building block of a typical DC fast EVSE energy conversion system [17]
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The state-of-the-art of recently manufactured DC fast EVSE converts AC energy
into DC through two energy conversion stages as illustrated in Figure 1.2. There-
fore, it should be noted that a DC fast charger itself is a power electronic system.
The three-phase AC input with a voltage up to 480 V is converted into DC with
desired output voltage based on the employed standard [17]. In the EVSE, the grid
facing-stage is an AC-DC rectifier with a power factor correction circuit that con-
verts AC voltage into intermediate DC voltage. This intermediate DC voltage is
again converted into regulated DC voltage that charges the EV.

As illustrated in Figure 1.2, the electrical isolation between power grid and EV
can be accomplished by one of the following two means. Figure 1.2 (a) shows the
first method in which a line frequency (LF) transformer is placed in between the
grid and the AC-DC stage and in the other method, an isolated DC-DC converter
can be used at the battery interfacing stage as depicted in Figure 1.2 (b). When
the output power of the EVSE increases, a single module violates its ratings, hence,
multiple identical Stage 1 and Stage 2 must be connected in parallel to meet high
power requirements [17]. Therefore, the evolution of DC fast charging can be con-
sidered as a paradigm shift in EVs as it provides sort of similar refueling experience
like gasoline counterparts.

Currently EVSE manufacturers produce modern EV chargers capable of variable
rate charging (VRC) and constant rate charging (CRC) as illustrated in Figure 1.3.
The charging power can be varied between specified limits continuously (Figure
1.3 (a)) or discretely (Figure 1.3 (b)) with VRC. CRCs come with simple on-off
controllers to modulate the power [18].
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Figure 1.3: Variable rate and Discrete rate charging [18]

For continuous VRC, a sophisticated actuator is needed to moderate power with
an infinite number of values between specific limits. By contrast, the charging power
can be easily moderated with discrete VRC as it deals with only a finite number
of levels within a specific limit. A CRC supplies constant power to EV depend-
ing on the respective EV battery constraints. If CRC is employed in a charging
management scheme, a simple on-off controller can be used to modulate the power.
Nevertheless, recharging time with a commonly available 50 kW fast charger is ap-
proximately three to six times longer than that of gasoline refueling. Charging time
can be further reduced by a factor of two to four with higher charging rates [5].
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Moreover, advancements in lithium-ion battery technology over the last decade
leads to manufacturing EV batteries with high energy and power densities in addi-
tion to long-life time. Therefore, high energy and power-dense batteries and modern
energy conversion technologies enable EV manufacturers to produce EVs with fast
charging capabilities [19–21].

In this context, to cope with the challenges associated with the rapid adoption of
EVs in place of gasoline counterparts, charging infrastructures that facilitate a simi-
lar refueling experience like fossil-fueled vehicles is essential. Consequently, publicly
accessible fast charging stations (FCSs) must be deployed in a widespread manner,
especially in urban areas where EV population is high and long driving trips are com-
mon. Therefore, as a promising approach to promote EVs, FCSs can be deployed
with innovative operation management mechanisms in all major cities. Publicly ac-
cessible FCSs facilitate occasions where quick charging is inevitable. Consequently,
rapid deployment of FCSs encourages long-trip drivers and those late adopters who
do not have access to private charging to purchase an EV.

Although the sparse deployment of FCSs would alleviate charging time, range
and autonomy concerns of EVs without requiring costly high-capacity EVs, high
penetration of FCSs poses substantial impacts on the power grid in terms of network
capacity, power system stability, and power quality [23, 24]. When FCS demand
grows, rapid voltage changes and voltage flicker take place at the distribution grid.
Due to rapid changes of charging demand frequency fluctuations within and outside
the FCS can be taken place. An FCS is a significant harmonic emission source to
the grid that results in both voltage and current harmonic distortion. As EVSE
are power electronic-based systems, an FCS causes super harmonic distortion in
the power grid [22]. Therefore, increasing penetration of FCSs into the distribution
grid requires costly grid reinforcements or reconstructions to avoid issues related to
power quality, network capacity, and energy market operation [25–28].
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Figure 1.4: RE based EV FCS
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However, these costly grid reinforcements and reconstructions can be mitigated
by embedding a renewable energy system (RES) or energy storage (ES) into the FCS
while employing a coordinated charging scheme [29–31]. RE based FCS is illustrated
in Figure 1.4. Therefore, the contract demand, RES, or ES can be considered as the
energy supply of the FCS that should ensure uninterruptible supply. These energy
components must be techno-economically sized so that the FCS capacity is adequate
to supply the EVSE available at FCS. Consequently, the total capacity of FCS is
based on the capacity of RES or ES and the contract demand of the utility. To avoid
grid stresses, the power supply of the FCS should strictly adhere to grid constraints
while maximally utilizing the local energy supply. Therefore, energy resources and
chargers/EVSE at FCS can be considered as the limited charging resources of FCS.

As far as commercially available EV models are concerned, most of them are
equipped with battery packs with a size ranging from 10 kWh to 100 kWh, along
with specific charging constraints. Consequently, the charging time of different EVs
is also ranging from several minutes to a few hours. When we consider the basic
EV user behavior, there is one category of EV users (eg. daytime workers) who
plug-in their EVs overnight preferably after arriving home from work and plug-out
when departing for work. Some people might charge their EVs at the curbside or
in a parking lot more especially during the day time. As they plugged their EVs
for plenty of time they can charge with slow charging. EVs can also be charged in
EV charging stations (CSs) at occasions where quick charging becomes inevitable
[18]. With the increasing population, in near future, a detached house for everyone
or securing a charging point (CP) in a parking lot would not be possible at every
time. Therefore, with the rapid adoption of EVs, charging autonomy would be a
significant matter in EV charging. EV users may charge their EVs at lower prices
at CSs as CS owners may purchase bulk energy from the energy market and the
competition among CSs. Therefore, this wide range of charging demand has to be
taken into consideration when developing FCSs and charging coordination schemes.
Moreover, it should be clearly understood that an FCS is a power-intensive load to
the power grid that should be properly designed, constructed and managed from
the deployment stage. Limited charging resources must be optimally utilized to
maximize the profit without exerting adverse impact to the power grid while assuring
a high-quality service to its customers (EV users).

1.2 State-of-the-Art Literature Review

Comprehensive analysis is needed to design and operate an FCS sustainably. Au-
thors have focused three major concerns on the design and operation of an FCS :
(1) maximizing the revenue of FCS (2) Minimizing the impact of FCS to the power
grid (3) Enhancing user satisfaction. An FCS can not be built by considering only
land availability in an urban area.
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FCS deployment analysis in the literature is a very important class of work re-
lated to DC fast charging. In FCS deployment problems, generally, authors put
efforts to find the optimum location of the FCS in a particular area or region with
an optimum number of charging piles. Deployment of an FCS is quite different
compared to that of a gasoline station due to several aspects. Sparsely distributed
FCSs help EV users to alleviate range anxiety [32]. EV user satisfaction in terms of
waiting time and blockage significantly affects the sustainable operation of an FCS
and therefore, congested FCSs are not often chosen by EV users [33, 34]. Driving
distance to find a FCS is also a major factor in attracting customers to the FCS
[35]. Innovative pricing schemes along with charging management strategies can
maximize the profit of an FCS, but to counterbalance the EV user satisfaction and
sustainable operation of the FCS while earning a good profit, it is very important
to consider the optimal siting of the FCS with optimal units of EVSE.

Consequently, relevant spatiotemporal analysis is essential before deploying an
FCS if one wants to earn maximized profit while providing a quality service to cus-
tomers. FCS deployment problems are mainly based on FCS operator perspectives,
EV user perspectives and grid operator perspectives. Moreover, in the literature re-
lated to the deployment of FCSs, we can observe that authors have mainly taken the
following aspects into account to form the FCS deployment problems; (1) Deploy-
ment or construction cost (2) Charging profit (3) Service quality (4) Grid impact.
In the EV paradigm, all the time we should strictly note that the charging time
is significant in contrast to the gasoline counterparts although we have employed
high-power DC fast charging. To avoid unnecessary blockages, an adequate num-
ber of charging piles must be built in the FCS to facilitate several parallel charging
processes. Therefore, the upfront investment to build several units of EVSE in line
with the standards discussed in Section 1.1 is significant [36]. Nevertheless, FCS is a
significantly large and rapidly varying load to the distributed grid. Therefore, FCS
is not recommended to be deployed in a location where the power grid is weak.

Enormous research efforts are made in the literature that intend to find the
optimal location of FCS by considering EV traffics. Moreover, in the literature
related to the deployment of FCSs, we can observe that authors have mainly taken
construction cost aspects and service quality to formulate the problem. As for cost
aspects, various types of costs are considered including grid stability and service
quality violation penalties, etc. Authors in [37, 38] have presented a placement and
sizing work related to a DC fast charging network that minimizes the deployment
cost while ensuring acceptable waiting time, shorter travel distance to charge, etc.
In their study, they have further analyzed the voltage stability by adding a minimum
number of voltage stabilizers. Shukla et al. [39] have proposed a technique to find
the optimal location and size of FCS by capturing maximal EV flow so that it
reduces investment cost by minimizing the number of charging facilities required in
the FCS. They have in-cooperated queuing analysis based on waiting time constrain
in their model to find the optimal siting and sizing of the FCS.
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Authors in [40] have proposed strategies to find a minimum number of FCSs in
a particular area so that at least one FCS covers any route of the road network to
minimize the construction cost of the FCS. Iqbal et al. has done a comprehensive
review in [41] on the optimal placement of vehicle charging stations in an area and
its impact on the grid.

In the literature related to FCS deployment problems, there is another category
where the main objective function is defined considering the service quality aspects.
At the same time, we have observed that some authors have taken cost aspects
and/or grid impact aspects into consideration as constraints. Shukla et al. in [42],
has formulated the optimization problem to minimize social cost by minimizing driv-
ing distance for charging EVs. They have used K-mean and fuzzy C-means clustering
techniques to find the location of FCS. Ref.[43] has used a novel graph-automorphic
approach to place and size FCSs by limiting vehicle waiting times at all stations
below a desired threshold level. Moreover,in this study, the authors have presented
strategies to the deployment of portable charging stations (PCSs) in selected areas
to further reduce the overshooting of waiting times during peak traffic hours. Xiong
et al. [44] have employed a game theory-based bi-level optimization model to mini-
mize the traveling distance and waiting time of EV users with competitive charging
behaviors. Monte Carlo analysis is used in [45] for three types of areas (urban, sub-
urban, and rural) to quantify the effect of uncertain parameters on FCS loading and
service quality and the placement strategy has been optimized to minimize charging
duration and waiting time in the queue. Gan et al. have formulated a Genetic
algorithm-based FCS deployment problem as a nonlinear integer problem to seek
the optimal locations to build the FCS with the corresponding optimal number of
charging piles so that it maximizes the FCS profit while minimizing driving distance
and waiting time. We can observe that due to the limitations associated with queue-
based models, authors have focused mainly on driving distance and waiting time as
the quality of service (QoS) parameters. But EV blockage, charging preempting,
mean charging time, mean charging completion would be more impacting QoS pa-
rameters regards to EV charging in a CS for which adequate research attention has
not been given.

Once the best location and the optimum number of charging points are deter-
mined to build an FCS, then it is required to techno-economically size the different
energy supply units of FCS including the RES and/or ES as elaborated in Section
1.1. Li et al. [47] have investigated the techno-economic feasibility of hybrid renew-
able energy (solar photovoltaic (PV) and wind turbine (WT) based environment-
friendly CSs at five different locations in China. Moreover, the authors in [47] have
shown through sensitivity analysis that the greater the load or number of EVs, lower
the reliability of CS. Authors in [48] have investigated on determining the optimal
size of the ES embedded with FCS such that the station energy cost and the storage
cost are minimized. Ref. [48] has considered that the ES is a way to reduce the
operational costs of the station.
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As far as an already deployed FCS is concerned, the limited number of charg-
ers, grid supply (with contract demand) and RES and/or ESS can be considered
as limited charging resources at an FCS. The optimal utilization of these limited
charging resources is dispensable to maximize the profit earned by the FCS. EVSE
capable of variable rate charging can be employed to facilitate a wide range of EVs
at the FCS [18]. Uncoordinated charging regimes may lead to underutilization of
limited resources and EV user dissatisfaction. Therefore, the charging process at
an FCS must be a coordinated process that encounters different parameters from
all the stakeholders of the FCS such as EV users, aggregators, utility, power grid,
energy market, etc.
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End EV User
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Aggregator
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Aggregator
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End EV User

Figure 1.5: Hierachical approach of EV charging coordination .

In this context, attention must be given to distinct charging demands where
charging time is varying from a few minutes to a few hours to propose charging man-
agement systems for FCSs. Then we can expand the scope of services given by an
FCS so that the high throughput of potential customers/ EV users can be achieved
while guaranteeing a high-quality service to EV users. Therefore, the limited charg-
ing resources available at FCS can be maximally utilized if time-consuming charging
processes can be optimally scheduled in advance. We can see that significant research
efforts have been devoted to the charging coordination and optimal scheduling of
EVs at CSs in the literature. These review articles [18,49–51] very clearly elaborate
on the state-of-art EV charging scheduling and coordinating strategies proposed in
the literature. We can see, most of the available charging coordination algorithms
are developed in a hierarchical approach as depicted in Figure 1.5. It can be seen
that different objectives such as economic aspects, operational aspects, service qual-
ity aspects, etc. are considered to formulate EV charging coordination schemes.

Overall, we can see some EV charging management schemes are proposed as
time-advanced deterministic problems while others are real-time models. Although
EV charging management systems developed as deterministic problems obtain the
optimum charging schedule, they are not very feasible as they assume that the
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required information for computations is well-known prior to the actual execution
of the charging schedule. We should clearly understand that EV charging process at
an FCS is a stochastic process. It is affected by various uncertain aspects illustrated
in Figure 6.1 [18].
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Figure 1.6: Uncertain aspects for EV charging process [18].

Even though an offline strategy obtains the optimum charging schedule, due to
various uncertainties associated with EV charging illustrated in Figure.6.1, the ex-
pected revenue might not be accomplished in real-time operation and the obtained
solution would not be a feasible or practical one. In order to cope with these uncer-
tainties, authors have in-cooperated several techniques to optimally schedule EVs
at the CS with this hierarchical approach. In some cases [52, 53], intermediate or
upper layers schedule charging processes with a static approach as an offline sched-
ule and the CS executes this schedule in real-time using a straight-forward heuristic
algorithm with less computational overhead to cope with the dynamic environment.
Xu et al. in [52] have presented a hierarchical coordinated charging scheme to op-
timize system load profile and charging costs while satisfying customer charging
requirements with necessary interactions between different levels. Authors in [52]
have considered three levels (e.g., provincial level, municipal level, and CS level) at
multiple timescales (i.e., day-ahead and real-time) in their proposed strategies to
jointly optimize system load profile and charging costs while adhering distinct EV
user requirements. At the CS layer, they have in-cooperated a heuristic algorithm
to distribute the allocated power among connected EVs to achieve high charging
completeness at departure.

In [53], a hierarchical charging coordination framework is presented to maximize
the profit of the central aggregator by minimizing the energy purchase cost under
the time-of-use tariff system. In the proposed system, the central aggregator is in-
formed by the sub-aggregators with expected aggregated EV demand to calculate
the optimum power share of each sub-aggregator. Zhao et al. in [54] have modeled
the operation of FCS as a leader–followers game where FCS operator acts as the
leader while EVs are considered as the followers to manages local sources and sets
energy prices for EVs to increase its revenue. EVs participate in the game to obtain a
tradeoff between the benefits from energy consumption and reserves provision. Usu-
ally, CS aggregator purchases energy at wholesale price from the day-ahead market
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based on the forecasted aggregate EV demand and sells to individual EV users at
retail price seeking a profit. Consequently, authors of [55,56] have formulated their
charging coordination strategies through the aforementioned optimum energy trade.
Authors of [57] have formulated their charging coordination strategies as a bi-level
programming model. Yao et al. [58] have presented a real-time single-stage charging
coordination scheme formulated as a binary optimization problem to maximize the
revenue of CS. Authors in [58] have employed convex relaxation in the proposed
strategies to avoid computational complexity and dimensionality in real-time oper-
ation. However, with limited charging resources, FCS with the described strategies
may lose potential customers due to unadmitted overlapping demand as it is not
very flexible to shift demand requests in real-time without putting a queue.

In some other set of works presented in [59–61], the proposed static algorithm
is executed iteratively to deal with the stochastic nature of EV charging process.
Vandael et al. have proposed their demand management strategies in three steps :
(1)aggregation, (2)optimization, and (3) control and executed iteratively to obtain
optimal, centrally computed charging plans, while significantly improving scalability.
In Ref. [60], an iterative, agent-based control concept is presented in a hierarchical
structure. Because of this iterative nature at each time slot computational complex-
ity is high and hence, it poses some challenges in real-time operation. To minimize
the revenue loss due to cancellations of scheduled charging and unexpected depar-
tures, authors have proposed multi-aggregator collaborative scheduling. As the EV
demand can be shared among multiple aggregators in these strategies, the peak load
caused by the high penetration of EVs can be smoothened at the power grid level.

Mukherjee and Gupta present in [62] multi-aggregator collaborative scheduling
that intends to maximize the aggregator profits and charged vehicle throughput
in both offline and online. However, authors have found that, even though a larger
number of EVs were scheduled, a significant difference in the profit was not observed
through multi-aggregator collaboration when compared with the noncollaborative
scenario. Rahbari et al. [63] have proposed a global optimal power allocation un-
der all local and global constraints through peer-to-peer coordination of charging
stations. A multi-aggregator collaboration-based coordinated charging scheme is
proposed in a [64, 65] that optimizes the benefits of all the stakeholders (EV users
and aggregators). In Ref. [65] , we study the problem of scheduling EV charging
with ES from an electricity market perspective with joint consideration for the ag-
gregator energy trading in the day-ahead and real-time markets.

However, the computational overhead associated with this approach is signifi-
cantly high due to its iterative nature. Apart from mentioned directions, the au-
thors have paid attention towards stochastic programming in formulating charging
scheduling problems to address the inherent volatility and uncertainty of the EV
charging process. In ref. [66–69], authors have given the focus on stochastic pa-
rameters such as arrival time, departure time, waiting time, charging time, demand
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uncertainty, renewable energy supply uncertainty etc. to enhance the feasibility of
proposed strategies in the execution phase. Chung et al [66] have proposed charging
coordination as a stochastic game in which they have given focused attention on
modeling EV user behaviors. Authors of [66] have considered the quality of service
aspects of EV users.

As the overall operation of an FCS, there are EV traffic inflows into the station
and outflows from the station after service completion or interruption. Depending on
the availability of charging resources, the only portion of arrived EVs at the FCS are
admitted for charging and the rest has to wait in a queue or be blocked. Admitted
EVs are served with EVSE at the FCS. In some of the reported works related to the
charging coordination of EVs at CSs, authors have employed queue-based models.
The premise of these queue-based studies focuses not only on the plugged-in EVs
but also on uncertainties associated with EV mobility to the FCS. Operation of the
FCS is modeled as a multi-server queue system with Poisson arrival and exponential
charging time distribution [10]. As an example, the authors in [71] have proposed
an admission control strategy with different tandem queuing disciplines to maximize
the profit of the FCS while minimizing the waiting time and the blockage of EVs.
Moghaddam et al. [72] has proposed a smart charging strategy to find a FCS that
ensures minimum charging time, travel time and charging cost. They have modeled
the CS operation as an M/M/s/C queue and incorporated ant colony optimization
in their analysis.

Furthermore, to cope with the dynamics and uncertainty associated with EV
charging process, recently, significant research efforts have been devoted to rein-
forcement learning based approaches. Authors in [73–76] have proposed their EV
charging coordination schemes with model-free data-driven approaches using rein-
forcement learning. Recently we can see that there has been increasing attention
to data-driven approaches in EV charging coordination to avoid the high computa-
tional overhead associated with model-based approaches. Ref.[73] provides a com-
prehensive review of proposed charging coordination systems based on reinforcement
learning.

Regardless of offline or online charging coordination strategies, the most of re-
ported EV charging coordination schemes have considered scheduling EV charging
processes or adjusting the charge rate to achieve required objectives while adhering
to necessary constraints. Usually, we tend to schedule an EV charging process if
it takes significant time only. Just like gasoline counterparts, scheduling ultra-fast
charging processes is not very practical as it takes only a few minutes. Most of the
RE-based FCSs are AC or DC microgrids where load demand should be properly
managed in line with the intermittent renewable energy generation. Therefore, en-
ergy resources at such an FCS can be optimally utilized if we can allow ultra-fast
charging users as opportunistic secondary users (OEVs) to get their EVs charged at
lower prices with defined liabilities.
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1.3 Research Goal

The capacity of FCS and the number of EV chargers/ EVSE can be considered as
the limiting charging resource of the FCS. The primary/ registered EV users (PEVs)
of the FCS access the FCS with specific privileges according to prior agreements.
However, these limited charging resources would not be fully utilized due to uncer-
tainties associated with the EV charging process. The capacity of the FCS including
the generated energy from FCS integrated distributed sources is wasted if the FCS
does not optimally utilize it. Moreover, due to the charging schedules and uncertain-
ties associated with the EV charging process, there can be idle chargers and vacant
spaces for EVs at the FCS even for short durations. However, such idle chargers
and vacant space for EVs at the FCS is an opportunity for further enhancing the
charging resource utilization while assuring high QoS for EV users. Therefore, how
to exploit such unused limited charging resources with secondary opportunistic EV
users (OEVs) with defined liabilities to enhance the charging resource utilization
assuring high QoS to heterogeneous EV users is analyzed in this thesis. As there
are basic two types of user categories, we evaluate the QoS of both EV user types.
Therefore, we develop, analyze and assess the performance of dynamic charging
resource allocation and coordination strategies that allow OEVs to exploit unused
limited charging resources of an FCS. And also we develop and analyze innovative
architecture and dynamic control strategies for the FCS integrated PV based ac-
tive generator that can effectively manage the power flow while maintaining the
frequency stability within FCS.

1.4 Research Objectives

The research goal is formulated based on the identified research gaps through the
state-of-art literature review. In line with the reaerch goal defined in Section 1.3,
the followings are the key objectives of the thesis.

1. To develop strategies for dynamic charging resource allocation and coordi-
nation for EV users to enhance the charging resource utilization considering
available resources at FCS. To analyze how opportunistic secondary users can
exploit unused limited charging resources allocated for prioritized EV users.
And to evaluate the performance of developed strategies in terms of charging
resource utilization, charging completion, and quality of service aspects.

2. To research the effectiveness of aggregating available charging resources at the
FCS to dynamically adjust the charging rate of opportunistic users to get their
EVs charged at higher charging rate. And to evaluate how dynamic charging
resource aggregation and demand elasticity help to enhance the utilization of
limited charging resources while providing quality service to heterogeneous EV
users.
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3. To evaluate the reliability of FCS under EVSE failures and repairs and to
develop dynamic charging resource allocation and coordination strategies for
heterogeneous EV users to enhance the reliability of FCS.

4. To develop hierarchical control strategies for grid connected EV FCS inte-
grated with PV-based active generator and operating as an AC micro-grid for
maintaining frequency stability.

1.5 Thesis Organization

Chapter 1 gives the overall introduction to the whole work elaborating on the back-
ground and motivation of this research topic. The state-of-art literature review is
carried out to formulate the research goal along with research objectives. The sub-
sequent seven chapters of this thesis elaborate the achievement of research objectives.

Chapter 2 : This chapter presents proposed dynamic charging resource allo-
cation and coordination strategies modeled as event-driven Monte-Carlo simulation
that allows OEVs to exploit unused limited charging resources. And also this chapter
presents a performance assessment framework to evaluate charging resource utiliza-
tion, charging completion, and the QoS of EV users.

Chapter 3 : In this chapter, a continuous time Markov chain (CTMC)-based
analytical model is developed in generic nature to investigate, how effectively dy-
namic charging resource aggregation can be employed to enhance the utilization of
limited charging resources while providing quality service to both types of EV users.
Moreover, this chapter describes FCS centric performance assessment framework for
QoS aspects of EV users.

Chapter 4 : This chapter describes developed charging resource allocation and
coordination strategies that allow dynamic charging resource aggregation and de-
mand elasticity to enhance the utilization of limited charging resources while pro-
viding high QoS to both types of EV users. The presented case study is validated
with the Monte-Carlo simulation-based model.

Chapter 5 : This chapter elaborates on developed queue-based dynamic charg-
ing resource allocation and coordination strategies for both slow and fast-charging
EV users to enhance the charging resource utilization of FCS. The presented strate-
gies are analyzed with a case study modeled as a discrete simulation.

Chapter 6 : In this chapter, we have discussed the developed dynamic charging
resource allocation and coordination strategies employing MOBCs to enhance the
reliability of FCS under EVSE failures. An analytical model is presented with a
CTMC to analyze the performance of developed strategies.
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Chapter 7 : This chapter presents the details of the proposed photovoltaic-based
active generator architecture for the FCS as the embedded local energy source. This
chapter elaborates on the complete control architecture developed in a hierarchical
approach with a finite-state machine.

Chapter 8 concludes the completed work by providing contributions, key re-
search findings and future works.
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Chapter 2

Enhancement of Charging Resource
Utilization with Opportunistic
Electric Vehicle Users

2The rapid deployment of fast-charging stations provides a viable solution to the
high charging time, potential driving range anxiety and charging autonomy. FCS-
integrated renewable energy system avoids costly grid reinforcements due to extra
load caused by fast charging. The energy supply and fixed number of EV supply
equipment (EVSE) are considered as the limited charging resources of FCS. Amidst
various uncertainties associated with the EV charging process, how to optimally uti-
lize limited charging resources with opportunistic EV users (OEVs) is studied in this
chapter. This chapter proposes resource allocation and charging coordination strate-
gies that facilitate OEVs to dynamically exploit these limited charging resources with
defined liabilities when pre-scheduled users (PEVs) do not occupy them. Moreover,
the proposed dynamic charging coordination strategies are analyzed with a Monte
Carlo simulation (MCS). The presented numerical results reveal that the major
drawbacks of under-utilization of limited charging resources by PEVs can be sig-
nificantly improved through dynamic charging resource allocation and coordination
along with OEVs. With the proposed charging coordination strategies in this study,
the maximum charging resource utilization of considered FCS with 10 EVSE has
been improved to 90%, which bounds to 78% only with PEVs.

2.1 Introduction

Usually, we tend to schedule an EV charging process if it takes significant time only.
Just like gasoline counterparts, scheduling ultra-fast charging processes is not very
practical as it takes only a few minutes.

Most of the renewable energy (RE)-based fast charging stations (FCSs) are AC

2This chapter is based on the peer-reviewed journal paper, K. M. S. Y. Konara et. al “Optimal
Utilization of Charging Resources of Fast Charging Station with Opportunistic Electric Vehicle
Users,” Batteries (ISSN: 2313-0105), vol 9, 140, 2023. doi : 10.3390/batteries9020140
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or DC micro-grids where load demand should be properly managed in line with
the intermittent renewable energy generation. Therefore, energy resources at such
an FCS can be optimally utilized if we can allow ultra-fast charging users as op-
portunistic secondary users (OEVs) to get their EVs charged at lower prices with
defined liabilities when scheduled users (PEVs) do not utilize the charging resources.

In an FCS, the energy is wasted if the FCS does not fully utilize its capacity.
Moreover, due to the charging schedule as well as uncertainties associated with the
EV charging process discussed in Chapter 1, there can be idle chargers and vacant
spaces for EVs at the FCS even for short durations. However, these idle chargers
and vacant space for EVs at the FCS are also a waste. In this context, OEVs are
very indispensable as they can utilize a significant amount of electrical energy that
would otherwise be wasted if the charging resources are not fully utilized. If we can
employ OEVs as a flexible load, we can utilize more intermittent renewable energy
at an FCS as well.

In this Chapter, we consider a commercial FCS where the prime objective is to
schedule and execute EV charging. For the aforementioned FCS, we propose and
analyze charging coordination strategies for OEVs to exploit unused charging re-
sources to enhance the charging resource utilization at the FCS. By allowing OEVs
to the FCS, on the one hand, the charging process of PEVs might be affected and on
the other hand, there could be service dissatisfaction of OEVs. Therefore, as overall,
we propose event-based dynamic charging resource allocation and charging coordi-
nation strategies so that OEVs are allowed with different access privileges to exploit
unused limited charging resources when registered PEVs are not very active within
the FCS. In this research work, we employ the Monte Carlo simulation approach to
assess the performance of the FCS in terms of charging resource utilization, charging
completion, and quality of service (QoS) aspects.

The novel technical contributions from this work can be summarized as follows:

1. Dynamic charging resource coordination strategies are proposed so that OEVs
can exploit unused limited charging resources to enhance the charging resource
utilization at the FCS while assuring high-quality service for both types of
users.

2. Resource allocation and charging coordination is performed in a manner that
the system changes its state when an event occurs and it remains until the
next event occurs. This alleviates more practical issues of frequent on-off or
modulating charging coordination strategies.

