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Preface

Plug in Electric Vehicles (PEVs) use energy storages usually in the form of battery
banks that are designed to be recharged using utility grid power. One category of
PEVs are Electric Vehicles (EVs) without an internal-combustion (IC) engine
where the energy stored in the battery bank is the only source of power to drive the
vehicle. These are also referred as Battery Electric Vehicles (BEVs). The second
category of PEVs, which is more commercialized than the EVs, is the Plug in
Hybrid Electric Vehicles (PHEVs) where the role of energy storage is to supple-
ment the power produced by the IC engine. These two types of PEVs are predicted
to dominate the automobile market by 2030. Widespread adoption of PEVs allows
the world to reduce carbon emissions in transportation needs significantly. There-
fore, it is vital to the success of a collective global effort in meeting the climate
energy targets and to reduce the dependence on increasingly scarce fossil fuels.
However, there are a host of challenges thrust upon utility grid operators on how
best to meet, control and coordinate the power demand arising due to charging of
PEVs. This book covers the recent research advancements in the area of charging
strategies that can be employed to accommodate the anticipated high deployment of
PEVs in smart grids. Recent literature has focused on various potential issues of
uncoordinated charging of PEVs and methods of overcoming such challenges.
These innovative approaches include hierarchical coordinated control, model pre-
dictive control, optimal control strategies to minimize load variance, smart PEV
load management based on load forecasting, integrating renewable energy sources
such as photovoltaic arrays to supplement grid power, using wireless communi-
cation networks to coordinate the charging load of a smart grid and using market
price of electricity and customers payment to coordinate the charging load. Hence,
this book includes many new strategies proposed recently by researchers around the
world to address the issues related to coordination of charging load of PEVs in a
future smart grid. The book is aimed at engineers, system planners, researchers and
graduate students who are searching for the latest developments in research related
to charging strategies of PEVs in smart grids.
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Chapter 1
Charging Coordination Paradigms
of Electric Vehicles

Alexander Schuller

Abstract The Smart Grid enables bidirectional communication between distributed
actors and resources in the power system. In particular Plug-In Electric Vehicles
(PEVs) are a new type of load that has a considerable (time) flexibility in its demand.
In order to integrate and harvest this flexibility within a DSM (Demand Side
Management) program, the charging of PEVs needs to be coordinated. The coor-
dination must occur with respect to a given objective. In addition, the coordination of
demand requirements can be performed within different communication and control
architectures. The main architectural concepts that can be distinguished are decen-
tralised and centralised control architectures. These categories refer to the level on
which the charging decision is made, given an objective and constraints that need to
be met given a certain user scenario. This work reviews in detail the recent work with
respect to different charging coordination paradigms and distinguishes between the
following main objectives: grid integration and technical implications, explicit
integration and direct utilization and balancing of renewable energy sources and
finally, economic driven decisions. The discussion performed in this chapter shows
that in the category with a predominantly technical focus, V2G (Vehicle-to-Grid)
and grid load (regional and system-wide) impacts are the main research areas. Work
looking into the integration ability of renewable energy sources enabled by PEV
demand flexibility is in particular focused on the reduction of imbalances stemming
from fluctuating generators, e.g. wind power, on a system and also on regional scales
under consideration of grid constraints. Short term storage applications are also
discussed, but the coordination of PEV demand flexibility by dynamic price
incentives is not covered very extensively. Work from the economic domain focuses
on the assessment of regulation market participation and day-ahead wholesale
market oriented charging. These approaches in turn do not intensively investigate the
effect of cost minimizing charging strategies with respect to the utilization of fluc-
tuating renewable energy sources. By consistently discussing recent work from
various areas looking into the versatile facets of charging coordination paradigms of
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2 A. Schuller

electric vehicles, this work provides an anchor for further investigations that help to
harvest the demand side flexibility of Electric Vehicles.

Keywords Electric vehicles - Charging coordination - Grid integration
Renewable energy - Economic incentives

1.1 Background and Motivation: Demand Response

Demand Response (DR) is a concept first introduced to power systems in the 1970s
following the 1973 energy crisis. At the time the significant oil price shocks lead to
an increased awareness about energy consumption and energy efficiency. The U.S.
pioneered in the advancement of this concept by imposing strict programs for
energy conservation and demand-side-management measures on its integrated
utilities at the time [1]. The programs had their focus on increasing overall energy
efficiency, hereby reducing overall demand for energy, and on reducing peak load
by enabling large industrial customers to reduce or shift a significant part of their
load in order to stabilize the power system. The general load reduction would also
contribute to a decrease of needed installed capacity to secure supply at all times.
But as demand still varies over the course of every day in a system, and also varies
in dependence of weather and season, a considerable number of reserve and
peaking generators, often with comparably higher variable costs are needed to allow
for the system to function properly. Demand Response is a crucial concept to
increase the efficiency of the power system and can be defined as:

all intentional electricity consumption pattern modifications by end-use customers, that
are intended to alter the timing, level of instantaneous demand, or total electricity
consumption, [2]

Demand-Side-Management (DSM) is part of the more general concept of Demand
Response and is mostly referred to with respect to the explicit measures of utilities
that were implemented for larger customers to contribute to technical system sta-
bility in a centrally controlled power infrastructure. The term is still employed for
these measures, but is also used synonymously for artifacts that in the following
will be described as parts of Demand Response. The Smart Grid concept has the
potential to enable Demand Response at low general implementation and transac-
tions costs. This in turn will help to integrate a higher share of intermittent gen-
erators, increase the system stability and finally tackle one of the most important
flaws of power markets: the low or non-existing elasticity of the demand side. EVs
can be seen as a large resource for Demand Response as they bring with them a
high flexibility for a considerable part of their overall demand.
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1.2 Categorising PEV Charging Coordination

In order to harvest the demand flexibility of PEVs within a DR program, their
charging process needs to be coordinated. The coordination must occur with respect
to a given objective. In addition the coordination of demand requirements can be
performed within different communication and control architectures. The main
architectural concepts are decentralised and centralised control architectures. These
categories refer to the level on which the charging decision is made, given an
objective and constraints that need to be met given a certain scenario. Figure 1.1
provides a basic classification of the two charging coordination architectures under
inclusion of the mixed hierarchical architecture. Following the predominant cen-
tralised control paradigms of the traditional power system, centralised charging
control architectures build on scheduling procedures that also consider the
requirements of the individual charging jobs. These paradigms often rely on
planned schedules that are communicated to a central scheduling instance, or
assume that a direct load control (DLC) scheme is in place which can be employed
to organize the overall charging process such that in particular technical constraints
are met. The Distribution System Operator (DSO) and Transmission System
Operator (TSO) are often assumed to be responsible for this form of coordination as
technical objectives need to be met for safe and reliable power grid operations [3].

A centralised approach has advantages with respect to reliability of charging
control and can be integrated easily into existing power system control paradigms.
But centralised control architectures require a high degree of information in order to
allow for accurate planning by the central instance. Furthermore central control

Charging Coordination

Centralised Hierarchical Decentralised

el [T1 IT1ILT

Problem Size

Coordination Instance QO Coordination Resources (PEVs)

Fig. 1.1 PEV charging coordination paradigms, adapted from [4]
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architectures rely on increasingly complex optimisation procedures that do not scale
very well in the number of participating units [5], as with every new vehicle
additional constraints are added to the optimisation problem. There are many
possibilities to reduce the complexity for central coordination procedures or use
faster computing algorithms, including heuristics (e.g. genetic algorithms or sim-
ulated annealing [6]) or the division of problems into subsets which can be solved
easier. Nevertheless this control paradigm might not be very well received by PEV-
owners as they do not retain control about the charging process of their vehicle. In
order to address the technical complexity and the increasingly more decentralised
structure of the power system, hierarchical charging coordination approaches must
also be considered.

Hierarchical coordination procedures can be a hybrid form that incorporate
aspects of both, centralised and decentralised control paradigms. They can incor-
porate centralised control and scheduling mechanisms, but in contrast to their
system wide counterpart, only address solutions for defined areas or parts of the
overall system. This divides the general optimisation problem into a set of inter-
connected but local, and in the best case optimal, solutions. In a more compact
setting this traditional approach is thus still applicable from a technological per-
spective. The drawbacks with respect to the charging decision being delegated
away from the PEV-owner are still prevalent. In this context the role of a so called
aggregator, an institution that aggregates the load and thus also the load flexibility
of numerous PEVs in order to participate in the power market, ameliorate distri-
bution congestion [7], enhance grid stability through the provision of ancillary
services or support the integration of fluctuating renewable energy sources [8], has
been extensively proposed as a hierarchical coordination instance.

Charging control in the hierarchical scenario can either follow a schedule based
or a price based coordination approach. In the price based scenario, a price is
determined either by the aggregator and communicated to his customer PEVs, or it
can be determined in a special auction in which the particular PEVs participate [9].
Price based mechanisms can incorporate the system state, and in particular the
regional technological constraints if they are designed accordingly. Following the
concept of spot pricing (cf. [10]), prices that reflect local capacity constraints and
resource availability enable an efficient resource allocation. Prices can vary by
location, a concept following the nodal pricing paradigm, or by time, and finally in
both dimensions.

Decentralised charging coordination builds predominantly on price based mech-
anisms. Decentralised charging decisions enable vehicle owners or users to decide
when and according to which objective to organize the charging process. The coor-
dination mechanism must therefore incorporate the decisions made by the individual
PEVs in order to allow for an effective and reliable operation of the system while
guaranteeing supply for the vehicles. In this category prices can either be determined
uniformly for all market participants, or discrimination with respect to location and
demand time takes place. Decentralised coordination requires more exchange of
information, but the number of necessary parameters that need to be communicated is
lower, as the decision problem size is confined to one unit, e.g., one PEV.
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The different charging coordination architectures cannot always be distinguished
sharply. Decentral charging decisions based on centrally communicated uniform
prices are one example for a mixed form of charging coordination. Hierarchical and
decentralised architectures are inherently combined if price signals are calculated on
a regional level by an aggregator, while vehicles still make the decision on how to
determine their individual charging schedule. The presented classification is thus
giving an overview of the general possibilities on how to organize charging
coordination. Considering a more abstracted perspective, this classification can be
employed for any resource allocation, including other flexible loads. The next
sections provide an overview of the most relevant literature with respect to charging
coordination of PEVs looking into primarily technical and economic objectives and
the integration ability of fluctuating renewable energy sources.

1.3 Technical Objectives of Charging Coordination

One of the main areas covered in literature of PEV related research is looking into
technical questions in particular with a focus on the power grid integration of PEVs.
Most of the work mentioned in this section also considers economic constraints, but
primarily pursues technical objectives under economic restrictions. Scholars
investigating the respective questions in the context of the Smart Grid stem from
different professions, and provide insights on similar questions from various per-
spectives. Traditional power systems engineering, as well as electrical engineering
and increasingly researchers from computer science and economics investigated
some of the following aspects with a technical focus.

One main branch of research is looking into the assessment of PEV charging
load on the power grid on different voltage levels, with a particular focus on
distribution grids. Topics in this domain include the investigation of transformer
loads following different charging strategies in given standardized distribution grid
structures, mainly with households as an inflexible base load. In this context
Optimal Power Flow (OPF) methods play an important role. Other main objectives
in this context are peak reduction and load shifting in order to minimize distribution
system losses and distribution equipment stress. In addition voltage problems and
reactive power provision or compensation in distribution grid settings are
investigated.

Analyses with respect to the impact of PEVs on distribution system load per-
formed by Lopes et al. [11] and Mets et al. [12] show that controlled charging
schemes can help to integrate a higher number of PEVs in the same distribution
system (52 % penetration rate in the coordinated as compared to 10 % in the
uncontrolled case). In addition peak loads can be significantly reduced by 40 % by
coordinated charging. As system peaks are reduced so are losses in the distribution
system by around 25 % in the analyzed scenarios [13]. Analyses with respect to
optimal charging rates in a residential context show that charging coordination can
improve voltage levels and balance phase load in order to reduce transformer
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equipment wear and integrate higher numbers of PEVs, thus deferring costly line
and distribution system upgrades, [14, 15]. Most coordinated charging approaches
follow the centralised or hierarchical control architecture with rather high infor-
mation requirements regarding the individual PEV-user [16]. Further investigations
are looking into the interaction between distribution and transmission systems and
thus show that local load situations can be quite different from overall system status
and require different integration strategies [17, 18].

Besides the regional impact assessment there is also work looking into the
system wide impacts of PEVs. In particular the impact of considerable PEV pen-
etration rates on existing power systems and the corresponding unit commitment
models in the U.S. are at the center of attention, [19, 20]. These analyses are either
looking into operational aspects like additional CO,-emissions and costs in the
European [21], or U.S. systems caused by the integration of PEVs. Other analyses
are estimating the reductions in primary energy consumption enabled by PEVs and
the effects on overall system load [22].

Another technical branch of research is focused on the storage and energy feed-
back aspect of PEVs, known as vehicle-to-grid, (V2G). This notion introduced by
Kempton and Letendre [23] has received a high level of attention. In particular the
question if a profitable participation of PEV fleets, coordinated by an aggregator, in
a direct control scheme has been addressed in different settings. The necessary
communication architecture has been assessed in Quinn et al. [24], the main
application domain for V2G is the provision of ancillary services, since regulation
and spinning reserve products appear as the economically most stable options under
consideration of high battery investment and degradation costs, [25-27]. In addition
energy arbitrage under nodal and wholesale prices in the U.S. and Germany have
been investigated [28].

These analyses show in particular that it can be profitable for PEVs to provide
certain regulation and spinning reserve products, as both the U.S. and the European
markets include capacity and energy payments for regulation market participants.
Sortomme and EI-Sharkawi [29], Dallinger et al. [30] also show that the most
profitable option to participate in regulation markets is the provision of negative
regulation, which means that charging occurs at times when the grid has surplus
energy that needs to be withdrawn.

This operation strategy incurs no additional battery costs and can be profitable in
particular because of the capacity payments that are paid for being available to the
power grid at the contracted times. Positive regulation can also be slightly profit-
able, but needs to consider additional investments in grid and communication
infrastructure. In this context is has also been shown that frequency regulation
support can be performed by the vehicles [11].

Table 1.1 provides an overview of different approaches in the technical domain.
As there are vast amounts of at least partly relevant literature this table provides a
general overview of the main areas covered in in PEV research with a primarily
technological perspective. The table provides an overview of the main research
objective addressed, the coordination approach and the scope covered by the model.
The categories covered in the scope are the consideration of technological grid
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constraints (e.g. voltage, power ratings, power flows), consideration of ancillary
services, the ability to integrate or support RES utilization. In addition the cate-
gories trip modeling of PEVs and the application of dynamic prices are taken into
account. Finally a short synopsis of the findings is given.

1.4 Renewable Energy System Integration

Making PEVs more sustainable with respect to green-house-gas (GHG) emissions,
reducing fossil fuel dependency and assisting the power grid in the integration of
fluctuating renewable generation are some of the core advantages of charging
coordination with a focus on higher utilization shares of renewable energy [33]. The
literature in this field is often intertwined with economic and technical objectives.
Most analyses are focusing on the coupling of PEV demand flexibility with
intermittent renewable generation. Starting from an overall power system per-
spective, assessments of PEV charging load impacts in systems with a high share of
wind-power generation have been conducted, e.g. in [34, 35], where the impact of
renewable sources (predominantly wind-power) on the merit order of the conven-
tional power plants or the integration ability of additional wind power capacity is
assessed. An analysis in the impact for the German case in 2030 was performed by
Dallinger and Wietschel [36]. They show that coordinated PEV charging, based on
a variable pricing scheme and assuming responsive PEV-owners can contribute to
balance intermittent generation.

Besides a cost assessment in different scenarios, the capability of PEVs to reduce
system-imbalance e.g. in the UK and Danish system have been analyzed in Druitt
and Frueh [37] and Goeransson et al. [38]. Druitt and Frueh [37] show that with a
wind-power share covering 30 % of the UK electricity demand, one million PEVs
can supply about half of the balancing power required. With higher PEV adoption
rates of up to 10 million vehicles, about 70-85 % of the balancing requirements can
be met only by the vehicle fleet. Goeransson et al. [38] in turn show that emissions
in the Danish system can be reduced by PHEVs by a coordinated charging pattern
by 4.7 % when vehicles have an overall demand share of 20 %. Emission reductions
in this case are due to more efficient thermal generation, avoiding additional
startups and part load operation. Additional analyses by Ekman [39] show that
coordinated charging and V2G capabilities of 500,000 and 2.5 million vehicles in
Denmark are capable to reduce AS and system reserve requirements if wind-power
generation covers 50 % of the Danish demand. In this case the authors also find that
PEVs cannot provide the necessary demand side flexibility alone, but still need
additional controllable generation for back up or other demand side flexibility
options in order to reduce the excess wind energy provided.

Other work with a focus on the V2G domain from Kempton and Tomic [40]
shows that PEVs can help to provide short term storage in the case of the US. power
system for up to 2 h, but are not capable to serve as a medium term energy storage
which allow for a compensation of daily and weekly generation shortages in wind-
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power production (assuming an installed capacity of 700 GW wind-power and
38 % of the U.S. vehicle fleet being PHEVs that serve as an operating reserve).

Another U.S. case analysis performed by Valentine et al. [41] for the NYISO
area shows that coordinated charging according to wind power availability
improves system balance, but might slightly improve costs. This study shows that
coupling of PEV load and wind-power infeed should not be performed in a man-
datory way but that they should be treated as independent resources in pool markets
with unit commitment models. Markel et al. [42] show that centralised charging
coordination with respect to a renewable energy availability signal from the utility
can reduce ramp rates for conventional generation by 5 % when a 5 % PEV
adoption rate and 15 % RES share of demand is assumed. In addition they show
that the communication requirements for centralised fleet control can securely be
covered by existing mobile communication infrastructure.

Relevant work with a focus on the operative decisions of single actors in a
regional setting has been performed e.g. by Finn et al. [43], Vandael et al. [44] and
Galus and Andersson [45]. Finn et al. [43] show that in the Irish case DSM
measures including PEVs can increase the absolute share of utilised wind-power for
charging. Vasirani et al. [46] propose a coalition formation approach to directly
map the demand of PEVs and the production of wind-generators in a VPP. Galus
and Andersson [45] show that in the region of Zurich PEVs coordinated by an
aggregator can help to balance the production forecast error of a 500 MW wind-
farm. Vandael et al. [44] present a hierarchical approach for the reduction of local
renewable energy balancing requirements in a distribution network setting. Their
analysis shows that while the charging intentions of the individual PEVs are still
met, imbalances can be reduced by up to 44 % as compared to the uncoordinated
case.

Table 1.2 provides a short comparative overview of some of the main related
analyses. Charging coordination for renewable energy integration has been inves-
tigated in different settings, most of the reviewed papers were either focused on
balancing fluctuating renewable production, while considering technological and
economic constraints. As balancing of renewable energy production must be per-
formed on a short term basis most approaches assume centralised or at least hier-
archical control architectures. Balancing occurs for time intervals of 15 min,
therefore the provision of ancillary services is only partly considered, in particular
primary regulation is thus not considered. Besides the assessment of PEV demand
flexibility employment for RES integration, most approaches also evaluate the
changes in demand patterns based on the prevalent market model, or on simple
tariffs with respect to the economic impact of the demand shift. Most papers assume
that PEVs are price responsive and have an automated charging control unit which
acts on behalf and according to the preferences of the PEV-user. Nevertheless most
studies only make basic assumptions about the trip behavior of the vehicles and
rather focus on active inclusion of PEVs into the power grid. In this respect future
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work could enhance the existing analyses if real-life driving profiles are employed
for the assessment of PEV charging demand flexibility with respect to the renew-
able energy integration potential.

1.5 Economic Objectives

The last main group of relevant related work is concerned with the economic
evaluation of charging coordination in different market settings and the assessment
of allocation mechanisms from an economic perspective. The papers discussed in
the following are thus primarily focused on operative economic objectives with
some considering technical and renewable energy integration aspects.

Employing the demand flexibility of PEVs for the provision of AS was dis-
cussed above, one of the main economic assessments for the general viability of the
V2G concept was performed in [47]. Based on data from 2003 an economic
evaluation of the provision of regulation and spinning reserve products in the
CAISO market area shows that PEVs, in particular those with a high power con-
nection can generate quite high profits mainly due to capacity payments they
receive.