3. Performance evaluation parameters are defined and analyzed in a generic na-
ture to evaluate the QoS of charging processes of PEVs and OEVs.
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2.2 Dynamic Charging Coordination Strategies

An FCS is built with a limited number of off-board chargers/EVSE and energy sup-
ply units with limited capacity. Therefore, a commercial FCS intends to maximize
the profit by scheduling EVs optimally with the effective use of available limited re-
sources. However, due to various uncertainties associated with the scheduled charg-
ing process, charging resources may not be optimally utilized even though the EV
schedule obtains the maximized profit with PEVs. In order to get the advantage of
very short charging time associated with ultra-fast charging technology, this work
intends to evaluate the overall performance of an FCS that serves both PEVs and
OEVs, as illustrated in Figure 2.1.
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Figure 2.1: Utilization of charging resources by OEVs.

When we consider the operation of FCS, there are basically two types of EV
users, as tabulated in Table 2.1: (1) PEVs and (2) OEVs with distinct privileges
and constraints in accessing the FCS.

Table 2.1: Access Privileges and Constraints of EV users

PEVs OEVs
• Access according to a prior agreement • Access opportunistically
• Charged at specified charge rate • Charged at specified higher charge rate
Pp; Pp ∈ [Pmin

p , Pmax
p ] Po = nPp; (n ∈ Z+) , Po ∈ [Pmin

o , Pmax
o ]

• Charger is guaranteed during • Charger is assigned if charging
scheduled time. resources are available only.

• Do not subject to blockages • Subject to blockages
• Charging process regularly finishes. • Charging process is liable to be

preempted before regularly finishes.
• Expect uninterruptible EV charging • Expect to charge as quickly as possible
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The prime objective of FCS is to provide uninterruptible EV charging to PEVs
who have prior agreements with the FCS. The operating model of the considered
FCS is illustrated in Figure 2.2.
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Figure 2.2: Proposed operation mechanism of the FCS

In this work, we have considered an already deployed FCS with M ; (M ∈ Z+)

number of off-board chargers (OBCs), and it is assumed that the charging power of
each charger can be adjustable. A queue space (Q) with q number of queue points
(QPs) is allocated so that newly arrived OEVs are queued if charging resources are
not available. In the meantime, FCS admits opportunistic OEVs to compensate
for under-utilization of limited charging resources. PEVs are charged at a specified
charge rate of Pp;Pp ∈ [Pmin

p , Pmax
p ]. Consequently, the capacity of FCS is limited to

MPmax
p throughout the operating horizon. Therefore, depending on the availability

of charging resources, OEVs can be charged at high charge rate. Based on the day-
to-day life activities of EV users and the charging constraints of EV batteries, some
EV users may need undisturbed and prioritized EV charging (i.e., PEVs). At the
same time, some other EV users just want to enhance their cruise range by refilling
their high-capacity EV batteries up to the maximum possible level quickly during
their journey. Consequently, they can be considered as OEVs. Therefore, FCSs
should have a charging pricing mechanism for PEVs and OEVs based on charging
priorities. Moreover, EVs capable of ultra-fast charging with high charging power
rates can request to be an OEV so that they can charge their EVs with an econom-
ical pricing scheme. In this work, we assume that the charging rate of OEVs is nPp

and the value n is selected such that nPp is less than the maximum capacity of an
OBC (Pmax

c ). Therefore, it is considered that Pmax
c = nPmax

p .

Although the OBC capacity is nPmax
p , we consider that the initial capacity of

the FCS is MPmax
p . In this work, we intend to analyze the possibility of enhancing

capacity utilization with the help of heterogeneous EV users. However, with regard
to M OBCs, the maximum capacity of FCS is nMPmax

p . Depending on the pro-
gressing charging demand, the capacity of the FCS can be scaled up to nMPmax

p

from MPmax
p .
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This work intends to develop a Monte Carlo simulation-based performance as-
sessment framework to analyze proposed charging resource coordination strategies.
When we consider the whole charging management at the FCS, there are two stages:
(1) scheduling PEVs in an optimal way to maximize the profit; (2) admitting OEVs
as secondary users to further enhance the utilization of limited charging resources.
In this work, we focus on the impact of opportunistic users over PEVs and them-
selves. Monte Carlo simulation is used to analyze system dynamics and uncertainties
associated with the EV charging process.

2.2.1 Stochastic EV Mobility Model

Monte Carlo simulation is developed to analyze proposed charging coordination
strategies. Therefore, the following assumptions are made to develop this MCS
model.

• The arrivals of PEVs and OEVs are Poisson processes with mean arrival rates
of λp and λo, respectively (λ denotes the average number of charging requests
made by the respective category of EVs per unit time).

• All OBCs are homogeneous and the charging time of an OBC is exponentially
distributed with the service rate of µc (µc rate denotes the average number of
charged EVs per OBC per unit time).

• Admission delays associated with EVs at the FCS are negligible as compared
to charging times.

The EV mobility model is developed as a continuous-time discrete-space stochas-
tic model. The arrival rate and service rate are considered as time-dependent
data to cater system dynamics. Let T be the planning horizon and thus, we con-
sider δt intervals over T . Consequently, the planning horizon can be denoted as
(0, δt, 2δt, . . . , t, t + δt, t + 2δt, . . . , T ). It is considered that the number of arrivals
within time interval t follows a Poisson distribution under the following conditions.
If the average arrival rate of EVs is λt (λt > 0) over the [t, t+ δt], the probability of
one arrival of EV during [t, t+ δt] is λtt+O(δt); O(δt): order of δt. The probability
of more than one arrival of EVs during [t, t+ δt] is O(δt). The occurrence of EV
arrivals in non-overlapping intervals are mutually independent. Then, the number of
EV arrivals (Nt, t ≥ 0) occurring during [t, δt] can be modeled as a Poisson process
with parameter λt as expressed in (2.1) [77–79].

P {Nt} =
exp(λt)(λt)

Nt

Nt!
(2.1)
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2.2.2 Dynamic Charging Coordination Model

To develop the MCS model with proposed event-based dynamic charging coordina-
tion strategies, the following events are considered: PEV or OEV arrivals at FCS
and PEV or OEV departures from FCS. Each plugged-in EV and each queued EV
are sequentially indexed and placed in dynamic arrays

(
Aev

jev(t)×l; jev(t) ≤ M
)

and(
Aq

jq(t)×l; jq(t) ≤ Q
)
, respectively, to analyze system dynamics. Let tak, t

p
k, t

c
k, trk,

αk, and βk be the arrival time, plugged-in time, required charging time, remaining
charging time, EV user type, and index of the kth (k ∈ Z+) plugged-in EV, an
element of Aev

jev(tk)
associated with the kth PEV or OEV arrival at time tk can be

expressed as (2.2). Similarly, an Aev
jev(τm) element is derived for an PEV or OEV

departure at time τm. If tc follows the exponential distribution, it is expressed in
(2.3).

Aev
jev(tk)

= {tak, t
p
k, t

c
k, t

r
k, αk, βk} (2.2)

P (tc, µc) =
1

µc

exp

(
−tc
µc

)
(2.3)

The MCS model keeps its current state in terms of allocated resources, the num-
ber of plugged-in EVs, and their charging power unchanged until the next event
occurs. Information pertaining to all possible events is kept in matrix Aev

M×l×T .
Therefore, Aev that accounts for all possible x events taken place at t1, t2, . . . ,tx
within 0 to T can be expressed as (2.4). Similarly, all the information of queued
EVs at each event is kept in Aq expressed in (2.5).

Aev =
[
Aev

jev(t1), A
ev
jev(t2), . . . ,A

ev
jev(tk)

, Aev
jev(tk+1)

, . . . ,Aev
jev(tx),

]
(2.4)

Aq =
[
Aq

jq(t1)
, Aq

jq(t2)
, . . . ,Aq

jq(tk)
, Aq

jq(tk+1)
, . . . ,Aq

jq(tx)
,
]

(2.5)

The FCS is obliged to admit PEVs if they arrive within the scheduled time pe-
riod. For charging resource allocation, M number of OBCs and a queue with Q

number of QPs (M,Q ∈ Z+) are considered. The queue is reserved only for OEVs
at the arrival if charging resources are not adequate to admit them. To update
system matrix Aev and Aq, the following events are considered.

Arrival of PEVs at FCS: Charging resource allocation for PEVs is illustrated
in Algorithm 2.1. When an PEV arrives at the FCS at time tk, if there is at least one
idle CP, it is plugged into the FCS without disturbing any ongoing OEV charging
process. Otherwise, one charging process of OEV has to be preempted to admit the
newly arrived PEV, as they are liable to do so.

Departure of PEVs from FCS: Algorithm 2.2 explains how charging resources
are coordinated upon a departure of PEV at time tk. Once an PEVs’ charging pro-
cess regularly finishes, it departs the FCS, resulting in an idle OBC. For this OBC,
the chance is given to queued OEVs if any. Otherwise, the OBC will be idle.
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Algorithm 2.1: Pseudo code (PC) for updating Aev
jev(tk)

at PEV arrivals.

Input : js(tk) : Number of plugged-in PEVs at time tk
Input : ju(tk) : Number of plugged-in OEVs at time tk
Input : jsa(tk) : Total number of arrived PEVs at time tk
Input : jev(tk) : Total number of plugged-in EVs by time tk
Output: Aev

jev(tk)
: Plugged-in EVs matrix at time tk

Output: Aq
jq(tk)

: Queued EVs matrix at time tk

1 if js(tk) + nju(tk) < M then
2 js(tk+1) = js(tk) + 1, ju(tk+1) = ju(tk)

3 jsa(tk+1) = jsa(tk) + 1, jev(tk+1) = jev(tk) + 1

4 PEV is plugged-into an idle OBC.
5 Aev

jev(tk+1)
(i;αk ∼ idle) =

{
tak+1, t

p
k+1, t

c
k+1, t

r
k+1, αk+1, βk+1

}
6 else if js(tk) + nju(tk) == M AND ju(t) > 0 then
7 js(tk+1) = js(tk) + 1, ju(tk+1) = ju(tk)− 1

8 jsa(tk+1) = jsa(tk) + 1, jev(tk+1) = jev(tk)

9 PEV is plugged-into the vacated OBC by OEV.
10 Aev

jev(tk+1)
(i;αk ∼ oev) =

{
tak+1, t

p
k+1, t

c
k+1, t

r
k+1, αk+1, βk+1

}
11 else
12 Block the PEV
13 end

Algorithm 2.2: PC for updating Aev
jev(tk)

and Aq
jq(tk)

at PEV departures.

Input : js(tk) : Number of plugged-in PEVs at time tk
Input : ju(tk) : Number of plugged-in OEVs at time tm
Input : jq(tk) : Total number of queued OEVs at time tk
Input : jev(tk) : Total number of plugged-in EVs at time tk
Input : Aq

jq(tk)
: Queued EVs matrix at time tk

Output: Aev
jev(tk)

: Plugged-in EVs matrix at time tk

1 js(tk+1) = js(tk)− 1

2 if (0 < jq(tk) ≤ Q) AND (M − (js(tk+1) + nju(tk)) ≥ n) then
3 ju(tk+1) = ju(tk) + 1

4 jq(tk+1) = jq(tk)− 1, jev(tk+1) = jev(tk)

5 Queued OEV is plugged-in.
6 Aev

jev(tk+1)
(i; trk == 0) = Aq

jq(tk)
(1)

7 else
8 js(tk+1) = js(tk)− 1, ju(tk+1) = ju(tk)

9 jq(tk+1) = jq(tk), jev(tk+1) = jev(tk)− 1

10 OBC is idle.
11 Aev

jev(tk+1)
(i; trk == 0) = 0

12 end
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Arrival of OEVs at FCS: The FCS accepts OEVs if PEVs do not occupy all
the OBCs. The charging process of plugged-in OEVs are not preempted upon the
arrival of a new OEV. When a new OEV arrives at the FCS, it is plugged in if at
least an OBC and enough energy resources are available to provide a charge rate
of Pmax

o . Otherwise, the OEV is blocked. Charging resource allocation for newly
arrived OEVs is illustrated in Algorithm 2.3.

Departure of OEVs from FCS: Unlike for PEVs, an OEV departure leaves
one OBC and energy resources associated with n OBCs. The idle OBC(s) that
appeared in the FCS due to the departure of an OEV will be offered to EVs waiting
in the queue. If the queue is empty, then the vacant OBC(s) become idle. The
charging resource coordination upon an OEV departure is performed according to
Algorithm 2.4.

Algorithm 2.3: PC for updating Aev
jev(tk)

and Aq
jq(tk)

at OEV arrivals.

Input : js(tk) : Number of plugged-in PEVs at time tk
Input : ju(tk) : Number of plugged-in OEVs at time tk
Input : jua(tk) : Total number of arrived PEVs at time tk
Input : jev(tk) : Total number of plugged-in EVs by time tk
Output: Aev

jev(tk)
: Plugged-in EVs matrix at time tk

Output: Aq
jq(tk)

: Queued EVs matrix at time tk

1 if M − (js(tk) + nju(tk)) ≥ n then
2 js(tk+1) = js(tk), ju(tk+1) = ju(tk) + 1

3 jua(tk+1) = jua(tk) + 1, jev(tk+1) = jev(tk) + 1

4 OEV is plugged-into an idle OBC.
5 Aev

jev(tk+1)
(i;αk ∼ idle) =

{
tak+1, t

p
k+1, t

c
k+1, t

r
k+1, αk+1, βk+1

}
6 else if jq(tk) < Q then
7 js(tk+1) = js(tk), ju(tk+1) = ju(tk) + 1

8 jsa(tk+1) = jsa(tk) + 1, jev(tk+1) = jev(tk)

9 OEV is queued.
10 Aq

jq(tk+1)
(i;αk ∼ vacant) =

{
tak+1, t

p
k+1, t

c
k+1, t

r
k+1, αk+1, βk+1

}
11 else
12 Block the PEV
13 end

Figure 2.3 shows how these algorithms work together in the MCS to determine
the system matrix Aev and Aq at considered events. These algorithms (2.1 - 2.4)
calculate the system parameters defined in eq. 2.2 at the events of arrival and
departure of EVs. Specifically, Algorithm 2.1 and 2.2 determine the system marix
Aev and Aq upon arrival and departure of PEVs. Similarly, Algorithm 2.3 and 2.4
perform with the arrival and departure of OEVs.
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Figure 2.3: The structure of MCS with defined algorithms

Algorithm 2.4: PC for updating Aev
jev(tk)

and Aq
jq(tk)

at OEV departures.

Input : js(tk) : Number of plugged-in PEVs at time tk
Input : ju(tk) : Number of plugged-in OEVs at time tk
Input : jq(tk) : Total number of queued OEVs at time tk
Input : jev(tk) : Total number of plugged-in EVs at time tk
Input : Aq

jq(tk)
: Queued EVs matrix at time tk

Output: Aev
jev(tk)

: Plugged-in EVs matrix at time tk

1 if (0 < jq(tk) ≤ Q) then
2 js(tk+1) = js(tk), ju(tk+1) = ju(tk)

3 jq(tk+1) = jq(tk)− 1, jev(tk+1) = jev(tk)

4 Queued OEV is plugged-in.
5 Aev

jev(tk+1)
(i; trk == 0) = Aq

jq(tk)
(1)

6 else
7 js(tk+1) = js(tk), ju(tk+1) = ju(tk)− 1

8 jq(tk+1) = jq(tk), jev(tk+1) = jev(tk)− 1

9 OBC is idle.
10 Aev

jev(tk+1)
(i; trk == 0) = 0

11 end

2.3 FCS Centric Performance Evaluation Parame-
ters

At an FCS, the optimum resource allocation for EVs is very indispensable for sus-
tainable operation. When there are two EV categories, it is necessary to analyze
the blockages and waiting of inferior users. However, high charging resource utiliza-
tion may affect the charging completion rates of both plugged-in PEVs and OEVs.
Upon the arrival of PEVs, some charging processes of OEVs might be preempted.
Analyzing all these aspects is very essential for the FCS to provide high QoS.
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In this Chapter, we develop an MCS model with proposed resource allocation and
charging coordination strategies as an event-driven model and simulate for a large
time horizon until the model comes to its equilibrium. From the system matrices
(Aev, Aq), we have analyzed the performance of developed strategies in terms of
charging resource utilization and charging service quality.

2.3.1 Blocking Probability of OEVs (Pb,oev)

Although the FCS accepts OEVs to enhance the utilization of limited charging
resources, there may be occasions where a charging request from an OEV has to be
dropped due to limited or unavailable charging resources. Therefore, upon arrival of
an OEV at the FCS, there is a probability that the charging request is denied. This
EV blockage is a crucial factor to be analyzed from a service quality perspective. A
charging request from an OEV is denied when the following conditions are met at
the same time: (1) all OBCs are occupied; (2) energy resources are not adequate
to admit the new OEV; (3) the allocated space for the queue is full. The blocking
probability of OEVs can be obtained with (2.6).

Pb,oev =
jua(tx)−

∑x
k=1,[ju(tk)−ju(tk−1)]

ju(tk)>ju(tk−1)

jua(tx)
; ∀Aev

jev(tk)|t∈[0 T ] (2.6)

2.3.2 Preempting Probability of OEVs (Pp,oev)

According to the defined admission control and charging coordination strategies,
the charging process of OEVs are liable to be preempted if charging resources are
not adequate to admit PEVs. This action is defined as the preempting of OEVs.
Therefore, the probability at which an ongoing charging process of a OEV is forcibly
terminated before being regularly finished is termed as the preempting probability
of OEVs. If there are limitations for certain user types to utilize limited charging
resources, the charging quality of such users is a crucial factor to be analyzed for long-
term benefits. By considering derived system matrix (Aev), Pp,oev can be derived as
expressed in (2.7).

Pp,oev =

∑x
k=1,[ju(tk−1)−ju(tk)]

js(tk)>js(tk−1), ju(tk)<ju(tk−1)∑x
k=1,[ju(tk)−ju(tk−1)]

ju(tk)>ju(tk−1)

; ∀Aev
jev(tk)|t∈[0 T ] (2.7)

2.3.3 Mean Charging Time at FCS (t̄c)

Amidst busy schedules, users prefer to get their EVs recharged as fast as possible,
hence, the total time spent at the FCS is going to be a crucial measure for evaluating
the service quality provided by the FCS. Total time of charging is not only essential
for operation management but also for finding the optimum location and the size of
the FCS within a certain area/region. Specifically, analyzing the mean time spent
by an opportunistic OEV at the FCS is indispensable for assuring quality service
for secondary users.
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The total time spent by PEVs at FCS is nothing but the required charging time
to attain the requested SoC. However, as some of OEVs have to wait at the queue
and terminate their charging process forcibly before being regularly finished, this
t̄c provides very essential QoS measurement for opportunistic users. Mean charging
time of PEVs can be obtained from (Aev) as expressed in (2.8).

t̄c,pev =

∑x
k=1,

∑jev(tk)

i=1, tci
βk ̸=βk−1, αi∼pev∑x

k=1,[js(tk−1)−js(tk)]

ju(tk)==ju(tk−1), js(tk)<js(tk−1)

; ∀Aev
jev(tk)|t∈[0 T ] (2.8)

t̄c,oev =

∑x
k=1,

∑jev(tk)

i=1, tci
βk ̸=βk−1, αi∼oev, tri==0∑x

k=1,[ju(tk−1)−ju(tk)]

js(tk)==js(tk−1), ju(tk)<ju(tk−1)

; ∀Aev
jev(tk)|t∈[0 T ] (2.9)

In order to analyze the total time spent by OEVs at the FCS, we consider both
mean charging time (t̄c) and mean waiting time (t̄q) at the queue. Therefore, the
total waiting time of OEVs over total queued OEVs gives the mean waiting time of
OEVs (t̄q,oev) as expressed in (2.10).

t̄q,oev =

∑x
k=1,

∑jev(tk)

i=1, tai −tpi
βk ̸=βk−1, αi∼oev

; ∀Aev
jev(tk)|t∈[0 T ]∑x

k=1,[ju(tk)−ju(tk−1)]

ju(tk)>ju(tk−1)
; ∀Aq

jq(tk)|t∈[0 T ]

(2.10)

The total mean time spent by an EV user type (PEV or OEV) can be found by
calculating the summation of (t̄c) and (t̄q).

2.3.4 Mean Charging Completion Rate (ċ)

Mean charging completion rate (ċ) of a particular EV user type implies the corre-
sponding number of charging processes that finish regularly attaining the requested
SoC within unit time. As we have employed secondary users over scheduled or reg-
istered users in the proposed strategies, it is very essential to evaluate the impact on
one another in the charging process. Therefore, ċpev and ċoev are expressed in (2.11)
and (2.12), respectively.

ċpev =
∑x

k=2,[js(tk−1)−js(tk)]/T

ju(tk)==ju(tk−1), js(tk)<js(tk−1)
; ∀Aev

jev(tk)|t∈[0 T ] (2.11)

ċoev =
∑x

k=2,[ju(tk−1)−ju(tk)]/T

js(tk)==js(tk−1), ju(tk)<ju(tk−1)
; ∀Aev

jev(tk)|t∈[0 T ] (2.12)

2.3.5 Charging Resource Utilization of FCS (U)

The main objective of this work is to further maximize the utilization of limited
charging resources with opportunistic OEVs providing a compensation to under-
utilization of limited charging resources due to various uncertainties associated with
EV charging process. Therefore, charging resource utilization is an important pa-
rameter to present the overall performance of the FCSs’ operation. In this work, as
we have considered the total capacity of the FCS along with the number of OBCs
instead of employing a separate demand limit.
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The charging resource utilization (U) is defined as the steady state value of
utilized OBCs over the total number of OBCs. Therefore, U can be expressed as in
(2.13).

U =
x∑

k=1

[js(tk) + nju(tk)] /Mx; ∀Aev
jev(tk)|t∈[0 T ] (2.13)

The presented MCS based analytical model assesses the performance of proposed
dynamic charging resource coordination strategies for selected categories of EV users
depending on their charging priorities.

2.4 Results and Discussion

How to compensate under-utilization of limited charging resources of an FCS due to
uncertainties associated with PEV charging process is analyzed in this work. This
Section elaborates the behavior of FCS for variation of EV arrivals. In this Section,
we have in-cooperated derived performance assessment parameters in Section 2.3
to evaluate the ability of developed charging resource coordination strategies in
enhancing the charging resource utilization whilst a satisfactory service quality for
EV users. In the considered scenario, the FCS is equipped with 10 CPs (i.e, M = 10)

that can adjust the charging power within a specified range in steps. The MCS
parameter n is set to 2.

2.4.1 Charging Resource Utilization

We intend to analyze how OEVs can enhance the utilization of limited charging re-
sources by quickly exploiting charging resources when PEVs do not occupy. In this
analysis, we consider the variation of charging resource utilization with and without
OEVs.

Therefore, we have considered three cases where λo is set to 18 h−1, 24 h−1 and
30 h−1 while λp varies from 0 to 60 h−1 . The variation of U against λp is shown in
Figure 2.4. Figure 2.4 depicts that unexploited charging resources by PEVs can be
effectively utilized with OEVs. It is evident that proposed strategies have improved
the U with opportunistic OEVs. Limited charging resources are not optimally uti-
lized at higher values of λp due to high blockages of EVs. For the considered case in
Figure 2.4, the U can not be enhanced beyond 78%. But by allowing opportunistic
OEVs to exploit unused charging resources to attain high power charging, the U has
been improved up to 90%.

Figure 2.5 plots the variation of U against λp and λo. From Figure 2.5, it can
be seen that the U can not be improved more than 78% only with PEVs even at
high arrival rates. But by letting OEVs to exploit available charging resources when
PEVs are not very much active within the FCS, limited charging resources can be
maximally (92%) utilized.
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Even for lower values of λp, U is significantly enhanced with opportunistic OEVs.
U against λp and λo shows continuous ascent with positively decreeing slope due to
high blockages of EVs and preemptions of OEVs at high arrival rates.
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Figure 2.4: Charging resource utilization with λp

Figure 2.5: Charging resource utilization with λp and λo
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Figure 2.6: Mean charging completion rate of EVs with λp and λo

2.4.2 Mean Charging Completion Rate

To analyze the impact of opportunistic OEVs on the charging process of PEVs,
the mean charging completion rate of particular EV user type is used. The mean
charging completion rate (ċ) implies the number of completed charging processes of
concerned EV user category within unit time. Assuring a high quality service for
PEVs is dispensable as they have prior agreements for an uninterruptible charging
process. Derived expressions for the mean charging completion rates of PEVs (ċpev)
and OEVs (ċoev) (equations (2.11) and (2.12)) are considered for the analysis in
this subsection. Figure 2.6 (a) and (b) illustrate the variation of mean completion
rates of PEVs and OEVs as a function of λp and λo , respectively. Increment of
PEV arrivals at FCS deteriorates the mean charging completion rate of OEVs but
it does not happen in vise versa. ċpev shows continuous ascent against the λp with
positively decreasing slope due to possible blockages of PEVs at high arrival rates.
More importantly, resource coordination strategy with aggregation shows better
performance in terms of the charging completion of PEVs. In order to analyze the
mutual impact of EV charging completion, we have plotted ċ against both λp and
λo within a range starting from 0 to 60 h−1 . As Figure 2.6 (a) depicts, obviously,
increment of λo does not make any impact on PEVs. Nevertheless, although ċoev
shows a continuous ascent with λo, the rate of change of increment gradually decrease
when λp is increased.

2.4.3 Blocking and Preempting Probability of OEVs

When there are different user categories with defined privileges, assessing user sat-
isfaction in terms of accessing and utilizing limited charging resources is vital. Es-
pecially, as OEVs are liable to terminate their charging process forcibly if charging
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resources are not adequate to admit the newly arrived PEV, evaluating the like-
lihood of such preemptages is indispensable for long-term operation of the FCS.
Therefore, we have analyzed the blocking and preempting probability of Figure 2.7
(a) and (b) depict the variation of blocking and preempting probabilities of OEVs
as a function of both λp and λo. From Figure 2.7, we can observe that both blocking
and preempting probabilities of OEVs show continuous ascent with λp. It can be
seen that the blockage and preemptage of OEVs become significant when PEVs are
more active. In the considered scenario (Figure 2.7), for the available EV charging
resources, the blocking probability gradually increases to 0.6 when λp increases from
0 to 60 h−1.

Figure 2.7: (a) Blocking and (b) Preempting probability of OEVs with λp and λo

Nevertheless, we can observe that the blockage of OEVs is influenced by them-
selves. Moreover, at the same arrival rate of PEVs, the preempting probability is
also around 0.6 which is a bit higher value from a service quality point of view. To
provide satisfactory service to OEVs, the FCS would schedule PEVs so that it does
not exceed the mean arrival rate 30 h−1 for a considered time horizon.

All these parameters should be taken into account to evaluate the FCS centric
performance.

2.5 Conclusion

In this chapter, we have analyzed how opportunistic EV users can be in-cooperated
to maximize the utilization of limited charging resources. The proposed strategy
enables OEVs to exploit unused charging resources by scheduled EV users at FCS
to enhance charging resource utilization. Developed event-based dynamic charg-
ing resource allocation and coordination strategies are analyzed with Monte-Carlo
simulation.
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The presented results prove that coordination strategy to optimally utilize the
limited charging resources of FCS with OEVs considering uncertainties associated
with EV charging process. In this chapter, the presented results prove that the de-
veloped charging resource coordination strategy significantly improves the charging
resource utilization of the FCS at any arrival rate of PEVs. At higher arrival rates
of EVs, FCS accomplishes more than 90% of resource utilization which is bounded
to 78% only with PEVs.

Along with the proposed strategies, we have derived a framework in generic na-
ture using MCS to assess the FCS-centric performance in terms of charging resource
utilization, charging completion rates of EV users, blocking probability, preempt-
ing probability, waiting time, charging time, etc. This FCS-centric performance
assessment framework can be in-cooperated at the planning and deployment stage
to find the optimum siting and sizing of FCS. At the operating stage of an FCS,
the developed framework can be used to ensure high-quality service to both PEVs
and OEVs as it provides a quantitative overview of the whole charging process. The
proposed work will be extended for analysis with charging resource aggregation and
different OEV categories in Chapter 3. Charging coordination strategies will be fur-
ther improved to reduce the preempting probability of OEVs with mobile chargers
in Chapter 6.
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Chapter 3

Maximization of Charging Resource
Utilization with Resource
Aggregation for Opportunistic
Electric Vehicle Users

3Widespread deployment of electric vehicle (EV) fast-charging stations (FCSs) can
provide better solutions for challenges of EV charging pertaining to charging time,
potential driving range anxiety and charging autonomy. However, the extra power
demand caused by the fast charging of EVs at FCS must be coordinated with innova-
tive charging management strategies. Even optimum utilization of limited charging
resources can not be achieved owing to various uncertainties associated with the co-
ordinated EV charging process. Therefore, this chapter focuses on charging resource
coordination strategies so that opportunistic EV users (OEVs) can dynamically ex-
ploit these limited charging resources when registered users do not use them. Further-
more, proposed strategies enable OEVs to aggregate charging resources depending on
their availability to achieve faster-charging rates. Moreover, the proposed dynamic
charging resource coordination scheme is analyzed with a continuous-time Marko-
vian (CTMC) process. Furthermore, an analytical model is developed to evaluate
the overall performance of the FCS. Numerical results from the developed CTMC
model demonstrate that the proposed strategies can achieve high resource utilization
while guaranteeing a satisfactory quality of service to EV users.

3.1 Introduction

The required number of electric vehicles (EVs) should be enormously high to meet
the net-zero emission targets defined by International Energy Agency (IEA) with
respect to what is available now [4].

3This chapter is based on the peer-reviewed journal paper, K. M. S. Y. Konara et. al “Maximal
Utilization of Charging Resources of Fast Charging Station with Ultra-Fast Electric Vehicle Users,”
eTransportation (ISSN 2590-1168), 2023, (Under Review)

33



The power-intensive load demand should be properly managed to optimally uti-
lize the limited charging resources in an FCS. However, the energy is wasted if the
FCS does not fully utilize its capacity. With the rapid growth of EVs, they tend to
reach fast charging stations (FCSs) opportunistically rather than following charge
schedule programs. At the same time, we should note that scheduling EV charging
processes with sophisticated models is not very practical and feasible in a real-time
dynamic environment. However, as described in Chapter 1, some commercial EV
models with certain charging constraints have to participate in charge scheduling
schemes as their charging time is comparatively high.

In Chapter 2, we analyze the possibility of employing opportunistic ultra-fast
secondary EV users (OEVs) as a flexible load to utilize the limited charging re-
sources including the generated renewable energy power. We understood that the
limited charging resources including energy resources of FCS can be maximally uti-
lized if we can allow ultra-fast charging users as opportunistic secondary users to
get their EVs charged at lower prices with defined liabilities when scheduled users
do not utilize the charging resources. Although the charging completion of OEVs is
not affected by OEVs, the tendency of OEVs to participate in the proposed charging
resource coordination scheme might be affected by the quality of service (QoS) of
OEVs expressed in terms EV blockage, preemptage, waiting time, charging time,
etc. As the charging resource aggregation level is fixed in the proposed strategies in
Chapter 2, the demand flexibility of OEVs is limited.

In this Chapter 3, we consider a commercial FCS whose prime objective is to
charge EVs registered at FCS. Such scheduled charging processes at the FCS are
considered as primary EVs (PEVs). For the aforementioned FCS, we propose and
analyze charging coordination strategies for OEVs to exploit unused charging re-
sources to enhance the charging resource utilization at the FCS. We analyze the
effectiveness of aggregating available charging resources at the FCS to dynamically
adjust the charging rate of OEVs to get their EVs charged as fast as possible. There-
fore, in this Chapter 3, we investigate, how dynamic charging resource aggregation
helps to enhance the utilization of limited charging resources while providing quality
service to both PEVs and OEVs. From the QoS perspective, more focus has been
given to OEVs.

The novel technical contributions from this chapter can be summarized as follows,

1. Dynamic charging resource coordination strategies are proposed so that OEVs
can exploit unused charging resources when PEVs do not fully utilize the
capacity to enhance the utilization of limited charging resources at the FCS.
The charging performance of OEVs is improved with resource aggregation.

2. Charging coordination strategies are proposed as an event-driven continuous-
time model where an event is defined as either EV arrival or departure. At
any time, when an event occurs, the system performs resource allocation and
charging coordination but it keeps this schedule until the next event occurs.
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In this manner, the charging coordination system can respond to more system
dynamics compared that of with conventional time-slotted models with fixed
intervals.

3. High QoS is guaranteed for PEV charging process so that PEVs are charged
at a constant charge rate and without getting any disturbance from OEVs at
any time. Nevertheless, in the proposed strategies, QoS of PEVs is improved
by adjusting their charge rate depending on the available charging resources
when an event occurs. As opposed to frequent on-off or modulating charging
coordination strategies, proposed event-driven charging coordination strate-
gies are more practical and feasible.

3.2 Dynamic Charging Coordination Strategies

The prime objective of FCS is to provide a reliable EV charging service to its reg-
istered customers (PEVs) who have registered with FCS to follow a charging sched-
ule determined by a charging management scheme. Therefore, with the proposed
strategies, FCS admits OEVs when PEVs are not very much active within the FCS
to exploit unused charging resources to maximally utilize the limited charging re-
sources. An illustration of opportunities where OEVs can exploit unused charging
resources is depicted in Figure 3.1.
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Figure 3.1: Charging resource utilization for PEVs and OEVs

However, charging processes of OEVs are liable to be preempted before being
regularly finished, if charging resources are not adequate to admit newly arrived
PEVs. In this work, we have considered an already deployed FCS with M ; (M ∈ Z+)

number of charging points (CPs) which can facilitate variable rate EV charging. A
queue space (Q) with q number of queue points (QPs) is allocated only for OEVs.
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The proposed operating mechanism of the FCS is illustrated in Figure 3.2.
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Figure 3.2: Proposed operation mechanism of the FCS

When we consider the operation of FCS, there are basically two types of EV
users, as tabulated in Table 3.1: (1) PEVs and (2) OEVs with distinct privileges
and constraints in accessing the FCS.

Table 3.1: Access Privileges and Constraints of EV users

PEVs OEVs
• Access according to a prior agreement • Access opportunistically
• Charged at specified charge rate • Charged at variable charge rate
Pp; Pp ∈ [Pmin

p , Pmax
p ] Po = Pp ∼ nPp in steps; (n ∈ Z+),

Po ∈ [Pmin
c , Pmax

c ]

• Charger is guaranteed during • Charger is assigned if charging
scheduled time. resources are available only.

• Do not subject to blockages • Subject to blockages
• Charging process regularly finishes. • Charging process is liable to be

preempted before regularly finishes.
• Expect uninterruptible EV charging • Expect to charge quickly

Therefore, those who need undisturbed charging at FCS may go as PEVs. Usu-
ally, OEVs expect to charge their EVs as quickly as possible. Consequently, depend-
ing on the availability of charging resources, OEVs can aggregate more charging
resources to attain a high charge rate. Consequently, EVs capable of fast charging
with high charging power rates can request to be an OEV so that they can charge
their EVs at a low cost. Therefore, in the proposed strategies, OEVs are able to
adapt their charging power from Pp to nPp; (n ∈ Z+) in steps based on the availability
of charging resources. The value n is selected so that nPp is less than the maximum
capacity of a CP (Pmax

c ).
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Therefore, it is considered that Pmax
c = nPmax

p .Therefore, considering M CPs,
the maximum capacity of FCS is nMPmax

p . Depending on the progress of charging
demand, the contract demand of the FCS can be lifted from MPmax

p to nMPmax
p .

But with the uncertainties associated with EV charging process, even the MPmax
p is

not optimally utilized. Therefore, in this work, we propose strategies to maximally
utilize the charging resources with regard to the contract demand of MPmax

p .

In this study, we analyze the impact of charging OEVs at the FCS opportunis-
tically when charging resources are not fully utilized by PEVs. Moreover, how
charging resource aggregation of OEVs affect the overall charging process of the
FCS is also analyzed. Depending on the resource availability, as OEVs adapt their
charging rate in Pp steps, the charging resource aggregation of OEVs is analogous
to the aggregation of CPs from 1 to n. Herein after, CP aggregation means the
aggregation of charging resources associated with a CP. It is vital to analyze system
dynamics along with uncertainties associated with EV charging process to achieve
effective charging coordination.

3.3 Event Driven Continuous Time Markov Chain
(CTMC) Model

Proposed charging coordination strategies are analyzed with the continuous-time
Markov chain (CTMC) in this work. Therefore, to develop this CTMC, the following
assumptions are made.

• The arrivals of PEVs and OEVs are Poisson processes with mean arrival rates
of λp and λo, respectively. (λ denotes the average number of charging requests
made by the respective category of EVs per unit time)

• All CPs are homogeneous and the service time of a CP is exponentially dis-
tributed with the service rate of µc. (µc rate denotes the average number of
charged EVs per CP per unit time)

• Admission delays associated with EVs at the FCS are negligible as compared
to charging times.

The CTMC developed with proposed dynamic charging coordination strategy is
denoted as DRC(n, q), where, first ′n′ denotes the CP aggregation limits and ′q′ is the
maximum queue size of Q, respectively. In DRC(n, q), following events are consid-
ered for state transitions; (1) PEV Arrivals at FCS (2) PEV Departures from FCS
(3) OEV Arrivals at FCS (4) OEV Departures from FCS. In DRC(n, q), we define a
generic state x; x = {xr, xs1, .., xsk, .., xsn, xq} to model system dynamics at each event.
In a generic state x, xr denotes the number of PEVs plugged-in at FCS and the
number of OEVs with respective aggregated CPs are denoted by [xs1, .., xsk, .., xsn].
Furthermore, xq indicates the number of queued OEVs at FCS.
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To develop DRC(n, q), initial step is to find the set of feasible states of the system
(Ω) from the whole state space. Ω = {x|xr, xs1, .., xsk, .., xsn, xq ≥ 0; xr ≤ M,xsk|∀k ∈
[1, ..., n] ≤ ⌊(M/k)⌋, xq ≤ q, ;xq = 0 if a(x) < M OR if a(x) = M,

∑n
i=2 xsi = 0, c(x) >

0;
∑n−1

i=1 xsi = 0, xsn ≤ ⌊(b(x)/n)⌋ if a(x) < M, c(x) > 0;
∑n

i=2 xsi = 0, if , a(x) = M, c(x) > 0}.
Where, a(x), b(x) and c(x) are the total number of CPs utilized by plugged-in EVs,
available CPs for OEVs and CPs utilized by plugged-in OEVs and expressed in
a(x) = xr +

∑n
k=1 k.xsk, b(x) = M − xr and c(x) =

∑n
k=1 k.xsk respectively. The level

of charging resource aggregation is dynamically varied in n steps as per the charg-
ing resource availability. The state transitions (ST) of DRC(n, q) owing to different
events at the FCS are described in the subsequent subsections.

3.3.1 PEV Arrivals at FCS

STs triggered by the PEV arrivals are tabulated in ST Table 3.2. Generally, upon
an arrival of a PEV, FCS is obliged to allocate resources immediately as they have
prior-agreements. Consequently, when a PEV arrive at the FCS, if at least one idle
CP, the PEV is plugged into CP without disrupting others. Otherwise, any ongoing
OEV charging process must be interrupted. When a new PEV arrives at FCS while
all CPs are being occupied (not necessarily be all physical CPs but the available
total capacity of the FCS is fully utilized due to resource aggregation), if OEVs with
aggregated k; (∀ k ∈ [1, ..., n]) CPs, the one with maximum number of aggregated
CPs has to donate a CP to the newly arrived PEV. If there are no any OEVs with
aggregated resources, one OEV charging process must be preempted to admit the
newly arrived PEV. The destination states related to STs triggered by PEV arrivals
from a generic state x of DRC(n, q) at λp transition rate (TR) are tabulated in Table
3.2.

Table 3.2: STs from x of DRC(n, q) at λp TR triggered by PEV Arrivals

Conditions Destination State
At least an idle CP M − a(x) > 0 {xr + 1, xs1, · · · , xsk, · · · , xsn, xq}
FCS is full. OEVs with M − a(x) = 0; xsk > 0, {xr + 1, xs1, · · · , xs(m−1) + 1,

aggregated CPs exist m = max{k|xsk > 0}, 2 ≤ k ≤ n xsm − 1, · · · , xsn, xq}
FCS is full. No OEVs M − a(x) = 0; xs1 > 0; {xr + 1, xs1 − 1, · · · , xsk,

with aggregated CPs xsk = 0, 2 ≤ k ≤ n · · · , xrn, xq}
FCS is full. No OEVs M − a(x) = 0; c(x) = 0 {xr, xs1, · · · , xsk, · · · , xsn, xq}

3.3.2 PEV Departures from FCS

When an idle CP appears in the FCS due to the departure of a PEV, it can be
assigned to an OEV waiting in Q if any. If the queue is empty, the OEV who
has minimum resource aggregation can increase its charge rate by aggregating the
charging resources utilized. Otherwise, the CP will be idle.
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The corresponding STs from x of DRC(n, q), each with the TR of xrµc upon de-
parture of PEV under the conditions aforementioned is tabulated in Table 3.3.

Table 3.3: STs from x of DRC(n, q) at xrµc TR triggered by PEV Departures

Conditions Destination State
There are OEVs in Q. 0 < xq ≤ q {xr − 1, xs1 + 1, · · · ,

xsk, · · · , xsn, xq − 1}
Q is empty. xq = 0; {xr − 1, xs1, · · · , xsl + 1,

There are OEVs. l = min{k|xsk > 0, 1 ≤ k < n} xs(l+1), · · · , xsn, xq}
Q is empty. No OEVs. xq = 0; c(x) = 0 {xr, xs1, · · · , xsk, · · · , xsn, xq}

3.3.3 OEV Arrivals at FCS

FCS admits OEVs to the FCS when PEVs do not occupy all the CPs. Upon receipt of
a charging request from an OEV, FCS seeks the maximum possible k; (∀ k ∈ [1, ..., n])

CPs that are idle at the moment to allocate resources. If all CPs are utilized, the
OEV with maximum aggregated CPs has to donate one CP to admit the newly
arrived charging request from OEV. However, if there are no ongoing OEV charging
processes with aggregated resources, the newly arrived OEV will be queued if it
is not full. Otherwise, the newly arrived charging request will be blocked. The
corresponding STs triggered by aforementioned situations are tabulated in Table
3.4. Moreover, ST table Table 3.4 tabulates the destination states related to OEV
arrivals with respect to a generic state x of DRC(n, q) at λp TR.

Table 3.4: STs from x of DRC(n, q) at λo TR triggered by OEV Arrivals

Conditions Destination State
Sufficient idle CPs exist M − a(x) ≥ k, 1 ≤ k ≤ n {xr, xs1, · · · , xsk + 1,

xs(k+1), · · · , xsn, xq}
FCS is full. OEVs with M − a(x) = 0; xsk > 0, {xr, xs1 + 1, · · · , xs(m−1) + 1,

aggregated CPs exist m = max{k|xsk > 0}, 2 ≤ k ≤ n xsm − 1, · · · , xsn, xq}
FCS is full. Q is not full. M − a(x) = 0; xq < q; {xr, xs1 − 1, · · · , xsk,

No OEVs with aggre. CPs xsk = 0, 2 ≤ k ≤ n · · · , xrn, xq + 1}
FCS is full. No OEVs M − a(x) = 0; c(x) = 0 {xr, xs1, · · · , xsk, · · · , xsn, xq}

3.3.4 OEV Departures from FCS

Depending on the aggregation level, OEV may release one or more CPs. However,
if there are queued vehicles, OEV leaves only one idle CP according to the defined
admission control strategies. That idle CP will be allocated initially to the queue.
If the vehicle queue is empty, multiple CPs could appear at the departure of OEV
depending on its resources aggregation level.
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Those CP(s) will be offered to OEVs to get their charging power level increased.
Otherwise, the CP(s) will be idle. Corresponding STs are set out in Table 3.5.

Table 3.5: STs from x of DRC(n, q) at kxsµc TR triggered by OEV Departures

Conditions Destination State
There are OEVs in Q. 0 < xq ≤ q {xr, xs1, · · · , xsk,

xs(k+1), · · · , xsn, xq − 1}
Q is empty. xq = 0; xsl > k {xr, xs1, · · · , xsl − k, xs(l+1) + k

There are OEVs. l = min{k|xsk > 0, 1 ≤ k < n} · · · , xsk − 1, · · · , xsn, xq}
Q is empty. xq = 0; xsl < k {xr, xs1, · · · , xsl − xsl,

There are OEVs. xs(l+1) > (k − 2xsl) xs(l+1) + 2xsl − k, xs(l+2) + k − xsl

l = min{k|xsk > 0, 1 ≤ k < n} · · · , xsk − 1, · · · , xsn, xq}
Q is empty. xq = 0; xsl < k {xr, xs1, · · · , xsl − xsl, 0,

There are OEVs. xs(l+1) < k − 2xsl xs(l+2) + 2xs(l+1) + 2xsl − k,

xs(l+2) > k − 2xsl − 2xs(l+1) xs(l+3) + k − xsl − xs(l+1)

l = min{k|xsk > 0, 1 ≤ k < n} · · · , xsk − 1, · · · , xsn, xq}
· · · · · · · · ·
Q is empty. No OEVs. xq = 0; c(x) = 0 {xr, xs1, · · · , xsk, · · · , xsn, xq}

3.4 FCS Centric Performance Parameters

In this work, we model the proposed charging coordination strategies as an event-
driven model using CTMC. In order to analyze the performance FCS’s operation
mechanism in terms of resource utilization and charging service quality, an analyti-
cal model with set of equations are derived.

System dynamics are studied considering the steady-state probability vector
(π(x)) of the system that gives the corresponding steady-state probability of be-
ing in each and every state x. To derive the (π(x)), we use the global balance
equation and the normalization equation expressed in (3.2). In (3.2), Φ is the TR
matrix.

Non-diagonal elements (φxixj
;xi, xj ∈ Ω) of Φ are calculated by getting the

summation of TRs that are corresponding to all possible STs from xi to xj tabulated
in STT 3.3 to 3.5 . Diagonal elements (φxixi

) of Φ are found using (3.1).

φxixi
= −

∑
xj∈Ω,j ̸=i

φxixj ; xi,xj∈Ω (3.1) πΦ = 0,
∑
x∈Ω

π(x) = 1 (3.2)

To analyze the performance of the long-term sustainable operation of the FCS,
the optimum resource allocation for EVs is very indispensable. However, high charg-
ing resource utilization may affect the charging completion rates of both plugged-in
PEVs and OEVs.
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Upon the arrival of PEVs, some charging processes of OEVs might be preempted.
Analyzing all these aspects are very essential for the FCU to provide high-quality
service to EV users. Once π(x) is determined using (3.2), the following performance
parameters are derived in terms of π(x) from the first principles.

3.4.1 Blocking Probability of OEVs (Pb,oev)

Upon the arrival of an OEV at the FCS, there is a probability that the charging
request is denied for charging owing to the unavailability of charging resources. This
EV blockage is a crucial factor to be analyzed at the charging station level from the
sustainable operation perspective. The EV blockage generally happens with OEVs
when they make a charging request from the FCS while it is fully occupied. A
charging request from an OEV is blocked when the following conditions are met
at the same time : (1) All CPs are occupied. (2) There is no any ongoing OEV
charging processes with aggregated CPs. (3) The allocated space for queue is full.
The blocking probability of OEVs are expressed in (3.3).

Pb,oev =
∑
x∈Ω,

a(x)=M,
∑n

s=2 xsi=0,
xq=q

π(x) (3.3)

3.4.2 Preempting Probability of OEVs (Pp,oev)

In this study, OEVs are liable to terminate their charging process upon arrival of
PEV if the charging resources are not adequate to admit the newly arrived PEV.
This work defines this situation as preempting of OEVs. Therefore, the probability
at which an ongoing charging process of OEV is preempted before being regularly
finished is termed as the preempting probability of OEVs (Pp,oev).

From the overall performance of the FCS point of view, the preempting prob-
ability is a crucial factor in the quality of service assessments. Furthermore, an
ongoing charging process of OEV has to be preempted if these three situations hap-
pen at the same time : (1) All CPs are occupied. (2) There is at least one ongoing
OEV charging process. (3) There is no any ongoing OEV charging processes with
aggregated CPs. Therefore, the mean preempting rate of OEVs (α̇oev) is derived as
expressed in (3.4). A portion of plugged-in OEVs might be subjected to termination
of their charging process before reaching the requested SoC. Nevertheless, unlike
PEVs, arrived all OEVs are not plugged into FCS. Therefore, the mean plugging
rate of OEVs at FCS (β̇oev) as expressed in (3.5) is also very essential to find the
Pp,oev.

α̇oev =
∑
x∈Ω,

a(x)=M,
∑n

i=1 xsi>0,∑n
j=2 xsi=0

λpπ(x) (3.4)
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β̇oev = λo

1−
∑
x∈Ω,

a(x)=M,
∑n

s=2 xsi=0,
xq=q

π(x)

 (3.5)

By considering (3.4) and (3.5), Pp,oev can be derived as (3.6).

Pp,oev =
∑
x∈Ω,

a(x)=M,∑n
i=1 xsi>0,∑n
j=2 xsi=0

λpπ(x)

λo

1−
∑

x∈Ω,
a(x)=M,

∑n
k=2 xsk=0,

xq=q

π(x)

 (3.6)

3.4.3 Mean Time Spent at FCS (T )

For EV users, the total time spent at the FCS is a crucial measure to evaluate the
service quality provided by the FCS. Researchers have given significant attention to
the total time spent at the FCS in both deployment and operation management-
based analysis related to FCSs.

In order to analyze the total time spent by an EV user at the FCS, we consider
both mean charging time (Tc) and mean queuing time (Tq). Let γ and β̇ be the mean
value of ongoing charging processes and the mean plugged-in rate of a particular
EV traffic type (PEV or OEV) then γ over β̇ gives the mean charging time of the
respective EV category. Consequently, (Tc,pev) and (Tc,oev) are expressed in (3.7)
and (3.8), respectively.

Tc.pev =
∑
x∈Ω

xrπ(x)

λp

(3.7)

Tc,oev =
∑
x∈Ω

n∑
k=1

kxskπ(x)

λo

1−
∑

x∈Ω,
a(x)=M,

∑n
k=2 xsk=0,

xq=q

π(x)

 (3.8)

Similarly, Tq can be derived from dividing the mean queue length (l̄) by mean
plugged-in rate (β̇) for a particular EV category. However, according to the proposed
strategies, PEVs are not supposed to wait in a queue, mean queuing delay is defined
only for OEVs (Tq,oev).

Tq,oev =
∑
x∈Ω

xqπ(x)

λo

1−
∑

x∈Ω,
a(x)=M,

∑n
k=2 xsk=0,

xq=q

π(x)

 (3.9)

According to Little’s Law, T can be derived by adding corresponding Tc and Tq.
Therefore, Tpev and Toev are expressed in (3.10) and (3.11), respectively.
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Tpev =
∑
x∈Ω

xrπ(x)

λp

(3.10)

Toev =
∑
x∈Ω

(
∑n

k=1 kxsk + xq) π(x)

λo

1−
∑

x∈Ω,
a(x)=M,

∑n
k=2 xsk=0,

xq=q

π(x)

 (3.11)

3.4.4 Mean Charging Completion Rate (c̄)

Mean charging completion rate (c̄) of a particular EV category implies the corre-
sponding number of charging processes that finish regularly attaining the requested
SoC within a unit time. In fast charging, the prime objective of an EV user is to
charge the EV as soon as possible. As we have proposed dynamic resource alloca-
tion strategies for two EV categories, it is very important to analyze the impact of
charging resource distribution on each other. Therefore, c̄pev and c̄oev are expressed
in (3.12) and (3.13), respectively.

c̄pev =
∑
x∈Ω

xrµpπ(x) (3.12)

c̄oev =
∑
x∈Ω

n∑
k=1

kxskµoπ(x) (3.13)

As equation (3.12) and (3.13) are derived in generic nature, each EV category
can have its own service rate (µ). But in this work, µp = µo = µc.

3.4.5 Charging Resource Utilization of FCS (U)

In this work, the main objective is to maximize the charging resource utilization by
allowing opportunistic FCUs to charge their EVs when the registered users are not
very active within the FCS.

Therefore, charging resource utilization is an important parameter for measuring
the overall performance of the charging process at the FCS level. In our analysis,
we define the charging resource utilization (U) as the steady state value of utilized
CPs over the total number of CPs. Therefore, U can be expressed as (3.14).

U =
∑
x∈Ω

π(x)
a(x)

M
(3.14)

Charging resource utilization of each EV user category separately is also im-
portant in analyzing the performance of proposed charging coordination strategies.
Therefore, Upev and Uoev are expressed in (3.15) and (3.16), respectively.

Upev =
∑
x∈Ω

xrπ(x)

M
(3.15) Uoev =

∑
x∈Ω

n∑
k=1

kxskπ(x)

M
(3.16)
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Presented CTMC-based analytical model assesses the performance of proposed
dynamic charging resource coordination strategies for selected categories of EV users
depending on their charging priorities.

3.5 Results and Discussion

The Effectiveness of managing the uncertainties associated with PEV charging pro-
cess using opportunistic OEVs is analyzed in this Section. And how charging re-
source aggregation can further improve the performance of FCS is also analyzed.
To analyze the performance of developed charging coordination strategies, we have
considered derived performance evaluation indexes in Section 3.4. The proposed
resource allocation and charging coordination strategies coordinate limited charging
resources of the FCS optimally. To obtain results, it is considered that the FCS is
equipped with 10 CPs (i.e, M = 10) capable of varible rate charging.

3.5.1 Validation of the CTMC Model

In this work, the preciseness of the CTMC analytical model is validated using
Monte-Carlo simulation (MCS). We have developed a MCS considering the pro-
posed dynamic charging resource allocation and coordination strategies to analyze
the blocking probability and charging completion rates of OEVs.
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Figure 3.3: (a) Blocking probability and (b) Mean charging completion rate of OEVs
with λp
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The corresponding set of results obtained from the developed CTMC model
is compared with the simulation. In the validation process, CTMC parameters
are set as λo = 30 h−1 and µCP = 6 h−1. Figure 3.3 (a) illustrates the variation of
blocking probability of OEV against λp. The mean charging completion rate of
OEVs against λp is depicted in Figure 3.3 (b). From these two figures (Figure 3.3
(a )and (b)), we can clearly observe that the presented CTMC model results are in
close proximity with Montecarlo simulation results. Therefore, the presented model
performs precisely.

3.5.2 Performance Evaluation of the CTMC Analytical Model

To evaluate the performance of proposed dynamic EV charging resource coordi-
nation strategies for both PEVs and OEVs, the behaviors of derived EV charging
performance evaluation parameters against the variation of EV arrival rates are
analyzed.

Charging Resource Utilization

We intend to analyze how OEVs can optimally utilize limited charging resources by
exploiting unused charging resources by PEVs. Furthermore, we need to analyze how
the utilization of limited charging resources is improved by charging resource aggre-
gation. In this analysis, we consider the variation of charging resource utilization
with and without OEVs.

Figure 3.4: Charging resource utilization with (a) λp and (b) both λp and λo
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CTMC model parameters are set to λo = 18 h−1 and 24 h−1 while λp varies from
0 to 60 h−1 . The variation of U against λp is depicted in Figure 3.4 (a) and it
shows that proposed strategies have improved the U with OEVs. At higher values
of λp, charging resources are not optimally utilized due to the high blockages of EVs.
But U can be maximized by allowing OEVs to exploit unused charging resources.
Moreover, U is further enhanced with charging resource aggregation. Figure 3.4
(b) shows that no matter how much the arrival rate is increased, U can not be
improved more than 80% only with PEVs. But with OEVs, these unused limited
charging resources can be fully utilized. Even for lower values of λp, U is significantly
improved by allowing opportunistic OEVs to exploit the unused charging resources
through charging resource aggregation. U against λp shows continuous ascent with
a positively decreeing slope due to high blockages of EVs and preemptions of OEVs.

Mean Charging Completion Rate

Mean charging completion rate denotes the number of completed charging processes
associated with a particular EV user category within a unit time. The impact of
OEVs on the charging process of PEVs is analyzed. Derived expressions for the
mean charging completion rates of PEVs and OEVs (equations (3.12) and (3.13))
are considered for the analysis in this subsection. Figure 3.5 (a) and (b) illustrates
the variation of mean completion rates of PEVs and OEVs as a function of λp and
λo , respectively.
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Figure 3.5: Mean charging completion rate of EVs (a) with λp and (b) with λo
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Figure 3.6: Mean charging completion rate of EVs with λp and λo

We consider the variation of c̄ against λp over the range from 0 to 60 h−1 by
letting the λo to be 18 h−1. It can be seen that higher arrivals of PEVs deteriorate the
mean charging completion rate of OEVs (c̄) but it does not happen in vise versa. c̄p
shows continuous ascent against the λp with positively decreasing slope. The gradual
declination of c̄p with the λp is due to high blockages of PEVs. More importantly, the
resource coordination strategy with aggregation shows better performance in terms
of the charging completion of OEVs. In order to analyze the impact of OEVs on
PEV’s charging completion, we have considered a range of λo from 0 to 60 h−1 while
keeping λp = 18 h−1. As Figure 3.5 (b) illustrates, obviously, increment of λo does not
make any impact on PEVs. Similarly, in the case of c̄pev, c̄oev shows a continuous
ascent with λo but the rate of change of increment is lower than that of PEV.
Nevertheless, with charging resource aggregation, the mean charging completion
rate of OEVs shows higher values in contrast with the constant charging rate. To
further analyze the performance of charging resource coordination strategy with
aggregation, we consider the variation of c̄ against both λp and λp over the range
from 0 to 60 h−1 . Figure 3.6 (a) and (b) depicts the variation of mean completion
rates of PEVs and OEVs as a function of both λp and λo. According to the Figure
3.6, it can be observed that there is no any impact of OEVs on the charging process
of PEVs over the considered space. High mean charging completion rate of OEVs
is present when they are very much active within the FCS and it gradually declines
with the λp. It can be seen that even though the blockage of OEVs is considerably
lower, their preemptage becomes significant when PEVs are more active.
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Blocking and Preempting Probability of OEVs

In this section, we analyze the behavior of blocking and preempting probabilities
of OEVs. Figure 3.7 (a) and (b) depict the variation of blocking and preempting
probabilities of OEVs as a function of λp when λo = 24 h−1. Figure 3.8 clearly depicts
that both blocking and preempting probabilities of OEVs show continuous ascent
with λp.
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Figure 3.7: (a) Blocking and (b) Preempting probability of OEVs with λp

Moreover, we can observe that the resource coordination strategy with aggrega-
tion shows better performance in terms of the blockage and preemptage of OEVs.
In the considered scenario (Figure 3.7), for the available EV charging resources, pro-
posed strategies with resource aggregation keep the blocking probability less than
0.03 even at λo = 60 h−1. But at the same arrival rate of PEVs, the preempting prob-
ability is around 0.6 which is a bit higher value from a service quality point of view.
Therefore, to keep the balance between OEV blockage and forced terminations in
this case, λp = 30 h−1 would be a better choice. Figure 3.8 (a) and (b) depict the
blocking and preempting probability of OEVs as a function of both λp and λo over
the range from 0 to 60 h−1. To operate the FCS with optimum resource utilization in
line with service quality aspects, it is very important to visualize the blocking and
preempting probability of OEVs over a space of λp and λo.
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Figure 3.8: (a) Blocking and (b) Preempting probability of OEVs with λp and λo

Proposed aggregation-based charging resource coordination strategies maintain
the OEV blockage below 0.3 for the considered range. However, it can be seen that
when both λo and λp are less than 30 h−1, blocking probability of OEVs is below 0.1.
We can observe that the preempting probability is bounded to 0.6 maximum value
with proposed aggregation-based charging resource coordination strategies. When
operating the FCS, the station controller should take these blocking and preempting
probability values into account along with the corresponding arrival rates to ensure
satisfactory service to both PEVs and OEVs.