This analysis is quite static and does not consider the dynamics of driving
behavior. Work by Andersson et al. [26] and Dallinger et al. [30] (both assuming a
hierarchical aggregator approach) shows that when the daily variations of prices and
mobility patterns are considered, V2G activity is profitable only for certain regu-
lation products. In particular down or negative regulation (in the European context
negative secondary and tertiary reserve) can profitably be implemented by PEVs.

These analyses show that the capacity payment is a crucial part of the revenue
that can be generated by the individual EVs. As mentioned above these approaches
consider full availability and control of the participating vehicles. In addition PEVs
are modeled as price takers, not influencing the price determination of regulation
products. Following the analysis of Druitt and Frueh [37], Quinn et al. [24] and the
sources mentioned above, one can see that the complete capacity requirements for
regulation (and thus balancing) can be supplied by less than 10 % of the respective
vehicle fleets, assuming all of them would be electric, technically capable and
willing to participate. V2G can thus be a profitable option for the first movers and
can even be performed without too high battery degradation costs, (cf. [28, 49]), but
will eventually not be a viable option for all PEV-owners over time.

Following this observation, the interaction of PEVs adjusting their demand
(mostly without V2G operations) in accordance with economic signals emitted from
the power market is one of the main topics covered in literature. In particular the
optimal operation of charging in the U.S. setting within the frame of unit com-
mitment (UC) based pool market models was investigated by Sioshansi [50],
Caramanis and Foster [51], Foster and Caramanis [52]. Sioshansi [50] compares
two operation strategies, one that includes the demand requirements of 1 % of the
vehicle fleet of the ERCOT service area as PHEVs (75,000 vehicles) in the ISOs
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unit commitment model and a tariff based charging strategy for TOU and RTP
schemes. The results show that the charging costs in the centralised overall cost
minimization UC scheme are lower than in the tariff based scenario. In addition the
analysis of the ERCOT case shows that RTP schemes are efficient in communi-
cating the marginal costs of power production to the demand side, but cannot
capture the non-convexities of generator startup costs in a system with high shares
of coal generation, leading to higher overall charging costs than in the other cases.
The work of Caramanis and Foster [51] shows that a load aggregator for vehicles
can develop efficient charging control strategies for his PEV fleet, which allows for
successful hedging in the day-ahead market but still permits to consider intra-day
charging flexibility in the real-time market. This analysis shows that charging costs
can be reduced by at least 20 % as compared to uncontrolled charging, and that
PEVs can successfully reschedule their demand on a short term basis, under con-
sideration of new information about prices, grid constraints and in particular their
own demand requirements. When aggregators consider shorter optimisation hori-
zons and grid capacity constraints in their optimisation calculus, results from Foster
and Caramanis [52] show that charging costs can be reduced, and the demand
flexibility of the vehicles can also be employed in hour-ahead energy and regulation
products. This shorter charging decision dispatch allows to choose the most
appropriate commitment of the available PEV demand resources, and shows that
accounting for uncertainty in the power system state and the resulting prices needs
further investigation in particular in the European (or German) market scenario.

Following the hierarchical and decentralised charging decisions based on day-
ahead and spot prices, the following approaches should be mentioned. Rotering and
Ilic [53] are considering PHEVs in the Californian day-ahead market and present
optimal smart charging strategies based on dynamic programming, that help to
reduce daily energy costs by more than 50 %. In addition they analyze a firm
commitment in the regulation market which allows the vehicles to generate addi-
tional profits that outweigh the driving energy costs. For another case in which PEV
owners perform arbitrage accommodation based on the respective LMPs, Peterson
et al. [28], find that when battery degradation costs are considered in V2G operation
strategies, the annual profit per PEV would range between 12 and 118 USD for
historical price data from NYISO, PJM and 1SO-New England areas from 2003 to
2008. This work performs a benchmark analysis and compares the values from a
perfect foresight scenario with a naive forecasting technique building on a moving
average of 2 weeks for the respective hours. When uncertainty is accounted for in
this manner, the annual profits decrease to values of 6—72 USD. Energy arbitrage is
thus only slightly profitable, but could be an option if additional infrastructure for
grid interaction would be available to the vehicles, since the analysis builds on the
assumption that EVs are not available in the time between 8:00 a.m. and 4:59 p.m.,
a time that is most likely to incorporate the daily peak prices.

Further Work from Verzijlbergh et al. [54] compares different charging strategies
that are likely to be implemented by different actors and have been described in the
related work mentioned before. In particular charging strategies from the per-
spective of an aggregator, the DSO and a wind-farm operator are considered in the
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setting of the Dutch power system. The aggregator performs a wholesale cost
minimization to satisfy the demand of his customers at a minimum cost level, the
DSO in turn distributes load in order to minimise the distribution system losses, and
the wind-farm operator employs the charging flexibility to reduce the imbalance
between planned and actual production of the wind-generators. In all cases a
hierarchical or centralised control paradigm is implemented. The results based on
the Dutch case show, that in particular the imbalance reduction strategy highly
deviates from the load patterns of the traditional cost minimal and loss minimisation
approaches. The imbalance strategy leads to highly accentuated peaks in the system
that could in turn, if interaction of fleets with differing objectives takes place,
increase the overall system balancing costs or create additional stress on distribution
system components. Besides the technical comparison a basic cost assessment with
respect to wholesale prices shows, that the loss oriented strategy incurs the highest
costs. Considering interactions in the respective settings is thus an important aspect
for the assessment of charging strategies.

Flath et al. [55] investigate how decentralised, cost minimising charging strat-
egies can be improved by the concept of area prices. The study analyses how
different charging strategies perform with respect to average costs and local dis-
tribution grid load. Besides the cost minimizing optimal strategy, heuristics that
require less price and trip information based on specified price thresholds and a
charging strategy incorporating an “as late as possible” charging scheme are also
assessed. Results show that uniform pricing based on wholesale prices leads to new
peaks in the total load of the vehicle fleet, which could lead to overload of distri-
bution assets if the vehicles are regionally clustered.

When an additional local price component reflecting the current load of the local
transformer is added, the load peaks can be reduced by more than 80 % while
average costs for charging only increase by 15 %. This approach thus demonstrates
that PEVs can be potentially coordinated very well by a dynamic pricing scheme if
they are price responsive, rational actors.

Work from Vandael et al. [44], Fan [56] and Gerding et al. [9] emphasises the
decentralised charging decision approach and also evaluates the mechanisms
incorporated with respect to their economic or game theoretical properties.
Important properties of a mechanism are its incentive compatibility, economic and
in particular pareto efficiency, budget-balance, individual rationality and strategic
robustness, [57].

These concepts from the algorithmic-mechanism design domain are important in
order to apply distributed decision processes in the critical infrastructure of the
Smart Grid. If charging decisions are made in a decentralised manner, mechanisms
need to be designed to set incentives for the PEVs to participate (rather than not),
thus making it individually rational to participate. Incentive compatibility reflects
the fact that the information e.g. w.r.t. the demand of the individual vehicle is
communicated truthful to the mechanism, making this property one of the most
important ones if strategic decision behavior of PEVs is considered. Most
approaches sketched in the previous section do not assume untruthful behavior of
PEVs in order to address other explicit questions from the technical domain.
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Fan [56] is investigating a distributed (PEV) demand response approach, based
on the idea of congestion pricing of communication networks. In particular a dis-
criminatory pricing approach is presented which enables every EV to act according
to its individual willingness to pay for the charging rate in a particular time slot.
This pricing mechanism is shown to be capable to reduce local load peaks while
maintaining computational tractability.

Table 1.3 presents a selective overview of relevant related work with a primary
focus on economic assessment or objectives of charging coordination. A consider-
able part of PEV charging coordination literature is concerned with the economic
possibilities for the provision of ancillary services by PEVs. Most of these V2G
approaches employ centralised or at least hierarchical control architectures in order
to allow for a reliable provision of the contracted AS-products. Some of them
consider uncertainty aspects, or short term dispatch but the main body of literature
is considering day-ahead or longer optimisation horizons. Further analyses focusing
only on the coordinated withdrawal of power from the grid is increasingly build
around decentralised, price based decision and optimisation mechanisms. These
approaches rely on the individual to decide whether or not charging in a particular
time frame is aligned with his budget constraints and economic preferences.
Technical attributes are mostly considered as constraints in most models, but an
explicit economic evaluation with respect to the real time utilisation of renewable
energy by PEVs has not been performed so far.

1.6 Conclusion

The literature reviewed in the previous sections showed that PEV charging coor-
dination can be categorised in particular with respect to its objectives and its control
architecture. In the category with a predominantly technical focus V2G and grid
load (regional and system-wide) impacts are the main research area. Work looking
into the integration ability of renewable energy sources enabled by PEV demand
flexibility is in particular focused on reducing imbalances stemming from fluctu-
ating generators, e.g. wind power, on a system and also on regional scales under
consideration of grid constraints. Short term storage applications are also discussed,
but the coordination of PEV demand flexibility by dynamic price incentives is not
covered very extensively. Work from the economic domain focuses on the
assessment of regulation market participation and day-ahead wholesale market
oriented charging. These approaches in turn do not intensively investigate the effect
of cost minimising charging strategies with respect to the utilization of fluctuating
renewable energy sources. Further work should thus focus on decentralised price
based coordination of PEV demand for real time integration of renewable energy
sources into the power system.
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Chapter 2
Control and Management of PV
Integrated Charging Facilities for PEVs

Preetham Goli and Wajiha Shireen

Abstract The ongoing research in the field of plug-in electric vehicles (PEVs) and
the growing global awareness for a pollution free environment, will lead to an
increase in the number of PEVs in the near future. The proliferation of these PEVs
will add stress to the already overloaded power grid creating new challenges for the
distribution network. To mitigate this issue several researchers have proposed the
idea of charging PEVs using renewables coupled with smart charging strategies.
This chapter reviews the current literature on the state of the art infrastructure
proposed for PEV charging facilities integrated with photovoltaic system. The
proposed control algorithms, various smart charging techniques and different power
electronic topologies for photovoltaic charging facilities (PCFs) are reviewed.
Studies assessing the ability of photovoltaic charging stations to minimize the
loading on distribution transformers are assessed. Finally, a simple and unique
energy management algorithm for a PV based workplace charging facility based on
dc link voltage sensing is presented. The power needed to charge the plug-in
electric vehicles comes from grid-connected photovoltaic (PV) generation or the
utility or both. The efficacy of the proposed algorithm is validated through simu-
lation and experimental results.
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2.1 Introduction

With the growing global awareness for a pollution free environment, rising energy
costs, PEVs are being introduced by many automotive makers. It is known that if
25 % of the 176 million fleets of light vehicles in U.S were converted to PEVs, it
will rival the entire U.S power generation capacity [1]. The proliferation in PEVs
requires charging stations to fulfil their battery requirements. Though PEVs are
being marketed with the goal of minimizing the pollution from automobiles, the
energy requirements for charging the batteries is still met by power generated by
fossil fuel sources. Hence many researchers have proposed the idea of charging
PEVs using renewable energy sources like wind and photovoltaic. Many pilot
projects are also underway to charge PEVs from solar photovoltaic system [2-5].
Charging stations based on wind power is still in the nascent stages though few
ventures have been announced [6]. Due to the social and economic benefits,
research on charging stations featuring photovoltaic system has attracted
researchers around the world.

Using solar power to charge batteries is not a new idea. It is a reliable source for
charging light duty electric vehicles such as golf carts, scooters and airport utility
vehicles [7]. Large-scale deployment of photovoltaic chargers in a parking lot is
analysed in [8]. A 2.1 kW photovoltaic charging station integrated with the utility at
Santa Monica is described in [9]. An experimental control strategy for electric
vehicle charging system composed of photovoltaic array, emulated power grid and
programmable dc electronic load representing lithium ion battery emulator is pre-
sented in [10]. PV parking lot charging and other business models to charge PEVs
with solar energy are discussed in [11]. Economics of PV powered workplace
charging station has been studied in [12, 13]. The analysis shows the feasibility of a
PV based workplace parking garage with benefits to the vehicle owner as compared
to home charging, such that the garage owner will get the payback of installations
and maintenance cost and profit within the lifetime of the PV panels. According to
[13] integrating a solar collector into a parking lot would result in a much more
rapid payback-period, encouraging widespread installation of solar capacity. Ref-
erence [14] describes how smart control strategies can help PEVs and PV to
integrate with the present electricity systems. Co-benefits of large scale deployment
of PEVs and PV systems has been studied in [15]. The study concludes that PV
provides a potential source of midday generation capacity for PEVs, while PEVs
provide a dispatchable load for low value or otherwise unusable PV generation
during periods of low demand (particularly in the spring).

As per the National household travel survey vehicles are parked for at least 5 h in
workplaces [16]. Hence these places are favorable for developing charging station
infrastructure but this would lead to serious overloading issues at the distribution
level. Since upgrading of transformers is an expensive option for the utilities, this
issue needs close attention as the PEV penetration increases. Several papers have
been published to address the overloading of distribution transformers while
charging the PEVs [17-19]. Nevertheless, not much study has been reported to be
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Table 2.1 PV characteristics [23]

PV type Module price Efficiency (%) Peak energy (Wp) Total cost
($/Wp) of PV ($)

Crystalline silicon 2.14 22 264 565

Polycrystalline silicon 1.74 15.5 186 324

Thin film 0.93 12 144 134

tightly related to the case of reducing the loading on distribution transformers using
a photovoltaic system. Though few papers exist in the literature, they are mostly
confined to residential distribution networks [20, 21]. There is plenty of parking
area in the U.S—a reasonable fraction of which is suitable for PV installation. This
chapter reviews the current literature on the state of the art infrastructure proposed
for PEV charging facilities integrated with photovoltaic system. The proposed
control algorithms, various smart charging techniques and the economic benefits of
photovoltaic charging facilities (PCFs) are reviewed. Various power electronic
topologies, control algorithms and charging strategies will be discussed. It will be
shown that a network of PCFs will accelerate the deployment of PEVs through
economic and environmental benefits to the utilities and vehicle owners. The impact
of grid connected photovoltaic system on the utility distribution networks is ana-
lyzed. The suitability of using PV power for charging PEVs is accessed in this
chapter.

Determining the size and type of PV panel is an important consideration for a
solar carport. Few papers [22, 23] have recommended the use of monocrystalline
silicon as the most cost-effective solar cell type for PV charging facilities. Table 2.1
shows the PV characteristics of various modules, the peak energy produced and the
total cost of the PV module. The PV panel can be sized by taking the best and worst
months into consideration. As described in [24], the initial cost of the PV panel
would be $20,000 when it is designed based on the worst month of the year and
$10,000 when it is designed based on the best month of the year. However, for the
first case, surplus energy can be injected into the grid, to balance the final cost.

2.2 Impact of PEV Charging on the Distribution System

Large-scale penetration of PEVs can have a detrimental and destabilizing effect on
the electric power grid. With the variation in demand, the production of power can
vary significantly. Variation in charging time of PEVs can result in distinct dif-
ferences in fuels and generating technologies [25]. Figure 2.1 illustrates the impact
of charging one million PEVs on the Virginia—Carolinas electric grid in 2018 on
the various generation technologies. As shown in Fig. 2.1, at low specific power
and late in the evening, coal was the major fuel used, while charging more heavily
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Fig. 2.1 Generation shares by plant type for PEV charging level and timing [25]

during peak times led to more use of combustion turbines and combined cycle
plants. Since the initial deployment of PEVs is assumed to be clustered to a par-
ticular neighborhood, many authors have focused their research on the study of
distribution transformer impacts. Depending upon the time, place of vehicle
charging, various charging methods and the charging power levels there could be
several ramifications on the distribution network. Various analytical techniques and
different simulation tools were employed by several authors to estimate the trans-
formers loss-of-life, average lifetime and harmonic losses. The percentage of
transformers loss-of-life and average lifetime are important factors to be considered
while studying the charging behavior of PEVs on future distribution system. High
penetration of PEVs in the future will increase the loss-of-life factor of distribution
transformers [26-29].

The impact of controlled and uncontrolled charging of PEVs on the average
lifetime of a transformer is described in [24, 26]. As per [24], the average lifetime of
a transformer is reduced by 4-20 % under uncontrolled charging for a PEV pen-
etration of 10 %. At 50 % penetration of PEVs, the average lifetime is reduced by
200-300 % with uncontrolled charging. On the other hand controlled charging
increases the lifetime by 100-200 % with respect to uncontrolled charging for 50 %
penetration of PEVs. Plug-in electric vehicle charging rates can have a significant
impact on the lifetime of a transformer [24, 25]. Table 2.2 summarizes the sensi-
tivity of transformer lifetime to different charging rates (3.6 and 7.7 kW) under
controlled and uncontrolled charging for various levels of PEV penetration. As
expected, transformer life degradation is exacerbated when the charging rate is
increased from 3.6 to 7.7 kW.

The percentage of transformers loss-of-life can be minimized through distributed
charging and controlled off-peak charging which requires coordination among
utilities, customers and charging stations. Simulation results in [17] show that
distributing the load profile of the battery charging helps to minimize the distri-
bution transformer loss-of-life. Power management of the PEV battery charge
profile can help manage the loss-of-life of the distribution transformer. Controlled
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Fig. 2.2 15 min interval data of average residential individual customer in East Texas [26]

off-peak charging can shift PEVs charging load to an off-peak time. Usually
charging PEVs at night time is proposed as the best way to mitigate the loss-of-life
issues of distribution transformers. However, PEVs can also introduce a new peak
or near peak in early off-peak time. Generally, the impact of extra load on trans-
formers in summer is much greater than that in winter. However, some winter
mornings with peak load may be an exception. Charging from midnight through
early morning in those days may exert strong impact on transformers. Figure 2.2
describes this effect by taking the average residential load for East Texas into
consideration. As shown in the figure for a particular day in winter, February 11th,
the load consumed in the early morning is higher than that in summer days.
Therefore, it is not always appropriate to charge electric vehicles at 1 am in those
days. The required control strategy should depend on the actual load profile in a
particular area for a particular time period.

2.3 Mitigating the Impact of PEV Charging
on the Distribution System

To mitigate the issue of transformer loss-of-life due to PEV charging, integration of
renewables like rooftop PV systems into the existing power grid has been proposed.
In [30], a case study for the year 2030 was built based on demand increase,
forecasted PEV and DG units. The results showed that PEV battery charging would
prove onerous for the constraints studied. DG penetration would be able to provide
support for PEV battery charging but PEV battery charging management would be
necessary to minimize the impact in order to reach high levels of PEV penetration.



2 Control and Management of PV Integrated ... 29

100 |
. 78.6
£ 80 70
g
S 60|
-
42.7 44.1

B 41
S 40
o Gl
=
=4
3
T 20 ¢

0.0

“. 1
1 2 3 4 5 6

—» Case

Fig. 2.3 The rate of PV utilization [32]

The possibility of smoothing out the load variance in a household microgrid by
regulating the charging patterns of family PEVs is investigated in [31]. A case study
is presented, which demonstrates that, by regulating the charging profiles of the
PEVs, the variance of load power can be dramatically reduced. Integration of
residential PV system with PEVs is studied in [32]. A residential PV system was
simulated for various charging schemes of PEVs and the results are shown in
Fig. 2.3. Several cases with different combinations of PV, PEV, V2H (Vehicle to
Home i.e. discharge of PEV) and various charging schemes were analyzed. Case 1
describes a residential facility without PV and PEV. Case 2 describes a residential
facility integrated with rooftop PV system without PEV. Therefore, these 2 cases
analyze the effects of using PV while using gasoline vehicles instead of PEVs. Case
3 represents a residential facility with PV and PEV without V2H capabilities. Cases
4-6 have all the facilities (i.e. PV, PEV and V2H capabilities) but their charge-
discharge schemes are different. As shown in Fig. 2.3 the local consumption rate of
PV output increased by 1.7 % when gasoline vehicles are replaced with PEVs. On
the other hand the rate of PV utilization increased by 8.6 % when the charging
scheme changed from fixed (fixed target of SOC) to variable (variable target value
of SOC).