All these parameters should be taken into account to evaluate the FCS centric
performance.

3.6 Conclusion

In this Chapter, we have developed an aggregation based dynamic EV charging
resource coordination strategy to optimally utilize the limited charging resources
of FCS with OEVs considering uncertainties associated with EV charging process.
Proposed strategy enables OEVs to exploit unused charging resources at FCS to
enhance the charging resource utilization.
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Optimum resource utilization is achieved using dynamic charging resource coor-
dination with aggregation. Along with the proposed strategies, we have derived an
analytical framework using CTMC to evaluate the performance of an FCS in terms
of charging resource utilization, charging completion rates of EV users, blocking
probability, preempting probability, waiting time, charging time, etc. The analyt-
ical model is validated with Monte-Carlo simulation by considering the charging
completion rate and blocking probability of OEVs.

Proposed charging coordination strategies ensure an undisturbed charging pro-
cess for PEVs while providing a high-quality service to OEVs. In this chapter, we
have proven with the presented results that the aggregation-based charging resource
coordination strategy significantly improves the charging resource utilization of the
FCS at any arrival rate of PEVs. At higher arrival rates of EVs, FCS accomplishes
more than 90% of resource utilization that can not be achieved only with PEVs. Even
for the considered case, the resource utilization is always higher than 50% irrespec-
tive of the arrival rate of PEVs. Presented results show that the aggregation-based
strategies outperform the quality of service parameters such as charging comple-
tion rate, blocking probability, preempting probability, etc. contrast to the constant
rate strategy. The blocking probability of real-time OEVs can be further reduced
by increasing the queue size at the cost of waiting time. The proposed strategies,
along with the analytical framework assist the FCS to visualize its EV charging
behavior in maintaining long-term sustainable operation. The proposed work will
be extended for analysis with different OEV categories enabling demand elasticity
to enhance the charging resource utilization in Chapter 4.
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Chapter 4

Maximization of Charging Resource
Utilization with Resource
Aggregation and Demand Elasticity
for Heterogeneous EV Users

4 This chapter presents how heterogeneous opportunistic fast-charging users (OEVs)
can dynamically exploit unused limited charging resources allocated for registered
users (primary/prioritized users) (PEVs) with resource aggregation and demand
elasticity to utilize the limited charging resources of an FCS maximally. Aggregation-
based charging resource allocation strategy is used for OEVs in this scheme, and it
enables the FCS to achieve faster charging rates for OEVs. Moreover, the proposed
dynamic charging resource coordination scheme is analyzed with a continuous-time
Markovian (CTMC) process in which charging coordination strategies are proposed
as an event-driven model in place of the conventional time-slotted model. Further-
more, an analytical model is developed to evaluate the overall performance of the
charging process of the FCS. Numerical results obtained from the developed CTMC
model demonstrate that the proposed strategies can achieve high resource utilization
while guaranteeing a satisfactory quality of service to EV users.

4.1 Introduction

Deployment of electric vehicle (EV) fast charging stations (FCSs) alleviates the
potential driving range anxiety and long charging time associated with EV charging.
A flexible load demand is required to maximally utilize the limited charging resources
of an FCS. EVs capable of ultra-fast charging would more prefer to reach FCSs
opportunistically rather than following EV charging schedules.

4This chapter is based on the peer-reviewed journal paper, K. M. S. Y. Konara et. al “Aggrega-
tion Based Charging Resource Coordination at Fast Charging Station for Heterogeneous Electric
Vehicle Users,” IEEE Trans. on Indust. Informat.(ISSN 1941-0050), 2023 (Under Review)
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The FCS capacity including the energy generated from renewable sources is
wasted if the FCS does not fully utilize it. For an EV-FCS, there are basically two
types of traffic : (1) EV users who are living in close proximity to the FCS (2)
long-trip drivers who are accessing an FCS opportunistically in the middle of their
journey. Usually, depending on their current situation, EV users consider several
aspects/ parameters such as economic aspects, driving distance, urgency, waiting
time, plugging time, charging time, quality of service (QoS) etc. to get charged
their EVs in a commercial FCS. Consequently, we can categorize EV users into dif-
ferent EV user categories with certain access privileges and constraints and hence,
can investigate how these heterogeneous EV users can maximally utilize limited
charging resources available at FCS.

We analyze the possibility of employing ultra-fast secondary EV users as a flexi-
ble load to maximally utilize the limited charging resources including the generated
renewable energy power. In Chapter 2, We understood that the energy generated
from intermittent renewable energy sources at FCS can be maximally utilized if
we can allow ultra-fast charging users as opportunistic secondary users to get their
EVs charged at lower prices with defined liabilities when scheduled users do not
utilize the charging resources. Chapter 3 concludes that the utilization of lim-
ited charging resources can be further enhanced if OEVs can dynamically aggregate
charging resources based on their availability depending on the activeness of PEVs
and OEVs. The tendency of OEVs to participate proposed charging resource coor-
dination scheme depends on mainly the economic benefits and the QoS expressed
in terms EV blockage, preemptage, waiting time, charging time etc. Furthermore,
Chapter 3 shows that QoS associated with OEVs can be effectively improved with
dynamic charging resource aggregation.

In this Chapter 4, we consider a commercial FCS that admits heterogeneous EV
users to charge their EVs. Here we have considered two types of OEVs (1) elastic
OEVs ( OEVE) that can wait to plugged-in to FCS till charging resources will be
adequately available (2) real-time OEVs ( OEVR) who would mostly be long-trip
drivers. EVs located around an FCS can access the FCS as OEVE when charging
resources are available upon notification from the FCS. With the wide spread of
FCSs, usually, long-trip drivers prefer to charge their EVs quickly and economically
if possible to increase their cruise range. If they can charge their EVs throughout the
journey quickly and economically, they may not want to get their EVs fully charged
at one FCS at a high cost. Therefore, such sort of EV users can participate as OEVR

in this charging coordination scheme. We analyze the effectiveness of aggregating
available charging resources to dynamically adjust the charging rate of OEVR to get
their EVs charged as fast as possible and also we employ another type of OEV as
OEVE to further enhance charging resources with the demand elasticity. Therefore,
in this Chapter 4, we investigate, how dynamic charging resource aggregation and
demand elasticity help to enhance the utilization of limited charging resources while
providing quality service to both PEVs and OEVs.
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In brief, the technical novelty and contributions from this work can be summa-
rized as follows,

1. Aggregation and demand elasticity-based novel real-time charging resource
coordination scheme is presented for an FCS where both PEVs (with scheduled
charging processes) and OEVs can be charged to enhance the utilization of
limited charging resources at the FCS while achieving distinct service needs of
heterogeneous EV users.

2. An event-driven continuous-time model in which an event is defined as either
EV arrival or departure is used in proposed strategies. In contrast to the time-
slotted models with fixed intervals, more system dynamics can be treated with
adaptive EV charging in steps.

3. Charging coordination strategies are proposed so that PEVs are charged at a
constant charge rate and without getting any disturbance from OEVs at any
time. Nevertheless, OEVs continue to be charged at a specified fixed rate till
an event occurs at the FCS but it adjusts the charge rate depending on the
resource availability at an event. Doing so can prolong the EV battery life
as compared to that of frequent on-off or modulating charging coordination
strategy. Hence, it is more practical and feasible to scale up the capacity of
the FCS.

4. Multiple charging options with prescribed service priorities are introduced to
attract more OEVs in the proposed Charging resource coordination strategies.
In addition, two queuing schemes, including a virtual queue, are used along
with novel queue management strategies to enhance the service quality of
OEVs.

5. An analytical framework is developed to evaluate the overall performance
of the proposed dynamic charging resource coordination strategies using a
continuous-time Markov chain (CTMC).

4.2 Operating Mechanism of FCS

We consider an FCS with M number of charging points (CPs) (M ∈ Z+) that can
facilitate variable-rate EV charging. As per the preference of EV users, they can
register at the FCS with prescribed priorities in advance, subject to an optimum
schedule.

These registered users are considered as the PEVs in the FCS. We have considered
two types of OEVs : (1) Real-time OEVs (OEVR) (2) Elastic OEVs (OEVE). OEVs
who need to get their EVs charged up to a maximum possible level quickly are
considered as as OEVR. On the other hand, OEVE are OEVs who stay in close
proximity with the FCS and can adjust the plugged-in time.
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As described in Chapter 3, both types of OEVs opportunistically access the FCS
and exploit unused charging resources to enhance the charging resource utilization.
A schematic illustration of opportunities where OEVs can exploit unused charging
resources is depicted in Figure 4.1.
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Figure 4.1: Charging resource utilization with OEVs

In this work, it is considered that PEVs are charged at a specified charge rate
of Pp. As depicted in Figure 4.1, FCS admits OEVs opportunistically other than
PEVs subject to that OEVs are liable to vacate their plugged-in-CP upon arrival
of a PEV, depending on the availability of charging resources. The aforementioned
operating mechanism of the FCS is illustrated in Figure 4.2.
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Figure 4.2: Proposed operation mechanism of the FCS

FCS should have a charging pricing mechanism for PEVs and OEVs based on
charging priorities. Even though PEVs and OEVE are charged at a constant rate
of Pp, OEVR can adapt their charge rate from Pp up to nPp in steps based on the
availability of charging resources without exceeding the contracted capacity (MPp)

of the FCS.
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Therefore, it is considered that the maximum capacity of a CP is nPp; (n ∈ Z+).
Consequently, considering M CPs, the maximum capacity of FCS is nMPp. This Pp

aggregation associated with OEVR is analogous to the aggregation of CPs from 1

to n. Herein after, as described above, CP aggregation means the aggregation of
charging resources associated with a CP. However, the contract demand of the FCS
can be scaled up from MPp to nMPp , depending on the demand.

As depicted in Figure 4.2, two separate queues are employed in this work to
cope with heterogeneous traffic according to different admission control strategies.
Furthermore, a physical queue (QR) at the FCS with QR number of queue points
(QPs) and a virtual queue (QE) with QE number of QPs are considered to introduce
these novel dynamic charging resource allocations and admission control techniques
in the proposed strategies. QR is reserved only for OEVR. The station controller
uses the QE only for OEVE to access the FCS. With QE, there is no physical EV
queue at the FCS as it mainly maintains the plugged-in time elasticity of OEVE.
To admit a PEV or an OEVE to the FCS, at least one idle physical CP is required.
Apart from that, Pp power out of the contracted demand should be available to feed
the CP. OEVR are charged at Pp power when all CPs (M) are occupied by EVs
but depending on the availability of idle CPs, OEVR can increase their charging
power up to nPp in Pp steps so that the total power demand of the FCS does not
exceed its contracted capacity (MPp) . This Pp aggregation associated with OEVR

is analogous to the aggregation of CPs from 1 to n. Herein after, as described above,
CP aggregation means the aggregation of charging resources associated with a CP.

4.3 Dynamic Charging Resource Coordination

This work uses the continuous-time Markov chain (CTMC) to develop dynamic
charging coordination strategies. Therefore, the following assumptions are consid-
ered in CTMC analysis.

• The arrivals of PEVs, OEVE and OEVR are Poisson processes with mean
arrival rates of λp, λoe and λor, respectively. (Here mean arrival rate denotes
the average number of charging requests made by EVs per unit time).

• The service times of plugged-in EVs are exponentially distributed with the
service rate of µCP . (Here service rate denotes the average number of charged
EVs per CP per unit time).

• All CPs are homogeneous.

The proposed dynamic charging coordination strategy is denoted as DRA(n,QE, QR),
where, first ′n′ denotes the highest CP aggregation limits for OEVR. QE and QR

are the maximum queue sizes of the QE and QR, respectively.
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A generic state x; x = {jp, je, jr1, .., jrk, .., jrn, jeq, jrq} is defined to model system
dynamics according to different events. Here, for a particular state of the FCS, jp and
je denote the number of plugged-in PEVs and OEVEs, respectively. [jr1, .., jrk, .., jrn]
represents the number of OEVRs corresponding to their aggregated CPs. In the state
x, number of queued EVs are denoted by [jeq, jrq].

In the developed CTMC model, a state transition is triggered by one of the follow-
ing four events.(1)Arrival of PEVs at FCS (2)Departure of PEVs from FCS (3)Arrival
of OEVs at FCS (4)Departure of OEVs from FCS. he state transitions associated
with aforementioned events with different conditions are tabulated in state transition
tables (STTs) I-IV. Each row in these STTs corresponds to a state transition from
a state i to another state j, where i, j ∈ S. The set of feasible states of the system
is obtained as S = {x|jp, je, jr1, .., jrk, .., jrn, jeq, jrq ≥ 0; jp ≤ M, je ≤ M, jrk|∀k ∈
[1, ..., n] ≤ ⌊(M/k)⌋, jeq ≤ QE, jrq ≤ QR; jeq = 0, jrq = 0 if p(x) < M ;

∑n−1
i=1 jri =

0, jrn ≤ ⌊(b(x)/n)⌋ if
∑n

i=1 jri > 0, p(x) < M
∑n

i=2 jri = 0, if
∑n

i=1 jri > 0, p(x) =

M}.

Where, p(x) is the total number of CPs utilized by plugged-in EVs; p(x) =

jp + je +
∑n

i=1 k.jrk and b(x) is the available CPs for OEVR b(x) = M − (jp + je).

4.3.1 State transitions (STs) of the CTMC model

Arrival of PEVs at FCS : STs associated with the PEV arrivals are tabulated in
ST-Table 4.1. When a PEV arrives at the FCS, it is plugged into the FCS if at least
one idle CP without disturbing any ongoing OEV charging processes. Otherwise,
OEVs have to either donate aggregated CRs or preempt their charging process to
admit the newly arrived PEV as they are liable to do so. When a PEV arrives
to the fully crowded FCS, if OEVRs with aggregated CRs present, the OEVR with
maximum number of aggregated CPs has to donate a CP. Unless, an OEVR has to
forcibly terminate its charging process to admit the PEV. If there are no OEVR, the
charging process of OEVE is preempted.

Departure of PEVs from FCS : ST-Table 4.2 tabulates STs associated with
the PEV departures. Once a PEV is charged, it departs the FCS resulting in an
idle CP. Then, the first priority goes to the QE if it is fully occupied.
If the QE is not full, the chance is given to the QR. If the QR is empty, the vacant
CP will be given to the QE, even though it is not full. If both the queues are empty,
the vacant CP will be aggregated by an OEVR with the minimum number of aggre-
gated CPs (kmin;∀ kmin ∈ [1, ..., (n− 1)]). Otherwise, the CP will be idle.

Arrival of OEVs at FCS : OEVs are accepted to the FCS if PEVs do not
occupy all the CPs. The charging process of plugged-in OEVs are not preempted
upon the arrival of a new OEV. When a new OEV arrives at the FCS, only the
charging processes of OEVs with aggregated resources will be affected.
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Table 4.1: STs of DRA(n,QE, QR) from state x with λp transition rate upon arrival
of PEVs

Conditions Destination State

An idle CP exist {jp + 1, je, jr1, · · · , jrk, · · · , jrn, jeq, jrq}
; (M − p(x) > 0)

FCS is fully utilized. There are {jp + 1, je, jr1, · · · , jr(m−1) + 1, jrm − 1,

OEVR with aggregated CPs · · · , jrn, jeq, jrq}
; (M − p(x) = 0 jrk > 0, 1 < k ≤ n;

m = max{k|jrk > 0, 1 < k ≤ n})
FCS is fully utilized. There are {jp + 1, je, jr1 − 1, · · · , jrk, · · · , jrn,
no OEVR with aggregated CPs jeq, jrq}

; (M − p(x) = 0; jr1 > 0;

jrk = 0, 2 ≤ k ≤ n)

FCS is fully utilized. There are {jp + 1, je − 1, jr1, · · · , jrk, · · · , jrn,
only OEVE as OEVs jeq, jrq}

; M − p(x) = 0; je > 0;

jrk = 0, 1 ≤ k ≤ n

FCS is fully utilized. There are {jp, je, jr1, · · · , jrk, · · · , jrn, jeq, jrq}
no OEVs ; M − p(x) = 0; je = 0;

jrk = 0, 1 ≤ k ≤ n

Table 4.2: STs from the generic state x with jpµcp transition rate on departure of
PEVs

Conditions Destination State
QE is full. {jp − 1, je + 1, jr1, · · · , jrk,

· · · , jrn, jeq − 1, jrq}
; jeq = QE

QE is not fully occupied. {jp − 1, je, jr1 + 1, · · · , jrk,
There are OEVR in QR. · · · , jrn, jeq, jrq − 1}

; jeq < QE ; jrq > 0

QR is empty. There are {jp − 1, je + 1, jr1, · · · , jrk,
OEVE in QE. · · · , jrn, jeq − 1, jrq}

; jeq > 0; jrq = 0

Both QE and QR are empty. {jp − 1, je, jr1, · · · , jrl + 1, jr(l+1),

· · · , jrn, jeq, jrq}
; jeq = 0; jrq = 0

l < n, l = min{k|jrk > 0, 1 ≤ k ≤ n}
Both QE and QR are empty. {jp − 1, je, jr1, · · · , jrk, · · · , jrn, jeq, jrq}
There are no OEVR. ; jeq = 0; jrq = 0

jrk = 0, 1 ≤ k ≤ n

Specific resource allocation and admission control for OEVE and OEVR are dis-
cussed with the corresponding state transitions in the following subsections.
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Arrival of OEVE : ST associated with the OEVE arrivals are tabulated in
ST Table 4.3. An OEVE can be plugged-in to the FCS, if at least one idle CP.
Otherwise, the charging request will be queued as long as the QE is not full. But if
the QE is full, FCS seeks for the OEVR with maximum number of aggregated CPs
if any to get a CP. But the CP is given to a queued OEVE and the newly arrived
charging request will be queued in QE. If still it can not find a CP, it has to be
blocked.

Arrival of OEVR : ST associated with the OEVR arrivals are tabulated in Ta-
ble 4.4 When an OEVR arrives to the FCS, CS controller assigns k; (∀ k ∈ [1, ..., n])

CPs , if k CPs or more are idle (i.e. One physical CP and the charging resources al-
located for k CPs). Similar to OEVE arrivals, only OEVR with aggregated resources
will have to donate a CP upon arrival of a new OEVR at the fully occupancy. Oth-
erwise, it will be queued in QR if it is not full. If the new OEVR can not find a
chance with any means described above, it has to be blocked.

Departure of OEVs from FCS : Unlike in PEVs, an OEV may result in more
than one CP at its departure depending on the aggregated resources (i.e. charging
resources allocated for multiple CPs). The idle CP(s) that appeared in the FCS
due to the departure of an OEV will be initially offered to the same type of OEVs
waiting at the corresponding queue. If the corresponding queue is empty, then the
vacant CP(s) will be given to the other queue. Upon a departure of an OEV, if both
the queues are empty, the vacant CP(s) will be aggregated by an OEVR. Otherwise,
the CP(s) will be idle. The corresponding STs associated with the departures of
OEVE and OEVR are tabulated in Table 4.5 and Table 4.6, respectively.

Table 4.3: STs from the generic state x with λoe transition rate upon arrival of
OEVE

Conditions Destination State
An idle CP exist {jp, je + 1, jr1, · · · , jrk, · · · , jrn,

jeq, jrq}
; M − p(x) > 0

FCS is fully utilized. But {jp, je, jr1, · · · , · · · , jrk, · · · , jrn
QE is not full. jeq + 1, jrq}

; M − p(x) = 0; jeq < QE

FCS is fully utilized. There {jp, je + 1, jr1, · · · , jr(m−1) + 1,

are OEVR with aggregated CPs jrm − 1, · · · , jrn, jeq, jrq}
; M − p(x) = 0; jeq = QE ; jrk > 0, 1 < k ≤ n;

m = max{k|jrk > 0, 1 < k ≤ n}
FCS is fully utilized. {jp, je, jr1, · · · , jrk, · · · , jrn,
There are no OEVR jeq, jrq}

; M − p(x) = 0; jeq = QE ;

jrk = 0, 1 ≤ k ≤ n
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Table 4.4: STs from the generic state x with λor transition rate upon arrival of
OEVR

Conditions Destination State
An idle CP exist {jp, je, jr1, · · · , jrk + 1, · · · , jrn, jeq, jrq}

M − p(x) ≥ k, 1 ≤ k ≤ n

FCS is fully utilized. There {jp, je, jr1 + 1, · · · , jr(m−1) + 1,

are OEVR with aggregated CPs jrm − 1, · · · , jrn, jeq, jrq}
M − p(x) = 0; jrk > 0, 1 < k ≤ n;

m = max{k|jrk > 0, 1 < k ≤ n}
FCS is fully utilized. But {jp, je, jr1, · · · , · · · , jrk, · · · , jrn
QR is not full. jeq, jrq + 1}

M − p(x) = 0; jeq < QR

FCS is fully utilized. {jp, je, jr1, · · · , jrk, · · · , jrn,
There are no OEVR jeq, jrq}

M − p(x) = 0; jeq = QR;

jrk = 0, 1 ≤ k ≤ n

Table 4.5: STs from the generic state x with jeµcp transition rate on departure of
OEVE

Conditions Destination State
There are OEVE in QE {jp, je, jr1, · · · , jrk,

· · · , jrn, jeq − 1, jrq}
; jeq > 0;

QE is empty. {jp, je − 1, jr1 + 1, · · · , jrk,
There are OEVR in QR. · · · , jrn, jeq, jrq − 1}

; jeq = 0; jrq > 0

Both QE and QR are empty. {jp, je − 1, jr1, · · · , jrl + 1, jr(l+1),

· · · , jrn, jeq, jrq}
; jeq = QE ; jrq = 0

l < n, l = min{k|jrk > 0, 1 ≤ k ≤ n}
Both QE and QE are empty. {jp, je − 1, jr1, · · · , jrk, · · · , jrn, jeq, jrq}
There are no OEVR. ; jeq = 0; jrq = 0

jrk = 0, 1 ≤ k ≤ n

4.4 Continuous Time Markov Chain Analytical Model

The proposed dynamic charging resource coordination strategy is modeled as a
CTMC with a generic state x as described in Section 4.3. Letting Q be the transition
rate matrix and π be the steady state probability vector of the system, the steady
state probability of being in the state π(x), is calculated using the global balance
equation and the normalization equation expressed as ; πQ = 0,

∑
x∈S π(x) = 1.
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Table 4.6: STs from the generic state x with kjkµcp transition rate on departure of
OEVR with k aggregated CPs

Conditions Destination State
There are OEVR in QR {jp, je, jr1, · · · , jrk, · · · , jrn, jeq, jrq − 1}

; jrq > 0;
QR is empty. {jp, je + k, jr1, · · · , jrk − 1,

There are OEVE in QR. · · · , jrn, jeq − k, jrq}
; jrq = 0; jeq ≥ k

QR is empty. {jp, je + jeq, jr1, · · · , jrl − (k − jeq),

There are OEVE in QE. jr(l+1) + (k − jeq) · · · jrk − 1, · · · ,
jrn, (jeq − jeq), jrq}
; jrq = 0; jeq < k;
l = min{k|jrk > 0, 1 ≤ k < n}
jrl ≥ (k − jeq)

QR is empty. {jp, je + jeq, jr1, · · · , jrl − jrl,

There are OEVE in QE. jr(l+1) + 2jrl − (k − jeq), jr(l+2) + (k − jeq)− jrl
· · · , jrk − 1, · · · , jrn, 0, jrq}
; jrq = 0; jeq < k; jrl < (k − jeq)

jr(l+1) > (k − jeq)− 2jrl
l = min{k|jrk > 0, 1 ≤ k < n}

QR is empty. {jp, je + jeq, jr1, · · · , jrl − jrl,

There are OEVE in QE. jr(l+1) − jr(l+1), jr(l+2) + 2jrl + 2jr(l+1) − (k − jeq),

jr(l+3) + (k − jeq)− jrl − jr(l+1)

· · · , jrk − 1, · · · , jrn, 0, jrq}
; jrq = 0; jeq < k; jrl < (k − jeq)

jr(l+1) < (k − jeq)− 2jrl
jr(l+2) > (k − jeq)− 2jrl − 2jr(l+1)

l = min{k|jrk > 0, 1 ≤ k < n}
· · · · · ·
Both QE and QR are empty. {jp, je, jr1, · · · , jrl − k, jr(l+1) + k

There are OEVR · · · jrk − 1, · · · , jrn, jeq, jrq}
; jrq = 0; jeq = 0; jrl > k;
l = min{k|jrk > 0, 1 ≤ k < n}

Both QE and QR are empty. {jp, je, jr1, · · · , jrl − jrl,

There are OEVR jr(l+1) + 2jrl − k, jr(l+2) + k − jrl
· · · , jrk − 1, · · · , jrn, jeq, jrq}
; jrq = 0; jeq = 0; jrl < k;
jr(l+1) > (k − 2jrl)

l = min{k|jrk > 0, 1 ≤ k < n}
Both QE and QR are empty. {jp, je, jr1, · · · , jrl − jrl,

There are OEVR jr(l+1) − jr(l+1), jr(l+2) + 2jrl + 2jr(l+1) − k,

jr(l+3) + k − jrl − jr(l+1)

· · · , jrk − 1, · · · , jrn, jeq, jrq}
; jrq = 0; jeq = 0; jrl < k

jr(l+1) < k − 2jrl
jr(l+2) > k − 2jrl − 2jr(l+1)

l = min{k|jrk > 0, 1 ≤ k < n}
· · · · · ·
Both QE and QR are empty. {jp, je, jr1, · · · , jrk − 1, · · · , jrn, jeq, jrq}
There are no OEVR. ; jeq = 0; jrq = 0

jrk = 0, 1 ≤ k ≤ n
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In Q matrix, the total transition rate from state i to state j denoted by qij ,(i, j ∈ S)

is calculated by getting the summation of transition rates which correspond to all
possible STs from state i to state j, considering all possible corresponding events
of EV arrival and departure. The diagonal elements of the Q matrix (qii ; i ∈ S) are
calculated using qii = −

∑
j∈S,j ̸=i qij ; i, j ∈ S. Once π(x) is determined the following

performance evaluation parameters are derived in terms of π(x) from the first prin-
ciples.

4.4.1 Blocking Probability of OEVs

The blocking probability is the probability that a newly arrived EV charging re-
quest is blocked due to the unavailability of charging resources. In this proposed
EV charging scheme, the EV blockage generally happens with OEVs. Therefore,
separate expressions for blocking probabilities of OEVR and OEVE are derived as
expressed in (4.1) and (4.2), respectively. A new OEV is blocked when these three
conditions are met at the same time : (1) FCS is fully utilized. (2) There is no any
ongoing OEVR with aggregated CPs. (3) Relevant queue (QR or QE) is full.

Pb,or =
∑

x∈S|αR

π(x) (4.1) Pb,oe =
∑

x∈S|αE

π(x) (4.2)

Where αR ≡ (p(x) = M,
∑n

i=2 jri = 0, jeq = QR) and αE ≡ (p(x) = M,
∑n

i=2 jri = 0 jeq =

QE)

4.4.2 Preempting Probability of OEVs

When the FCS is fully occupied, upon arrival of a PEV, one ongoing OEV charging
process has to be preempted before it reaches the requested SoC depending on
the charging resource availability. Consequently, the preempting probability is the
probability that an active OEV charging process is forced to terminate before it
regularly finishes. Preempting probability of OEV (Pp) is obtained by dividing the
mean preempting rate of a OEV (p̄) from the mean plugged-in rate of OEV (ḡ).
An ongoing OEVR charging process subjects to be preempted when these three
conditions are met at the same time : (1) FCS is full (2) There is at least one
ongoing OEVR charging process. (3) There is no any ongoing OEVR charging with
aggregated CPs. Therefore, p̄or and ḡor of OEVR can be derived as (4.3) and (4.4),
respectively.

p̄or =
∑

x∈S|εr

λpπ(x) (4.3)
ḡor = λor(1− Pb,or) (4.4)

Where εr ≡ (p(x) = M,
∑n

i=1 jri > 0,
∑n

i=2 jri = 0) and hence, Pp,oe can be expressed
as (4.5) .

Pp,or =
∑

x∈S|εr

λpπ(x)

λor

(
1−

∑
x∈S|αr

π(x)
) (4.5)

61



Upon a PEV arrival, if FCS is full, an ongoing OEVE has to be forcibly termi-
nated when these three conditions are met at the same time : (1) FCS is full (2)
There is no any ongoing OEVR charging process. (3) There is at least one ongoing
OEVE charging process. Similarly, p̄oe and ḡoe of OEVE can be derived as as (4.6)
and (4.7), respectively.

p̄oe =
∑

x∈S|εe

λpπ(x) (4.6)
ḡoe = λoe(1− Pb,oe) (4.7)

Where εoe ≡ (p(x) = M,
∑n

i=1 jri = 0, je > 0) and hence, Pp,oe can be expressed
as (4.8) .

Pp,oe =
∑

x∈S|εr

λpπ(x)

λoe

(
1−

∑
x∈S|αr

π(x)
) (4.8)

4.4.3 Mean Queue Length

The queue length at the FCS depends on the mean arrival rate of EVs and the
service completion rate of the FCS. In the proposed CTMC based analysis, in a
generic state x, jrq and jeq represent the length of physical queue for OEVR and
virtual queue for OEVE, respectively. Consequently, the mean queue length of the
OEVR and OEVE

(
l̄QR and l̄QE

)
are given by (4.9) and (4.10), respectively.

l̄QR =
∑
x∈S

π(x)jrq (4.9) l̄QE =
∑
x∈S

π(x)jeq (4.10)

4.4.4 Average Waiting Time in Queue

In this work, the average waiting time in the queue (T q) is calculated by getting the
mean queue length (l̄) over the mean plugged-in rate (ḡ). As there are two queues in
this proposed FCS operation scheme (QE and QR), corresponding two expressions
are derived for each EV traffic type. The average waiting time in the QR and QE
are expressed in (4.11) and (4.12), respectively.

T q
or =

∑
x∈S

π(x)jrq

λor

(
1−

∑
x∈S|αr

π(x)
) (4.11)

T q
oe =

∑
x∈S

π(x)jeq

λoe

(
1−

∑
x∈S|αe

π(x)
) (4.12)

4.4.5 Average Charging Time in FCS

The average charging time (T c) for each EV traffic type is obtained from dividing the
average number of ongoing charging services for a particular EV type in the system
(N c) by the mean plugged-in rate of the corresponding EV type (ḡ). Consequently,
expressions for PEVs, N c

p and T c
p are expressed in (4.13) and (4.14), respectively.
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N c
p =

∑
x∈S

jpπ(x) (4.13) T c
p =

∑
x∈S

jpπ(x)

λp

(4.14)

(N c) for OEVE and OEVR are expressed in (4.15) and (4.16), respectively.
N c

oe =
∑
x∈S

jeπ(x) (4.15)
N c

or =
∑
x∈S

n∑
k=1

kjrkπ(x) (4.16)

(T c) of OEVE and OEVR are expressed in (4.17) and (4.18).

T c
oe =

∑
x∈S

π(x)je

λoe

(
1−

∑
x∈S|αe

π(x)
) (4.17)

T c
or =

∑
x∈S

n∑
k=1

kjrkπ(x)

λor

(
1−

∑
x∈S|αr

π(x)
) (4.18)

4.4.6 Charging Completion Rate

The average number of charging completion per unit time is defined as charging com-
pletion rate (c̄). This parameter highly affects the availability of the FCS. Separate
expressions are derived for the charging completion rate of each EV type plugged-in
the FCS. Charging completion rates for PEV, OEVE and OEVR are expressed in
(4.19), (4.20) and (4.21), respectively.

c̄p =
∑
x∈S

jpµpπ(x) (4.19) c̄oe =
∑
x∈S

jeµoeπ(x) (4.20)

c̄or =
∑
x∈S

n∑
k=1

kjrkµorπ(x) (4.21)

In this work, µp = µoe = µor = µcp

4.4.7 Charging Resource Utilization

The charging resource utilization (U) inherently indicates how the available EVSE,
grid supply, and the local energy supply are utilized at the FCS level. Therefore, U
is an important parameter that indicates the overall performance of the FCS. In our
analysis, we define U as the average number of utilized CPs over the total number of
CPs. In a generic state x , x ∈ S, a total number of p(x) CPs out of M are utilized
by EVs. (U) can be expressed as (4.22),

U =
∑
x∈S

π(x)
p(x)

M
(4.22)

Presented CTMC based analytical model assesses the performance of proposed
dynamic charging resource coordination strategies.
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4.5 Results and Discussion

The CTMC analytical model is developed in generic nature that can be used as a
framework to evaluate the overall performance of any FCS with proposed strategies.
In this section, the developed CTMC analytical model is validated and analyzed for
selected cases to demonstrate its performance. In this work an EV FCS with 10 CPs
(i.e, M = 10) capable of variable rate charging is considered. The adaptive power level
variable (n) in the proposed dynamic EV charging resource coordination strategy is
considered as 3 for this analysis. The maximum lengths of the virtual and physical
queues are kept as QE = 4 and QR = 2, unless or otherwise stated explicitly.

4.5.1 CTMC Model Validation

We use the Monte-Carlo simulation (MCS) to validate the preciseness of the analyt-
ical model developed with CTMC using proposed strategies. Consequently, we have
developed MCS considering PEV and OEV events to analyze the blocking probabil-
ity and charging completion rates of OEVs associated with the proposed dynamic
resource coordination strategies. The corresponding set of results obtained from the
developed CTMC model is compared with that of the simulation. In the validation
process, CTMC parameters are set as λoe = 16 h−1 and λor = 24 h−1 and µcp = 5 h−1.
Figure 4.3 (a) and (b) illustrate the blocking probability (Pb) of OEVE and OEVR

against λp, respectively. And the average charging completion rate (c̄) of OEVE and
OEVR as a function of λp are depicted in Figure 4.4 (a) and (b), respectively. From
these figures, we can clearly observe that the presented CTMC model results are in
close proximity with MCS results.
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Figure 4.3: Blocking Probability (Pb) of OEVs with λp

4.5.2 Performance Evaluation

In this section, the performance of proposed strategies for EV charging with het-
erogeneous EV traffic is analyzed in terms of charging resource utilization, charging
completion rates, blocking and preempting probabilities of OEVs.
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Figure 4.4: Average Charging Completion Rate (c̄) of OEVs with λp

Charging Resource Utilization

Here we analyze how the charging resources utilization is improved with multiple
EV charging options. In this analysis, λoe and λor are set as 18 h−1 and 24 h−1,
respectively. λp varies from 0 to 60 h−1.

Figure 4.5 depicts the variation of U against λp. It can be clearly observed from
Figure 4.5, that our proposed strategy improves the U with OEVs. For lower values
of λp, U is significantly improved by allowing OEVs to exploit the unused charging
resources through charging resource aggregation. With the increment of λp, U shows
continuous ascent but the percentage improvement is becoming lower due to high
blockages and preempting of OEVs (Sub sections 4.5.2 and 4.5.2). The cases that
are plotted in doted lines in Figure 4.5 shows that U can be further improved using
queues for OEVR and it is significant at higher values of λp.
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Figure 4.5: Charging Resource Utilization (U) with λp
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Figure 4.6: Average charging completion rate of EVs (c̄)

Average Charging Completion Rate

The impact of proposed strategies on the average charging completion rate (c̄) of
each EV user type is analyzed here. Importantly, guaranteeing high quality of service
to PEVs is vital in whole charging process. In the initial case, we set the CTMC
parameters λoe and λor as 12 h−1 and 24 h−1, respectively and λp varies from 0 to
60 h−1. Figure 4.6 (a) illustrates the variation of c̄ of PEVs and OEVs as a function
of λp. Figure 4.6 (a) clearly shows that the increment of λp reduces c̄o. c̄p) shows
continuous ascent with the λp, more importantly, initially it increases linearly with
λp but gradually the rate of increment reduces due to blockages of PEVs by PEVs.
It is obvious that although the c̄p is high at higher λp, it results PEV blockages due
to non-availability of charging resources. When the FCS operates with a queue, c̄or
shows higher values in contrast with the FCS without a queue.

Next a range of λoe from 0 to 60 h−1 is considered while keeping λp and λor at
18 h−1 and 24 h−1 to analyze the impact of OEVE arrivals on charging completion
of EVs. As Figure 4.6 (b) illustrates, obviously, increment of λoe doesn’t make any
impact on the c̄p but c̄or reduces with the λoe. The c̄oe shows continuous ascent
with λoe but the rate of change of increment is lower than that of PEV. This proves
that even though OEVE improve the U , they can not make any impact on PEV’s
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charging process but only for OEVR. FCS with a queue shows better performance
in terms of charging completion as compared to the FCS without queue.

Variation of c̄or with λor is depicted in Figure 4.6 (c). Obviously the OEVR

have not shown any impact on the charging process of PEVs and OEVE. Their
c̄or variation also follows the same shape as OEVE shown in Figure 4.6 (b) due to
charging resource aggregation. Similarly in previous two cases (Figure 4.6 (a) and
(b), the FCS with a queue shows better performance in terms of charging completion
in contrast to the FCS without queue.

Blocking Probability of OEVs
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Figure 4.7: Blocking Probability (Pb) of OEVs with λp
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Figure 4.8: Average waiting time in QR as λp varies
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When PEVs become more active in the FCS with higher arrival rates, OEVs are
subject to be blocked. However, maintaining comparatively low blocking probabili-
ties of OEVs is essential to attract OEVs to the FCS. Therefore, we have analyzed
Pb of OEVs for different λor when λp varies from 0 to 30 h−1. Figure 4.7 (a) depicts
the variation of Pb,or as a function of λp when λoe = 18 h−1. Figure 4.7 (a), shows
continuous ascent in Pb,or with λp as well as it increases when λor increases. In
the considered scenario, for the available EV charging resources, proposed strategies
with resource aggregation keep the blocking probability less than 0.1. The variation
of Pb,or with λp for different queue sizes (QR) is plotted in Figure 4.7 (c). It can be
seen that Pb,or is significantly reduced by allocating a queue space. From Figure 4.8,
we can observe that the mean queue delay of QR increases with the queue size.

Consequently, to reduce Pb,or, the QR size can be increased at a cost of average
waiting time in QR. Blockages of OEVE is also possible in the proposed strategies
when PEVs highly occupy the FCS. The Pb,oe against λp is plotted in Figure 4.7 (c).
It can be seen that blockages of OEVE is not very significant like OEVR due to the
fact that OEVE are privileged in allocating charging resources as compared to the
OEVR.

Preempting Probability of OEVs
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Figure 4.9: Preempting Probability of OEVs with λp

According to the proposed strategy, when the occupancy of PEVs are dominating
at the FCS, the charging process of OEVs must be preempted to admit new coming
PEVs depending on the available charging resources. Preempting probability of
OEVR and OEVE are illustrated in Figure 4.9 as λp varies. It can be clearly seen
that Pp increases when increasing more arrivals of PEVs. However, for the considered
worst case with OEVR (Figure 4.9 (a)), the maximum preempting probability is 0.45

when both the mean arrival rate of PEVs and OEVR are at 30 h−1.

68



It means that, with the proposed strategies, significant number of least privileged
OEVR get charged up to the requested SoC.

With the presented results for selected scenarios, the performance of proposed
EV charging coordination strategies for an FCS are evaluated in terms of mainly
charging resource utilization and charging completion rates of EV users. In addition
to that, blocking probability and preempting probability of OEVs are analyzed.

4.6 Conclusion

In this chapter, we have developed a dynamic EV charging resource coordination
strategy to maximally utilize the limited charging resources at an FCS with charging
resource aggregation and demand elasticity. An analytical model is derived using
CTMC to evaluate the performance of developed strategies. The CTMC model is
validated with Montecarlo simulation. Proposed strategies enable opportunistic EV
users (OEVs) to exploit unused charging resources by PEVs without disturbing on-
going PEV charging processes to enhance the charging resource utilization. Along
with the proposed strategies, we have presented an analytical framework to evaluate
the performance of an FCS in terms of charging resource utilization, charging com-
pletion rates of EV users, blocking probability, preempting probability, etc. We have
proven with the presented results that the proposed charging resource coordination
strategy significantly improves the charging resource utilization of the FCS at any
arrival rate of PEVs.

For considered scenarios, it keeps the charging resource utilization always higher
than 75% irrespective of the arrival rate of PEVs. The results show that the proposed
strategies outperform the QoS parameters. The blocking probability of real-time
OEVs can be further reduced by increasing the queue size at the cost of waiting
time. The proposed analytical framework can be employed to evaluate the overall
function of the FCS by taking traffic inflows and out flows into account either at
initial planning stage or during the operation. The extended work of presented
strategies for improving the charging reliability of OEVs is presented in Chapter 6.
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Chapter 5

Priority-based Charging Resource
Utilization with Heterogeneous EV
Users

5 This chapter provides innovative dynamic resource allocation and charging coor-
dination strategies for opportunistic fast charging users (FCUs) to exploit unused
charging resources allocated for registered slow charging users (SCUs) at a charging
station (CS). The charging coordination strategies are presented for both static and
adaptive charging. Furthermore, a queue is employed in the dynamic resource al-
location process to favor more fast charging requests through buffering non-critical
slow-charging EVs (NCSCUs), as FCUs would otherwise be blocked or preempted.
The performance of the proposed charging coordination strategies is analyzed in terms
of the optimum utilization of charging resources, charging completion rate, and user
satisfaction. For the considered scenario, it keeps the average charging resource uti-
lization above 90% at higher arrival rates of EVs while the distribution transformer is
being loaded only up to 50% of its rated capacity. Moreover, the charging completion
rate and blocking probability of FCUs are used to evaluate the service quality of op-
portunistic users. Moreover, the presented results prove that charging coordination
strategies with adaptive charging outperforms all the aforementioned performance
parameters. The presented dynamic resource allocation and charging coordination
strategies for heterogeneous EV traffic at a CS maximize the utilization of limited
charging resources while assuring quality service to EV users without stressing the
distributed network.

5This chapter is based on the peer-reviewed journal paper, K. M. S. Y. Konara et. al , “Queue
Based Dynamic Charging Resource Allocation and Coordination for Heterogeneous Traffic in an
Electrical Vehicle Charging Station,” Energy Sources, Part A: Recovery, Utilization, and Environ-
mental Effects (ISSN: 1556-7230), 1–18, 2021. doi: 10.1080/15567036.2021.1974983 and the peer
reviewed international conference paper K. M. S. Y. Konara et. al “Charging Coordination of Op-
portunistic EV Users at Fast Charging Station with Adaptive Charging,” In Proceedings of Trans-
portation Electrification Conference (ITEC-India), IEEE, pp. 1–6, 2021. doi : 10.1109/ITEC-
India53713.2021.9932507
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5.1 Introduction

There is one category of EV users (eg. daytime workers) who plugged-in their EVs
overnight preferably after arriving home from work and plugged out when departing
for work. The same people might charge their EVs at the curbside or in a parking lot
more especially during the day time. As they plugged their EVs for plenty of time
they can charge with slow charging (Mode I or Mode II EV Charging [11, 13, 14]).
EVs can also be charged in EV charging stations (CSs) at occasions where quick
charging becomes inevitable. With the increasing population, in near future, a de-
tached house for everyone or securing a charging point (CP) in a parking lot would
not be possible at every time. Therefore, with the rapid adoption of EVs, charging
autonomy would be a significant matter in EV charging. EV users may charge their
EVs at lower prices at CSs as CS owners purchase bulk energy from the energy
market and also due to the competition among CSs.

With the rapid integration of e-mobility, institutional and residential parking
lots can be effectively converted into commercial CSs with fast-charging technology.
This chapter intends to analyze the effectiveness of converting institutional and res-
idential parking lots into fast charging stations (FCSs) where both slow-charging
EV users (SCUs) and fast-charging EV users (FCUs) can charge their EVs. SCUs
are the registered users with the FCS while FCUs access the FCS opportunistically.
This chapter intends to analyze how limited charging resources of an FCS can be op-
timally distributed among SCUs and FCUs to enhance charging resource utilization.

FCUs access the FCS to exploit unused charging resources allocated for SCUs
opportunistically. The FCS allocates and coordinates charging resources dynami-
cally considering different user privileges based on the user category. FCUs can be
considered as secondary users for the FCS. The privileges and constraints of SCUs
and FCUs are tabulated in Table 5.1.

Table 5.1: Access Privileges and Constraints of EV users

SCU FCU
• Pre-scheduled charging process • Opportunistic charging
• Charged at specified charge rate • Charged at higher charge rate
Pscu; Pscu ∈ [Pmin

scu , Pmax
scu ] Pfcu; Pfcu ∈ [Pmin

fcu , Pmax
fcu ]

• CS availability is guaranteed on • Charger is assigned if sufficient
arrival. resources are available only.

• Very hardly subject to blockages • Subject to blockages
• Requested SoC is assured at departure. • Charging process is liable to be preempted

before regularly finishes.
• Park EV for a significant time • Expect to charge as quickly as possible

Basically, we intend to analyze the effectiveness of utilization of limited charging
resources with FCUs. Moreover, we need to analyze the service satisfaction of oppor-
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tunistic FCUs as they access the FCS with certain liabilities. The FCS is equipped
with charging piles (CPs/ EV supply equipment (EVSE)) capable of variable rate
charging and a buffer space for optimum resource allocation. To the authors best
knowledge, all existing related works with queues mandate newly arrived EVs to be
queued before plugging to a CP based on the first-come-first-served strategy; con-
versely, this work uses the queue to favor more real-time FCUs through buffering
ongoing non-critical SCUs (NCSCUs). The criticality of SCUs’ charging process is
elaborated in Section 5.4.1.

In brief, the technical novelty and contributions of the charging coordination
strategies proposed in this chapter can be summarized as follows,

1. Priority-based novel admission control and charging coordination strategy is
proposed with a buffer space so that more opportunistic FCUs can exploit
unused limited charging resources by registered slow charging users SCUs to
enhance the utilization of limited charging resources at the CS.

2. In contrast to the conventional queue in a CS that keeps newly arrived unad-
mitted EVs until charging resources appear, the allocated buffer space in this
work is employed to favor more FCUs by buffering NCSCUs to further enhance
the utilization of limited charging resource while adhering the demand limit.

3. Priority-based heuristic charging management algorithm is proposed to prop-
erly coordinate the charging demand without stressing the distributed network
while ensuring charging fairness among heterogeneous EV users.

4. An analytical framework is developed to evaluate the overall performance of
the proposed dynamic charging resource coordination strategies using Motecarlo-
simulation.

5.2 EV Charging Station Operation Mechanism

In this topology, CSs (sub-aggregators) are connected to a CS aggregator (central
aggregator) for demand-side management through necessary communications with
the electricity market and the utility. Central aggregator purchases power from the
day-ahead energy market (spot-market) and allocates an appropriate demand limit
(DL) for each CS. CS controllers are responsible to optimally utilizing the allocated
demand with optimal charging resource allocation and charging coordination. The
proposed charging station operation mechanism illustrated in Figure 5.1 effectively
allocates the charging resources to maximize the CS profit by increasing the CS
utilization.

Charging infrastructures are built so that the CS can provide variable rate charg-
ing. The EV fleet of a CS can be categorized into two types of users : (1) SCUs;
the users who are considered as primary users as they have prior agreements (or
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day-ahead scheduling) with the CS based on their user preferences. Depending
on the EV capacity constraints they can choose either 3.3 kW (slow charging) or
7.3 kW (medium charging) charging rates. (2) FCUs; the users who can oppor-
tunistically utilize charging points that are not occupied for EV charging. Like in
the SCUs, FCUs can choose either 50.0 kW (fast charging) or 120.0 kW (super −
fast charging) charging rates. Based on the aforementioned different charging rates,
users who are preferring slow, medium, fast and super-fast charging are designated
as SCUslow, SCUmedium, FCUfast, and FCUsu.fast, respectively. Moreover, their cor-
responding mean arrival rates are denoted as λFCU,su.fast and λFCU,fast, respectively.

λFCU

λSCU

Blocked 

FCUs

EV 

Mobility

Charged 

EVs

CS

NCSCU

Admission

λFCU

λSCU

Blocked 

FCUs

EV 

Mobility
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EVs

CS

NCSCU

Admission

Figure 5.1: Illustration of the proposed EV charging scheme

5.3 Stochastic Electric Vehicle Arrival Process

In the proposed framework, the initial task is to develop a mathematical model for
EV arrivals to analyze the performance of developed coordinated charging strate-
gies for heterogeneous traffics. In this work, we have modeled the arrival of SCUs
and FCUs separately. Among heterogeneous EV users in this framework, SCUs are
considered daytime workers or users who do not have access to nighttime domestic
charging. Therefore, SCUs arrive in the CS during either early morning or evening
hours and park for a significantly long period in a day. Furthermore, SCUs have
prior (day-ahead) agreements with the CS regarding arriving time, leaving time,
charging rate, etc., and they pay for both charging and parking.

Consequently, we have modeled it as a normally distributed continuous time
discrete space stochastic process. On the other hand, as compared to SCUs, arrivals
of FCUs are very much uncertain, and therefore, it is modeled as a Poisson process
(P) with the parameter λ [77].

• If the average arrival rate of FCUs be λ (λ > 0) over the [t, t+ δt], the
probability of one arrival of EV during [t, t+ δt] is λt+O(δt) ; O(δt) : order
of δt.
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• The probability of more than one arrival of FCUs during [t, t+ δt] is O(δt).

• The occurrence of arrivals in non-overlapping interval are mutually indepen-
dent.

Then if [N(t), t ≥ 0] be the number of arrivals occur during [0, t] can be modeled
as a Poisson process (P) with parameters λ1, λ2, ..., [N(t), t ≥ 0] ∼ P (λ1t, λ2t, ...).

5.4 Resource Allocation for Accepted EVs

In this work, a CS with M number of charging points (CPs) and a queue with
Q number of queuing points (QPs) (M,Q ∈ Z+) are considered for the dynamic
resource allocation and charging coordination. The queue is reserved only for SCUs
at arrival and during the charging process.

5.4.1 SCU Arrivals

Algorithm 5.1: Pseudo code for the resource allocation to SCUs
Input : TCP (t) : Total number of occupied CPs at time t

Input : TQP (t) : Total number of occupied QPs at time t

Input : jfcu(t) : Total number of plugged-in FCUs at time t

Input : jq(t) : Total number of occupied QPs at time t

Input : j(t) : Total number of plugged-in EVs at time t

Output: Aev
j(t)×n : Plugged-in EVs matrix at time t

Output: Aq
jq(t)×n : Queued EVs matrix at time t

1 if TCP (t) < M then
2 SCU is plugged into an idle CP
3 else if TCP (t) == M AND jq(t) < Q then
4 SCU is queued
5 Update Aq

jq(t)×n

6 else if TCP (t) == M AND TQP (t) == Q AND jfcu(t) > 0 then
7 Rank FCUs in descending order based on SoCk

FCU(t)

8 Force terminate the FCU with SoCmax,FCU(t)

9 SCU is plugged into the vacated CP by the FCU
10 else
11 Block the SCU
12 end
13 Update Aev

j(t)×n

From the resource allocation perspective, SCUs are considered as privileged users
because they have prior agreements with the CS. Whereas they are no longer be
prioritized users in the charging process. kth; (k ∈ KSCU) plugged-in SCU is treated
as a critical SCU (CSCU) in the charging process, if its minimum required charging
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Algorithm 5.2: Pseudo code for the resource allocation to queued SCUs
Input : TCP (t) : Total number of occupied CPs at time t

Input : jfcu(t) : Total number of plugged in FCUs at time t

Input : jncscu(t) : Total number of plugged-in NCSCUs at time t

Input : j(t) : Total number of plugged-in EVs at time t

Output: Aev
j(t)×n : Plugged-in EVs matrix at time t

Output: Aq
jq(t)×n : Queued EVs matrix at time t

1 if (τ kSCU,min + τ0) < Hk
SCU(t) then

2 if TCP (t) < M then
3 SCU is plugged into an idle CP
4 else if TCP (t) == M AND jncscu(t) > 0 then
5 Rank plugged-in NCSCUs in descending order based on

SoCk
NCSCU(t)

6 Queue the plugged-in NCSCU with SoCmax,NCSCU(t)

7 SCU is plugged into the vacated CP by the NCSCU
8 Update Aq

jq(t)×n

9 else if TCP (t) == M AND jfcu(t) > 0 then
10 Rank FCUs in descending order based on SoCk

FCU(t)

11 Force terminate the FCU with SoCmax,FCU(t)

12 SCU is plugged into the vacated CP by the force terminated FCU
13 else
14 Keep in the queue
15 end
16 Update Aev

j(t)×n

time (τ kSCU,min) is lower than the parking horizon (Hk
SCU(t)) at time t. Otherwise,

the kth plugged-in SCU is regarded as a non-critical SCU (NCSCU) in charging
coordination. Let Ck

SCU and tdep,kSCU be the battery capacity and the departure time
of the kth plugged-in SCU and let PSCU and ηSCU be the charging rate of slow
charging (either SCUslow or SCUmedium) and the charging efficiency, respectively,
then τ kSCU,min and Hk

SCU(t) are determined by (5.1) and (5.2), respectively.

τ kSCU,min =

[
SoCdep,k

SCU − SoCk
SCU(t)

]
Ck

SCU

ηSCUPSCU∆t
(5.1)

Hk
SCU(t) = tdep,kSCU − t (5.2)

When an SCU arrives at the CS, it is definitely plugged into the CS. Thus, any
ongoing charging process is not affected if there is at least one idle CP.

76



Algorithm 5.3: Pseudo code for the resource allocation to FCUs
Input : TCP (t) : Total number of occupied CPs at time t

Input : TQP (t) : Total number of occupied QPs at time t

Input : jfcu(t) : Total number of plugged-in FCUs at time t

Input : jq(t) : Total number of occupied QPs at time t

Input : j(t) : Total number of plugged-in EVs at time t

Input : jncscu(t) : Total number of plugged-in NCSCUs at time t

Output: Aev
j(t)×n : Plugged-in EVs matrix at time t

Output: Aq
jq(t)×n : Queued EVs matrix at time t

1 if TCP (t) < M then
2 FCU is plugged into an idle CP
3 else if TCP (t) == M AND TQP (t) < M AND jncscu(t) > 0 then
4 Rank plugged-in NCSCUs in descending order based on SoCk

NCSCU(t)

5 Queue the NCSCU with SoCmax,NCSCU(t)

6 FCU is plugged into the vacated CP by the NCSCU
7 Update Aq

jq(t)×n

8 else if TCP (t) == M AND jfcu(t) > 0 then
9 Rank plugged-in FCUs in descending order based on SoCk

FCU(t)

10 if SoCFCU,max(t) > SoCFCU,T then
11 Force terminate the plugged-in FCU with SoCFCU,max(t)

12 New FCU is plugged into the vacated CP by the ongoing FCU
13 else
14 Block the FCU
15 end
16 else
17 Block the FCU
18 end
19 Update Aev

j(t)×n

Otherwise, the CS controller performs the resource allocation based on the Al-
gorithm 5.1.

5.4.2 Queued SCUs

The resource allocation for queued SCUs is in accordance with the Algorithm 5.2.
For each queued SCU, it is checked for its ’critical’ status at each time slot over
the complete time window as it depends on the minimum charging time (τSCU,min)
and the parking horizon (Hk

SCU(t)) at time t. A CP must be assigned for a CSCU
by either sending an NCSCU to the queue or forcibly terminating an ongoing fast-
charging process.
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5.4.3 FCU Arrivals

The resource allocation for FCUs is described in Algorithm 5.3. Newly arrived FCU
can access a CP without disturbing any ongoing charging process if at least one idle
CP. On the other hand, if the CS is fully occupied, then the CS controller seeks a
plugged-in NCSCU to send to the queue. Nevertheless, if it is not possible to find an
NCSCU, a sufficiently charged plugged-in FCU has to forcibly terminate its ongoing
charging process and donate the CP to the newly arrived FCU. It is regarded that
the kth plugged-in FCU is sufficiently charged if its SoC is higher than a pre-defined
threshold (SoCk

FCU(t) > SoCFCU,T ). Otherwise, the new FCU is blocked.