The integration of PV rooftop in PCFs can relieve the burden on the distribution
networks, by reducing the effective load seen by the distribution grid peak charging,
as well as supplying power to the grid when excess power is generated by PV
rooftops. A PV parking lot for PEVs is proposed in [33], in which the PEVs can be
charged from the PV source as well as the distribution grid. Mathematical models
are developed to estimate the electric power capacity for PV parking lot. An
evaluation of impacts resulting from expected scenarios are performed through
stochastic sequential simulations of the distribution system with load and PV
generation in [34]. Figure 2.4 shows the LOL (loss-of-life) experienced at a par-
ticular distribution transformer, for change in stochastic load and PV generation
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units. It is evident from the figure that rooftop PV coupled with PEVs can reduce
LOL of the distribution transformer. These studies have shown that PV generation
coupled with PEV charging can delay and reduce the temperature rise of distri-
bution transformers.

2.4 Proposed Architectures for PV Based PEV Charging
Facilities

The charging units for PEVs can be either on-board or off-board. In case of an off-
board charger, the charger is an external unit while in the case of an on-board
charger it is a component of the vehicle. On-board chargers are supplied with ac
power and they consist of an AC/DC rectifier, DC/DC boost converter for power
factor correction and a DC/DC converter to charge the battery as shown in Fig. 2.5.
Currently AC charging is being employed to charge PEVs by means of on-board
chargers. The major drawback of this technology is that it does not support fast
charging as it is required to increase the power capability of the on-board charger
thereby increasing the cost and weight of the PEV. Hence to support fast charging

DC DC/DC
GRID RECTIFIER PFC LINK CONVERTER PEV

Fig. 2.5 Conventional PEV charger
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of PEVs off-board chargers are proposed which directly supply dc power to the
PEV charging inlet. It is to be noted that in case of an off-board charger the entire
power conversion (AC/DC) takes place in an external unit and therefore it is
feasible to increase the ratings of the power converters in order to support fast
charging.

AC system is being used since years for power distribution and there are well
developed infrastructure-standards and technologies. DC system on the other hand
has many advantages, starting with the fact that overall efficiency of the system
could be higher and it facilitates the integration of renewable energy sources with
fewer power converters. Since PV arrays generate dc power, a charging facility
featuring PV power facilitates the charging of PEVs from a dc bus which is more
effective, economical and efficient since it does not involve more power conversion
stages unlike AC charging. Various methods have been proposed for integrating
PEV chargers within a photovoltaic system. Several power electronic topologies for
a PCF have been proposed in the literature based on the type and the number of
converters which are classified as:

A. Centralized architecture
B. Distributed architecture
C. Single stage conversion with Z-converter

A. Centralized architecture

Detailed block diagram representing the centralized architecture is shown in
Fig. 2.6. It consists of a central DC/DC boost converter which performs the function
of maximum power point tracking. The DC/DC chargers are integrated with the PV
charging facility at the dc link. Multiple PEVs can be charged by increasing the
corresponding ratings of PV panels and the associated power converters. Each
parking spot must have a dedicated DC/DC buck converter which is connected to
the dc link. This configuration is suitable for charging stations in the range of
several kilowatts. It is applicable for charging vehicles like golf carts, campus utility
vehicles etc. which commute for very short distances with low battery capacities.
Battery switch station powered by PV is a good candidate for adopting centralized
architecture. But this kind of configuration does not support fast charging since
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Fig. 2.6 Centralized architecture
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installation of a very high power DC/DC converter is very expensive and it is
vulnerable to single fault shutdown.

B. Distributed Architecture

Presence of DC/DC converters with high power ratings is an important criterion for
fast charging of PEVs. This can be achieved economically through distributed
architecture as shown in Fig. 2.7. In this case several strings of PV panels are
connected in series. Each parking spot has a dedicated PV panel to support the
charging of PEV and each string of PV panels is interfaced with their own DC/DC
converter and shares a common dc bus, which connects to an AC utility grid
through a bi-directional DC/AC converter. The DC/DC battery chargers are con-
nected to the dc bus. Each parking spot requires an individual DC/DC converter to
charge the PEVs. The proposed architecture is suitable for installation at places
such as workplace, universities, shopping malls etc. where the demand of PEVs and
their duration of stay in the parking lots are highly probabilistic in nature. It is more
reliable since the PEVs can be charged from the grid during the periods of low
insolation or cloudy weather. Also, it is important to note that the extra energy
generated by PV can be injected into grid, which can be used to balance the PV
costs.

A PCF requires constant power from the PV or the grid to meet the high demand
of PEVs. The reliability of a PCF can be improved by including an energy storage
unit such as a battery bank, ultra capacitor, fuel cell etc. For instance in [35] the
power generated by roof top photovoltaic system is stored in VRLA (valve-regu-
lated lead-acid) batteries and fuel cells in a PEV docking station. The PEVs arriving
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Fig. 2.7 Distributed architecture
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at the docking station can be charged from two separate tracks i.e. using the energy
from the VRLA batteries or the fuel cells. The use of storage capacity in PCFs has
the following advantages [36]:

o Efficient use of renewable energy sources

e Maximization of renewable energy sources contribution

e Better demand and production match, better auxiliary service supply and
improved overall reliability

The core idea of including an ESU (energy storage unit) is that the power demand
by PEVs can be either supplied by the PV or the utility or through a local energy
storage unit. Energy derived from the ESU can charge the PEVs during certain
contingencies such as islanding condition without the availability of PV power. It
facilitates the charging of PEVs using minimum energy from the grid. The charging
station appears as a dc microgrid with local generation from the PV system, PEVs’
as loads and battery bank representing the storage system.

C. Single stage conversion with Z-converter

The double stage conversion described in the above architectures is replaced by a
single stage using a Z-converter [22] as shown in Fig. 2.8. It does not require an
additional DC/DC converter for each charging spot and a single DC/DC converter
is employed to provide galvanic isolation. The Z-converter has double modulation
capability, and can shape the grid current while simultaneously regulating PEV
battery charging. The unit can be employed for both power absorption and injec-
tion, with simultaneously controlled battery charging. This ensures close to unity
power factor for all operating modes and power flow paths; achieving this with a
single conversion stage can be considered a unique advantage of the Z-converter.
Furthermore, this topology possesses inherent buck-boost capability, allowing
increased voltage range on the PV or grid. Despite the single conversion stage,
reliability, rather than efficiency or cost, is the strong point of the Z-topology. Also
the single phase power processed by the Z-converter consists of 120 Hz double line
frequency ripple. This ripple can be mitigated by placing an additional decoupling
capacitor across the PV source which introduces possible deviation from perfectly
constant power extraction at the PV panels.
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Fig. 2.8 Single stage conversion with Z-converter
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2.5 Control Strategies

Workplace based photovoltaic charging facilities and residential PV charging are
the two available options for charging PEVs using solar power. Depending on the
solar irradiation, PEVs can be charged either from the photovoltaic or the distri-
bution grid or both. The solar charging station should distribute the power available
at the PV panels to the PEVs effectively and safely. Typically PEVs arrive at the
charging facility with different State-of-Charge (SOC). More than often, the amount
of PV power available to charge multiple PEVs is limited. Furthermore, the PV
source is stochastic in nature, its power characteristic is nonlinear and the PEV
batteries to be charged should be within certain voltage and current limits. There-
fore, this process necessitates intelligent control of the power conditioning unit to
manage the direction of power flow in PV integrated charging stations. Several
algorithms have been proposed in the literature which differ significantly based on
the type and location of the PCF. The algorithms also differ based on the various
control parameters such as PV power, load demand, state-of-charge etc. Accord-
ingly they can be classified as follows:

A. Residential Photovoltaic Charging
B. Battery Switch Stations
C. Workplace Photovoltaic Charging

A. Residential Photovoltaic Charging

Few authors [37-40] have proposed an architecture for a grid-connected residential
photovoltaic system that can be used to charge PEVs as well as to supply the
existing household loads. The control algorithms depend on the power generated by
the PV and the SOC of the PEV battery. Raul et al. [39] proposed a residential load
coordination mechanism to charge PEVs. Depending on the load demand of the
distribution transformers, the PEVs can be charged using renewable energy (PV/
Wind) or the power from the grid. Each household is installed with a rooftop PV
system and a small scale wind turbine. A residential microgrid composed of rooftop
panels and a biodiesel generator to charge PEVs and supply AC/DC household
loads is described in [41]. In order to share the load among the sources, master-
slave control method is employed. The operation of the residential microgrid
depends on the PV power, load demand, SOC of the battery storage and tariff set by
the utility. Most of the PEVs are not available for charging during daytime at
residential facilities. Hence, this process demands for an additional component in
the form of an energy storage unit which might not be economically attractive for
an individual home owner. Residential charging is advantageous for households
with more than one PEV.

B. Battery Switch Stations:

A PV based battery control strategy for charging multiple batteries in a solar battery
charging station (SBCS) is proposed in [42]. The architecture of the SBCS is similar
to the one shown in Fig. 2.6 but the DC/DC chargers are replaced by bi-directional
switches. The proposed control strategy first charges each individual battery until
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they reach the same voltage level and then charges the multiple batteries in parallel
simultaneously according to the battery charging period and the available solar
energy. This control strategy eliminates the use of multiple DC/DC converters per
battery connection, making the SBCS less complicated and economical. Though
being economical, the proposed architecture does not consider the scenarios when
the PV panel is not generating any power or generating power in excess. Hence it
cannot be considered for charging PEVs. A PV-based battery switch station (BSS)
is proposed in [43]. The energy exchange strategy depends on the battery swapping
demand of the PEVs and power generated by the PV. An algorithm is proposed to
charge PEV batteries using the maximum energy from PV.

C. Workplace Photovoltaic Charging

In few cases, authors have proposed the idea of inserting a DC/DC battery charger
at the dc link of the grid-connected PV system. By measuring the power generated
by the PV and the power demand of the PEV, the control algorithm ensures the
charging of the PEV battery from the appropriate source as described in [44]. Based
on the imbalance between the PV power and the load demand, various possible
scenarios are described. In case of [45], the power flow in a PV parking lot is
managed through a set of computer controlled relays. PV panels of different ratings
are interfaced with PEV chargers and the power grid through computer controlled
relays. Depending on the irradiation levels, the relays direct the entire PV power to
the PEVs or the grid or both. Hamilton et al. [46, 47] proposed an extension to this
method for a modular dc PV charging station. Several PV panels are interfaced with
the dc bus through a set of DC/DC converters. The DC/DC converter intelligently
controls the power flow to the PEVs based on a certain preset limits of the dc bus
voltage. Based on the preset limits the energy conversion unit facilitates three way
energy flow among the power grid, PV modules and PEVs.

The concept of dc bus signalling has been proposed by several authors to
schedule power to dc loads in a microgrid [48-50]. Few of them have extended this
concept to charge PEVs in a microgrid environment [48, 49]. A smart charging
station architecture integrated with PV power is proposed in [51, 52]. The smart
charging station can operate in standalone mode and grid-connected mode. The
switching between various modes is facilitated by the variation in dc link voltage
levels induced due to the change in solar insolation. During the period of low solar
insolation and peak load on distribution transformer, the controller shifts the
charging of PEVs to non-peak period. The proposed control algorithm is simple as
it involves only a single parameter i.e. dc link voltage to manage the direction of
power flow in the charging station. It facilitates the charging of PEVs using min-
imum energy from the grid without any adverse impacts on the distribution
transformer. The following sections explain the concept of dc link voltage sensing
and its application for control and management of PV powered charging facilities.
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2.5.1 Concept of DC Link Voltage Sensing

The primary requirement for a microgrid operation is to maintain the common dc
bus voltage within an acceptable range. The terminals within a microgrid can be
generally categorized into four types: generation, load, energy storage unit (ESU),
and grid connection using voltage-source converters (VSCs). These four types of
terminals can be further divided into two groups in terms of their contribution to
system control and operation which are the power terminal and the slack terminal.

A power terminal is the one which outputs or absorbs power to/from the mi-
crogrid on its own and usually does not take the system’s need into account.
Typical examples would be variable dc loads (PEVs) and nondispatchable (vari-
able) generation, such as wind turbines and photovoltaic based generations, when
operating purely according to environmental conditions. Conversely, a slack ter-
minal is the one which is responsible for balancing the power surplus/deficit caused
by power terminals and maintaining stable system operation. Typical examples
include a grid-connected VSC terminal (G-VSC) and ESU when they are actively
supporting the dc microgrid system.

As previously described, different measures shall be taken by each terminal
according to system operating conditions, thus a fast and reliable scheme for
acknowledging system operation status is essential. Apart from using as commu-
nication means, dc link voltage is a good indicator of the system’s operational
status. The simplified equivalent circuit of the dc bus including the ESU and PEV is
shown in Fig. 2.9, where Ppc and Pac refer to the total power on the dc side (PV
panel and DC/DC converter) and the ac side (inverter and the grid) of the dc bus
respectively.

From Fig. 2.9, the instantaneous power relationship in a grid-connected PV
system is given by

Pac(t) = pesu(t) + pe(t) + ppev(t) + pac(t) (2.1)

where p4. is the output power of the DC/DC converter on the dc side, pgsy is the
power delivered to (or by) the ESU, p, is the power to the dc link capacitor, ppgy is

Fig. 2.9 DC power flow
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the power consumed by the plug-in electric vehicles, and p,. is the power extracted
by the inverter on the ac side. The instantaneous ac power (output of the inverter)
can be written as

Daria(t) = (Vi sin @t) (1, sin wr) (2.2)
VmIm VmIm
=5 5 coswt (2.3)

where p,iq is the power injected into the grid, V,, is the amplitude of the phase
voltage and I,, is the amplitude of the grid current. The ac power includes a dc term
and a second-order ripple in the dc voltage. The average input power to the ac side
can be written as

PAC = VDCIAC (24)

where I4¢ is the average input current to the ac side (i.e. on the dc side of the
inverter). Equating the average power on the input of ac side to the dc term on the
output of ac side

Vindm
2

= nVpclac (2.5)

where 7 is the efficiency of the inverter. If V4. and Vy(.) are the actual and
reference values of dc link voltage, respectively, the change in energy AE,, stored
in the dc link capacitor C4 can be written as

_ e

AEq = 2 <V§c(ref) - Vt?L) (26)

To inject the PV power to the grid while maintaining a constant Vi, the fol-
lowing energy balance should be satisfied:

lem
AEdc - T(pdc — Pesu — PPEV — 2’1 ) (27)
where T is the time period of ac supply.
Combining (2.6) and (2.7)
2T 2T 2T
Vi = Viirer — = (Pac — — Vil 2.8
de = Vaetrer) ~ o (Pac — ppev) + cbat Coon (2.8)

2T 2T 2T
Vie = \/Vjc(mf) o (Pac — prev) + cLPey + Canl Vil (2.9)
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2T 2T 2T
Ve = \/dec(ref) - C_dc (nboo‘vtpPV - pPEV) + C—deESU + ?@ﬂ Vil (210)

where 7, 15 the efficiency of the DC/DC converter on the dc side.

From (2.10), it is clear that the fluctuations in PV power due to the change in
solar irradiance causes variations in the dc link voltage. For a workplace based
charging facility PEVs can be assumed to stay in the parking lot from morning till
evening. Hence the variation in PEV load is considered.

Also from (2.7), the charging power of the dc capacitor can be written as

Vinlm

Pc = Pdc — Pesu — PPEV — (2 1 1)
c o
1 lerﬂ
ECVZC = Pdc — Pesu — PPEV — T (2.12)
dvdc lem
c 5. — Pdc — Pesu — - 2.13
Vae == = Pde — P PPEV 2 (2.13)

From 2.13, it can be inferred that a constant dc voltage indicates a balanced
power flow among all the terminals, and a rising or dropping dc voltage indicates
power surplus or deficit, respectively. Since the dc voltage can be used as an
effective indicator of power-flow status, the control scheme of the proposed
charging facility can be designed according to dc link voltage variation. Assuming
the PEV demand to be constant over a period of time, the variation in dc link
voltage occurs only due to the fluctuation in solar insolation. The operational
voltage range can be divided into several levels. Based on the voltage level the
charging facility has several modes of operation.

Figure 2.10 shows the variation in the dc link voltage and the power from the PV
array with step changes in irradiation. A PV panel of rating 5.5 kW was modeled in
Matlab taking the battery capacity of a single PEV into consideration. The reference
dc link voltages have been chosen taking into consideration the change in sun
conditions from early morning to late evening. As shown in Fig. 2.10 the PV array
starts delivering power when the dc link voltage is greater than 50 V. At 250 V the
PV system delivers 4,500 W which is the power requirement of standard PEV
battery. Between 300 and 350 V the power delivered by the PV array is greater than
5,000 W, exceeding the power requirement of the PEV. This excess power can be
sent to the grid. By taking the dc link voltage and the corresponding power
delivered by the PV array into consideration, three reference voltage levels have
been chosen as Vpc.; = 50 V, Vpc., =250 V and Vpez = 350 V. The modes of
operation of the charging station are classified depending on the change in the dc
link voltage. As the dc link voltage is the only criteria for switching between
various modes the overall complexity of the system is reduced.
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Fig. 2.10 Change in the dc link voltage and power generated by the PV with the change in sun
condition

2.6 Power Management Algorithm for PV
Charging Facility

The detailed circuit configuration for the proposed workplace based charging
facility is shown in Fig. 2.11. The architecture consists of several strings of PV
panels interfaced to their own DC/DC converters which share a common dc bus.
The DC/DC boost converter performs the function of maximum power point
tracking (MPPT) to facilitate the operation of PV panel at the maximum power
point. The energy storage unit (ESU) is connected to the dc bus via a bi-directional
DC/DC buck-boost converter. The ESU will support the charging of PEVs when
there is no power available either from the grid or the PV. The battery pack in the
ESU can be charged either from the grid during off peak hours or from the PV after
all the PEVs have been charged in the charging facility. DC/DC buck converter
connected to the dc bus controls the charging of the PEV. The control description
shown for the charging facility in Fig. 2.11 is based on the requirements for two
PEVs. Multiple PEVs can be charged by having separate buck converters installed
for each charging point. The charging facility is connected to the power distribution
network through a DC/AC bi-directional grid tied converter.

The control unit monitors and controls the power flow between the source and
PEV. As shown in Fig. 2.11 the control unit generates the switching signals to
control the various power converters in the charging facility based on the voltage
and current values sensed by the voltage and current sensing units. Vpy, voltage
across the PV array and Ipy, the current flowing from the PV array are used to
implement MPPT by means of incremental conductance algorithm. Vpc is the
magnitude of the voltage at the dc bus, Vg, and Vg, are the detected battery
voltages of the PEVs which give a measure of the state-of-charge (SOC) while
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Fig. 2.11 Detailed circuit configuration of the proposed architecture

Vgsu gives the measure of the SOC of the ESU. Ipyp represents the loading
condition of the distribution transformer, Lyq is the current fed into the grid by the
DC/AC converter and Vg;iq is the grid side voltage.

2.6.1 Modes of Operation

The operation of the charging station can be categorized into four modes: Mode-1
(grid-connected rectification), Mode-2 (PV charging and grid-connected rectifica-
tion), Mode-3 (PV charging) and Mode-4 (grid-connected inversion). A set of
variables IDMD7 IDMD—maX’ VDC-I’ VDC—Z’ VDC-S» VB and VBH are used to describe the
modes of operation. Ipyp represents the distribution transformer load and Ipyp-max
represents the peak load condition of the transformer. Vp is the voltage at the dc bus.
Vbce-1, Vpe.z and Vpe; are the three chosen reference voltage levels of the dc bus.
Vg and Vggy are the detected battery voltages of the PEV and the ESU. Vgy is the
battery voltage corresponding to the threshold value of the state-of-charge (Tsoc).
The charging of PEV should be terminated once the battery voltage Vg is equal to
Vgp. Figure 2.12 shows the direction of power flow during various modes of
operation of the charging station.