5.5 Dynamic EV Charging Coordination at FCS

For newly arrived EVs, charging resources are allocated based on Algorithm 5.1 to
Algorithm 5.3. Thus, mentioned algorithms premise only a portion of arrived FCUs
to be plugged in depending on the availability of the charging resources, while others
are blocked. Furthermore, due to the DL enforced by the central aggregator, all the
plugged-in EVs might not be charged during a time slot. Therefore, at each time
slot, the charging priority of each plugged-in EV is determined based on the corre-
sponding charging completeness measured in terms of SoC. As a result, CSCUs are
the most prioritized EVs to be charged in the next time slot. Conversely, NPSCUs
are the least prioritized users for charging. These requirements are handled with
the help of a dynamic priority array Ap

jp(t)×n described in the Algorithm 5.4. Then,
according to the order of the Ap

jp(t)×n, the CS controller enables or disables plugged-
in EVs for charging based on the Algorithm 5.5 and 5.6. How these Algorithms are
interconnected to build the complete discrete simulation is illustrated in Figure. 5.2.
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Figure 5.2: Dynamic EV charging coordination with developed Algorithms

The main objective of the CS controller is to maximize the CS profit by optimally
utilizing the allocated DL, letting FCUs be charged when registered users are not
very active within the CS.
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Algorithm 5.4: Pseudo code for the Priority Array
Input : jfcu(t) : Total number of plugged-in FCUs at time t

Input : jscu(t) : Total number of plugged-in SCUs at time t

Input : jcscu(t) : Total number of plugged-in CSCUs at time t

Input : jncsu(t) : Total number of plugged-in NCSCUs at time t

Input : Aev
j(t)×n : Plugged-in EVs matrix at time t

Input : Ascu
jscu(t)×n : Plugged-in SCUs matrix at time t

Input : Afcu
jfcu(t)×n : Plugged-in FCUs matrix at time t

Input : Acscu
jcscu(t)×n : Plugged-in CSCUs matrix at time t

Input : Ancscu
jncscu(t)×n : Plugged-in NCSCUs matrix at time t

Output: Ap
jp(t)×n : Priority array of plugged in EVs at time t

1 if jscu(t) > 0 then
2 Compute Ascu

jscu(t)×n from Aev
j(t)×n

3 if jfcu(t) > 0 then
4 Compute Afcu

jfcu(t)×n from Aev
j(t)×n

5 Rank Afcu
jfcu(t)×n according to the SoCk

FCU(t)

6 for i=1 to jscu(t)
(
∀Ascu

jscu(t)×n

)
do

7 if τ iSCU,min < H i
SCU(t) then

8 Put ith SCU in Acscu
jcscu(t)×n

9 Rank Acscu
jcscu(t)×n according to the SoCi

SCU(t)

10 else
11 Put ith SCU in Ancscu

jncscu(t)×n

12 Rank Ancscu
jncscu(t)×n according to the SoCi

SCU(t)

13 end
14 end
15 Compute Ap

jp(t)×n from Acscu
jcscu(t)×n, A

fcu
jfcu(t)×n and Ancscu

jncscu(t)×n

According to the order of the Ap
jp(t)

, at each charging time slot (∆t), the FCS
controller enable plugged-in EVs for charging according to the heuristic Algorithm
5.5 and 5.6. Therefore, the CS controller should optimally dispatch the power while
adhering to the constraints enforced by the distribution grid and the central aggre-
gator by maintaining high CS utilization, high CS capacity, low blocking probability,
low force termination probability, and user satisfaction.

In the proposed coordinated EV charging strategy, connected SCUs will be fully
charged at the departure (SoCdep,k

SCU = 1). Nevertheless, there is no guarantee for
connected FCUs to be fully charged at the departure as they may be subject to
force termination upon arrival of an SCU when both the CS and queue are fully
occupied. However, proposed charging strategies make sure connected FCUs to be
charged sufficiently at the departure.
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Charging completeness in terms of SoC is the main parameter that has to be
addressed in EV charging. Consequently, SCUs expect their EVs to be fully charged
at the departure (SoCdep,k

scu = 100%) as they park their EVs for long period and
pay for both parking and charging. Conversely, FCUs are not assured for fully
charged at the departure and hence, they pay only for the electricity consumption for
charging. In this work, two coordinated charging schemes are proposed using fixed
rate charging and variable rate charging. The proposed fixed rate power dispatching
strategy is illustrated in algorithm 5.5.

Algorithm 5.5: Heuristic Charging Coordination with Static Charging
Input : jp(t) : Total number of plugged in EVs at time t

Input : Ptotal(t) : Total EV charging power at time t

Input : P k
EV (t) : Charging power of kth EV at time t

Input : Ap
jp(t)×n : Priority Array at time t

Input : DL(t) : Demand limit

1 for k=1 to jp(t)
(
∀Ap

jp(t)×n

)
do

2 if the kth EV is a SCU then
3 P k

EV = ηSCUPSCU

4 else
5 P k

EV = ηFCUPFCU

6 end
7 Ptotal(t) = Ptotal(t) + P k

EV

8 if Ptotal(t) < DL(t) then
9 kth EV is charging

10 else
11 kth EV is not charging
12 end
13 end

Fixed rate charging may not be able to optimally utilize the allocated power
when the CS utilization is low due to the energy gaps. But with the variable rate
charging, this issue can be avoided enhancing the completion rate. Algorithm 5.6
describes the proposed variable rate charging coordination scheme in which charging
rates (PSCU,new(t) and PFCU,new(t)) will be varied dynamically.

Vacated CP by a charged EV will be allocated to a queued SCU. These proposed
strategies let FCUs to be accessed the CS opportunistically to charge their EVs to
enhance their driving range and to avoid range anxiety in long trips. Therefore, when
admitting a FCU to the CS, they know that the CS does not guarantees FCUs
to be fully charged at the departure and hence, they pay only for the electricity
consumption for charging. Power dispatching controller charges FSUs in the order
of current SOC (SOCk

FCU(t)) from the lowest to highest within each charging period
(∆t) while adhering all the constraints.

80



Algorithm 5.6: Heuristic Charging Coordination with Adaptive Charging
Input : Ptotal(t) : Total EV charging power at time t

Input : ∆Pmax(t) : Total extra power required to charge FCUs at Pmax
fcu at

time t

Input : DL(t) : Demand limit
Output: P k

EV (t) : Charging power of kth EV at time t

1 for k=1 to jp(t)
(
∀Ap

jp(t)

)
do

2 if the kth EV is a SCU then
3 P k

EV = ηscuP
k
scu

4 else
5 P k

EV = ηfcuP
k
fcu

6 end
7 Ptotal(t) = Ptotal(t) + P k

EV

8 if Ptotal(t) < DL(t) then
9 kth EV is enabled for charging

10 else
11 kth EV is not enabled for charging
12 end
13 end

14 ∆P (t) = DL(t)− Ptotal(t)

15 if ∆P (t) > 0 then
16 for k=1 to jP (t)

(
∀Ajfcu(t)

)
do

17 if ∆P (t) < ∆Pmax(t) then
18 P k

fcu,new(t) = P k
fcu(t) + ∆P (t)(Pmax

fcu − P k
fcu)/∆Pmax(t)

19 else
20 P k

fcu,new(t) = Pmax
fcu

21 end
22 end
23 Charge all EVs

Dynamic admission control and charging coordination strategies do not guar-
antee FCUs to be fully charged but make every possible effort to complete FCU
charging process as fast as possible so that more FCUs can be plugged-in.

5.6 Results and Discussion

This section analyzes the results obtained from the presented models in previous
sections to validate the performance of developed dynamic resource allocation and
charging coordination strategies. It is considered that the central aggregator uses
the day-ahead DL to minimize the load variance at the distribution transformer.
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This DL constraint affects the charging process from various user comfort perspec-
tives such as charging time, waiting/queuing time, blockage, forced termination, etc.
To determine the overall performance of the proposed coordinated charging scheme,
charging demand is taken into comprehensive consideration along with the EV user
comfort aspects.

The CS controller (sub-aggregator) optimally utilizes the allocated power by
the central-aggregator to plugged-in EVs in real-time, adhering to the constraints
enforced by the utility and satisfying the users’ preferences. A case study with a CS
with 50 CPs and 10 QPs is considered to demonstrate the power flow management
of the developed strategies. When any EV arrives to the CS, it is considered that the
capacity and SoC of the EV battery are uniformly distributed. The variation of the
power required for both coordinated and uncoordinated EV charging are illustrated
in Figure 5.3.
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Figure 5.3: Charging demand profiles for both coordinated and uncoordinated EV
charging

In this study, it can be seen that the CS highly stresses the electric network
during morning hours (6 AM to 9.30 AM) and 12 Noon to 6 PM due to the high
arrival rate of fast charging EVs, resulting in a peak demand of 0.925 pu, if the
EV charging is left uncoordinated. During this period, the power demand of the
CS has to be kept at 0.47 pu to maintain a sort of minimum load variance at the
distribution transformer. Figure 5.3 depicts that the proposed strategies optimally
utilize the allocated power for EV charging without stressing the electric network.
SCUs do not charge in their whole parking horizon even though they are connected
to a charger.

By putting SCUs in a queue when they are not being charged, the resource could
be allocated to an opportunistic FCU if it does not violate the constraints. It can be
seen that the proposed strategies use the limited charging resources optimally with
the benefits of having four different fixed charging rates for heterogeneous EV user.
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Figure 5.4 illustrates EV charging demand profiles for uncoordinated charging,
proposed coordinated charging scheme without a queue, and coordinated charging
scheme with a queue in the same plot.
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Figure 5.4: Charging demand profiles for uncoordinated and coordinated EV charg-
ing with and without queue

By analyzing the power profiles in Figure 5.4, it can be clearly observed that both
the cases of developed charging scheme well maintain the allocated power demand
without exerting stresses to the electric network. As depicted in Figure 5.5, the
optimal demand attainment capability of the scheme with a queue is higher than
that of the scheme without a queue due to the fact that more FCU requests can be
accepted with the buffer. From 9.30 AM to 12 Noon and 7 PM to 10 PM, charging
strategies with a queue maximally utilize the allocated demand compared to the
charging scheme without a queue.
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Figure 5.5: Charging resource and queue utilization

We analyze the performance of developed charging resource allocation and charg-
ing coordination strategies with adaptive charging. We consider that the day-ahead
DL given by the CS aggregator intends to flatten the load curve of the distribution
transformer. Here, we are going to analyze the effectiveness of exploiting unused
charging resources by SCUs for opportunistic FCUs with adaptive EV charging.

83



An FCS with 30 CPs and 10 QPs is considered to demonstrate the performance
of the proposed strategies. We have considered 82 SCUs in the EV mobility model
whose plug-in times are uniformly distributed. Figure 5.6 depicts the variation of
charging power for both coordinated and uncoordinated EV charging. From Figure
5.6, we can clearly observe that the proposed strategies well maintain the allo-
cated power demand without exerting stresses to the electric network. The optimal
demand attainment capability with adaptive charging is higher than that of with
fixed-rate charging due to high charging resource utilization and charging comple-
tion.

The expected profit from the SCUs can be enhanced with opportunistic FCUs
on top of the primary SCUs. Therefore, profit maximization performance is also
analyzed in terms of charging resource utilization and average charging completion
rate (minute−1) for different arrival rates of FCUs.
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Figure 5.6: Charging power variation with adaptive charging

Figure 5.7 and Figure 5.8 illustrate the charging resource utilization and the
average charging completion rate of EVs as the mean arrival rate (daily average
rate) of FCUs (λFCU) varies from 0 to 2 minute−1, respectively. From these fig-
ures, we can observe that both charging resource utilization and average charging
completion show continuous ascent with the mean arrival rate of FCUs resulting
in high yield at the end of the day. Moreover, both parameters give better perfor-
mance with adaptive charging of FCUs as compared that of with fixed rate charging.

It can be noted that the average charging completion rate of EVs starts becoming
saturated after the mean arrival rate of 1.2 minute−1 of FCUs. Above this mean
arrival rate of FCUs, more arrived EVs would be blocked as all CPs are likely to be
fully utilized at the event of arrivals.
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Figure 5.7: Charging Resource Utilization as a function of λFCU
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Figure 5.8: Average Charging Completion Rate of EVs

High service quality for SCUs is guaranteed with 100% completion of the re-
quested SoC at the departure. Conversely, to assess the long-term willingness of
EV users to select this CS, blocking probability is essential. As a performance pa-
rameter associated with the quality of service assured for FCUs by the FCS where
both registered and opportunistic users are served, blocking probability of FCUs is
plotted in Figure 5.9 against λFCU .

This would be essential in considering the capacity expansion. Blocking proba-
bility shows a continuous ascent when λFCU increases. Nevertheless, the blocking
probability has been effectively reduced with adaptive charging for FCUs in place
of fixed-rate charging.
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Figure 5.9: Blocking Probability of FCUs with λFCU

5.7 Conclusion

This chapter effectively analyzes the performance of developed dynamic resource
allocation and charging coordination strategies to maximize charging resource uti-
lization without jeopardizing the electric network stability. The day-ahead demand
limit is allocated by the CS aggregator level to minimize the load variance in the
distributed network. The proposed queue-based dynamic resource allocation and
coordinated EV charging strategies enable FCUs to charge their EVs opportunisti-
cally when registered users are not active to utilize the allocated demand optimally;
hence it keeps the average charging station utilization above 90% at higher arrival
rates of EVs

With the proposed strategies, opportunistic FCUs can attain an SoC of more
than 95% at the departure as EVs are prioritized in the order of the charging com-
pleteness measured in terms of the SoC of EV battery at each charging time slot.
Moreover, the distribution transformer is loaded only up to 50% of its rated capacity
at the peak demand, and this is a 40% reduction compared to uncoordinated EV
charging. Therefore, the priority-based heuristic algorithm properly coordinates the
charging demand without stressing the distributed network for heterogeneous EV
traffic. Therefore, it can be concluded that the queue-based CS operation mechanism
outperforms the one without a queue in terms of power utilization, CS utilization,
and charging completion rates. Furthermore, this chapter presents a framework
to evaluate QoS of heterogeneous EV users. It proves that the adaptive charging
approach enhances the charging resource utilization further. The adaptive charg-
ing approach reduces the blocking probability of FCUs. Moreover, as the proposed
charging management algorithm is a priority-based heuristic, the computational
complexity is not very sophisticated, and the computational time is comparatively
lesser than others; hence, this is very suitable for real-time operation.
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Chapter 6

Reliability of Fast Charging Station
under Electric Vehicle Supply
Equipment Failures and Repairs

6 Rapid deployment of fast-charging stations (FCSs) promotes the proliferation of
electric vehicles (EVs) alleviating long charging time and range anxiety of long-
trip drivers. This chapter focuses on the enhancement of the charging reliability of
both registered primary (scheduled) (PEVs) and opportunistic (OEVs) EV users in
an EV fast charging station (FCS). Proposed charging coordination strategies allow
OEVs to exploit unused charging resources to optimally utilize the limited charging
resources of FCS. However, the optimum utilization of limited charging resources of
an FCS while assuring a reliable charging process for plugged-in EVs under random
failures of electric vehicle supply equipment (EVSE) is a real challenge for the FCS
controller. When the FCS admits OEVs in addition to PEVs, assuring a satisfac-
tory quality of service to both EV user categories is also dispensable. Therefore,
we analyze the performance of reservation of off-board mobile chargers (MOBCs) to
enhance the charging reliability of EV users while achieving high charging resource
utilization. This work proposes resource allocation and charging coordination strate-
gies for an FCS where MOBCs are used to enhance the charging reliability of both
PEVs and OEVs. Moreover, the proposed dynamic charging resource coordination
strategies are analyzed with a continuous time Markov-Chain (CTMC). Presented
results from the CTMC model demonstrate that the proposed strategies outperform
the EV charging process of the FCS in terms of high resource utilization and relia-
bility while guaranteeing a satisfactory quality of service to EV users.

6This chapter is based on the peer-reviewed journal paper, K. M. S. Y. Konara et. al “Reliability
Enhancement of Fast Charging Station under Electric Vehicle Supply Equipment Failures and
Repairs,” Energies (ISSN: 1996-1073), vol 16, 2933, 2023. doi : 10.3390/en16062933
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6.1 Introduction

EV charging process at a fast charging station (FCS) is affected by various uncertain-
ties such as energy supply uncertainties, energy price uncertainties, spatiotemporal
uncertainties, EV supply equipment failures, etc. as illustrated in Figure 6.1. In
EV charging coordination, a number of EV supply equipment (EVSE) or chargers
plays a major role in relation to the quality of EV charging in terms of EV blockage,
preemptage, reliability, availability, etc. In a more realistic charging coordination
scheme, the number of chargers/ EVSE and their individual capacity put another
constraint to the charging coordination.

EV Mobility (Spatial-Temporal variations)

EVSE Failures 

Energy Price Uncertainty 

Power Supply Uncertainty Demand Uncertainty 

Utility Uncertainty 

EV Charging Process

EV Mobility (Spatial-Temporal variations)

EVSE Failures 

Energy Price Uncertainty 

Power Supply Uncertainty Demand Uncertainty 

Utility Uncertainty 

EV Charging Process

Figure 6.1: Uncertain aspects for EV Charging Process

Nevertheless, due to various uncertainties shown in Figure 6.1, limited charging
resources including both energy resources and chargers/EVSE might not be opti-
mally utilized by the registered/scheduled EV users (PEVs) in real-time operation.
Moreover, treating the charging processes with a few minutes duration (long-trip
drivers or ultra-fast charging users) as opportunistic charging processes instead of
scheduled ones would be more realistic. Although substantial research efforts have
been devoted on the optimal scheduling of EVs at a CS, how to effectively exploit
unused limited charging resources under uncertain conditions to further enhance
resource utilization is not adequately analyzed. Furthermore, due to random fail-
ures and repairs of EVSE, the capacity of the FCS would be uncertain to maintain
high availability for EV arrivals and high reliability for plugged-in EV users. If we
ignore random failures of EVSE, we overestimate the average capacity of the FCS
to analyze charging resource coordination. Therefore, we propose an event-based
dynamic charging resource coordination strategy with a focus on the impact of ran-
dom EVSE failure and repair so that opportunistic ultra-fast charging opportunistic
users (OEVs) can exploit limited charging resources allocated for PEVs. Conse-
quently, the novel technical contribution is to propose a dynamic charging resource
allocation strategy for both registered PEVs and opportunistic OEVs together with
mobile off-board chargers (MOBCs) and to analyze the reliability enhancement of
FCS under EVSE failure and repair. In this work, we employ a continuous time
Markov Chain (CTMC) approach to model the proposed strategies.
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6.2 Dynamic Charging Resource Allocation under
EVSE Failure
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Figure 6.2: Utilization of charging resources by OEVs

Figure 6.2 illustrates the under-utilization and capacity reduction of an FCS
due to various uncertainties associated with EV charging including EVSE failures.
When we consider the charging resource utilization of scheduled EVs (PEVs) at
an FCS, limited charging resources might not be optimally utilized due to various
uncertainties illustrated in Figure 6.1. This wasted energy can be compensated by
allowing opportunistic ultra-fast charging EV users (OEVs) along with PEVs. At
the same time, we should note that EVSE are susceptible to fail due to hardware
failures or protection issues. Owing to those failures of EVSE, the capacity of FCS
or the effective number of plugged-in and charged EVs (throughput) decreases and
the average charging time may rise.

If we evaluate the FCS’s performance without considering this downtime of
EVSE, it overestimates the FCS capacity and performance. To overcome the ad-
verse impact of downtime of EVSE, we employ MOBCs at the FCS. In this work, we
focus on dynamic charging resource allocation and coordination of the FCS under
EVSE failure and repair as depicted in Figure 6.3. Dynamic charging coordina-
tion strategies are proposed for mainly OEVs so that OEVs do not interfere with
PEV charging process. As OEVs can aggregate charging resources to achieve higher
charging rates, they can quickly increase the state of charge of their EV batteries
with economical pricing schemes as compensation.

Basically, two types of EV users are considered : (1) PEVs and (2) OEVs. The
distinct privileges and constraints of both EV user types in accessing the FCS is
tabulated in Table 6.1.
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Table 6.1: Access Privileges and Constraints of EV users

PEVs OEVs
• Pre-scheduled charging process • Opportunistic charging
• Charged at specified charge rate • Charged at specified higher charge rate
Pp; Pp ∈ [Pmin

p , Pmax
p ] Po = nPp; (n ∈ Z+) , Po ∈ [Pmin

o , Pmax
o ]

• Charger is guaranteed on • Charger is assigned if sufficient
arrival. resources are available only.

• Very hardly subject to blockages • Subject to blockages
• Charging process regularly finishes. • Charging process is liable to be preempted

before regularly finishes.
• Prioritized users at the MOBCs • Charging process is liable to be preempted

at the MOBCs.
• Expect uninterruptible EV charging • Expect to charge as quickly as possible

The operation mechanism of FCS under EVSE failure and repair is illustrated in
Figure 6.3.
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Figure 6.3: Proposed operation mechanism of the FCS

In this work, we have considered an already deployed FCS with M ; (M ∈ Z+)

number of off-board chargers (OBCs) and N ; (N ∈ Z+) number of MOBCs that are
used to enhance the reliability of ongoing charging processes. It is assumed that the
charging power of each charger both in OBCs and MOBCs can be adjustable. The
FCS schedule and execute the charging processes of PEVs in line with EV user pref-
erences. In the meantime, FCS admits opportunistic OEVs to exploit non-utilized
limited charging resources. In this work, we consider that PEVs are charged at a
specified charge rate of Pp; Pp ∈ [Pmin

p , Pmax
p ] while OEVs are charged at nPp depend-

ing on charging resource availability at arrival.

The value n is chosen such that nPp is less than the rated power output an
OBC/MOBC (Pmax

c ) ; nPmax
p ≤ Pmax

c . Consequently, the capacity of FCS becomes
MPmax

p . The energy supply of FCS should meet this capacity throughout the oper-
ating horizon. PEVs demand an uninterruptible charging process where as OEVs
are liable to be interrupted upon arrival of PEVs if charging resources are not ade-
quate. MOBCs identical to OBCs are deployed to retain ongoing charging processes
without affecting from EVSE failures and forced terminations of OEVs.
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In this work, we develop a performance assessment framework using continuous-
time Markov-Chain to evaluate the performance of an FCS in terms of reliability
under EVSE failure and repair.

The charging coordination of FCS is taken place with main three stages : (1)
Optimal scheduling of PEVs to maximize the profit. They utilize charging resources
as primary users. (2) Admitting OEVs as secondary users to exploit non-utilized
limited charging resources. (3) Shifting interrupted charging processes due to EVSE
failures and preemption of OEVs to MOBCs. In this work, we analyze the impact
of opportunistic secondary users over PEVs and themselves under effective FCSs’
capacity changes due to EVSE failures.

6.2.1 Stochastic EV Mobility Model

The performance of the FCS with proposed charging coordination strategies is ana-
lyzed using a continuous-time Markov chain (CTMC) model. Therefore, the follow-
ing assumptions are made to develop the CTMC analytical model.

• Both PEV and OEV arrivals are Poisson processes with mean arrival rates
of λp and λo, respectively. Where (λ denotes the average number of charging
requests made by the respective category of EVs per unit time)

• All OBCs and MOBCs are homogeneous and the service time of an EVSE
is exponentially distributed with the service rate of µc. (µc rate denotes the
average number of charged EVs per EVSE per unit time)

• All failures are homogeneous. The inter-failure time (during which an OBC
functions well) of an OBC is exponentially distributed with a failure rate of
λf per EVSE.

• The repair time of an OBC is exponentially distributed, with a repair rate per
EVSE of µr.

In order to develop the CTMC analytical model to assess the reliability of FCS
under EVSE failures, the following events are considered for state transitions; (1)
PEV Arrivals at FCS (2) PEV Departures from FCS (3) OEV Arrivals at FCS
(4) OEV Departures from FCS. (5) Failure of EVSE to which a PEV is con-
nected. (6) Failure of EVSE to which a OEV is connected. (7) Idle OBC fail-
ure. (8) Repair of a failed EVSE. In CTMC model, we have defined a generic state
x; x = {xs, xu, xsm, xum, xf} to model system dynamics at each event aforementioned.
In a generic state x, xs and xsm denote the number of PEVs plugged into normal
OBCs and MOBCs, respectively. The number of OEVs plugged into normal OBCs
and MOBCs is denoted by xu and xum, respectively. Furthermore, xf indicates the
number of failed OBCs at FCS.
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6.2.2 Dynamic Charging Coordination Model

Initially, the set of feasible states of the system (S) is obtained from the whole
state space. S = {x|xs, xu, xsm, xum, xf ≥ 0; xs ≤ M, xu ≤ ⌊(M/n)⌋, xsm ≤ N, xum ≤
⌊(N/n)⌋ xf ≤ M,

∑
(xs, nxu) ≤ M,

∑
(xs, xu, xf ) ≤ M,

∑
(xsm, nxum) ≤ N}. The level of

charging resource aggregation by OEVs is up to n steps as per the charging resource
availability. The state transitions (STs) triggered by the aforementioned events at
the FCS are described in the subsequent subsections. Power utilization of EVs and
EVSE utilization of normal and mobile OBCs are expressed in (6.1), (6.2) and (6.3)
respectively.

a(x) = xs+nxu+xf (6.1) b(x) = xs + xu + xf (6.2) c(x) = xsm + xum (6.3)

Arrivals of EVs at FCS

Arrivals of PEVs (APEVs) and OEVs (AOEVs) at FCS are considered in this Section.
The STs triggered due to the APEVs and AOEVs are tabulated in ST Table 6.2. It is
considered that the FCS is obliged to allocate charging resources immediately after
arrival of an PEV as they have prior-agreements. Consequently, upon an arrival of
an PEV, if at least one idle OBC, the PEV is plugged-in without disrupting others.
Otherwise, any ongoing OEV charging process must be interrupted. However, this
interrupted OEV can be shifted to MOBCs if at least one idle EVSE. Otherwise,
the concerned OEV charging process has to be preempted.

Table 6.2: STs from x triggered by EV Arrivals

Conditions Destination State ST Rate
APEVs, At least an idle OBC M − a(x) > 0; {xs + 1, xu, xsm, λp

xum, xf}
APEVs, FCS is full. OEVs exist. M − a(x) = 0; {xs + 1, xu − 1, xsm, λp

idle MOBC exist c(x) < N ; xu > 0 ; xum + 1, xf}
APEVs, FCS is full. OEVs exist M − a(x) = 0; {xs + 1, xu − 1, xsm λp

No idle MOBCs c(x) = N ;xu > 0 ; , xum, xf}
APEVs, FCS is full. OEVs exist M − a(x) = 0; {xs + 1, xu − 1, xsm, λp

No idle MOBCs c(x) = N ;xu > 0 ; xum, xf}
APEVs, FCS is full. No OEVs M − a(x) = 0; {xs, xu, xsm, xum, xf} λp

xu = 0;
AOEVs, At least an idle OBC M − a(x) ≥ n {xs, xu + 1, xsm, xum, xf} λo

Enough CRs available
AOEVs, FCS is full. M − a(x) < n; {xs, xu, xsm, xum, xf} λo

Moreover, in an occasion where all OBCs are occupied by PEVs, newly arrived PEV
must be blocked. The destination states related to STs triggered by PEV arrivals
with respect to the generic state x at λp transition rate (TR) are tabulated in Table
6.2.
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The FCS accepts OEVs if PEVs do not occupy all the OBCs. Upon a new OEV
arrival at the FCS, it is plugged-in, if at least an OBC and enough energy resources
are available to provide charging power of Pmax

o . Otherwise, the OEV has to be
blocked as the charging processes of plugged-in OEVs are not preempted upon the
arrival of the new OEV. Similarly, the STs triggered due to the arrivals of OEVs are
tabulated in ST Table 6.2. The corresponding STs are taken place at λo TR.

Departures of EVs from FCS

Departures of PEVs (DPEVs) and OEVs (DOEVs) from FCS are considered in this
Section. Upon completion of charging, both PEVs and OEVs depart from the FCS
leaving an idle OBC or MOBC. As one OEV aggregate charging resources of n OBCs,
it releases such amount of charging resources at the departure. A similar situation
happens for MOBCs as well. The corresponding STs from x upon departure of PEV
under the conditions aforementioned are tabulated in Table 6.3.

Table 6.3: STs from x triggered by EV Departures

Conditions Destination State ST Rate
DPEVs from an OBC xs > 0; {xs − 1, xu, xsm, xum, xf} xsµcp

DOEVs from an OBC xu > 0; {xs, xu − 1, xsm, xum, xf} xuµcp

DPEVs from an MOBC xsm > 0; {xs, xu, xsm − 1, xum, xf} xsmµcp

DOEVs from an MOBC xum > 0; {xs, xu, xsm, xum − 1, xf} xumµcp

EVSE Failures and Repairs

In order to retain ongoing charging processes during the failures of EVSE, a limited
number of MOBCs are placed at the FCS. When comes to failures of EVSE, STs
are considered depending on the user category of the EV connected with the failed
EVSE. At a failure of EVSE, initially, the FCS seeks for an idle OBC regardless of
the EV user category and if it fails only the EV is shifted to MOBCs. At a failure
of PEV-connected EVSE (FPEV), it gets the high priority to continue the charging
process at MOBCs. If it can find an idle MOBC, the PEV is shifted to MOBCs
without interrupting any ongoing OEV charging process. Otherwise, an OEV (if
any) has to terminate its charging process at MOBCs and donate the MOBC to the
PEV. Still if it fails, the PEV charging process has to be terminated. However, at a
failure of OEV-connected EVSE (FOEV), the OEV is shifted to MOBCs if an idle
MOBC is available only. The STs triggered because of the failures and repairs of
EVSE are tabulated in ST Table 6.4.
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Table 6.4: STs from x triggered by EVSE Failures and Repairs

Conditions Destination State ST Rate
Idle EVSE Failure M − b(x) > 0; {xs, xu, xsm, xum, xf + 1} λf (M − b(x))

FPEVs, idle OBC exists M − b(x) > 0; xs > 0; {xs, xu, xsm, xum, xf + 1} λfxs

FPEVs, No idle OBC M − b(x) = 0; xs > 0; {xs − 1, xu, xsm + 1, xum, λfxs

idle MOBC exists c(x) < N ; xf + 1}
FPEVs, No idle MOBC M − b(x) = 0; xs > 0; {xs − 1, xu, xsm + 1, λfxs

OEVs are at MOBCs c(x) = N ; xum > 0; xum − 1, xf + 1}
FPEVs, No idle MOBC M − b(x) = 0; xs > 0; {xs − 1, xu, xsm, xum, λfxs

No OEVs are at MOBCs c(x) = N ; xum = 0; xf + 1}
FOEVs, idle OBC exists M − b(x) > 0; xu > 0; {xs, xu, xsm, xum, xf + 1} λfxu

FOEVs, No idle OBC M − b(x) = 0; xu > 0; {xs, xu − 1, xsm, xum + 1, λfxu

idle MOBC exists c(x) < N ; xf + 1}
FOEVs, No idle MOBC M − b(x) = 0; xu > 0; {xs, xu − 1, xsm, xum, λfxu

c(x) = N ; xf + 1}

6.2.3 FCS Centric Performance Evaluation Parameters

In this work, we analyze the charging reliability of FCS under EVSE failure and re-
pair as an event-driven model. We model the FCS operation and proposed a charging
resource coordination scheme using CTMC with continuous time and discrete states.