The four modes of operation are described as follows:
Mode-1: Vpc < Vpe.;. Grid-connected rectification
Case-1: Vpc < Vpe.p and Ipyp < Ippp-max
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Fig. 2.12 Direction of power flow during the operation modes

In this mode the photovoltaic system does not generate any power either due to
low radiation or bad weather conditions. The DC/DC boost converter is isolated and
the power required to charge the PEV is provided by the grid. Anytime during this
mode if the dc link voltage exceeds Vpc.;, the control shifts to Mode-2. The DC/
DC buck converter regulates the output voltage to charge the PEV. As the grid is at
off peak, it continues to supply power till the vehicle is completely charged. The
controller terminates the charging of PEV by disabling the DC/DC buck converter
when Vg exceeds Vgy and the grid supplies power to charge the battery pack in the
ESU.

Case-2: Vpc < Vpe.; and Ipyp Z Ipyp-marx

This mode is similar to Case-1 but with an increase in local demand on the dis-
tribution transformer. In order to reduce the stress on the grid, the charging of PEV
is terminated temporarily by de-activating the grid-connected bi-directional DC/AC
converter. As the distribution transformer is relieved from the additional burden of
charging the PEV, it can continue supplying power to the local loads during the
peak time. During this period the PEV can be charged by the ESU if the stored
energy is sufficient to cater the needs of PEV charging. Once the grid is back to off
peak condition (i.e. Ipymp < Ipmp-max) the charging of the PEV is restored and the
controller monitors its charging.

Mode-2: Vpc.; £ Vpe < Vpe.o: PV charging and grid-connected rectification

In this mode the power generated by the photovoltaic system is less than the power
required to charge the PEV. Therefore all the power generated by the PV is
transferred to the PEV and the deficit is supplied by the grid. The dc link voltage
varies with the change in irradiation. This instantaneous change in the dc link
voltage is sensed by the controller to generate an equal voltage at the output of the
DC/AC bi-directional converter through the process of rectification. If at any point
Ipmp exceeds Ipyp-max the bi-directional DC/AC converter is isolated from the
grid. The PV system continues charging the PEV whereas the grid caters the peak
load demand.

Mode-3: Vpc.o £ Vpe < Vpe.3. PV charging mode

In this mode the PV system generates all the power required to charge the PEV. As
the grid does not supply any power it is isolated by the bi-directional DC/AC
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converter. The controller ensures that the PEV is not over charged by terminating its
charging once Vg exceeds Vgy (voltage corresponding to 95 % state of charge of
the PEV battery). This mode occurs as long as the dc link voltage is in between
Vbcz and Vpeas.

Mode-4: Vpc.ink = Vpce.z: PV charging mode and Grid inversion mode

The PV array generates excess power once the dc link voltage exceeds Vpc_3. This
additional power generated by the PV array is sent to the grid via the bi-directional
DC/AC converter. Once the PEVs are charged, all the power from the PV source is
sent to the grid. The mode then resembles normal operation of PV generation
systems.

2.6.2 Control Description

2.6.2.1 DC/DC Boost Converter

The control method for DC/DC boost converter is summarized in Fig. 2.13.
A single phase boost stage is used to boost the PV voltage and track the MPP of the
panel. To track the MPP, input voltage (Vpy) and input current (Ipy) are sensed.
The two values are then used by the MPPT algorithm. The MPPT is realized using
an outer voltage loop that regulates the input voltage i.e. panel voltage by modu-
lating the current reference for the inner current loop of the boost stage.

Two 2-pole 2-zero controllers, Gy(S) and Gy(S) are used to close the inner DC-
DC boost current loop and the outer input voltage loop. MPPT algorithm provides
reference input voltage, Vyppr to the boost stage to enable panel operation at
maximum power point. The sensed input voltage is compared with the voltage
command (Vyppr), generated by MPPT controller, in the voltage control loop. The
voltage controller output, Iyoosisw rer 1S then compared with the output current
(Inoostsw) feedback in the current controller. The current loop controller output
determines the PWM duty cycle so as to regulate the input voltage indirectly.

2.6.2.2 DC/AC Inverter

The control method for grid-connected DC/AC converter is shown in Fig. 2.14.
This stage uses two nested control loops—an outer voltage loop and an inner
current loop. V. grer is the reference voltage for the DC link, Vpc is the detected

MPPT
Vawerr = func(Vpy, I

Fig. 2.13 Control diagram of DC/DC boost converter
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Fig. 2.14 Control diagram of DC/AC inverter

DC link voltage, Vgq is the voltage at the secondary of the distribution transformer,
0 is the grid phase angle, Izgr is the reference current for the DC/AC converter
generated by the voltage loop and Iy is the current fed into the grid by the DC/AC
converter.

Two PID controllers, Gv/(S) and G;(S) are used to close the outer voltage loop
and the inner current loop. The voltage loop generates the reference command (Iger)
for the current loop as increasing the current command will load the stage and hence
cause a drop in the DC link voltage the sign for reference and the feedback are
reversed. The current command is then multiplied by the AC angle to get the
instantaneous current reference. Since the inverter is grid connected the grid angle
is provided by the PLL. The instantaneous current reference is then used by the
current compensator along with the feedback current (Iggpi) to provide duty cycle
for the full bridge inverter.

2.6.2.3 DC/DC Buck Converter

The control method for DC/DC buck converter for PEV charging is based on Vg,
Vsu, Ipmp and Ipyp-max s shown in Fig. 2.15. Vp is the detected battery voltage,
Vg is the battery voltage corresponding to 95 % SOC. Ipyp is the load on the
distribution transformer and Ipyp.max represents the peak load condition. The
control mode is determined by the detected battery voltage of the PEV and the
loading condition of the distribution transformer. The charging of the PEV is turned

Input = 0

Tone, mas

Input =1

Fig. 2.15 Control diagram of DC/DC buck converter
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off once the battery voltage reaches Vgy or the distribution transformer reaches the
peak load condition.

2.6.3 Simulation Studies

In order to validate the proposed control algorithm simulations were done in Matlab
Simulink using the simpowersystems toolbox. The reference dc bus voltages i.e.
Vbce-1, Vbe.s and Ve are set at 50, 250 and 350 V. The reference dc link voltage
levels are selected based on a training mode wherein the PEV load is kept constant
and the solar irradiation is allowed to vary in steps. The values of Ipyp.max and Tgec
are set at 80 A (peak to peak) and 95 %. Toyota Prius plug-in hybrid has been
chosen as the PEV which has a total battery capacity equal to 4.5 kWh and nominal
voltage equal to 48 V. The rms value of AC grid voltage is 240 V. A PV panel of
rating 5.5 kW has been modelled taking the battery capacity of the PEV into
consideration. The reference dc bus voltages have been chosen taking into con-
sideration the change in sun conditions from early morning to late evening
(Fig. 2.10). As the dc bus voltage varies, the source from which the PEV is charged
also varies accordingly. Simulation results describing the transitions between var-
ious modes are shown below.

Figure 2.16 shows the transition of the grid from off peak to on peak when the
charging station is operating in mode 1. The loading condition is accessed by
measuring the current (Ippp) on the secondary side of the distribution transformer.
Initially the grid is at off peak and hence the AC grid delivers the power required to
charge the PEV and other local loads. As shown in Fig. 2.16, from 1.5 to 2.0 s the
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Fig. 2.16 Matlab simulink outputs for transition from mode-1 case-2. a DC bus voltage. b Current
flowing from the distribution transformer to the loads and the PEV. ¢ Power delivered to the PEV
(charging power). d Output voltage of the DC/DC buck converter
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current flowing in the secondary side of the distribution transformer is less than
80 A. With the increase in utility load at 2.0 s, Ipyp exceeds 80 A (Ipymp-max)- The
charging of the PEV is terminated when the current flowing from the distribution
transformer, Ipyp exceeds Ipyvp.max- This is done to reduce the stress being
imposed on the AC grid during the peak time. Hence the power consumed by the
PEV reduces to zero during the peak time as shown in the figure.

The simulation results for the transition from mode 2 to mode 3 are shown in
Fig. 2.17. During the initial stages the dc bus voltage is less than 250 V and grid
continues to supply the deficit power to charge the PEV. Once the dc bus voltage
exceeds 250 V, the PV system alone caters the charging of PEV. The power flowing
from the PV and the Power Grid is shown in Fig. 2.17. As shown in the figure, the
deficit power of 1,000 W to charge the PEV is supplied by the grid in mode-2 and it
does not supply any power in mode-3 as the PV alone caters to the demand of the
PEV.

The transition from mode 3 to mode 4 is shown in Fig. 2.18. With the dc bus
voltage exceeding 350 V there is an increase in power flowing from the PV in mode
4. The PV system feeds this excess power to the grid in addition to charging the
PEV. The sinusoidal output of the DC/AC bi-directional converter shows that it acts
as an inverter in this case. In order to maintain the energy balance the dc link
voltage is kept constant at 360 V. Finally Fig. 2.19 shows the termination of the
vehicle charging when SOC = Tg,..

The simulation results validate the modes of operation and the control algorithm
described in this section. As described in Sect. 1.5.1, the modes of operation change
due to the change in the dc bus voltage which in turn changes due to the change in
the irradiation levels according to the time of the day.
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Fig. 2.17 Matlab simulink outputs for transition from mode 2 to mode 3. a DC bus voltage.
b Voltage of the grid. ¢ Power delivered by the grid. d Power delivered by the PV array
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Fig. 2.18 Matlab simulink outputs for transition from mode 3 to mode 4. a DC bus voltage.
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Fig. 2.19 Matlab simulink outputs for transition in state-of-the-charge during mode-1. a DC bus
voltage. b State-of-charge of the PHEV battery. ¢ Charging power delivered to the PHEV.
d Output voltage of the DC/DC buck converter

2.6.4 Experimental Verification

To verify the practical feasibility and effectiveness of the proposed control strate-
gies experimental tests have been carried out in the laboratory. C2000 microcon-
troller, TMS320F28035 by TI (Texas Instruments) is used to generate all the
required control signals.

Figure 2.20 shows the experimental setup of the system. The components
include the Solar Explorer Kit by TI (Texas Instruments), power pole board in buck
configuration by Hirel, an isolation transformer and a battery. The DC/DC boost
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Fig. 2.20 Experimental setup

converter for the PV stage and the inverter is a part of the solar explorer kit; and the
DC/DC buck converter for PEV charging is the Power-Pole board from Hirel.
A synchronous buck boost stage which is integrated on the board (solar explorer
kit) is used to emulate the PV panel. In the place of a PEV a9 V 1,200 mAh battery
is used. By changing the value of irradiation different modes of operation are
emulated. Since this is a scaled down version the dc link reference voltage levels are
chosen as Vpc.; = 15V, Vpco =20V and Vpes =25 V. The value of Ipyp_max 1S
chosen as 1.5 A. Depending on the reference voltage levels the different modes of
operation are classified as follows:
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Fig. 2.21 Experimental outputs describing the loading of distribution transformer in Mode-1
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Vie—Link < 15V— Mode-1
15V < Vge_Link < 20V — Mode-2
20V < Vyge_Link < 25V— Mode-3

Vie—Link > 25 V— Mode-4

Experimental tests have been carried out in terms of steady-state performance
and transient-performance between different modes and the results are provided
below. Figure 2.21 through 2.25 explain the experimental results for the various
modes of operation.

Experimental results for Mode-1 are shown in Fig. 2.21. With the increase in the
loading of distribution transformer, Ipyp increases from 1 to 1.5 A as shown in
Fig. 2.21 and accordingly the PEV is turned off so that the grid can cater to other loads
without overloading the distribution transformer (assuming that Ipyp.max = 1.5 A).
The turning-off of the PEV is illustrated by the fact that V and Iy go to zero with the
increase in distribution transformer loading. This is done by generating a duty cycle
of zero for the buck converter switch.

Experimental results for the transition between Mode-2 and Mode-3 are shown
in Fig. 2.22. In the initial state, the dc link voltage is around 15.7 V and current
flows from both the PV as well as the grid to charge the PEV. Once the dc link
voltage increases to 22.4 V (Mode-3) no power is drawn from the grid.

Transition from Mode-3 to Mode-4 is shown in Fig. 2.23. With the change in dc
link voltage from 22.4 to 29.9 V the bi-directional converter goes from off-state to
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Fig. 2.22 Experimental outputs for transition from Mode-2 to Mode-3
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Fig. 2.23 Experimental outputs for transition from Mode-3 to Mode-4

on-state. Mode-4 resembles the normal operation of a grid connected PV system. In
this case the battery has been completely charged and hence the entire power
generated by the PV is delivered to the grid. Figure 2.24 shows the steady state
experimental results of Mode-4. The dc link voltage is 29.9 V and the output
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Fig. 2.24 Experimental outputs Mode-4
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Fig. 2.25 FFT of inverter output voltage

voltage of the inverter is a sine wave. A high switching frequency along with LCL
filter meets the total harmonic distortion (THD) requirements. Unipolar switching
strategy was followed for inverter switching and the switching takes place at
20 kHz. The inverter switching at 20 kHz together with the LCL filter generates a
filtered single phase AC output. The total harmonic distortion (THD) of the inverter
output voltage is calculated to be 5.4 %. Figure 2.25 shows the Fast Fourier
Transform (FFT) of the inverter output voltage.

2.7 Conclusion

To mitigate the loading on distribution transformers due to PEV charging, smart
charging strategies coupled with renewable energy resources are the need of the
hour. This chapter discussed the current state of the infrastructure for PV powered
charging facilities for PEVs. Several power electronic topologies are presented and
compared. Control strategies are reviewed for residential and workplace based
photovoltaic charging. The chapter proposed a charging station architecture based
on distributed topology. A unique control strategy based on dc link voltage sensing,
which decides the direction of power flow is presented and the various modes of
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operation have been described. The practical feasibility and effectiveness of the
proposed control strategy has been validated by simulation and experimental
results. The proposed control method based on the change in dc link voltage level
due to the change in irradiation of the sun, is simple and unique. The energy
management algorithm facilitates charging of the PEVs using minimum energy
from the utility with a kind of demand management to improve the energy effi-
ciency. Smart charging techniques like the one proposed in this chapter will help
avoid major expense to upgrade distribution transformers and other substation
equipment with the increase in PEV loads on the distribution system.
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Chapter 3

Hierarchical Coordinated Control
Strategies for Plug-in Electric Vehicle
Charging

Zechun Hu, Yonghua Song and Zhiwei Xu

Abstract Currently in most of the works in the literature, a group of plug-in
electric vehicles (PEVs) is controlled by an “aggregator”. The aggregator is
responsible for making the charging schedule for each PEV and also participates in
power system regulation or electricity market bidding. However, practically, to
coordinate the charging of large scale PEVs in power system, the diversities in
charging infrastructure, PEV types and local operational constraints in the power
system should also be well considered. Therefore, hierarchical control of PEVs is
regarded as an effective way to achieve charging cost minimization and system
operational security. This book chapter introduces hierarchical control frameworks
for PEV charging, which includes coordinated charging strategy for charging sta-
tion (or virtual charging station), coordinated charging strategy for battery swap-
ping station, hierarchical coordinated charging strategy for multiple charging
stations and a three level coordinated charging framework for large scale of PEVs.
The detailed mathematical formulations for each level operator in the proposed
hierarchical control framework, which jointly optimize system load profile and
charging costs, are clearly presented. The inter-relationships between various levels
of operators in terms of energy transaction and information exchanged are also
specified. Finally, case studies are carried out on three cases. The simulations
results demonstrate the effectiveness of the hierarchical charging control framework
and optimization methods in reducing peak demand and charging costs.
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3.1 Introduction

When large scale of PEVs penetrates into the power system, their charging load can
be a substantial burden to the operations of existing power systems if their charging
is not properly managed. Voltage drops, excessive power losses and overloading of
distribution transformer and lines are likely to occur. In some severe situations,
additional investment might even be needed for electrical equipment upgrading.
There is a breadth of literature to investigate the impacts of PEV charging on power
grids under various charging strategies and operational scenarios. Authors of [1]
evaluated the impacts of the integration of PEVs on power grid operations and
electricity market. Su et al. [2] comprehensively summarized the electrification of
transportation. Roe et al. [3] studied various aspects of how PEVs could impact
power grid infrastructure. Authors of [4] evaluated the impact of different levels of
PEV penetration on incremental investment and energy losses of distribution
network.

However, the PEV charging load has flexibility. For example, the vehicles are
normally idle for an average of more than 10 h during the night, while the time
needed to get them fully charged is only several hours. Therefore, through coor-
dinating the charging of large scale of PEVs, the PEV charging stress on power
systems can be effectively mitigated. In addition, coordinated charging is also
viewed as a cost efficient approach to help smoothen the system load profile, reduce
renewable generation curtailment and reduce charging costs through energy arbi-
trage. As a result, the researches on coordinated PEV charging have attracted wide
interests and a large number of research papers have been published in recent years.
Clement et al. [5] proposed a coordinated charging strategy to minimize power
losses in distribution systems. Han et al. [6] proposed an optimal V2G aggregator
for frequency regulation services. Sundstrom and Binding [7] presented a central-
ized PEVs charging coordination framework considering interactions among
charging service provider (aggregator), retailer and distribution system operator.
Richardson et al. [8] proposed a linear optimization model based on network
sensitivities to maximize the total charging power while satisfying network voltage
and thermal limits. Authors of [9] proposed three coordinated PEV charging
methods to minimize the distribution system power losses, load factor or load
variance. Wu et al. [10] formulated a model to minimize energy costs of aggregator
in the day-ahead market based on electricity prices and charging needs predictions.
Vagropoulos and Bakirtzis [11] sought to centrally find the optimal bidding strategy
for PEV aggregators both in energy and ancillary service markets and maximize
aggregator’s profits by charging coordination. Luo et al. [12] proposed a two-stage
optimization model to jointly minimize the peak load and the load fluctuation. Yao
et al. [13] presented a hierarchical decomposition method to coordinate the
charging/discharging of PEVs. Qi et al. [14] applied Lagrangian relaxation method
to optimize the charging schedule of PEVs across multiple charging stations.

As the number of PEV charging stations increases to beyond hundreds, it is
apparent that the single level centralized control as reported in most of the literature
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may not be applicable for large-scale PEV coordinated charging control. Thus,
distributed control strategies are proposed. In [15], Wen et al. developed a
decentralized charging coordination strategy based on distributed alternating
direction method of multipliers algorithm. In [16], Hamid et al. proposed a dis-
tributed recharging rate control algorithm, which combines the objectives of reg-
ulating frequency and improving the utilization of electric generators. Authors of
[17] formulated a decentralized control strategy to provide frequency regulation
service for power system operation. In [18], Ma et al. applied the game theory to
coordinate the charging of PEVs. Gan et al. [19] proposed a decentralized algorithm
to coordinate the PEV charging loads to fill the valleys in load profiles. Sheikhi
et al. [20] proposed game theory based optimal decentralized control strategies.

However, the single level centralized coordinated charging and distributed
coordinated control strategies proposed in most of the literature have not provided
an adequate and complete solution to realize the coordinated charging of large scale
PEVs. On one hand, when the number of PEVs grows very large in the future, it
will be extremely difficult for one single level centralized coordinated PEV
charging control algorithm to get an optimal solution in reasonable computation
time. On the other hand, though decentralized strategies mentioned before can
efficiently handle coordinated charging control problems of large-scale PEVs, their
control results may be not as good as those of the centralized control strategies
because of lack of global information.

Since a single PEV’s battery capacity is limited, it is not easy or economic for
PEVs to participate in the electricity market separately; hence large-scale PEVs tend
to be jointly aggregated by one or several aggregators in the electricity market. When
the number and the range of aggregated PEVs grow, the charging of PEVs aggre-
gated by a single aggregator may have significant impacts both on the transmission
systems and the distribution systems. Yet till now, the comprehensive coordinated
PEV charging schemes at all levels (e.g., transmission system, distribution system,
and charging stations) have not been well studied. Especially for vertically regulated
power market, such as China [21], where the state-of-the-art power grid and
the communication infrastructure are applicable to centralized operations, the
implementation of hierarchical coordinated control of large scale PEV charging may
be more practically possible. On the demand side, some utilities (e.g. Shenzhen,
China) specially design TOU tariff incentives for PEVs charging, which make
charging coordination more attractive to investors. There is a need to propose the
optimal solution that is important to various stakeholders in PEV charging ecosys-
tem, including grid operators, utility companies, aggregators, charging station
owners, and PEV owners, etc. The major contribution of this book chapter to the
literature is to propose a three-level hierarchical framework for coordinated PEV
charging. The energy transaction and information exchange between various levels
are clearly presented. Moreover, by applying charging demand aggregation tech-
niques at the station and the distribution level operators, we effectively reduce the
computation and communication requirements, which make our three-level hierar-
chical framework scalable to large scale PEV coordinated charging control.
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3.2 Concept and Structure for Hierarchical
Coordinated Charging

As mentioned in the introduction part, a single level centralized coordinated
charging and distributed coordinated control strategies proposed in most of the
literature have not provided an adequate and complete solution to realize the
coordinated charging of large scale PEVs. In this book chapter, we endeavor to
present a hierarchical control framework that is (1) scalable to consider various
kinds of charging infrastructure, PEV types and power system operational con-
straints and (2) capable of coordinated controlling large scale PEVs in real time.
Specifically, the hierarchical coordinated charging framework mainly includes three
levels, namely charging station level control, distribution level control and trans-
mission level control.