The performance of the proposed charging coordination strategies is analyzed in
terms of reliability. System dynamics are studied with the steady state probability
vector (π(x)) that gives the steady state probability of being in the corresponding
state x. To derive the (π(x)), we use the global balance equation and the normal-
ization equation expressed in (6.5). In (6.5), Φ is the TR matrix where non-diagonal
elements (φxixj

;xi, xj ∈ Φ) are calculated by getting the summation of TRs that
are corresponding to all possible STs from xi to xj. Diagonal elements (φxixi

) of Φ
are found using (6.4).

φxixi
= −

∑
xj∈Ω,j ̸=i

φxixj ; xi,xj∈Ω (6.4) πΦ = 0,
∑
x∈Ω

π(x) = 1 (6.5)

For the long-term sustainable operation of the FCS, the availability of FCS and
reliability of charging processes under random EVSE failures and repairs are very
indispensable. Reliability and availability aspects are very essential for the FCS to
provide high-quality service to EV users. In this Section, performance parameters
for the reliability and availability are derived in terms of π(x).

Availability of FCS for EVs (A)

FCS accepts OEVs opportunistically to enhance the utilization of limited charging
resources, but, there may be occasions where a charging request from an OEV is
blocked due to limited or unavailability of charging resources. Under such situa-
tions, the FCS is said to be unavailable for new OEVs. Even FCS might not be
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available for PEVs if they arrive in time periods other than scheduled ones. There-
fore, availability-related performance assessments are very important for both PEVs
and OEVs. In this paper, we define the availability of FCS for OEVs as the proba-
bility that the FCS allocates charging resources for newly arrived OEV without any
failure.

Let (Aoev) denote the availability of FCS for OEVs, then Aoev can be expressed as
in (6.6).

Aoev = 1−
∑
x∈Ω,

M−a(x)≥n, M−b(x)>0

π(x) (6.6)

However, as PEVs are registered users, they have a high priority in accessing
the FCS. Generally, it is considered that the FCS is available for PEVs when they
arrive in the scheduled time. However, If all OBCs are occupied by PEVs, the FCS
is not available for newly arrived PEV. Therefore, the EVSE availability for PEVs
is obtained by

Apev = 1−
∑

x∈Ω, xs=b(x),
a(x)=M, M−b(x)=0

π(x) (6.7)

Reliability of Charging Process (R)

The ability of a charging process to retain its operational state without being in-
terrupted by any means until it regularly finishes is defined as the reliability of a
charging process. Upon a failure of an EVSE, the corresponding charging process
has to be preempted if idle OBCs are not available irrespective of EV user type.
Nevertheless, charging processes of OEVs are liable to be preempted if charging re-
sources are not adequate to admit PEVs. Therefore, the probability that an ongoing
charging process, once commenced, continues to operate without interruptions until
regularly finish can be used to quantitatively express the reliability of the charging
process.

Due to random failures of EVSE, the charging processes of both PEVs and OEVs
can be affected. When considering the charging reliability of OEVs, the charging
process of an OEV has to be preempted in the following three cases: (1) PEV-
connected OBC is failed and either an idle OBC or MOBC is not available. (2) OEV-
connected OBC is failed and either an idle OBC or MOBC is not available. (3) Upon
the arrival of new PEV, all OBCs are occupied and an idle MOBC is not available.
Therefore, in order to find the charging reliability of each user category, firstly we
need to find the mean preempting rate of OEVs (α̇oev) for the aforementioned three
cases. Therefore, the mean preempting rates of OEVs in those three cases (α̇uev1),
(α̇uev2) and (α̇uev3) are derived as expressed in (6.8), (6.9) and (6.10), respectively.
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α̇oev,1 =
∑
x∈Ω,

b(x)=M, c(x)=N,
xs>0 xum>0

xsλfπ(x) (6.8) α̇oev,2 =
∑
x∈Ω,

b(x)=M, c(x)=N,
xu>0

xuλfπ(x) (6.9)

α̇oev,3 =
∑
x∈Ω,

a(x)=M, c(x)=N,
xu>0

λpπ(x) (6.10)

We can derive the preempting probability of an EV user type by getting the
ratio between the mean preempting rate (α̇) and the corresponding plugging rate
(β̇). The mean plugging rate of OEV (β̇oev) can be obtained as λoAoev. Therefore,
the charging reliability of OEV charging process (Roev) can be expressed as (6.11).

Roev =

∑3
i=1 α̇oev,i

λoAoev

(6.11)

Even charging processes of PEVs might be preempted due to EVSE failures.
Therefore, it is very important to analyze the charging reliability of PEVs Rpev. The
mean preempting rate of PEVs (α̇pev) can be obtained as in (6.12) under EVSE
failures.

α̇pev =
∑
x∈Ω,

b(x)=M, c(x)=N,
xs>0 xum=0

xsλfπ(x) (6.12)

The plugging rate of PEVs (β̇pev) can be obtained as λpApev. Therefore, the
charging reliability of PEV charging process (Rpev) is expressed as (6.13).

Rpev =
α̇pev

λpApev

(6.13)

Presented CTMC analytical model assesses the availability of FCS for EVs and
the reliability of the charging process with proposed dynamic charging resource
coordination strategies.

6.3 Results and Discussion

The reliability of the ongoing EV charging process and availability of FCS for new
EV arrivals under EVSE failures and repairs are analyzed in this work. This Section
elaborates on the behavior of FCS with MOBCs under EVSE failures. In this
Section, we have in-cooperated derived expressions for A and R in Section 6.2.3.
To analyze the performance of developed charging coordination strategies, we have
considered a scenario where the FCS is equipped with 10 CPs (i.e, M = 10) whose
charging power can be adjusted within a specified range in steps. The CTMC
parameter n is set to 2.
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6.3.1 Reliability of OEVs

In this scenario, an ongoing charging process of OEV can be preempted due to
the unavailability of resources upon arrival of new PEV or EVSE failure. In this
Section, we analyze the charging reliability of both PEVs and OEVs. We plot the
charging reliability of PEVs and OEVs under EVSE failure by considering the derived
equation in Section 6.2.3. Figure 6.4 shows the charging reliability of OEVS as λp

varies. In Figure 6.4, we have analyzed charging reliability of OEVs for different λo

when λp varies from 0 to 60 h−1. The charging reliability of OEVs decreases with
the increment of λo. At lower λp, a charging process of an OEV is unlikely to be
preempted due to the under-utilization of charging resources. Figure 6.4 very clearly
illustrates that the charging reliability of OEVs can significantly be improved with
reserved MOBCs. For instance, when λp = 60 h−1 and λo = 42 h−1, proposed charging
coordination scheme with MOBCs has improved charging reliability of OEVs by 56%

compared that of with FCS without MOBCs. Figure 6.4 also depicts that higher
charging reliability of OEVs can be achieved with more MOBCs at a cost of under-
utilization.
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Figure 6.4: Reliability of charging completion of OEVs as a function of λp

6.3.2 Reliability of PEVs

Unlike in OEVs, the charging reliability of PEVs is significantly high due to their
prior agreements with FCS. However, an ongoing charging process of a PEV has to
be preempted upon an EVSE failure if there is no any idle OBC or ongoing OEV
charging process. Figure 6.5 depicts the charging reliability of PEVs as λF varies.
According to defined charging coordination strategies, the charging reliability of
PEVs does not depend on the increment of λo.
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Figure 6.5 very clearly illustrates that the charging reliability of PEVs can sig-
nificantly be improved with reserved MOBCs. For instance, when λF = 0.6 h−1, the
proposed charging coordination scheme with MOBCs has improved the charging
reliability of PEVs by 91% compared that of with FCS without MOBCs.
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Figure 6.5: Reliability of charging completion of PEVs as a function of λF

6.3.3 Availability of FCS PEVs

Figure 6.6 evaluates the availability of FCS for OEVs under EVSE failures. Due to
the prior agreement with FCS, it is considered that FCS is available for PEVs upon
arrival.
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Figure 6.6: Availability of FCS for OEVs as a function of λp

At lower λp, the FCS is available for PEVs even they arrived in out of the
schedule. However, when λp increases, the availability of FCS for OEVs is decreasing.
According to the proposed charging resource coordination strategies, a newly arrived
EV (PEV or OEV) will not be plugged into a MOBC.
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Figure 6.6 very clearly shows that the availability of FCS for both PEV and
OEV solely depends on the arrival rate of EVs. With the presented results for
selected scenarios, we have analyzed the charging reliability improvement of both
PEVs and OEVs with proposed EV charging resource coordination strategies under
EVSE failures and repairs. Presented results showed that reserving MOBCs at FCS
outperforms the charging reliability of both PEVs and OEVs under EVSE failures.

6.4 Conclusion

In this chapter, we have analyzed how MOBCs can be in-cooperated to enhance
the charging reliability of OEVs and PEVs. The proposed strategy enables OEVs
to exploit unused charging resources allocated for scheduled EV users at FCS to
enhance charging resource utilization. However, increasing more arrival of PEVs
and EVSE failures, the charging reliability of OEVs is severely affected. The pre-
sented results prove that reserving the limited charging resources as mobile chargers
at FCS can enhance the charging reliability of opportunistic EV users significantly.
The proposed charging resource coordination strategies have improved the charging
reliability of OEVs by 56% and PEVs by 91% in considered worst-case scenarios,
compared that of with FCS without MOBCs.

Along with the proposed strategies, we have derived a framework in generic
nature using CTMC to assess the FCS-centric performance in terms of charging
reliability and availability of FCS. This FCS-centric performance assessment frame-
work can be in-cooperated to ensure an undisturbed charging process for EV users.
How the rapidly varying power-intensive EV load demand is properly managed with
innovative dynamic control strategies is presented in Chapter 7.
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Chapter 7

Power Management of Photovoltaic
based Active Generator integrated at
Fast Charging Station

7 This chapter presents the architecture and control strategies for a photovoltaic (PV)
based active generator (AG) that can be embedded as the local distributed generator
(DG) at an electric vehicle (EV) fast charging station (FCS). FCS that accepts op-
portunistic EV users with dynamic charging resource aggregation is a rapidly varying
power-intensive load to the power grid. The proposed PV-AG with a hybrid energy
storage including a battery array and a super-capacitor (SC) bank is going to work as
an AG with innovative load management and power flow control strategies for man-
aging the active power demand locally considering the grid constraints. This chapter
proposes an architecture for a PV-based active generator, which can provide active
power in a controlled manner while maintaining frequency stability within the power
grid. With the proposed architecture and innovative control strategies, the rapidly
changing power-intensive load demand of the FCS can be effectively coordinated. The
PV-generated power can be maximally utilized locally and the power fluctuations can
be compensated using the embedded energy storage using the proposed architecture
and innovative control strategies. The power flow is managed using the hierarchical
approach with the state flow and droop characteristics as a finite state machine.

7This chapter is based on the peer-reviewed journal papers, K. M. S. Y. Konara et. al, “Power
Flow Management Controller within a Grid Connected Photovoltaic Based Active Generator as a
Finite State Machine using Hierarchical Approach with Droop Characteristics,” Renewable Energy
(ISSN 1879-0682), Vol 155, 1021–1031, 2020. doi : 10.1016/j.renene.2020.03.138 and K. M. S.
Y. Konara et. al, “Power Dispatching Techniques as a Finite State Machine for a Standalone
Photovoltaic System with a Hybrid Energy Storage,” AIMS Energy (ISSN 2333-8334), vol 8,
214–230, 2020. doi : 10.3934/energy.2020.2.214
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7.1 Introduction

Although the sparse deployment of fast-charging stations (FCSs) promote rapid
adoption of EVs providing effective solutions for issues related with charging time,
range anxiety and charging autonomy, high penetration of FCSs poses substantial
impacts on the power grid in terms of network capacity, power system stability, and
power quality[23, 24]. Due to rapid changes of charging demand frequency fluctu-
ations within and outside the FCS can be taken place [22]. Therefore, increasing
penetration of FCSs into the power grid requires costly grid reinforcements or re-
constructions to avoid issues related to power quality, network capacity, and energy
market operation [25–28].

However, these costly grid reinforcements and reconstructions can be mitigated
by embedding a renewable energy system (RES) or energy storage (ES) into the FCS
as a local distributed generator. [29–31]. Photovoltaic (PV)-based FCS is illustrated
in Figure 7.1. FCS is a rapidly changing power-intensive load that may cause issues
in the power grid in terms of power system stability. To avoid grid stresses, the
power supply of the FCS should strictly adhere to grid constraints while maximally
utilizing the local energy supply.

=
~

CS

RES

Grid

=
~

CS

RES

Grid

Figure 7.1: RE based EV FCS

Even though a PV system is one of the prominent sources of DGs, some prob-
lems can arise due to the stochastic and intermittent nature of PV systems while
integrating the system into the grid [80,81]. When the penetration of PV energy is
getting increased, large fluctuations in frequency, voltage and power in the grid will
take place. As a consequence of this, the centralized control system of the power
system has to take part in controlling the fluctuations of grid parameters [82–84].
The stored kinetic energy of a power system can maintain power delivery even with
small disturbances for several seconds due to its system inertia [85,86]. Further, the
governor system and the automatic generation control system at the synchronous
generators in a conventional power system control the grid frequency and the volt-
age magnitude by varying the active and reactive power delivery, respectively [86].
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In the conventional grid, most of the PV arrays are connected via passive power
conditioning devices which do not involve in controlling grid parameters. But with
the exponential increase of PV penetration in distributed networks, the centralized
control system of the power system may lose the capability of controlling the grid
parameters [87,88].

Therefore, in order to overcome the intermittency of PV systems, hybrid energy
storage could be in-cooperated. PV arrays and the energy storage as a unit need to
be controlled to inject the required amount of active and reactive power to the grid.
In order to address the discussed issues related to the PV integration, a PV-based
active generator (PV-AG) with embedded hybrid energy storage could be used as
an alternative solution. The AG system should be designed with innovative load
management and power flow control strategies to achieve a high penetration of PV
energy. In a PV-AG, the local loads can be supplied in coordination with the grid
during both grid-connected and islanding conditions.

A PV system integrated with an array of lead-acid batteries and supercapacitors
(SCs) in a DC-coupled structure as a PV-based hybrid generator is proposed in [81].
The system is designed to supply the required active and reactive power to the grid
by ensuring a high state of charge (SOC) and overcharge security of the battery
with a dedicated local control system. In this design, the control system consists of
three levels : (1). Power control unit (PCU) (2). An automatic control unit (ACU)
(3). Switching control unit (SCU). The PCU decides the required power reference
values for the PV array, battery and SC based on the required active and reactive
power. Current mode control of the voltage source inverter (VSI) is used to control
the active and reactive power flow through the VSI at the SCU but the application
of droop characteristics has not been considered. In this design, although significant
research has been devoted to managing the power flow among the available multi-
sources, less attention has been paid to the coordinated power extraction from the
grid and to mitigating the frequency variations caused by the high penetration of
PV power.

The research work presented in [89] evaluates the effectiveness of the active and
reactive power flow control of a distributed PV inverter system, to manage network
voltage rise problems. Most of the previous research works have focused on active
and reactive power flow control to manage over-voltage problems, but it has not
been adequately addressed the methods of controlled and coordinated power extrac-
tion from the grid while mitigating frequency variations due to high penetration of
PV power.

The adaptive event-based control system is presented in [90] for a non-linear
system. It is proposed the observer-based fuzzy adaptive controller and can be used
for micro-grid controller and operation, where the system is going to be non-linear
and dynamic.
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But, such type of control system may require relatively more computing and can
have complex operations. The observer-based fuzzy adaptive controller can be fur-
ther modified for some typical applications of load management (e.g. electric vehicle
charging management) within the micro-grid. Ref. [91] presents energy management
of a PV-AG in DC-coupled architecture which includes storage units with batteries
for long-term energy supply and SCs for fast dynamic power regulation. Research
into power dispatching according to the availability of primary sources and the level
of stored energy can be useful, but to counterbalance the healthy operation of the
PV-AG, it is important to consider the grid constraints and the stability within the
system as well as in the grid.

Therefore, this work proposes innovative demand management strategies imple-
mented in a hierarchical manner as a finite state machine (FSM) for a PV-AG in the
AC-coupled architecture. Proposed power flow control strategies can help not only
in maximally utilizing the PV-generated power within the system to supply the local
demand with controllable active and reactive power injection but also going to help
in improving the power system dynamics and control in addition to the demand side
management. The proposed architecture consists of a PV array and hybrid energy
storage including an array of lead acid batteries and SCs as multi-power sources
which can meet the local load demand while compensating the intermittent nature
of the PV power generation. In order to interface these multi-sources with the DC
and AC buses of the PV-AG, power conditioning devices are embedded. Since all of
the multi-sources generate DC power, the power conversion should be comprised of
two stages : DC-DC and DC-AC. The grid integration of the AG system is achieved
through an isolation transformer and the control strategies are proposed so that the
grid supply is coordinated with grid constraints enforced by the utility.

The major contributions of this paper are,

• Proposed PV-AG architecture with the control strategies dispatch power from
the grid adhering to demand side management. As the grid is connected to
the AG system with a demand limit, sudden power system stresses could be
avoided, and grid stability can be accomplished.

• The proposed hierarchical control strategies of the PV-AG as an FSM effec-
tively share the power-intensive load demand among multi-power sources (PV
array, battery and SC) in coordination with the grid maintaining system sta-
bility.

• The developed primary control strategies of power converters connected with
power sources effectively maintain the frequency stability within the PV-AG
system and the grid.
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7.2 System Architecture of the Proposed PV-AG

The proposed AC-coupled architecture of the PV-based AG (Figure 7.2) is discussed
in this section.
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Figure 7.2: System architecture of the proposed AC coupled PV based AG.

The proposed system consists of multi-power sources such as a PV array, lead-
acid battery and SC to supply the local load demand in coordination with the grid
according to a demand limit enforced by the utility. With this system, the power
flow from the grid when the load is directly connected to the grid can be effectively
reduced. In the proposed PV-AG system, PV-produced power is maximally utilized
to meet the local load demand and the hybrid energy storage compensates for the
power fluctuations caused by the PV generation in coordination with the utility
grid. The system is proposed for an application where the average load demand is
always higher than the PV generation.

In the proposed architecture, the following basic functions are done by the dif-
ferent components.

• PV array is integrated into the AC bus in a low penetration fashion. It injects
the maximum available power with a unity power factor. It does not involve
in controlling the active and reactive power demand of the load.

• Hybrid energy storage (Battery and SC) is responsible for controlling the active
and reactive power demand while maintaining the frequency stability within
the system.

• The AC bus is connected to the grid through an isolation transformer so that
the power can be dispatched from the grid according to a demand limit as
shown in Figure 7.2.

In this work, a 215 kW (peak) solar PV array is selected. The array consists of
54 strings in parallel and each string is having 20 panels in series.
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To model the solar panel, the parameters of a mono-crystalline 200 W Solar
Panel manufactured by Merkasol® are employed to model the PV array output at
the Maximum power point (MPP). A lead-acid battery array is used as the long
term power buffer which dispatch power at low rates. The battery capacity with
reference to the load and the PV capacity has been selected based on the study pre-
sented in [88, 92, 93]. Therefore, a 250 Ah lead-acid battery array with the nominal
voltage of 400 V is used. The DC bus to which the battery is connected through
a bi-directional DC-DC converter is kept at 800 V . To handle short-term power
fluctuations and rapid transients, SCs are used in this architecture which in conse-
quence leads to maintaining the high life cycle of the battery array. Any element
of the hybrid energy storage is only available for power dispatching if its state of
charge (SoC) is within the prescribed range, otherwise, it stops discharging instead
of getting charged.

As depicted in Figure 7.2, the proposed PV-AG system consists of three DC-DC
converters connected with the PV array, lead-acid battery and the SC. The power
flow is uni-directional from the PV array to the AC bus of the AG and the hy-
brid energy storage is capable of handling bi-directional power flow to achieve both
charging and discharging. Therefore, a conventional DC-DC boost converter with
a maximum power point tracker (MPPT) is used with the PV array to inject the
power to the AC bus. Two bi-directional DC-DC converters connected with the
lead-acid battery and the SC are employed with feedback controllers. In this work,
three VSIs are used with each power source of the AG. The independent control
of active and reactive power flow with frequency stability implemented in the VSI
controllers of the hybrid energy storage enables any energy storage element to be
charged or discharged whenever necessary.

The power flow control is designed in a hierarchical approach as an FSM with PID
control and state-flow control by taking all the power ratings and the availability of
the system components as well as the constraints enforced by the utility into account.
Basically, PV-AG optimally manages the power flow among the multi-sources while
adhering to system stability. Based on the availability, accessibility, power ratings
and allowable capacities, there are several finite states at which PV-AG can dispatch
power to meet the local power-intensive load demand. Therefore, control strategies
of the PV-AG are proposed in a hierarchical manner. Upper layers work as an FSM
performing the secondary control of the PV-AG while primary switching control is
managed by the lower layers.

7.3 Load management and Control of the Proposed
PV-AG

The hierarchical control approach which includes several hierarchical stages with
specific control tasks is used to properly manage the load demand while maintain-
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ing frequency stability. In this design, the load management and power flow control
system includes four stages each with its own control task acting as an FSM de-
pending on the hierarchical position as illustrated in Figure 7.3.
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Figure 7.3: Hierarchical control in load management and control.

As illustrated in Figure 7.3, four levels of the control system are listed below.

• Control of working modes (CWM)

• Control of power dispatching (CPD)

• Power flow control (PFC)

• PWM Switching control of converters (SWC)

The CWM decides the working mode of the PV-based AG considering the lim-
its imposed by the utility, power ratings of each storage unit, current load demand
and the available PV-generated power. Then the CPD level checks the state of
each power source and enables the suitable power sources for dispatching the power
according to the load demand, providing the required reference values for the ac-
tive power to the PFC level. Based on the reference values received from the CPD
level, PFC calculates the required direct and quadrature axis current references
(id,ref , iq,ref ) for the SWC level where PWM signals are generated in the VSI control
system to switch the converters. The upper two layers (CWM, CPD) can be iden-
tified as event-driven systems since each layer contains several mutually exclusive
modes or states. The transitions among these states take place according to a logic
associated with the system parameters as described in Section 7.3.1.

7.3.1 Control of Working Modes (CWM) of PV-AG System

This stage decides the working mode of the whole AG system. With the help of
CWM, it is possible to keep the power flow from the grid to the AG in a controllable
manner while adhering to the constraints enforced by the utility.
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This approach helps to control the peak demand which in consequence leads to
maintaining the system stability. In order to accomplish optimal load management
and control with demand side management from the available power sources in the
AG, limits imposed by the utility are employed in an event-driven fashion to reduce
grid stresses. In this design, three major working modes are selected : (1). ’Grid
Connected’ mode, (2). ’Standalone’ mode, (3). ’Disconnected’ mode. But in this
paper, the control strategies are proposed only for the ’Grid Connected’ mode.

Grid connected mode

In this mode, the AG system supplies the load in coordination with the grid following
a demand limit enforced by the utility. Therefore, in this mode, all the multi-power
sources are possibly available and accessible for power dispatching to meet the load
demand depending on the current demand limit and the power ratings of each storage
unit. Based on the grid power share of the load demand and the demand limit at
a particular time, there are two subsequent states : (I). ’Normal’ state (II). ’Stress
Reduced’ state.

Standalone mode

If it is detected any planned or unplanned utility failure/islanding condition, the
grid should be disconnected from the PV-AG to avoid damage to utility operations,
equipment, and maintenance workers resulting in the grid power share is to be zero
but the remaining power sources continuing to supply the demand as long as the PV
source and the hybrid energy storage can meet the load demand. This working mode
is known as the ’Standalone’ mode. In this mode, all the power sources are possibly
available and accessible depending on their state except the grid to maintain an
uninterruptible power supply to the local load.

Disconnected mode

In this mode, if the algebraic summation of the maximum allowable power share of
each power source is less than the load demand, the load is disconnected from the
system. In order to maintain stable operation, all the sources are disconnected from
the AG system which in consequence leads to disconnecting the load from the supply.

The state transition diagram of the CWM is shown in Figure 7.4 and the tran-
sition logic is tabulated in Table 7.1.

g : Grid connected mode.
d : Disconnected mode
s : Standalone mode
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Figure 7.4: State transition diagram of the CWM.

Table 7.1: State transition logic of CWM

Transition Logic
T11 (PDL(t) + Pmax,scCsc(t) + Pmax,batCbat(t) + Ppv,mpp(t)) < PL(t)

T12 (PDL(t) + Pmax,scCsc(t) + Pmax,batCbat(t) + Ppv,min(t)) > PL(t)

T13 (Pmax,scCsc(t) + Pmax,batCbat(t) + Ppv,mpp(t)) < PL(t)

T14 isd(t) == 1

T15 isd(t) == 0

PDL(t) : current demand limit of the grid
Px,max : power rating of the ES element x

x : battery-bat, SC-sc
Ppv,mpp(t) : current maximum power generation of the PV array
Ppv,min : minimum power generation of the PV array
Pgrid(t) : current power delivery from the grid
isd(t) : islanding detection
PL(t) : current load demand
Cx(t) : connection (when connected, 1 or wise-versa )

To keep the grid power share below the prescribed demand limit, the grid power
is dispatched in two different states s (i.e.n or r ), when the system is running in
’Grid connected’ mode. The state transition diagram of the subsequent states of
the ’Grid Connected’ mode is shown in Figure 7.5 and the state transition logic is
tabulated in Table 7.2.

n r

T
1i

T
1ii

Figure 7.5: State transition diagram of the ’Grid Connected’ mode

n : normal state.
r : stress reduced state
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Table 7.2: State transition logic of ’Grid Connected’ mode

Transition Logic
T1i PDL(t) < Pgrid(t)

T1ii PDL(t) > PL(t)

For the grid-connected operation, the required power reference value of the hybrid
energy storage (Pref,hes(t)) is determined at the relevant operating state of the ’Grid
Connected’ mode using (7.1). This reference value will be transferred to the CPD
layer to calculate the individual power reference value of each storage element.

Pref,hes(t) =


P0 ; if s = n

PL(t)− Ppv,mpp(t)− (PDL(t)− P̂ ) ; if s = r

0 ; otherwise

(7.1)

7.3.2 Control of Power Dispatching (CPD Control)

At this stage, according to the working mode selected by the CWM, suitable power
sources get enabled for power dispatching. If sufficient power sources are not avail-
able for dispatching power to meet the load demand, the load will be disconnected
from the system. In order to get the decision, the SOC of the storage units, de-
mand limits given by the utility and the generation capacity of the PV array are
considered.

Power Dispatching Control of the PV Array (CPD-PV)

In the PV based AG system, the PV array injects available maximum power to the
AC bus at unity power factor. The power flow should be kept in uni-directional. The
PV array should be disconnected from the bus bars, when the generation capacity
of the PV array becomes very low to avoid the reverse power flow into the PV array.
Therefore, two states are used for CPD of PV array as illustrated in Figure 7.6. The
corresponding state transition logic of CPD of PV array is tabulated in Table 7.3.

m d

T
21

T
22

Figure 7.6: State transition diagram of the CPD in PV array.

m : MPPT state.
d : PV array disconnected state
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Table 7.3: State transition logic of CPD-PV

Transition Logic
T21 GTI(t) < GTImin

T22 GTI(t) > GTImin

In the MPPT state, the PV panel is available and accessible for load sharing
while in the disconnected state, PV array is disconnected from the AC bus to avoid
reverse power flow into the PV array. CPD-PV decides the suitable state based on
the global tilted irradiance (GTI) on the PV array. Then Ppv,mpp is selected using
(7.2).

Ppv,mpp(t) =

{
Ppv,mppt(t) ; if s = m

0 ; if s = d
(7.2)

Power Dispatching Control of the Hybrid Energy Storage (CPD-HES)

CPD-HES keeps the SOC of each unit of the hybrid energy storage within the
allowable range by switching into charging and discharging modes while maintaining
the availability and accessibility of each unit. CPD-battery and CPD-SC are built
separately for the independent control of each storage unit. CPD-x (x denotes
battery or SC) consists of three states: ’Dispatchable’ state, ’Max’ state and ’Min’
state.

In the ’Dispatchable’ state, the respective energy storage (either battery or SC) is
available and accessible for power dispatching as the corresponding SOCx is within
the allowable range. In this state, the storage unit is available for either charging
or discharging at a time. When the SOCx is out of the allowable range, CPD-x
transits to either ’Min’ state or ’Max’ state depending on the corresponding state
transition logic. Once the CPD-x comes to a state, it gives the required reference
values for active and reactive power based on the activated state in the CWM mode
and the reference values for the frequency and voltage control in PFC stage. ’Max’
state is defined to prevent any storage element from being overcharged when they
are charging. The state transition diagram is shown in Figure 7.7 and the state
transition logic are tabulated in Table 7.4.