First, charging stations, battery swapping stations and parking decks with
multiple charging points are at the lowest level of our control framework. These
places naturally aggregate the PEVs and can serve as idea places to implement
coordinated charging. Moreover, in cities where special time of use (TOU) tariffs
are designed for PEV charging, charging service providers of these places have
incentives to make profit through shifting charging demands to off-peak periods by
means of charging coordination. In particular, in this book chapter, we first design
coordinated charging strategies for charging stations and battery swapping stations.
By dynamically responding to the TOU prices, the station level operator optimizes
the charging schedules of PEVs or batteries and effectively realizes better load
control and charging cost minimization.

Coordinated charging operations within only individual parking decks or
charging stations, which are merely subject to local operational constraints may not
be adequate in response to time varying distribution system operational states. In
some cases, without coordination across multiple aggregators or charging stations,
the occurrence of unexpected overlapped charging hours in multiple parking decks
or charging stations could even have more severe negative impacts on power grid
operation than uncoordinated charging. Therefore, we further develop hierarchical
coordinated charging strategies for multiple aggregators in the distribution systems
[22]. In particular, the strategy seeks to (1) coordinate the aggregate charging load
of different aggregators or stations to achieve system load controlling and total
electricity cost minimization, (2) coordinate the charging of PEVs within each
aggregator under the constraints of charging requirements and local transformer
capacity limits. In order to facilitate the coordination computation and control in
real time, only the information of charging load boundaries of each aggregator is
required to be revealed for centralized coordination at the distribution system
operator (DSO) in our control framework. This helps different aggregators protect
customer charging requirement privacies and reduce the computational burden at
the distribution system operator level. At the aggregator level, we design an
effective scheduling algorithm to optimally allocate the power to each PEV and thus
the efficiency of the overall charging control system is further improved.
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As more and more PEVs are integrating into the power systems, the system
operator can potentially further exploit the charging flexibilities of large scale PEVs
and optimize the overall system operational performances. For example, when grid
scale renewable generations are integrated into transmission systems, coordinating
the charging flexibility of large scale PEVs with the variability of renewable gen-
erations can effectively improve system level renewable energy penetration and
reduce energy costs. Therefore, we further present a three-level coordinated
charging control framework, where the energy transaction and information
exchange between various levels (i.e. transmission, distribution and station) are
clearly identified. Specifically, in the day ahead, the day-ahead forecast of the
aggregated charging demand of PEVs and the base load profiles are first predicted.
A day-ahead aggregate charging load trajectory is then determined for each dis-
tribution system operator. In real time, the distribution system operator and station
operators dynamically communicate and coordinate with each other with real-time
charging requirements and finally achieve three-level charging coordination. Sim-
ilarly, we apply charging demand aggregation techniques at the station and the
distribution level operator and thus the computation and communication require-
ments are effectively reduced.

In our hierarchical control framework, time is discretized with step size A. We
assume the power consumption of PEV is constant over A. We use subscript
{i:i eI} to index DSO, subscript {j:j € J;} to index aggregator under DSO i
(charging station, battery swapping station or parking deck with multiple charging
points), subscript {k tk € Kij} to index charging port at aggregator j under DSO i
and {t:t € T} to index time step. We further use K; to denote the set of charging
ports which are occupied by PEV (battery) at time . The power consumption of the
PEV (battery), which is connected with the k-th charging port of aggregator j under
DSO i, at time step ¢ is denoted as py (1) (Vk € Ki’j).

In the sequel, this book chapter is organized as follows. Sections 3.3 and 3.4
introduce the charging coordination strategies for charging stations and battery
swapping stations, respectively. Section 3.5 presents the hierarchical control
framework for multiple aggregators. We further show the three levels coordinated
charging framework for large scale of PEVs in Sect. 3.6 and finally conclude this
chapter in Sect. 3.7.

3.3 Coordinated Charging Strategy for Charging Station

To begin with, we focus on the coordinated charging strategy for each charging
station j, (j € J;) which is installed with multiple charging points. In urban areas,
most of the PEVs are parked at the parking lots or charging stations instead of
private garages for recharging. Charging stations are ideal places for the imple-
mentations of PEVs’ coordinated charging by monitoring the real-time conditions
of the PEVs in stations.
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Figure 3.1 is a schematic illustration of charging stations or parking lots with
rechargeable piles for PEVs. We call these two kinds of places both “charging
station” in general. The charging load and base load are connected to the distri-
bution transformer. For a charging station with independent distribution trans-
former, the base load is viewed as zero.

Acting as charging service provider, the charging station purchases electricity
from the utility at TOU purchase prices. The charging service provider seeks to
coordinate the charging of PEVs to off-peak periods to reduce its charging costs.

3.3.1 Control Strategy Overview

Based on the historical load (base load) data of the distribution transformer, the base
load could be predicted for each day. &;(r) (&;(r) € [0,1]) is the ratio of the
available capacity for charging to the total capacity of distribution transformer at
time step ¢. For the charging station with its own supplying distribution transformer,
Ei(t)=1,VteT.

Once an arrival PEV connects to the k-th charging port at time ¢ (k € K; i), the
battery capacity of the PEV B, and arrival state of charge (SOC) § OCj]‘k are obtained
through battery management system (BMS) on board. In order to achieve the
coordinated charging of PEVs in the charging station, the customers need to inform
the coordinated charging system of the expected parking time duration for charging
dy; and expected SOC when they departs SOC{]?k. At the beginning of each time
interval, the coordinated charging control system of the charging station calls the
charging optimization program to determine the charging power of the PEVs in
station in the following H;(r) time intervals based on the parking state of the
charging station, customers charging needs, available capacity of the distribution
transformer for charging and electricity prices. Through this strategy, the operational



3 Hierarchical Coordinated Control Strategies ... 61

energy costs of the charging station are minimized; the needs of the customers are
satisfied as much as possible and the charging load of the distribution transformer is
flattened. Specifically, the charging optimization program involves two stage opti-
mization models.

3.3.2 First Stage Optimization Model

Specifically, the following first stage optimization model is to be minimized at time
step 7.

Hy(1)—1

Pkt +1) xc,](t+l)><A+y><Zock (3.1)
=0 ke[( keE
s.t. Zp,»jk(erl)gA,-j x Ei(t+1), Ve {0,1, ... Hy(r)— 1} (3.2)

keK{/

Hijk(l)fl
px > pilt+1) x A+SOCy(t) x By = SOC x By, Vk € K,\E (3.3

ijk
=0
Hyy (1) -1
(SOCH — o) x B <p x > pilt+1) x A+ SOC}, (3.4
=0 :
X Bjjx <SOCH x By, Vk € E
0<py(t+1) < PR, Vk € K, Vi€ {0,1, ... Hy(r) — 1} (3.5)

where Hj;(t) is the length of the planning horizon at time 7, which is normally
selected as the maximum value of the remaining parking durations of PEVs. H; (1)
is the length of planning horizon for PEV at charging port k. ¢;(t) is the electricity
purchase price of charging station at time step ¢. y is a penalty coefficient for
customer charging demand de-rating. Set E is the index set of the charging ports
which are connected with newly arrived PEVs at time ¢ and o; is charging
requirement de-rating factor of PEV at charging port k (Vk € E). Aj; is the capacity
of the distribution transformer. p is charging efficiency and SOCy () is the SOC of
PEV at charging port k at time ¢. Pj3™ is the rated power of charging port k.

The first part of the objective function is to minimize the overall energy purchase
costs of the charging station over the planning horizon. While the second part is
used to minimize the demand de-rating with a relatively large weight to guarantee
that the charging need of the arrived customer is satisfied as much as possible.
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The constraints (3.2) imply the constraints on capacity of distribution transformer.
At any time interval during the planning horizon, the summation of the base load
and charging load of PEVs should not exceed the rated capacity of the supplying
distribution transformer. The constraints (3.3) suggest the charging requirement
constraints of the customers that connected before the last time step, while con-
straints (3.4) set the charging requirement constraints for the newly connected
PEVs. For the newly arrived customer connected to the charging station at the very
last time period, the parameter o is introduced to guarantee the problem feasibility.
Finally, the values of charging power for each PEV are limited in constraints (3.5).

3.3.3 Second Stage Optimization Model

In the first stage optimization model, by responding to the time varying electricity
prices dynamically under the constraints of distribution transformer capacity and
customers’ needs, the charging costs of charging station are minimized. We could
further build the second stage optimization model to flatten the charging load
without sacrificing the quality of charging service or increasing charging costs that
obtained from the first stage optimization.

min Ly,x (3.6)

Hy(1)

-1
st Y Y it 1) x et +1) X A< Cruin (3.7)

=0 keKl%].

Zp,jk(zH) + (1= &t +1)) x Aj <Lmax, VI € {0,1,2, ... Hy(r) — 1}

keKl'f
(3.8)

Hj(1)—1

px > pult+1) x A+ SOCiu(t) x By = SOCl x By, Vk € K,

ik N\E (3.9)
1=0

t
i

H,'jk ([)71

(SOCH —a1) x B < (px Y pilt+1) x A+ SOCj x By) (3.10)
=0 .

<SOC}, X By, Vk € E
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where L.y is the total peak demand over the planning horizon and Cy,, and oy is
the optimal cost and charging requirement de-rating factor computed at the first
stage, respectively.

The objective of this model is to minimize the peak load in the planning horizon.
Constraints (3.7) indicate that the costs of the charging station should be maintained
while trying to flatten the load. Constraints (3.8) suggest the load of the distribution
transformer should not exceed the maximum load. Constraints (3.9) and (3.10)
guarantee the customer service level will not be degraded.

The two optimization models formulated above are both linear programming
(LP) problems, which can be solved by software package CPLEX efficiently [23].

3.3.4 Flow Chart of Coordinated Charging Control

Based on the models formulated above, the optimal charging power for each PEV
can be obtained at the beginning of each time step and the coordinated charging of
PEVs is therefore realized. The system updates the state of charging station every A
amount of time and control orders are generated based on the optimization results.
If no PEV enters the charging station during the previous time period, the system
will automatically change the state of the charging station based on the results
computed previously. Otherwise, the charging strategy will be calculated again at
the beginning of the next time interval. If a PEV enters in the middle of the current
time interval, the charging states of the other PEVs will not change during this time
interval. Based on the descriptions of the control decision process, the detailed
coordinated charging control flowchart is illustrated in Fig. 3.2.

3.4 Coordinated Charging Strategy for Battery Swapping
and Charging Station

Although PEV sales increase in many countries all over the world, the limited
recharging infrastructure is still one of the main obstacles limiting the mass
adoption of PEVs. Better Place was the pioneer to build battery swapping networks
to refuel PEVs, although it was bankrupt [24]. In China, the electric grid companies
put a lot of effort on promoting battery-swapping technologies. Although they are
not successful in the private PEV market, battery-swapping technologies win
acceptance for public transportation, e.g. public buses and taxies, to a certain extent.
Now, there are more than 20 electric bus routes that are refueled by battery
swapping stations.
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Fig. 3.2 Flowchart of the coordinated charging control for a charging station

The most evident advantage of battery swapping technology is that the used
battery of a PEV can be exchanged with a fully charged one within a few minutes
even for an electric bus. Furthermore, after the used batteries swapped off the
vehicle, their recharging process can be controlled centrally. For the electric bus
fleet that is not operating during the night, the batteries within the charging station
can be used for coordinated charging or even V2G (vehicle-to-grid). In this section,
the coordinated charging strategy for the bus battery swapping and charging station
(BBSCYS) is briefly introduced.
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3.4.1 Operation of Bus Battery Swapping
and Charging Station

3.4.1.1 Basic Assumptions

The key assumptions for the operation of a BBSCS are listed as follows:

(1) Electric buses run along a fixed round route, the BBSCS is located close to the
starting or ending stop. A BBSCS can be shared by several bus routes.

(2) If the remained energy in the battery of an electric bus is not enough for its
next round trip, the battery should be swapped in the BBSCS. The bus driver
is responsible for checking the battery SOC.

(3) The swapped batteries with low SOC will be recharged in the BBSCS. The
charging power can be controlled.

(4) The battery capacities of electric buses belonging to the same bus route are the
same.

3.4.1.2 Battery Swapping Demand Analysis

Considering that the electric bus fleet is operated similar to the conventional bus
fleet, the bus departing schedule is arranged based on passenger flow and traffic
status. When an electric bus departs, its remaining travel distance available with the
energy in the battery must be longer than the length of the bus route. Otherwise, the
battery must be replaced with a fully charged one. Thus, daily battery swapping
demand can be quantitatively analyzed.

Basic input information for battery demand analysis includes the bus timetable,
battery capacity, initial State of Charge (SOC), driving distance, average driving
speed, electricity consumption per kilometer and so on. The battery swapping
demands only occur during the daily operating hours.

The time of each electric bus k arriving at the BBSCS j after a round trip can be
approximately calculated as follows:

Vi X A (3.11)

_ D
i = L+

where tf‘jk and tgk are respectively the arrival time and departure time of electric bus k.
L is the length of the operating route in km. Vjj is the average driving speed in km/h.
The minimum battery SOC to meet the requirement of a single round trip is about:

L < Qi
ijk

x 100 % + SOC™min (3.12)

socy, = i
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where Q; and SOC;}}(in are respectively the average energy consumption rate of

bus k, in kWh/km, and required minimum state of charge. When the battery SOC of
a bus is lower than SOCy;, the battery should be replaced with a fully charged one
before it departs from the BBSCS for the next trip. So the battery swapping time of
each bus within a whole day can be predicted, the battery swapping demands of a

bus fleet over time can be calculated by accumulation.

3.4.2 Optimal Charging Strategy Within BBSCS

With the battery swapping demands available, the charging process within the
BBSCS can be optimized. Two-stage optimization models are built, which is very
similar to those given in Sect. 3.3. The objective of the first stage optimization
model is to minimize the total charging cost respecting the battery swapping
demands within a whole day.

H;(r)—1

min > Y pplt+D) xci(t+D) x Ay x Y o (3.13)

=0 keK}/ ker/.

st > pit+1) <Ay x &t +1),¥1€ {0,1, ... Hy(r) — 1} (3.14)

keKlff

H,-jk(t)fl
(SOCH — ) x B < (p x > pyi(t) x A+ SOCiu(t) x Byy)

s (3.15)
<SOC};, x By, Yk € Kj;
0<py(t+1) <Py*,Vk € K, Vi€ {0,1, ... Hy(r) — 1} (3.16)

The constraints (3.14) and (3.15) are similar to (3.2) and (3.3), respectively. The
constraints (3.15) indicate that the charging demand of battery k should be satisfied
as much as possible. The charging time horizon of each battery Hy(r) is decided
based on the detailed battery swapping demand analysis.

The second stage optimization model can be similarly built as follows.

min Loy (3.17)

Hy(1)—1

st Y it +1) x eyt +1) x A< Crin (3.18)

=0 keKlf].
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> pi(t+ 1)+ (1= &5t +1)) X Ay < Lnax, VI € {0,1,2, ... Hy(1) — 1}

kek;;
(3.19)
b Hij (k)—1
(SOCH o) x By < (px D puslt+1) x A+ S0Cy(0) x By) 5

<SOCD, x By, Yk € K|

3.4.3 Dealing with Uncertainties

The above two stage optimization models are built based on the assumption that
when and which batteries entering and leaving the BBSCS can be predicted pre-
cisely. However, there are many uncertain factors, such as bus driving speed,
different electricity consumption rate of each bus, and even unexpected equipment
failures. So the optimization models should take the uncertainties into account. One
of the solutions to this problem is to solve the two-stage optimization models using
the updated data when necessary. Another solution is to keep several fully charged
spare batteries, i.e., there will be a few more fully charged batteries than the
batteries required during the operating hours of the bus route. This solution can be
realized by setting appropriate constraints (3.15) and (3.20).

3.5 Hierarchical Coordinated Charging for Multiple
Aggregators

As our discussions earlier, by coordinating the charging load to off-peak periods,
cost minimization of individual aggregator can be achieved. From the perspective
of the DSO, whereas, a better load profile with low peak-to-average ratio through
charging coordination is expected. However, in lack of effective coordination across
different aggregators, system load profile might still be undesirable. For example,
authors of [25] propose to coordinate the charging of PEVs within one charging
station. Through simulations, it is found that if coordination between aggregators is
absent, charging rebound effect (another load peak) is likely to occur. Therefore, in
this section, we develop a centralized, hierarchical framework to coordinate the
charging of PEVs in multiple aggregators [22].
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The hierarchical control framework seeks to (1) coordinate the aggregate
charging load of different aggregators under a common DSO i with the objective of
system load controlling and total electricity cost minimization, (2) coordinate the
charging of PEVs within each aggregator considering various local constraints. We
also develop techniques to derive the aggregate charging load boundaries of each
aggregator to help different aggregators protect their customers charging require-
ment privacies and reduce the computational burden at the DSO level. Moreover, at
the aggregator level, we present an efficient heuristic scheduling algorithm to
intelligently allocate the aggregate reference power to each PEV, which further
improves the efficiency of the coordinated charging control system.

3.5.1 Hierarchical PEVs Charging System Architecture

Before we proceed to the detailed formulation of our hierarchical control frame-
work, we first present the schematic illustration of the decentralized charging
system in an urban area we are focusing here, as depicted in Fig. 3.3. The voltage is
stepped down twice by the primary distribution transformer at the substation and
local distribution transformers. Each community j (j € J;) with multi-family
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Fig. 3.3 Schematic illustration of decentralized charging system in an urban area
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dwellings also has an aggregator (charging station, parking deck, etc.) equipped
with multiple charging points. Both the base loads (e.g. loads excluding the
charging loads) and PEV charging loads are supplied by the local distribution
transformer, which is constrained by a loading upper bound.

This aggregator at community j (j € J;) operates and controls the switch on and
off states as well as the charging power of each charging point within the parking
deck and is also required to follow the charging regulation requirements dictated by
the DSO under a pre-specified incentive. The aggregators under the same primary
distribution transformer are not necessarily operated by the same company; hence,
for privacy protection purposes, we assume the aggregator cannot reveal the
detailed information of their customer charging requirements. Similarly, we sup-
pose that each aggregator purchases electricity from the utility at time-of-use (TOU)
rates and sells it to the PEV charging customers at retail prices to make profits by
providing charging services.

Likewise, we assume once a PEV connects to the k-th charging point at ag-
gregator j, its battery capacity value By (in kWh) and initial SOC (SOC{;fk) can be
instantly obtained by the aggregator’s charging management system through
communicating with battery management system (BMS) on PEV’s board. The
customer is also assumed to inform its expected parking duration d;; and the
desired SOC upon departure SOCY.

Finally, each aggregator predicts local base loads in the day-ahead based on
historical data. Moreover, distribution system level base load predictions are also
implemented at the DSO level.

Based on the above information, the PEVs coordinated charging strategy
dynamically determines charging power of each charging port in multiple aggre-
gators by following three-step coordination procedure which we will elaborate on in
the next subsections.