T
32

T
31

T
33

T
34

dm M

Figure 7.7: State transition diagram of the CPD-HES.

m : min mode.
d : dispatchable mode
M : max mode
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Table 7.4: State transition logic of CPD-HES

Transition Logic
T31 SOCx(t) > SOCmin

T32 SOCx(t) < SOCmin

T33 SOCx(t) > SOCmax

T34 SOCx(t) < SOCmax

SOCx(t) : current state of charge of the source x
SOCmax, SOCmin : Maximum and minimum state of charge of the source x

At the CPD-HES stage, the required power reference values for the battery
array and the SC array are calculated from the overall power reference of the hybrid
energy storage determined at the CWM mode for ’Normal’ and ’Stress Reduced’
states separately using (7.3), (7.4) and (7.5), (7.6), respectively. If the active CWM
state is ’Normal’, predefined individual power shares of storage elements are used for
power dispatching as the grid coordinates the system. But in the ’Stress Reduced’
state, the power shares of each storage element will be determined by using the
power transient filtering technique with the transfer function of hLP (t) considering
the load increment rate and the power transient frequency.

Pref,bat,n(t) =


P1,bat(t) ; if s = d

P1,bat ; if s = M

−P2,bat ; otherwise

(7.3)

Pref,sc,n(t) =


Pes(t)− Pref,bat,n(t) ; if s = d

Pes(t)− Pref,bat,n(t) ; if s = M

−P1,sc ; otherwise

(7.4)

Pref,bat,r(t) =


hLP (t) ∗ Pes(t) ; if s = d

hLP (t) ∗ Pes(t) ; if s = M

0 ; otherwise

(7.5)

Pref,sc,r(t) =


Pes(t)− Pref,bat,r(t) ; if s = d

Pes(t)− Pref,bat,r(t) ; if s = M

0 ; otherwise

(7.6)

Power Dispatching Control of the Grid Connection (CPD-Grid)

In the PV-AG system, the CPD-Grid control layer helps to draw the power from the
grid according to a demand limit enforced by the grid. Therefore, the CPD-Grid
decides the operating state based on the time. In this work, two different demand
limits are considered for power dispatching from the grid. Two states are used for
the CPD-Grid: ’Peak’ and ’Offpeak’.
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The state transition diagram and the state transition logic of the CPD-Grid is
illustrated in Figure7.8 and are tabulated in Table 7.5, respectively.

p o

T
41

T
42

Figure 7.8: State transition diagram of the CPD-Grid

p : Peak mode.
o : Off Peak mode

Table 7.5: State transition logic of CPD-Grid

Transition Logic
T41 t > tpeak
T42 t < tpeak

t : current time
tpeak : duration of peak hours

7.3.3 Active and Reactive Power Flow Control (PFC) and
PWM Switching Control (SWC)

The main function of this hierarchical stage is to calculate the required reference
values for PWM switching controls of VSIs connected with the PV array and the
hybrid energy storage based on the control parameters received from the CPD level
as illustrated in Figure 7.9.
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Figure 7.9: PFC and SWC of the PV-AG
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The PV-AG system is intended to properly dispatch the power from available
multi-power sources to meet the power-intensive local load demand. The PV array
injects power to the AC bus of the AG system with a unity power factor in MPPT
mode, and so, hybrid energy storage compensates the active and reactive power
demand of the AC load in coordination with the grid. The overall control block
diagram of the PFC and SWC layers of the PV-AG is illustrated in Figure 7.10.
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Figure 7.10: Control block diagram for PFC and SWC of the PV-AG
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The PFC layer comprises two control blocks each with two cascaded control loops
to maintain the frequency stability and the voltage stability within the system as
illustrated in Figure 7.10. The active and reactive power flow control are imple-
mented using VSI controllers using current mode control at the SWC layer.

vDC,x : VSI input DC link voltage of the storage element x
vDC,pv : VSI input DC link voltage of the PV array
iabc(t) : current measured at the PCC of the AC bus
idq(t) : corresponding dq component of the iabc,measured

ṽDC,pv,ref : DC link reference voltage for the voltage controller in the PV system
ĩd,ref,x : reference direct axis current component of the x element
ĩq,ref : reference quadrature axis current component of the x element
f̃ref : reference system frequency
f(t) : measured frequency at the PCC of the AC bus
Pref,x : active power reference value of the x element calculated at the CPD layer
∆P̃ref,x : required power change of the x element to mitigate frequency fluctuations
Px(t) : delivered power share of the x element
ṽref : reference system voltage
v(t) : measured voltage at the PCC of the AC bus
Qref,x : reactive power reference of the x element value calculated at the CPD layer
∆Q̃ref : required reactive power change of the x element to mitigate voltage fluctuations
Qx(t) : delivered reactive power share of the x element
vabc,ref : 3ϕ reference voltage for PWM generator

Active Power Controller with Frequency Stability

Two cascade control loops (the frequency control loop and the active power control
loop) construct the active power controller for each energy storage unit as illustrated
in Figure 7.10. In the frequency control loop shown in Figure 7.10, the concept of
frequency droop is used to calculate the required change in power delivery, to keep
the system frequency at its reference value. The equations (7.7) and (7.8) give the
required change in active power to maintain the frequency stability.

∆Pref (t) = P0 + kf [f(t)− f0] (7.7)

∆Pref = P0 + kf∆f (7.8)

According to the equation (7.7), when the system undergoes dynamic frequency
changes with demand changes, steady state error of the frequency may not become
zero as the droop control of frequency is only proportional control [86].

(∆f |steady state ̸= 0)
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Therefore, in order to address the dynamic frequency changes and to have the
zero steady-state error of frequency, proportional plus integral (PI) control can be
used with droop control [86]. Then the equation (7.8) can be modified with PI
control and expressed in (7.9). This active power controller with frequency stability
is illustrated in Figure 7.10.

∆Pref (S) = P0 + kf∆F (s) + ∆F (s)(kp +
1

Tis
) (7.9)

P0 : active power set value
f0 : nominal frequency
kf : frequency droop
kp : proportional gain
Ti : integral time constant

Reactive Power Controller with Voltage Stability

Two cascade control loops (the voltage control loop and the reactive power control
loop) construct the reactive power controller as shown in Figure 7.10 . In the voltage
control loop shown in Figure 7.10, the concept of voltage droop is used to calculate
the required change in reactive power delivery, to keep the system voltage at its
nominal value. The equations (7.10) and (7.11) give the required change in reactive
power to maintain the voltage stability.

∆Qref (t) = Q0 + kv [v(t)− v0] (7.10)

∆Qref = Q0 + kv∆v (7.11)

As in the case of frequency stability discussed in section 5.1, in order to address
the dynamic voltage changes and to have the zero steady-state error of voltage,
proportional plus integral (PI) control is used with the voltage droop and it is
expressed in (7.12). This reactive power controller with voltage stability is illustrated
in Figure 7.10.

∆Qref (S) = Q0 + kv∆V (s) + ∆V (s)(kp +
1

Tis
) (7.12)

Q0 : reactive power set value
v0 : nominal voltage
kv : voltage droop
kp : proportional gain
Ti : integral time constant
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7.4 Results and Discussion

The performance of the proposed load management and power flow control strategies
of the PV-AG are analyzed for selected scenarios as described in Section 7.4.1. To
represent the intermittent nature of PV energy, variable solar radiation with the
GTI shown in Figure 7.11 is used.

Figure 7.11: Variation of the GTI on the PV array

In the AG system, PV array is considered as the main source of power and it is
operated at the MPP. In the analysis, 215 kW (Peak) PV array is employed.

7.4.1 Load Demand Sharing among the Multi-Sources in the
AG

The active load demand is shared among the available power sources (PV array, grid
and hybrid energy storage) in the PV-AG system. The PV array injects the available
maximum power to meet the local load demand. The remaining load demand should
be shared among the other sources while maintaining frequency stability within the
system.

Active Load Demand Sharing : Scenario-I

A variable load profile that varies from 300 kW to 600 kW with rising and falling
edges is considered to represent dynamic changes of a typical load model (Figure
7.12). For dispatching power from the grid, two demand limits (i.e. 200 kW from
0 s to 5 s and 300 kW from 5 s to 12 s) are considered as illustrated in Figure 7.12.
The active power sharing among the multi-sources of the PV-AG is illustrated in
Figure 7.12. The power shares of the storage units maintain the frequency stability.
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Figure 7.12: Active load demand sharing among the multi-sources in PV based AG
in Scenario-I

It is observed that approximately after 0.35 s from the system start, PV array
injects the maximum available power to the AG system (Figure 7.12). Due to the
very low GTI incident, the PV generated power is around 30 kW . Since the PV-
generated energy is not sufficient to meet the load demand, other sources come into
the picture for power sharing in ’Grid connected’ (g) mode and ’stress reduced’ (r)
state within the first 3 s. It can be seen that the sudden power fluctuations of the
grid power are compensated by the SC during this short period. With the gradual
increment of PV power, the other sources try to reduce their power shares by shifting
to ’normal’ (n) state, while keeping the power shares of the hybrid energy storage
at a constant level until the 5th s.

In first 5 s, the system runs in the ’Peak’ (p) mode hence the active power share
of the grid remains lower than the utility imposed demand limit of 200 kW . But
after 5th s, the demand limit is increased to 300 kW and the active power share of
the grid is also increased following the demand limit increment. After 5th s, the
system runs in the r states resulting in the battery power being changed according
to the load increment in coordination with the grid. During this period SC does
not appear as there are no any sudden power fluctuations. During 6.5 s to 7 s, the
PV produced energy becomes zero and hence, PV generation system switches to the
’PV array disconnected’ (d) state for preventing the reverse power from entering to
the PV array. Figure 7.12 shows that during this period, the active power share of
the battery increases to meet the load demand.
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Active Load Demand Sharing : Scenario-II

In this scenario, a constant demand limit (i.e. 220 kW ) is used throughout the
period with the same variable load profile which varies from 300 kW to 600 kW

used in Scenario-I. The active power sharing among the multi-sources of the PV-
based AG for the second scenario is illustrated in Figure 7.13. The grid power
fluctuations are compensated by the SC after the 5th s.

Figure 7.13: Active load demand sharing among the multi-sources in PV based AG
in Scenario-II

Active Load Demand Sharing : Scenario-III

Figure 7.14: Active load demand sharing among the multi-sources in PV-based AG
in Scenario-III
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An impulse load change at 2.5 s is considered with the same variable load profile
which varies from 300 kW to 600 kW used in Scenario-I. The Active power sharing
among the multi-sources of the PV-based AG for the second scenario is illustrated
in Figure 7.14. As in Scenario I and II, the load demand is properly shared among
the power sources according to the developed control strategies. The grid power
fluctuations are compensated by the SC. Especially, the impulse demand change is
addressed by the SC in coordination with the grid power but the battery does not
take part in compensating for sudden fluctuations in the grid supply or the demand.

7.4.2 Frequency and Voltage Stability of the AG System

The load management and control strategies of the proposed PV-AG architecture
ensure frequency stability within the system. The variation of frequency of the AC
bus of the AG system for the considered demand management scenarios are shown
in Figure 7.15, 7.16, 7.17.

Figure 7.15: Variation of the frequency of the PV-AG system in Scenario-I

Figure 7.16: Variation of the frequency of the PV-AG system in Scenario-II

Figure 7.17: Variation of the frequency of the PV-AG system in Scenario-III
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It can be seen that the frequency is well maintained at its nominal value (i.e
50 Hz) in all three scenarios while injecting the required active power to the AC bus.
When we compare and contrast the results obtained for considered three scenarios
with a typical power-intensive load profile, it is evident that the proposed control
strategy ensures the PV power is maximally utilized and the battery array to be
taken the large portion of the load demand while the SC to be taken care of rapid
dynamics in coordination with the grid. In all three scenarios, it can be seen that
the reference values for individual power shares will be determined according to the
corresponding algorithm specified at the enabled mode and state for each source.

7.5 Conclusion

The proposed PV-AG in this chapter is an effective solution for increasing the pen-
etration of PV-produced energy into an FCS as an embedded local energy source.
An AC-coupled architecture in which all the power sources (PV array, lead-acid bat-
tery and the SC) are connected to a common AC bus through the separate DC-DC
and DC-AC conversion stages enables independent power flow control of each power
source.

The overall control system of the PV-AG is developed in a hierarchical approach
as an FSM with state-flow control and droop characteristics. The hierarchical control
approach is very much suitable for such type of real-time power management systems
as it helps not only in managing and controlling the power flow but also helps in
maintaining the frequency stability. For the proposed PV-AG, the topmost level
selects the appropriate working mode based on the rated power values and the
grid constraints while the second layer enables the appropriate power sources to be
dispatched power to meet the EV load demand. Power flow control and frequency
control are constructed at the subsequent layers with the switching controllers of
the VSIs in the PV-AG. The presented PV-AG model can be integrated within the
distributed network to operate as a microgrid.
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Chapter 8

Conclusions

This chapter concludes the completed research work by providing contributions, key
research findings and future works.

8.1 Introduction

Rapid deployment of electric vehicle (EV) fast charging stations (FCSs) can mit-
igate issues related to long charging time, range anxiety and charging autonomy.
FCSs give an opportunity to penetrate more renewable energy (RE) sources within
the distributed networks as micro-grids/ active generators (AGs). The contract de-
mand with the utility, distributed local energy source integrated with the FCS and a
number of EV chargers/ EV supply equipment (EVSE) can be considered as limited
charging resources of the FCS. It is considered that the EV chargers/ EVSE are
capable of supplying variable rate charging (VRC) that facilitates heterogeneous
EV users. This thesis presents innovative charging resource allocation and coor-
dination strategies to maximize the utilization of limited charging resources while
assuring quality service to heterogeneous EV users. The proposed strategies found
that allowing opportunistic EV users to exploit unused limited charging resources
can enhance charging resource utilization.

Moreover, this thesis evaluates the performance of developed strategies in terms
of charging resource utilization, charging completion and EV user satisfaction. To
evaluate EV user satisfaction, various quality of service parameters such as EV
blockage, charging process preemptage, mean waiting time, mean charging time,
availability of FCS, charging reliability, etc are used. The primary/ registered EV
users (PEVs) of the FCS access the FCS with specific privileges according to prior
agreements. However, these limited charging resources would not be fully utilized
due to various uncertainties associated with the primary charging process such as EV
mobility-related uncertainties, EVSE failures, energy resource uncertainties, energy
price uncertainties, etc. In an FCS, the generated energy is wasted if the FCS
does not fully utilize it. Moreover, due to the charging schedule and uncertainties
associated with the EV charging process, there can be idle chargers and vacant spaces
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for EVs at the FCS even for short durations. However, such idle chargers and vacant
space for EVs at the FCS leave a space for further utilizing them with innovative
charging resource coordination strategies. Therefore, how to effectively exploit such
unused limited charging resources with opportunistic secondary EV users (OEVs)
with defined liabilities is analyzed in this thesis. We propose innovative and dynamic
charging resource allocation, admission control and charging coordination strategies
for both EV user types.

8.2 Conclusions

We can conclude that the first research objective is achieved as the limited charging
resources of an EV FCS can be maximally utilized by OEVs to exploit available
charging resources with dynamic event-driven charging resource allocation and co-
ordination strategies apart from PEVs. The second research objective is achieved
using the developed innovative charging resource allocation and coordination strate-
gies with resource aggregation and demand elasticity. We can conclude that aggre-
gation and demand elasticity-based charging coordination strategies further enhance
charging resource utilization while providing a high quality of service (QoS) in EV
charging for both PEVs and OEVs. The third research objective is achieved so
that the charging reliability of FCS is enhanced with developed charging resource
allocation and coordination strategies along with a set of mobile off-board chargers
at FCS. Pertaining to the fourth or final research objective, the frequency stabil-
ity affected by the rapid change of power-intensive EV demand of FCS is assured
within the FCS with the PV-based active generator(AG) along with an innovative
finite state machine-based hierarchical control approach. The PV-AG is developed
in a hierarchical approach as a finite state machine (FSM) with state-flow control
and droop characteristics. The following specific conclusions are made based on the
achievement of considered research objectives.

• The developed dynamic event-based charging resource allocation and coordi-
nation strategies provide effective solutions to mitigate the underutilization of
limited charging resources due to uncertainties associated with EV charging
process.

• The presented charging coordination strategy at FCS can facilitate the distinct
demand of heterogeneous EV users. Those EV users who need an uninterrupt-
ible or scheduled charging process can get the service as PEVs while those EV
users who need an opportunistic charging process can charge their EVs as
OEVs with optimum utilization of available charging resources. Therefore,
OEVs can work as a flexible load to the FCS.

• The presented results prove that the developed charging resource coordination
strategy significantly improves the charging resource utilization of the FCS at
any arrival rate of PEVs. At higher arrival rates of EVs, FCS can accomplish
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more than 90% of resource utilization which is bounded to 78% only in the
case of PEVs.

• The proposed charging resource allocation and coordination strategies allow
OEVs to exploit available charging resources without impacting the charging
process of PEVs.

• It assures high QoS for both EV user types even though they access the FCS
with distinct privileges. Although FCS employs OEVs as a flexible load to
maximally utilize limited charging resources, adequate QoS is assured to OEVs.

• A performance assessment framework is derived in generic nature using dif-
ferent stochastic modeling techniques such as Monte-Carlo simulation (MCS),
continuous-time Markov chain (CTMC) to assess the FCS-centric performance
in terms of charging resource utilization, charging completion rates of EV users,
blocking probability, preempting probability, waiting time, charging time, etc.

• At the operating stage of an FCS, the developed FCS-centric performance
assessment framework provides a quantitative overview of the whole charging
process within and outside the FCS.

• Results of the considered cases show that the dynamic charging resource ag-
gregation and demand elasticity with heterogeneous EV users significantly
improves the charging resource utilization of the FCS at any arrival rate of
PEVs. Even though more than 80% of resource utilization can not be achieved
only with PEVs, FCS accomplishes all most all 100% of resource utilization
with charging resource aggregation and demand elasticity with heterogeneous
EV users. Even for the considered cases, the resource utilization is always
higher than 50% irrespective of the arrival rate of PEVs.

• Presented results show that the developed aggregation-based strategies outper-
form QoS parameters such as charging completion rate, blocking probability,
preempting probability, etc. contrast to the constant rate strategy.

• The blocking probability of real-time OEVs can be further reduced by increas-
ing the queue size at the cost of waiting time.

• The presented priority queue-based charging resource allocation and coordi-
nation strategies allow opportunistic fast-charging users (FCUs) with VRC to
enhance the resource utilization of an institutional parking lot initially allo-
cated only for slow-charging users (SCUs). More FCUs can be accommodated
by holding/buffering the charging process of SCUs based on the parking time
and required minimum charging time. Adaptive charging for FCUs can further
enhance charging resource utilization.

• The presented results show that increasing more arrival of PEVs and EVSE
failures severely affect the charging reliability of OEVs. It concludes that re-
serving mobile chargers (MOBCs) at FCS can enhance the charging reliability
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of OEVs significantly. The developed charging resource coordination strategies
have improved the charging reliability of OEVs by 56% and PEVs by 91% in
the scenario where the considered PEV arrival rate is maximum, compared to
that of FCS without MOBCs.

• The developed hierarchical power management strategies for grid-connected
FCS integrated with PVAG help not only in managing and controlling the
power flow but also helps in maintaining frequency stability. In the PVAG, the
topmost level selects the appropriate working mode based on the rated power
values and the grid constraints while the second layer enables the appropriate
power sources to be dispatched power to meet the EV charging demand.

8.3 Future Works

The presented research work can be further extended considering the following tasks.

• The presented FCS-centric performance assessment framework can be used for
the planning and deployment stage to find the optimum siting and sizing of
FCS.

• The presented work can be further enhanced by allowing PEVs to charge at
higher rates with charging resource aggregation.

• This work can be extended considering techno-economic aspects integrated
with charging coordination strategies to evaluate the performance of developed
charging resource allocation and coordination strategies.

• Innovative prizing mechanisms in line with the privileges of heterogeneous
EV users can be developed to evaluate the performance of presented charging
resource allocation and coordination strategies.

• Developed charging resource allocation and coordination strategies can be ex-
tended to EV parking lots with round-trip drivers to evaluate the performance
in terms of the charging resource utilization and QoS aspects of commercial
EV customers.

• Charging reliability aspects need further investigation by reserving some ex-
isting EVSE for improving the reliability of the FCS. The same work can be
further extended for both static reservation and dynamic reservation of the
limited charging resources of the FCS

• Charging reliability enhancement of heterogeneous EV users considering charg-
ing preemptage and EVSE failures can be extended to improve the availability
of the FCS in both time and space domains.

• Developed hierarchical control strategies for grid-integrated FCS with PV-AG
can be extended to analyze the power quality aspects considering different
micro-grid architectures.
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Nomenclature

AC : Alternating Current
AG : Active Generator
ASEV : Arrival of a SEV
AUEV : Arrival of a UEV
CCS : Combined Charging System
CP : Charging Point
CPD : Control of Power Dispatching
CRC : Constant Rate Charging
CSCU : Critical SCU
CS : Charging Station
CTMC : Continuous Time Markov Chain
CWM : Control of Working Mode
DC : Direct Current
DG : Distributed Generator
DSEV : Departure of a SEV
DUEV : Departure of a UEV
ES : Energy Storage
ESS : Energy Storage System
EV : Electric Vehicle
EVSE : EV Supply Equipment
FCS : Fast Charging Station
FCU : Fast Charging User
FCUfast : Fast Rate Charging User
FCUsu.fast : Super Fast Rate Charging User
FSEV : A failure of SEV connected EVSE
FSM : Finite State Machine
FUEV : A failure of UEV connected EVSE
GTI : Global Tilted Irradiance
HES : Hybrid ES
IEA : International Energy Agency
IEC : International Electrotechnical Commission
LF : Line Frequency
MPPT : Maximum Power Point Tracking
MOBC : Mobile Off-Board Chargers
MCS : Monte-Carlo Simulation
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NCSCU : Non-Critical SCU
OBC : Off-Board Chargers
OEVE : Elastic OEV
OEVR : Real-Time OEV
PCS : Portable Charging Station
PFC : Power Flow Control
PV : Photovoltaic
OBC : Off-Board Chargers
QE : Queue for OEVE

QR : Queue for OEVR

QoS : Quality of Service
QP : Queue Points
RES : Renewable Energy System
SAE : Society of Automobile Engineers
SC : Super Capacitor
SCU : Slow Charging User
SCUslow : Slow Rate Charging User
SCUmedium : Medium Rate Charging User
SDG : Sustainable Development Goals
SoC : State of Charge
ST : State Transition
SWC : Switching Control
TR : Transition Rate
VSI : Voltage Source Inverter

Pmin
x : Minimum charging power of x ; x ≡ p for PEVs, s for OEVs

Pmin
c : Minimum charging power of OBC/CP

Pmax
x : Maximum charging power of x ; x ≡ p for PEVs, s for OEVs

Pmax
c : Maximum charging power of OBC/CP

Px : Charging power of x ; x ≡ p for PEVs or s for OEVs c for Charger
M : Number of OBCs/CPs
λx : Mean arrival rate of x ; x ≡ p for PEVs, o for OEVs
λoe : Mean arrival rate of elastic OEVs
λor : Mean arrival rate of real-time OEVs
λSCU,slow : Mean arrival rate of SCUslow

λSCU,medium : Mean arrival rate of SCUmedium

λFCU,fast : Mean arrival rate of FCUfast

λFCU,su.fast : Mean arrival rate of FCUsu.fast

λf : Mean failure rate of an OBC
µc : Mean service rate of an OBC/CP
µr : Mean repair rate of an OBC
tak : The arrival time of the kth (k ∈ Z+) plugged-in EV
tak : The plugged-in time of the kth plugged-in EV
tck : The required charging time of the kth plugged-in EV
trk : The remaining charging time of the kth plugged-in EV
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αk : EV user type of the kth plugged-in EV
βk : EV index of the kth plugged-in EV
js(tk) : Number of plugged-in PEVs at time tk
ju(tk) : Number of plugged-in OEVs at time tk
jsa(tk) : Total number of arrived PEVs at time tk
jua(tk) : Total number of arrived PEVs at time tk
jq(tk) : Total number of queued OEVs at time tk
jev(tk) : Total number of plugged-in EVs by time tk
Aev

jev(tk)
: Plugged-in EVs matrix at time tk

Aq
jq(tk)

: Queued EVs matrix at time tk

x : Generic state of the CTMC
xr : The number of PEVs plugged-in at FCS
xsk : The number of OEVs with k aggregated CPs plugged-in at FCS
xq : The number of queued OEVs
xu : The number of ultra-fast OEVs plugged-in at FCS
xum : The number of ultra-fast OEVs plugged-in at MOBCs
xf : The number of PEVs plugged-in at FCS
je : The number of failed OBCs at FCS
jrk : The number of real-time OEVs with k aggregated CPs
jeq : The number of queued OEVs in QE

jrq : The number of queued OEVs in QR

a(x) : The total number of CPs utilized by plugged-in EVs
b(x) : The available CPs for OEVs
c(x) : The number of CPs utilized by plugged-in OEVs
π(x) : The steady-state probability vector
Φ : The transition rate matrix
α̇oev : The mean preempting rate of OEVs
β̇oev : The mean plugging rate of OEVs at FCS
DLj(t) : Demand limit of the jth CS at time t

D(t) : Non-EV demand profile of the distribution transformer at time t

Dj(t) : Non-EV demand profile of the jth CS at time t

Pmin
j : Minimum power level of the jth CS

Pmax
j : Maximum power level the jth CS

pj(t) : Optimum power allocation for the jth CS at time t

KSCU : Set of plugged-in SCUs
τ kSCU,min : Minimum required charging time of kth plugged-in SCU
Pb,oev : Blocking Probability of OEVs
Pp,oev : Preempting Probability of OEVs
Pb,oe : Blocking Probability of elastic OEVs
Pp,or : Preempting Probability of real-time OEVs
t̄c : Mean Charging Time at the FCS
t̄q,oev : Mean waiting time of OEVs
ċ : Mean Charging Completion Rate
U : Charging Resource Utilization of the FCS
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Apev : Availability of PEVs
Aoev : Availability of OEVs
Rpev : Reliability of PEVs
Roev : Reliability of OEVs
Hk

SCU(t) : Parking horizon of kth plugged-in SCU at time t

Ck
SCU : Battery capacity of the kth plugged-in SCU

tdep,kSCU : Departure time of the kth plugged-in SCU
PSCU : Charging rate of slow charging
ηSCU : Charging efficiency
SoCk

x(t) : State of charge of kth x at time t; x ≡ SCU,FCU,CSCU or NCSCU
SoCx,max(t) : Maximum SoC of x at time t; x ≡ SCU,FCU,CSCU or NCSCU
TCP (t) : Total number of occupied CPs at time t

TQP (t) : Total number of occupied QPs at time t

jscu(t) : Total number of plugged-in SCUs at time t

jfcu(t) : Total number of plugged-in FCUs at time t

jcscu(t) : Total number of plugged-in CSCUs at time t

jncscu(t) : Total number of plugged-in NCSCUs at time t

j(t) : Total number of plugged-in EVs at time t

jq(t) : Total number of queued EVs at time t

Aev
j(t)×n : Plugged-in EVs matrix at time t

Aq
jq(t)×n : Queued EVs matrix at time t

Ascu
jscu(t)×n : Plugged-in SCUs matrix at time t

Afcu
jfcu(t)×n : Plugged-in FCUs matrix at time t

Acscu
jcscu(t)×n : Plugged-in CSCUs matrix at time t

Ancscu
jncscu(t)×n : Plugged-in NCSCUs matrix at time t

Ap
jp(t)×n : Priority array of plugged in EVs at time t

PDL(t) : current demand limit of the grid
Px,max : power rating of the ES element x

x : battery-bat, SC-sc
Ppv,mpp(t) : current maximum power generation of the PV array
Ppv,min : minimum power generation of the PV array
Pgrid(t) : current power delivery from the grid
isd(t) : islanding detection
PL(t) : current load demand
Cx(t) : connection (when connected, 1 or wise-versa )
SoCx(t) : current state of charge of the source x
SoCmin : Minimum state of charge of the source x
SoCmax : Maximum state of charge of the source x
vDC,x : VSI input DC link voltage of the storage element x
vDC,pv : VSI input DC link voltage of the PV array
iabc(t) : current measured at the PCC of the AC bus
idq(t) : corresponding dq component of the iabc,measured

ṽDC,pv,ref : DC link reference voltage for the PV system
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ĩd,ref,x : reference direct axis current component of the x element
ĩq,ref : reference quadrature axis current component of the x element
f̃ref : reference system frequency
f(t) : measured frequency at the PCC of the AC bus
Pref,x : active power reference value of the x element

calculated at the CPD layer
∆P̃ref,x : required power change of the x element to mitigate

frequency fluctuations
Px(t) : delivered power share of the x element
ṽref : reference system voltage
v(t) : measured voltage at the PCC of the AC bus
Qref,x : reactive power reference of the x element value

calculated at the CPD layer
∆Q̃ref : required reactive power change of the x element to mitigate

voltage fluctuations
Qx(t) : delivered reactive power share of the x element
vabc,ref : 3ϕ reference voltage for PWM generator
P0 : active power set value
f0 : nominal frequency
kf : frequency droop
kp : proportional gain
Ti : integral time constant
Q0 : reactive power set value
v0 : nominal voltage
kv : voltage droop
kp : proportional gain
Ti : integral time constant
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