3.5.2 Control Strategy Overview

This control framework for multiple aggregators under the DSO i is similarly
designed in a rolling horizon fashion where charging load requirements and base
loads along the horizon are considered. Specifically, the optimal control problem is
solved at discrete time step. The charging power pjy(t) at port k is kept constant
within each interval A and can vary from zero to rated power of the charging port
P, After solving the problem, only the computed charging power for interval
(¢, + 1] is sent to the charging ports for implementation. At the end of interval
(¢, + 1], the states of all the accommodated PEVs under the DSO i (e.g. PEVs
arrival/departure, SOC etc.) and base load forecasting results will be updated over
the planning horizon and the above procedure is repeated again to obtain the
optimal charging strategy for all charging ports in the next time interval

(t+ 1,1+ 2].
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The hierarchical coordinated charging strategy implemented at the beginning of
each time interval include three steps, namely, (1) charging load boundaries com-
putation at the aggregator level, (2) centralized aggregate charging load optimiza-
tion at the DSO level and (3) intelligent charging power allocation within the
aggregator. Detailed explanations of these three steps are elaborated in the fol-
lowing three subsections, respectively [22].

3.5.3 Charging Load Aggregation Method

We propose a method to represent the aggregate flexibility of PEV charging
demands within an aggregator at this step [22]. In fact, the charging load of each
PEV can be described by its energy and power boundaries. The energy upper and
lower boundaries, which respectively correspond to the fastest and the slowest paths
of consuming energy, describe the charging flexibility of this PEV during its
parking horizon. Power boundaries are used to limit the instantaneous charging
power of this PEV, which has to be strictly no greater than the rated power of
the charging port. The aggregations of these two types of boundaries of all PEVs
are used to present the collective charging load boundaries of the aggregator.
Before we present the way to compute the energy and power limits, we first

compute the maximum possible departure soc “() of each PEV as follows.

ijk

ik Yk € K',
Bijk

U,VjEJ,‘

SOCY“(1) = min(SOC SOC; (1) +

Hi(1) X p X PI* x A
ijk ijk

(3.21)

where Hy(t) is the planning horizon of PEV k, Vk € Kj;, which is normally selected
as its remaining parking duration.

The energy upper limit and lower limit of a single PEV from time step ¢ to time
step 7 + H;j(t) — 1 are then computed by recursion. Mathematically,

eIt +1) = el +1) = SOCiL,/?k’a(t) X B,

(3.22)
1= Hy(t), ..., Hy(t) — 1,Vk € K;,Vj € J;
;nkm(t+l) max( ;}:“(l+l+ 1) - p x Pg1kax x A SOCU,(( ) x Bijk), (3.23)
=0, --7Hi]k() IVkEK:j,VJEJ,
e;}fx( ) SOCljk( ) l]k7Vk S Kltj,V] cJ; (324)
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e (t+1) = mln( i+ 1=1)+p x P x A ,SOC2“ (1) x B,jk),

zjk ijk ijk
=1, ... Hy—1YkeK],

(3.25)
Vj e J;

where e;/“k‘"( ) and e (¢) are respectively the energy lower and upper bounds of
PEV Fk at time t. Equations (3.22) constrain the energy state of a PEV after its
departure, which has to be fixed at the requested departure state. Equations (3.23)
specify the minimum energy state of PEV at the (¢ + [)-th interval could be at most
p x P x A lower than its energy state at time (1+[/+1), (=0, ...,
H; () — 1) but cannot be lower than its initial energy state. Equations (3.24) imply
the initial energy state and Eq. (3.25) make sure that the maximum energy state of a

PEV at one period later can be as much as p x Pz x A larger than the energy state
of the adjacent previous time period and should also be strictly no larger than
SOCL (1) X B

The charging power upper limits of a single PEV from time step ¢ to time step
t+ H;j(t) — 1 are determined by the rated power of the charging port. Specifically,
if the PEV is connected to a charging port, its charging power can be no larger than
the rated power, otherwise its charging power should be zero. Analytically,

pic(t+10) =Py, 1=0, ... Hu(t) — 1Vk€Kl’j,

Pt +1) = 0,0 = Hy(t), ..., Hy(t) — 1,Vk € K},

1]7

vj e J; (3.27)

where pglk"‘x( ) is the power upper limit of PEV k at time step .

Based on the energy and power boundaries of each PEV in aggregator j, the
collective energy and power boundaries of this aggregator are computed by simple
summation. Additionally, the aggregate charging power should also not lead to the
overloading of the local distribution transformer as in (3.30). Each aggregator then
reports the aggregate charging load boundaries (3.28)—(3.30) to the DSO for further
centralized coordination.

EFr(t+1) =Y ep™t+1),0=0, ... Hy(t) — 1,V € Ji (3.28)
keK'

EP™(t+1)=> ep(t+1),0=0, ... Hy(t) = 1,Vj € J; (3.29)
kel(’

PRt + 1) =min | Y ph™(e41),Ay x it +1) | ,1=0, ... Hy(t) — 1,Yj

ker
e J;
(3.30)
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3.5.4 Centralized Aggregate Charging Load Optimization
at the DSO

With the aggregate charging load boundaries, the DSO attempts to coordinate the
charging of all aggregators to minimize energy costs and to control peak demand.
Preferred charging curves for each aggregator are centrally determined via a linear
optimization model, where the aggregate charging requirements of each aggregator
and system load profile are explicitly considered [22].

Specifically, we propose the centralized charging coordination model to be
solved at ¢ as follows.

H;i(r)—1

Wi(1) SE 1) X pi(t 1) x A
(s =D > clt+ ) xpji+) x

Je 0 (3.31)
H;(1)— H;(t
+ i X ZBtJrl—;cx Z () = 1) x pj(t+1)
=0
st pp(t+ 1) <PF™(t+1),1=0, ... . Hy(t) = L,Vj € J; (3.32)
pit+1) =0,1=Hyt), ... Hi(t) - 1,Yj € J; (3.33)

-1
EMn(z 4 1) < X pl(t+ 1) X A+ E™ (1) <E™ (1 4+ 1),
i )_;p py(t+71) i () SEF(t+1) (3.34)

=1, ... ,H,'j(l),VjEJi

S P+ D<A X E(+D) +0(+1),1=0, ... Hit) - 1 (3.35)

JeJi

where p{j(t) is the preferred aggregate charging power for aggregator j at time #; i is
a large positive penalty factor for positive slack variables 6(¢), which is introduced
as slack variable to ensure the feasibility of the optimization problem in cases of
excessive charging demands or limited charging load margins; « is a small positive
factor related to charging earliness considerations and will be explained in detail
later. H;(#) is the planning horizon of the DSO i, which is selected as the maximum
value of the planning horizons of all aggregators. A; is the capacity of the primary
distribution transformer and &;(¢) is similarly defined as the proportion of available
capacity of the primary distribution transformer that can be used for PEV charging
at time step .

The first term of the objective function quantifies the electricity purchase costs of
all aggregators over the planning horizon. The second term penalizes positive slack
variables 6(7) so as to keep the planned power at each time interval from violating
the distribution transformer capacity limit to the greatest extent but also helps
ensure the problem feasibility in case of excess charging demand. The last term
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implies our preference to early charging. As the weight factor of charging power
declines associated with time, the charging system tends to plan PEVs charging
power early so as to prepare for unexpected early departure of PEVs or unantici-
pated mass arrivals for charging.

Following the linear objective function, constraints (3.32) imply power upper
limits on the preferred power curves. At any interval, the preferred power for each
aggregator should not exceed its maximum charging power boundary. Constraints
(3.33) constrain the preferred power at intervals out of the range of the aggregator’s
planning horizon, which should be strictly fixed at 0. Constraints (3.34) ensure the
preferred charging curves within aggregator’s energy boundaries. Constraints
(3.35) are capacity limits. The introduction of slack variables keeps the model from
infeasibility.

The computational burden of the above linear programming model is directly
related to the number of aggregators controlled and the length of planning horizon
but has little to do with the number of PEVs connected. Therefore, the prevalent
algorithms, such as Interior Point Method or Simplex Algorithm can effectively
solve this linear programming problem.

Note that with abundant available capacity for PEVs charging during off-peak
periods in practices, values of 0(¢) can be well restricted at zero under most con-
ditions. In cases when the value of 6(r) is positive, we proportionally derate the
preferred charging power p;(t + [) to ensure system reliable operation. With der-
ated p{j(t + 1), undesirable sacrifice of customer charging requirement might occur.

Mathematically, pfj(t + [) are adjusted by following equations:

A,’ X 6i(l+ l)
A x E(+D) +0(+1)

plrj(t+1):pjj(t+l)>< JA=0, ...H(t) - L,VjeJ;

(3.36)

Then the DSO sends the updated preferred charging power pfj(t) at time f to
corresponding aggregator j for further power allocation.

3.5.5 Charging Coordination Within Aggregator

With the preferred power dictated by the DSO, the objective of each aggregator at
this step is to allocate the planned power pf;() to its controlled PEVs. Specifically,
we design a fast, completeness value based scheduling algorithm [22]. We define
the completeness value of a PEV charging task as follows. It is jointly determined
by PEV’s current SOC, departure SOC requirement and remaining parking
duration.
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Hi (1) — Cipe(1)

Wi =
(SOCU,('“(I) - SOCl.jk(t)) x By,

(3.37)

where Cyy (1) = (SOC?,C’”(I) - SOCijk(t)) X By /(p % P x A), i.e. the minimum

remained charging time needed for this PEV to charge to its required SOC level.

In the scheduling algorithm, we design the aggregator always choose to allocate
the power to vehicles with the smallest completeness value first. Specifically, the
fast, completeness value based scheduling power allocation algorithm can be
schematically illustrated in Fig. 3.4.

Each aggregator then implements the charging schedule based on the results of
the presented scheduling algorithm at the beginning of time step 7. When the time
proceeds to the beginning of next time interval 7 4 1, the above three-step proce-
dure is repeated to determine the charging schedule for interval (¢ + 1,7 + 2] based
on updated system information.

3.6 Three Level Coordinated Charging for Large Scale
of PEVs

In the previous part, we investigated the problem of coordinating PEV charging
across multiple aggregators at the distribution system level. When large scale of
PEVs integrates into the power networks, their charging flexibilities could be
potentially exploited further at the transmission level. Especially for regions with
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vertically regulated utilities, where the transmission and distribution sectors are
operated by a single company, the charging coordination of large scale of PEVs are
more appropriate to be implemented in a hierarchical way. In this subsection, a
three-level hierarchical framework for coordinated PEV charging is presented [26].

3.6.1 Three Level Hierarchical Coordinated Charging
Framework

We demonstrate the proposed three level hierarchical framework for coordinated
charging of a large scale of PEVs in Fig. 3.5. In general, this hierarchical control
framework includes three levels: transmission level control, distribution level
control and charging station level control [26]. We assume the system operation
data can be communicated between the transmission level operator and the distri-
bution level operator directly. Stations including parking decks with charging
points, charging stations and battery swapping stations are at the lowest level in the
coordinated control framework. By arbitraging the TOU prices, the electricity
purchase costs are minimized under the constraints of customer charging require-
ments. Meanwhile, we assume the station level operators in this framework comply
with the regulation signal sent by the distribution operator under the pre-specified
incentive and penalty terms.

Specifically, at the transmission level, the day-ahead forecast of the aggregated
charging demand of PEVs and the base load profiles are carried out. A day-ahead
reference aggregate charging load curve for each distribution system operator is
then decided with the objectives of minimizing system peak load, load fluctuation
and total charging costs while respecting the aggregated PEV charging demand
flexibility of each distribution system operator and various generation and trans-
mission constraints.
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Fig. 3.5 Three-level hierarchical framework for coordinated charging of PEVs
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In real time, at the distribution level, based on the day-ahead referential PEV
charging curves sent by the transmission-level operator and real time aggregated
charging needs of charging stations, the distribution operators dynamically allocate
charging power to each station to satisfy their charging requirements and to achieve
distribution system load control objectives at the same time. The decision process is
similar to Sect. 3.5.

At the station level, the assumptions of arrival and departure processes of PEVs
at each station are similar to those as described in Sect. 3.5. For battery swapping
stations, we also assume the information of the size and initial SOC of the depleted
batteries could also be conveniently obtained, and the expected time for next usage
of this battery with SOC?k =1 is estimated in advance. With charging require-
ments, the station level operator dynamically communicates and negotiates with the
distribution level operator, follows the preferred charging power specified by the
distribution system operator and flexibly determines the charging schedule of PEVs
or batteries to satisfy customer charging preferences while minimizing its charging
costs under TOU tariffs.

As the coordination process between the distribution operator and the station
operator in real time is almost the same as described in Sect. 3.5. In this subsection,
we mainly focus on introducing the problem formulation at the transmission level
operator and the formulation at the distribution level operator, which also seeks to
follow the day-ahead reference charging curve.

3.6.2 Problem Formulation

3.6.2.1 Charging Load Aggregations at the Distribution Level

Similar to the charging aggregation process at the station level as in Sect. 3.5.3, the
charging load can be further aggregated at the distribution level [26]. We forecast
the charging need of PEVs in each aggregator and describe each charging load
through its energy and power bounds. We then aggregate the charging demand of
PEVs both at the charging station level and the distribution level. Specifically, the
forecasts of the aggregation of charging demands requested by the distribution
operator i are calculated based on the following equations in the day-ahead.

max/ min) Z Z :jx}cax/ min) Vl‘ cT (338)

J€Ji keKj;

Pr(e) =3 "> pE(n),vteT (3.39)

JEJi keKy;
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Note that the realized charging requirement of each PEV or battery in real time
operation does not necessarily match with the day-ahead forecasts precisely.
However, the pooled charging needs at the distribution level can still be reasonably
estimated when each distribution operator provides charging services to sufficient
number of PEVs. Therefore, we apply the day-ahead forecasted aggregated
charging requirements of each distribution operator for day-ahead charging coor-
dination at the transmission level.

3.6.2.2 Day-Ahead Charging Coordination at the Transmission Level

With the aggregated charging demand information of each distribution operator, the
transmission operator seeks to find optimal referential charging load profiles for
each distribution operator to optimize the transmission level objectives [26]. Day-
ahead unit commitment and economic dispatch considering both network and
flexible charging load could be implemented at this level. For illustrative purposes,
we only formulate a centralized coordination problem without considering the
generation and network constraints. Specifically, the optimization problem that is
solved day-ahead by the transmission operator is formulated as follows.

2
min L, + 4 x ZL,»+¢ X Zzplr(t) X ¢i(t) X A+a x Z (pBL(I) +Zplr(t)>

Pr)Lp Ly icl icl 1€T €T icl
+Bx SN (B + ()
iel teT
(3.40)
st. PPH(r)+ Y P{(t) <Ly, VteT (3.41)
iel

PL(t) + PI(t) <L,Vi€ IVt €T (3.42)
0<Pi(t) <P™(r),Vic LVt €T (3.43)

~ . t A A
EMM(n) <> px Pi(t) x ASEM™ (1), Vi€ LVteT (3.44)

=1

where L, is the day-ahead peak demand of the system over the planning horizon. L;
is the day-ahead peak demand of the i-th DSO. f’{ (t) stands for the day-ahead
referential charging load trajectory for the DSO i at time f. ¢;(f) is time-of-use
charging cost per kWh at time #, which is uniform for all aggregators under the
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DSO i. PPL(1) is the forecasted base load of the system at time ¢ and PPL(r) is the
forecasted base load under the DSO i. 4, ¢, o and f are weighting coefficients.

The first term of the objective function (3.40) quantifies the system peak load at
the transmission level over the planning horizon. Meanwhile, the second term
quantifies the peak loads of all distribution operators. The third term indicates system
preferences for lower charging costs. Finally, to consider system operator’s pref-
erences for smoother load profile, we add the last two terms to penalize projected
load variations in the whole system and each distribution operator, respectively.
Following the quadratic objective function, constraints (3.41) impose the limit on
system peak load. Likewise, we introduce constraints for distribution peak demand
in (3.42). Equation (3.43) constrain that the referential charging power of each
distribution operator should be well kept below their respective power boundaries.
Constraints (3.44) make sure the referential charging power of each distribution
operator satisfy their forecasted aggregated cumulative charging energy boundaries.

Note that the above model is a quadratic convex optimization problem and its
dimension is mainly related to the number of distribution operators. Hence, it can be
solved efficiently. Since the aggregated charging demand of each distribution
operator can be reasonably estimated in the day ahead when sufficient number
of PEVs are integrated, in real time operations, the distribution operator does not
communicate with the transmission operator but only seeks to follow the dictated
referential charging power trajectory 13{ as closely as possible by coordinating the
charging power of charging stations.

3.6.2.3 Real-Time Charging Coordination at the Distribution Level

Similar to the Sect. 3.5 in real time operations, the charging power of each charging
station is dictated by its corresponding DSO [26]. At each time interval, the
operator of charging station j under the distribution operator i first computes its
aggregated charging load based on (3.21)—(3.30) and sends its cumulative charging
energy and power boundaries (E;}lax,E,ij‘i“,ngax) to the distribution operator i for
further coordination. The DSO i then solves the following convex optimization
model at time ¢.

Pr(t+1) — ZP’ (t+1)
JeJi

— KX (Hi(t) =) x Pt + 1)+ px Li+v (3.45)

JjeJi

Hy()—1 2
x (PBL(tJrl +Y P t+l)>
+

) SPIX(+1),YI=0, ... Hyt) — 1,Yj € J; (3.46)



3 Hierarchical Coordinated Control Strategies ... 79

Em‘“t+1 ><P’t—|—r ><A<E““"z+1 , Vj€ji,
Zp (t+1), Vjej (3.47)

VI =0, ...,H[j([)—l

PR+ 1) + ZP;(H N<L,Vi=1, ... H()—1 (3.48)
Jjedi

where 7y, 1 and v are weight coefficients.

The control objective of the distribution operator includes five components. The
first term quantifies the projected total charging costs under the TOU tariffs along
the real time planning horizon. The second term quantifies the total deviations of
the total charging power from the day-ahead referential charging profile dictated by
the transmission operator. The third term implies the preferences for early charging.
As the weight factor of referential charging power declines in time, the charging
system tends to plan PEV charging early so as to prepare for unexpected early
departure or unanticipated mass arrivals for charging. The last two terms of the
objective function respectively quantify the projected distribution peak load and
load variations along the planning horizon. Since the optimization of distribution
load profile has been included in day-ahead transmission level coordination model,
the choices of parameters of 1 and v can be small in real time control. Following the
objective function, similarly, the resulting aggregate charging profile of each
charging station is supposed to satisfy their respective accumulated energy and
power boundaries in constraints (3.46) and (3.47). In addition, the value of peak
demand over the real time planning horizon is characterized in constraints (3.48).
Though other system constraints such as voltage and line thermal limits are not
considered explicitly in this formulation as [8, 27], they can be readily incorporated
if needed in practice.

The complexity of this problem is primarily related to the number of charging
stations, which makes the formulated optimization problem easy to solve. After
solving the above convex optimization model, the distribution operator then sends
the resulting referential charging power at time step ¢ to each charging station for
further intelligent power allocation.

3.6.2.4 Real-Time Charging Coordination at the Station Level

With the referential charging power dictated by the distribution operator, the
objective of the station operator is to intelligently allocate the planned power P{j(t)

to its controlled PEVs or batteries. For the detailed allocation algorithm, please refer
to Sect. 3.5.5.
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3.6.2.5 Hierarchical Coordinated Charging Control Framework

Based on the above description of computation at each operator level, we can

summarize the hierarchical decision processes at different levels of operators in
Fig. 3.6 [26].

3.6.3 Case Studies

In this subsection, to understand how the control strategies perform under various
circumstances, we carry out numerical simulations on three cases. Each case has
three distribution system operators and the number of PEVs in each case is dif-
ferent. All simulations are conducted on a PC with Intel, Core i3 (2.93 GHz) CPU
and 4 GB RAM. The formulated optimization problems at the transmission and the
distribution level charging coordination are solved via CPLEX [23].

3.6.3.1 Case Specifications

In order to account for the differences in charging behaviors of various types of
vehicles, we consider four types of PEVs, i.e. buses, taxis, cars owned by gov-
ernment or public institutions (abbreviated as GIOcar) and private cars (abbreviated
as PRIcar) [28]. At the initial stage of PEV adoptions, the development of PEVs is
still subject to many uncertainties, in terms of vehicle technology maturity, gov-
ernment subsidies, charging infrastructure availability and public awareness, etc. In
many places around the globe, such as China, PEVs are first widely introduced in
public transportation, but only have limited adoptions in the private sector. With the
maturity of PEV technology and the wide availability of charging infrastructure,

Day Ahead Real time
Predict station level aggregate charging Station level charging demand aggregation|
demand at the station by Eqgns. (3.21)-(3.30) through (3.21)-(3.30) in real time

T

Predict the aggregate charging demand atthe | | | Real time charging coordination by (3.45)-
distribution level through Egns. (3.38)-(3.39) (3.48)
l T
v

Optimize the referential charging load curve Intelligently allocate the referential charging
for each distribution operator at the

N i - power to each PEV within aggregators
transmission level operator through solving el i el e 2a e T S5
(3.40)-(3.44) wing gori ribed in 3.5.

Fig. 3.6 The hierarchical decision processes at different levels of operators
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Table 3.1 Scales of PEVs

under three different cases Aggregator Type Case A Case B Case C
(in thousand) X Bus 0.1 0.3 0.6
Taxi 0.4 0.5 1
GIOcar 0.2 0.5 1
PRIcar 0.2 10 20
Y Bus 0.1 0.2 0.4
Taxi 0.4 0.5 1
GIOcar 0.2 0.5 1
PRIcar 0.4 13 26
V4 Bus 0.2 0.6 1.2
Taxi 0.4 0.5 1
GIOcar 0.4 1.5 3
PRIcar 1 45 90

private customers will become more inclined to adopt PEVs. To account for these
development trends, in our designed case A, PEVs are widely adopted in public
transportation but the adoptions in private sector are still very limited. In our case B
and case C, we respectively consider a scenario where PEVs are normally adopted
in private sector and a scenario that PEVs are heavily integrated. To be specific, the
scales of different types of PEVs in all of three cases are listed in Table 3.1.

Considering that fast charging is more widely applied for electric buses, we
assume that 60 % of buses get charged through fast charging and 40 % of buses
adopt battery swapping. We further assume other types of PEV get refueled only
through charging.

According to our empirical study on PEV charging behavior [29], parameter
settings of different categories of PEVs are given in Table 3.2, where N(a,b?)
denotes a normal distribution with mean « and standard deviation b and U(a,b)
stands for a uniform distribution with support [a, b].

The electricity rates we adopted in our simulations are Time-of-Use tariffs,
which is designed to encourage PEV off-peak charging, being $0.1659/kWh and
$0.0411/kWh for 7:00-23:00 and 23:00-7:00 (next morning), respectively. We
select three typical base load profiles for each DSO.

We assume that the decision interval A = 0.25 hour and charging efficiency
p = 0.92. Other parameter values are tuned as follows: A = 0.1, ¢ =1, « = 0.01,
p= 1074, Y= 1073, k = 1073, u=>5x 1079 and v = 5 x 10~°. The choices of
these weight coefficients can be arbitrarily adjusted to satisfy the control preferences
of system operators.
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3.6.3.2 Other Charging Strategies

In order to demonstrate the effectiveness of the proposed three-level hierarchical
coordinated control framework (abbreviated as ThrC), three other benchmarks are
also considered [26].

e The no-control strategy (abbreviated as NoC) or uncoordinated charging strat-
egy is considered. Once a PEV is connected to its charging port, it is charged at
its rated charging power until the PEV departs or its battery is full.

e A strategy where charging coordination is only implemented at the station level
(abbreviated as OneC) is considered. In other words, each station level operator
decides their charging schedule independently with the objective of minimizing
total station charging costs and completing charging as early as possible.

e Finally, we consider a strategy where the day-ahead charging coordination at the
transmission level is absent (Abbreviated as TwoC). Specifically, each distri-
bution operator independently decides charging reference trajectories for
charging stations in real time by solving problem (3.45)—(3.48) without con-
sidering the second term in objective function (3.45).

3.6.3.3 Simulation Results

We carry out simulations for the three cases mentioned above, following four
different charging strategies. The overall system performances in terms of average
charging costs and system peak demand are summarized in Table 3.3. It is shown
that cost savings can be effectively achieved by following coordinated charging
strategies, i.e. ThrC, TwoC and OneC. Furthermore, even with other load control
objectives, the ThrC and the TwoC strategies also realize similar cost savings as the
OneC strategy. In case A, when most of the PEVs on roads are used for public
transportations, the cost savings are limited. Whereas the average cost savings reach
over 40 % both in case B and case C, this is because both in these two cases, the
charging schedules of a large number of private PEVs can be flexibly determined
and thus the off-peak prices can be better exploited and the reductions in charging
costs become significant.

In addition, note that increasing system peak load implies additional generation
capacity and network reinforcement, we investigate how different charging strate-
gies impact system peak under all of these three cases. In case A, the impact of PEV
charging on system peak is not significant. In case B and C, however, the benefits of
coordinated control have been clearly demonstrated. Under the ThrC and the TwoC
strategies, the system peak demand is effectively reduced compared to that under
the OneC or the NoC strategies. The ThrC outperforms other strategies in terms of
reducing the total peak demand whereas the resulting peak demand of DSO turns
out to be better under the TwoC strategy, when the coordination at the transmission
level is absent in the day-ahead. Moreover, though cost savings can be effectively
achieved under the OneC strategy, the absence of coordination across multiple
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Table 3.3 System performances following different charging control strategies

Control strategy Aggregator Charging costs ($/kWh) Increase of peak load (MW)
A B C A B C
ThrC X 0.11 0.09 0.09 2.3 19.1 49.1
Y 0.11 0.08 0.08 3.6 6.5 21.9
Z 0.11 0.08 0.08 7.1 20.2 29.0
Total 0.11 0.08 0.08 17.1 40.1 62.9
TwoC X 0.11 0.10 0.10 2.3 10.7 27.0
Y 0.11 0.09 0.09 3.6 6.5 21.8
zZ 0.11 0.10 0.10 7.1 9.1 10.0
Total 0.11 0.10 0.10 17.1 43.2 63.5
OneC X 0.11 0.09 0.09 5.0 20.2 472
Y 0.11 0.08 0.08 4.4 15.0 38.8
zZ 0.11 0.08 0.08 7.4 78.2 14.8
Total 0.11 0.08 0.08 17.3 125.2 236.5
NoC X 0.12 0.15 0.15 5.0 20.2 73.8
Y 0.12 0.15 0.15 4.4 27.5 105.4
zZ 0.13 0.16 0.15 7.4 78.2 204.2
Total 0.12 0.15 0.15 17.3 125.2 405.4

aggregators leads to the undesirable increase both in the DSO and the transmission
system peak demand.

Figures 3.7 and 3.8 show the system load profiles following different charging
strategies under case B and case C, respectively. The base load (system load
excluding charging load) is referred to as BSL. It is indicated that, the ThrC, the
TwoC and the OneC strategies have all successfully delayed the charging demand
to off-peak period, which starts from 23:00. Whereas when no charging coordi-
nation is implemented under the NoC, the charging process begins instantaneously
when massive private PEVs are connected at night. The overlapping of the charging
peak and system base load undesirably increases overall system peak demand. We
also observe that under the OneC strategy, at the moment of price turning cheaper at
23:00, station operators choose to charge PEVs due to the charging earliness
preferences. Though this undesirable rebound effect does not become the major
cause of the peak demand increase in both case B and case C, it requires significant
amount of system ramping up reserves at 23:00 and may cause system operation
stability issues. The system peak demand reduction and valley filling are effectively
achieved under the ThrC and the TwoC strategies.

Based on the above observations, we find that through charging coordination,
the charging costs can be reduced by exploiting the charging flexibility and shifting
the charging loads to off-peak periods. Meanwhile, when the scales of PEVs are not
large and most PEVs are public vehicles which only have limited charging flexi-
bilities, the benefits of implementing charging coordination at the distribution and
the transmission level turn out to be still insignificant and unnecessary. While in
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Fig. 3.7 Load profiles following different charging control strategies under case B
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Fig. 3.8 Load profiles following different charging control strategies under case C

case B and case C, charging coordination at the distribution and transmission level
seems to become effective in alleviating the rebound effect and thus reducing
system requirements on ramping reserves and achieving better system load profiles.
System operators can deploy the charging coordination operators step by step
depending on the development scale of PEVs and other system control

requirements.
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3.7 Chapter Summary

In this book chapter, we investigate the hierarchical charging coordination strategies
for PEVs. Starting from investigating the problem of charging coordination in the
charging station and battery swapping station, we further introduce a two level
coordination framework across multiple aggregators. Finally, we present a hierar-
chical charging coordination framework, which consists of three levels: the trans-
mission level control, the distribution level control and the charging station level
control. The respective control objective and constraints of each level operator are
specified. Communication/control interfaces between different levels are also
clearly presented.

We propose the cumulative energy and power boundaries to present the
aggregate flexibility of large scale of PEVs both at the station operator and dis-
tribution system operator and effectively reduce the computation burden and
communication overhead. The hierarchical control framework with reduced infor-
mation exchange and computation also makes the whole control system more
reliable to system communication and computational failures. Even if the com-
munication is lost between the distribution operator and the station operator, the
station level operator can still switch to local coordination strategy and effectively
shift the charging load to off-peak periods by dynamically responding to TOU
prices. Based on mathematical models of three levels control framework, simulation
studies on three case studies are performed. Numerical examples demonstrate the
effectiveness of the proposed control framework, and indicate its scalability.

Finally, for simplicity, we neglect the network constraints in our study. While it
is worth noting that the hierarchical coordinated charging control framework is
flexible to incorporate system constraints, such as power flow constraints, in the
transmission and the distribution formulations.
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Chapter 4

Impacts of Plug-in Electric Vehicles

Integration in Distribution Networks
Under Different Charging Strategies

Filipe J. Soares, Pedro N.P. Barbeiro, Clara Gouveia
and Joao A.P. Lopes

Abstract The uncertainties related to when and where Plug-in Electric Vehicles
(PEVs) will charge in the future requires the development of stochastic based
approaches to identify the corresponding load scenarios. Such tools can be used to
enhance existing system operators planning techniques, allowing them to obtain
additional knowledge on the impacts of a new type of load, so far unknown or
negligible to the power systems, the PEVs battery charging. This chapter presents a
tool developed to evaluate the steady state impacts of integrating PEVs in distri-
bution networks. It incorporates several PEV models, allowing estimating their
charging impacts in a given network, during a predefined period, when different
charging strategies are adopted (non-controlled charging, multiple tariff policies and
controlled charging). It uses a stochastic model to simulate PEVs movement in a
geographic region and a Monte Carlo method to create different scenarios of PEVs
charging. It allows calculating the maximum number of PEVs that can be safely
integrated in a given network and the changes provoked by PEVs in the load
diagrams, voltage profiles, lines loading and energy losses. Additionally, the tool
can also be used to quantify the critical mass (percentage) of PEV owners that need
to adhere to controlled charging schemes in order to enable the safe operation of
distribution networks.
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4.1 Introduction

The foreseen rollout of Plug-in Electric Vehicles (PEVs) will considerably affect
distribution grids management and operation. The extra amount of power they will
demand from the grid will oblige system operators to understand the impacts
resulting from PEVs connection into distribution networks.

Several approaches to this problem have been pursued. In [1], for instance,
authors follow a deterministic strategy to locate PEVs along the network buses and,
consequently, determine PEVs load during an entire day. Conversely, in [2],
authors introduced a probabilistic method for determining PEVs load. In [3], Heydt
analyzed the changes in the load diagram of a community of about 150-300
thousand people, in the USA, for increasing penetration levels of PEVs in the
vehicle fleet. The author concluded that a salient factor to be considered in PEVs
deployment is their charging during peak hours and referred that a possible method
to alleviate peak loading and temperature rise in distribution transformers is through
the use of load management techniques. Lopes et al. [1, 4], studied the impacts of
PEVs in distribution grids. These authors evaluated the PEVs charging impact on
the grid technical constraints and concluded that PEVs can lead to the violation of
statutory voltage and ratings limits, as well as to a significant increase in the energy
losses. The authors stressed the need to develop and implement efficient manage-
ment procedures for coordinating PEVs charging, in order to minimize the need to
reinforce the grid infrastructures. Papadopoulos et al. [5], also addressed the
technical challenges related with the PEVs integration. Steady state voltage profiles
of a typical Low Voltage (LV) network from the UK, under different PEVs pen-
etration scenarios, were investigated and the results obtained showed that the grid
voltage profiles are highly dependent on the number of PEVs integrated in the grid.
Clement et al. [2, 6], analyzed the PEVs impacts in distribution grids power losses
and voltage deviations. The authors concluded that PEVs uncoordinated charging is
very likely to lead to voltage problems, even for low PEVs integration levels. Other
works, such as [7-10], presented similar studies with analogous conclusions.

Several approaches to this problem have been pursued. In [1], for instance,
authors follow a deterministic strategy to locate PEVs along the network buses and,
consequently, determine PEVs load during an entire day. Conversely, in [2],
authors introduced a probabilistic method for determining PEVs load. In [3], Heydt
analyzed the changes in the load diagram of a community of about 150-300
thousand people, in the USA, for increasing penetration levels of PEVs in the
vehicle fleet. The author concluded that a salient factor to be considered in PEVs
deployment is their charging during peak hours and referred that a possible method
to alleviate peak loading and temperature rise in distribution transformers is through
the use of load management techniques. Lopes et al. [1, 4], studied the impacts of
PEVs in distribution grids. These authors evaluated the PEVs charging impact on
the grid technical constraints and concluded that PEVs can lead to the violation of
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statutory voltage and ratings limits, as well as to a significant increase in the energy
losses. The authors stressed the need to develop and implement efficient manage-
ment procedures for coordinating PEVs charging, in order to minimize the need to
reinforce the grid infrastructures. Papadopoulos et al. [5], also addressed the
technical challenges related with the PEVs integration. Steady state voltage profiles
of a typical Low Voltage (LV) network from the UK, under different PEVs pen-
etration scenarios, were investigated and the results obtained showed that the grid
voltage profiles are highly dependent on the number of PEVs integrated in the grid.
Clement et al. [2, 6], analyzed the PEVs impacts in distribution grids power losses
and voltage deviations. The authors concluded that PEVs uncoordinated charging is
very likely to lead to voltage problems, even for low PEVs integration levels. Other
works, such as [7-10], presented similar studies with analogous conclusions.

One common point from the studies presented in [1-10] was that the technical
problems identified could be easily avoided if adequate PEVs load management
techniques were implemented. This proved to be true, as described by several
authors in [11-15]. These works were focused on the determination of optimal (or
near optimal) PEVs charging schedules. In [11], for instance, Lopes et al. suggested
a smart charging scheme based on a hierarchical structure that monitors the grid
operating conditions and manages PEVs charging to avoid violations of the grid
technical restrictions. In [14], Geth et al. developed an algorithm to determine the
optimal charging profiles for fleets of PEVs in Belgium. Sortomme et al. [15],
suggested three distinct smart charging schemes that exploited the relationship
between feeder losses, load factor and load variance.

Interesting approaches were proposed in these works, though they were only
able to reveal the effects of a possible scenario for a given period.

Therefore, it is important to develop tools that allow exploring different sce-
narios in a coordinated way, which may result in both average scenarios and
extreme case scenarios to be used for network steady state evaluation. Such tools
can be used to help system operators in planning their operation for the next hours
or to enhance existing system operators planning techniques, allowing them to
obtain additional knowledge on the impacts of PEVs battery charging. Given the
fact that PEVs are mobile loads that may appear in almost any bus of a given
electricity network, voltage profiles, lines loading, peak power and energy losses
variations need to be properly evaluated for the simulation of the operating con-
ditions or for the planning exercise.

To achieve these objectives, a simulation tool to accurately estimate the PEVs
impacts along one typical week (with 336 time intervals of 30 min) in Low and
Medium Voltage (LV/MV) networks was developed, considering different PEV
charging strategies. It includes a stochastic model to simulate PEVs movement in a
geographic region and a Monte Carlo method to create different scenarios of
operation. This tool, which uses PSS/E [16] and Python programming language
[17] to conduct power flow studies in 30 min time steps, will be described in detail
in this chapter, as well as the results of its application to several case studies.
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The tool can also be used to quantify the critical mass (percentage) of PEV owners
that need to adhere to controlled charging schemes in order to enable the safe
operation of the distribution networks.

The charging approaches modelled in the simulation tool will be presented in
Sect. 4.2. Section 4.3 presents details regarding the modelling approach, while the
case studies used to evaluate the tool performance and the results obtained are
presented in 4.4. The main conclusions are drawn in Sect. 4.5.

4.2 PEVs Charging Approaches

Taking into account the expected business models in the PEV field, [18], three
different charging approaches were assumed to be the most promising in the near
future and modelled in the simulation tool: Non-controlled Charging (commonly
referred in the literature as “dumb charging”); Multiple Tariff; and Controlled
Charging (commonly referred in the literature as ‘“smart charging”). These
approaches are described in the following sections. Although not modelled in the
simulation tool, a brief description of Vehicle-to-Grid (V2G) will also be provided.

4.2.1 Dumb Charging

This is a no control mode where PEVs can be freely operated having no restrictions
or incentives to modulate their charging. Therefore, PEVs are regarded as normal
loads, like any other appliance. In this mode, it is then assumed that PEV owners
are completely free to connect and charge their vehicles whenever they want. The
charging starts automatically when PEVs plug-in and lasts until its battery is fully
charged or charge is interrupted by the PEV owner. In addition, electricity price for
these users is assumed to be constant along the day, what means that no economic
incentives are provided in order to encourage them to charge their vehicles during
the valley hours, when the grid operating conditions are more favorable to an
increment in the energy consumption.

For scenarios of large PEV deployment, this approach will provoke technical
problems in the generation system and on the grid (potential large voltage drops and
lines overloading). The only way to tackle the foreseen problems provoked by PEV
is then to reinforce the existing generation system and grid infrastructures and plan
new networks in such way that they can fully handle PEV grid integration. Yet this
is a somewhat expensive solution that will require high investments in network
infrastructures that utilities would like to avoid.
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4.2.2 Multiple Tariff Policy

As in the previous approach, the multiple tariff policy assumes that PEV owners are
completely free to charge their vehicles whenever they want. However, electricity
price is assumed to vary along the day, existing some periods where its cost is lower
(during valley hours). However, as this is not an active management strategy, its
success depends on the PEV owner willingness to take advantage of this policy, and
thus only part of the PEVs load will eventually shift to valley hours.

It should be taken into account that the economic signals provided to PEV
owners with the multiple tariff policy might have a perverse effect in scenarios
characterized by a high integration level of PEVs. It might happen that a large
number of PEVs connects simultaneously in the beginning of the cheaper electricity
periods, making the grid reach its technical limits.

4.2.3 Smart Charging

The uncontrolled PEVs charging strategies referred above are more prone to pro-
voke negative impacts for the networks operation. In addition, the non-controlla-
bility of the PEVs charging will also impact negatively the profit that the electricity
retailers (commonly referred in the literature as PEV Supplier/Aggregators—PEVS/
A) might achieve from the markets negotiations. They will not have flexibility to
shift the PEVs load towards the lower demand periods, being thus incapable of
profiting from lower energy prices. Given the high number of technical restrictions
violations that are expected to occur, the Distribution System Operator (DSO) will
only have one possible solution to maintain the quality of service levels: make large
investments in network reinforcements to solve the problems as they arise.

In this sense, an alternative path that might be followed is to foment the
adherence of the PEV owners to controlled slow charging schemes, like the smart
charging. The smart charging strategy envisions an active management system, as
described in [11], where there are two hierarchical control structures, one headed by
an PEVS/A and other by the DSO. The possibility of controlling the PEVs charging
will be of great benefit for both PEVS/A and DSO. The PEVS/A will have the
possibility of exploiting the PEVs flexibility for charging, namely the PEVs that are
parked during large periods of time overnight, thus profiting from lower energy
prices. Under these circumstances, the PEVs charging management performed by
the PEVS/A will naturally shift a significant amount of the PEVs load from the peak
hours towards lower demand periods, contributing to improve the network oper-
ating conditions, to reduce the energy losses and to reduce the DSO need to invest
in network reinforcements.

As explained in [11], when operating the grid in normal conditions, PEVs will
be managed and controlled exclusively by the PEVS/A, whose main functionality
will be grouping PEVs, according to their owners’ willingness, to exploit business
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opportunities in the electricity markets. The PEVS/A will monitor all the PEVs
connected to the grid and its state, providing power or requesting from them the
services that it needs to cope with what was previously defined in the market
negotiations. This is accomplished by sending set points to vehicle controllers
related with rates of charge or requests for provision of ancillary services. To
accomplish successfully such a complex task, it is required that every fixed period
(likely to be defined around 30 min), the State of Charge (SoC) of each PEV battery
is communicated to the PEVS/A, to assure that, at the end of the charging period,
batteries will be charged according to PEV owners requests.

In presence of emergency operating conditions, i.e. when the grid is being
operated above its technical limits, the DSO should have the possibility of acting
over PEVs charging. In these situations, PEVs might receive simultaneously two
different set points, one from the PEVS/A and other from the DSO. To avoid
violation of grid operational restrictions, the DSO signals should override the
PEVS/A ones. This type of PEVs charging management provides the most efficient
usage of the resources available at each moment, enabling congestion prevention
and voltage control [19].

Since the smart charging not only contemplates PEVs management performed
by the PEVS/A, but also the DSO control over the PEVs charging when required, it
offers the possibility to manage the load of the smart charging adherents in the way
that best fits the PEVS/A purposes as well as the network needs.

However, it should be stressed that the DSO and PEVS/A flexibility to manage
the load of the smart charging adherents is always constrained by the PEV owners’
requests, which should be fulfilled at all times. For the purpose of this work, the
smart charging performed by the PEVS/A is assumed to be the management of the
PEVs load in such a way that flattens the load diagram as much as possible.

4.2.4 Vehicle-to-Grid

This approach is an extension of the previous one where, besides the charging, the
PEVS/A controls also the power that PEVs might inject into the grid. In the V2G
mode of operation, both PEVs load controllability and storage capabilities are
exploited. From the grid perspective, this is the most interesting way of using PEVs
capabilities given that besides helping managing lines overloading and voltage
related problems in some problematic spots of the grid, PEVs have also the
capability of providing regulation services, such as frequency control. Nevertheless,
there are also some drawbacks related with the batteries degradation. Batteries have
a finite number of charge/discharge cycles and its usage in a V2G mode might
represent an aggressive operation regime due to frequent shifts from injecting to
absorbing modes. Thus the economic incentive to be provided to PEV owners must
be even higher than in the smart charging approach, so that they cover the battery
damages owed to its extensive use.
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Being the most aggressive mode for charging PEVs, due to possible implications
with PEV batteries lifecycle, this option is not likely to be a reality neither in the
short run nor in the medium term. Only when battery technology has reached a high
maturation stage, this strategy may be adopted. For this reason, it has not been
considered in the current implementation of this software tool.

4.3 Simulation Tool

The simulation tool was developed to perform three different types of studies:

1. Evaluate the impacts of a given number of PEVs in a distribution network.
For this study, a Monte Carlo simulation method was implemented to make the
tool capable of simulating different scenarios (for the same PEV integration
percentage), providing a reliable characterization of the grid operating condi-
tions regarding voltage profiles, branches loading, grid peak power, energy
losses and the networks components that are more likely to be operated near, or
even above, their technical limits. An overview of the Monte Carlo simulation
method is provided in the light grey area of Fig. 4.1.

2. Compute the maximum number of PEVs that can be integrated in a given
network. This is achieved by using iteratively the procedure described in 1,
increasing in a stepwise manner the integration of PEVs (in steps of 1 %). The
algorithm, whose flowchart is presented in Fig. 4.1, is stopped when there is a
violation of the specified voltage limits or a line overloading.

3. Quantify the critical mass (percentage) of PEV owners that need to adhere
to the controlled charging schemes to enable the safe operation of the
networks. For this study, the first step of the algorithm consists in considering a
fixed PEV integration percentage, of which one half of the PEVs is assumed to
be “non-controlled charging” adherents and the other “time of day tariffs”
adherents. Then, if problems are not detected, PEV integration is increased by
10 %. This procedure is repeated until a problem in the network is detected
(either a voltage lower limit violation or a line overloading). After, the second
step of the algorithm consists in iteratively increasing the percentage of “con-
trolled charging” adherents, in steps of 5 %, while the “non-controlled charging”
and the “time of day tariffs” adherents are decreased accordingly. The second
step is repeated until the technical problems identified are solved. In the end of
the procedure, the percentage of controlled charging adherents that allowed
solving the problems is stored.
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4.3.1 Impacts of a Given Number of PEVs in a Distribution
Network

Concerning the study described in 1, the cycle to quantify the network impacts of a
given number of PEVs runs for each Monte Carlo simulation (light grey area in
Fig. 4.1) the steps described next.

Step 1—Read input data

The input data is related with variables defined for each case study (e.g. number
of conventional vehicles in the geographical area under study) and technical details
of the network components (i.e. data required to run power flows).

Step 2—Run power flows for the initial scenario, without PEVs, and store
relevant results

A power flow for each time step (30 min) is run considering only the network
base load (no PEVs considered). The network indexes (voltages, lines ratings,
losses and peak load) are stored to compare them later with the different PEV
integration scenarios evaluated.

Step 3—Characterize the PEV fleet

During this procedure, all the PEV characteristics relevant for the simulation are
generated. The PEVs battery capacity, charging power, energy consumption and
initial battery SoC (battery SoC in the beginning of the simulation) are defined
according to truncated Gaussian probability density functions, whose average,
standard deviation, maximum and minimum values allowed are presented in
Table 4.1.

While the parameters of the Gaussian density function used for the initial battery
SoC were assumed for the purpose of this work, the parameters for battery capacity,
slow charging rated power and energy consumption were obtained from the
information made available by the manufacturers of 42 different PEVs. In [20-23]
are presented some of the Internet sites from where PEV characteristics were
obtained for this study. The maximum and minimum values allowed, presented in
Table 4.1, were used to confine the values drawn for each PEV within realistic
boundaries. A driver behavior was also assigned initially to each PEV. The different
behaviors considered in this study were defined according with the findings of a
survey made within the framework of the MERGE project [24]. The results

Table 4.1 Gaussian distributions for PEVs characterization

Average Standard Maximum value Minimum value
deviation allowed allowed
Battery capacity (kWh) 29.0 14.5 72.0 10.0
Slow charging rated 3.0 1.5 9.0 2.0
power (kW)
Energy consumption 0.16 0.08 0.25 0.10
(kWh/km)
Initial battery SoC (%) 90.0 25.0 100.0 50.0
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Table 4.2 Drivers’ behaviors considered

Percentage of the responses (%)

PEV charge at the end of the day 33
PEV charge only when it needs 23
PEV charge whenever possible 20

PEV charge whenever is convenient and the driver has time 24

revealed that there are four major types of behaviors regarding PEVs charging, as
presented in Table 4.2.

For the purpose of this work, regarding the behaviors modeling and simulation,
there was no relevant differences between the drivers that “charge at the end of the
day” and those who “charge whenever is convenient and they have time”. There-
fore, the PEVs to which one of these drivers’ behaviors was assigned were assumed
to behave equally along the simulations.

For the drivers who charge their PEV only when it needs, it was assumed that the
minimum battery SoC that triggers the need for charging was 30 %.

Step 4—Simulate PEVs movement and charging

The PEVs movement was simulated using a discrete-state, discrete-time Markov
chain to define the states of all the PEVs at each time step of 30 min. A detailed
description of the Markov chain can be found in [25]. It was assumed that, at every

CLINNT3

unit of time, PEVs can be in one of the following states: “in movement”, “parked in
a residential area”, “parked in a commercial area” and “parked in an industrial
area”.

If a PEV is in the state “in movement”, there is no need to define its location.
However, if it is in a “parked” state and connected to the grid for charging purposes,
it is crucial to know the PEV location to allocate its load to a specific network bus.
Thus, for each time instant, a bus location was attributed to parked PEVs.

In the beginning of the simulation, a draw was made using Eqgs. 4.1 and 4.3, to
define the network nodes where each PEV stays parked when they are in the states
“parked in a residential area” and “parked in an industrial area”. These nodes
represent the location of the household and of the workplace of each PEV and they
were kept fixed during the simulations to emulate daily home-workplace com-
muting. Thus, every time a PEV was in “parked in a residential area” and “parked
in an industrial area” states, it was automatically assumed to be parked in the nodes
initially defined.

The procedure followed for “parked in a commercial area” was different. Every
time a PEV was in this state, a new draw is made, using Eq. 4.2, to define the
network bus where the PEV is parked. This means that PEVs can be in different
places of the network when they are in the “parked in a commercial area” state.

The draw of the PEVs location was made taking into consideration the real
nature of the loads connected to each network bus, as it can be observed in
Eqgs. 4.1-4.3. Thus, for the network under study, all the existing loads were clas-
sified as industrial, commercial or residential loads.
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Load®

Loads,,

Load.,
P'(Busb) = 2wt 43
(Bus b) S Load’ (4.3)

where PR/€/!(Bus b) is the probability of a PEV be located in bus b, if “parked in a

residential/commercial/industrial area”, Loadglfscb/ " is the residential/commercial/

industrial load installed in bus b and >~ Load®/¢/" is the network total residential/
commercial/industrial load.

For the PEVs in movement, a procedure was developed to account for their
energy consumption and the respective reduction in the battery SoC. First a
Gaussian probability density function was used to draw the travelled distances for
all the PEVs in movement. Therefore, if a PEV was in movement in time instant ¢
and its battery SoC went below a predefined threshold (assumed to be 15 %) in time
instant ¢ + 1, it was considered that the PEV would make a short detour to a fast
charging station for recharging purposes. The travelled distance during the detour
was obtained using also a Gaussian probability density function, whose parameters
are presented in Table 4.3.

The fast charging was assumed to be made during 15 min with a power of
40 kW [26].

The average of the Gaussian distribution used to characterize the travelled dis-
tance in common journeys was obtained by dividing the average daily mileage in
Europe by the average number of journeys per day [27]. The standard deviation was
assumed to be 50 % of the average.

The values of the Gaussian function for the travelled distance to the fast charging
station, were obtained by assuming that they were 25 % of those used in the
travelled distance in common journeys distribution.

For the parked PEVs, an optimization procedure is used by the PEVS/A to define
which smart charging adherents should charge at each time step to minimize the
deviations between the energy bought in the market by the PEVS/A and the energy
consumed by PEVs. It should be stressed that it was assumed that the power

Table 4.3 Gaussian distributions for travelled distances

Average Standard Maximum Minimum
deviation value allowed value allowed
Travelled distance in 40 20 200 10
common journeys (km)
Travelled distance to fast 10 5 50 2.5
charging station (km)
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charging rate for smart charging adherents could be controlled between 0 and the
slow charging rated power presented in Table 4.1. To achieve the intended
objective, it is required to find a set of n load values, being n the number of smart
charging adherents, which can be defined as optimal in the sense that they allow
minimizing the deviations referred above. This problem can be formulated as an
optimization problem, as shown next.

min|EBA, — TIPEVL, — Z FPEVL; (4.4)
i=1
subject to
0 < FPEVL: <MCR' (4.6)
0 <SOCR}, <100 (4.7)
0<SOC! < 100 (4.8)
1+ 1< (4.9)

where:

i—represents the “flexible PEV” index; “Flexible PEV” are the PEV whose
owners adhered to the smart charging;

t—represents the time index;

n—is the nr. of “flexible PEV” under the PEVS/A control;

EBA,—represents the average power during %2 h, in kW, related with the energy
bought in the day-ahead market by the PEVS/A for time period between ¢ and
t + 1; EBA,(kW) = energy bought, ., (kWh)/1/2 h;

TIPEVL,—is the “inflexible PEV” load, in kW, in time step #; “Inflexible PEV”
are the PEV whose owners adhered to the dumb charging or multiple tariff
schemes;

FPEVLﬁ—is the power absorbed by “flexible PEV” i, in kW, in time step t; the
nFPEVL! are the decision variables of the optimization problem; they can
assume continuous values in the interval [0, PEV maximum charging rate|;
td—represents the time step at which a given “flexible PEV” disconnects from
the grid;

SOCi—are the PEV i battery SoC, in percentage, in time step #;

SOCR! —represents the battery SoC required by the owner of PEV i, in per-
centage, in time step td;



4 Impacts of Plug-in Electric Vehicles Integration ... 101

. PEVibC—represents the battery capacity, in kWh, of PEV i;
e PEV .—represents the efficiency of the PEV charging process.

Equation 4.5 is used to assure that the PEV battery SoC, required by the PEV
owners at the moment of disconnection, is possible to attain when considering the
PEV maximum charging rate.

Equation 4.6 assures that only charging rates between [0, PEV maximum
charging rate] kW will be attributed to “flexible PEV”.

Equations 4.7 and 4.8 are used to guarantee that the required battery SoC and
battery SoC in the time step 7 are always within the interval [0, 100]%.

Equation 4.9 assures that the time of disconnection always takes place after time
step ¢ + 1.

The objective of this optimization problem is then to minimize the sum of the
absolute value of the deviations. It is a linear optimization problem, which is
suitable for quasi-real-time applications since it is very fast to solve and does not
require any type of forecasted data. It is only needed to know, for the current time
step (¢), the energy bought by the PEVS/A, the power consumed by the “inflexible
PEV”, the moment of disconnection of the “flexible PEV” that are plugged-in and
the energy required by their owners during the connection period.

At each time instant, the PEVs battery SoC is updated according to the energy
spent travelling, using Eq. 4.10 or according to the energy absorbed in slow
charging mode or in fast charging stations, using Eq. 4.11.

It was assumed that PEVs “parked in a residential area” and “parked in an
industrial area” charge at their nominal charging rate while “parked in a commercial
area” PEVs have the capability of charging at the double of their nominal charging
rate.

PE VkWh/km consumption x PE VTravelled distance

PEVge(%) = PEVg,c — x 100 (4.10)

P EVBatlery capacity

PEVCharging efficiency X PEVCharging power X 1/2 % 100

PEV L(%) = PEV, - + PEVy.. "
attery capacity

(4.11)

where:

. PEVﬂé—represents the battery SoC in time step ¢ + 1;

e PEV} ~—tepresents the battery SoC in time step t;

®  PEViwh /km consumprion—1S the PEV energy consumption in kWh/km;

®  PEVyavelled distance—1S the distance that the PEV travels in time step ¢;

®  PEVgastery capaciry—18 the capacity of the PEV battery in kWh;

®  PEVciarging efficiency—18 ~ the efficiency of the PEV charging process;
PEVChargingefﬁciency S [Oa 1];

®  PEVcharging power—is the PEV charging power in kW.
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Step 5—Compute the network load discriminated per bus (base
load + PEVs load)

The total load in each bus is obtained by summing the network initial load to the
PEVs load (in each bus).

Step 6—Sample analysis

The evaluation of the samples is made by running a power flow for each time
instant to gather information regarding voltage profiles, power flows in branches
and energy losses.

During the simulations, the day where the highest peak load occurs is recorded,
in order to provide an idea of the worst situation that might occur when a per-
centage of conventional vehicles are replaced by PEVs.

In order to keep track of the most problematic buses and branches within the
grid, the number of out of limit voltages and lines overloading occurrences are
recorded along the simulations. According with [28], voltages must be kept with the
interval 0.90-1.10 p.u. during 95 % of the time, in a weekly basis. It was considered
in this work that a voltage violation occurs when the values are outside the referred
interval. Then, the probability of having voltages below the imposed limit and
branches overloading is computed using Eqgs. 4.12 and 4.13.

Voltage violation®"s"

Bus b
Proage viotarion = Nr iterations x 336 100 (4.12)
inel Overloading"!
Overloading — . ; x 100 (413)
& Nr.iterations x 336
where:
. @Z‘Ztﬁ,’ge violaion—TEDTESENLS the probability of a voltage violation occur in bus b;
. (L)’fjfloading—represents the probability of a line overloading occur in line I;
o Voltage violation®"*—represents a voltage violation occurred in bus b;
Overloading""¢'—represents a line overloading in line 1;

e Nr.iterations—is the number of iterations run until reaching the Monte Carlo
convergence;
e 336—represents the number of 30 min time intervals within a week.

Step 7—In case of network problems, adjust the load of the PEVs that
adhered to the smart charging and that are contributing for the network
problem identified

The indexes recorded in previous step are evaluated. If a network problem
occurs and if there are smart charging adherents in the scenario being analyzed, a
load reduction signal is sent to those that are contributing for the problem. A 10 %
load reduction is requested.

Step 8—Compute new network total load

The total load in each bus is updated, taking into account the load reduction of
the smart charging adherents.
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Step 9—Sample reevaluation

The procedure described in Step 6 is used to update network indexes.

Step 10—In case of network problems, readjust the load of the PEVs that
adhered to the smart charging

The network indexes stored in the previous step are evaluated. If the network
problem persists, a new load reduction of 10 % is requested to the smart charging
PEVs, following the same procedure as in Step 7. Steps 8—10 are repeated until the
problem is solved or until the smart charging adherents load is reduced to zero.

Step 11—Check convergence criteria

To terminate the Monte Carlo process, two criteria are used: number of iterations
and the variances of the aggregated network load of each one of the 336 time
instants. The latter means that one variance value is computed for the total network
load per time instant. The process is set to perform 500 iterations (500 weeks) and
check, in the end, if the variation of all the 336 variances in the last 5 iterations is
lower than 1e~>. If at least one of the 336 variances did not meet this convergence
criterion, the process is kept running more iterations until all the variances varia-
tions are lower than the predefined value. The variances variation is calculated
using Eq. 4.14.

AVariance = |Variance|, — Variance|, 5| <1le™ (4.14)

where Variance), is the variance of the network load at time instant ¢, 7 € [1,336], in
the Ath iteration.

4.3.2 Maximum Number of PEVs That Can Be Integrated
in a Given Network

Regarding the study to compute the maximum number of PEVs that can be inte-
grated in a given network, the algorithm stops if any technical problems are
detected and the maximum number of PEVs that can be integrated in the network is
computed. Otherwise, the PEV integration percentage is increased and the steps
from 3 onwards are repeated.

4.3.3 Critical Mass of PEVs

For the critical mass study, the first step of the procedure followed consists in the
consideration of a fixed PEV integration percentage, of which one half of the PEVs
are assumed to be dumb charging adherents and the other half multiple tariff
adherents.
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Then, if problems are not detected, the PEV integration percentage is increased
by 10 %, assuming the same proportion of dumb charging and multiple tariff
adherents (50 % of each).

This procedure is repeated until a problem in the network is detected (either a
voltage lower limit violation or a branch overloading).

After detecting a technical problem, the second step of the procedure consists in
iteratively increasing the percentage of smart charging adherents, in steps of 5 %,
while the dumb charging and multiple tariff adherents percentage is decreased
accordingly, as explained in Fig. 4.2.

The second step of the procedure is repeated until the technical problems pre-
viously identified are solved. In the end of the procedure, the percentage of smart
charging adherents that allowed solving the problems detected (the critical mass of
smart charging adherents) is recorded.

4.4 Simulations and Impacts Evaluation

In order to test the tool developed, several test cases were considered: a LV network
and five MV networks. For each of the networks, three PEV charging scenarios
were considered:

e All PEVs in dumb charging mode;
e All PEVs in multiple tariff mode;
e All PEVs in smart charging mode.

The maximum allowable PEV integration was computed by increasing in a
stepwise manner the integration of PEVs in the network, until a violation of the
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voltage limits or a branch overloading occur. By considering these three extreme
scenarios, it is possible to evaluate separately the effectiveness of the implemented
algorithm for every charging strategy. Combinations of charging strategies would
also be feasible, but in a first instance, for the purpose of validation, would not be as
meaningful.

In a second stage, two distinct approaches were followed for the LV and the MV
networks.

In the LV network case, four more simulations were performed in order to
evaluate the effectiveness of the smart charging strategy when compared with the
dumb charging and with two distinct multiple tariff policies. These simulations
allow evaluating the network operating conditions when the number of PEVs that
can be integrated with the smart charging behave as:

Dumb charging adherents;
Multiple tariff (22—-8 h) adherents;
Multiple tariff (1-7 h) adherents;
Smart charging adherents.

For the MV networks, only three more simulations were performed considering
the maximum allowable PEV integration with the dumb charging, multiple tariff
(1-7 h) and smart charging.

4.4.1 Networks Used as Case Studies

The networks used as case studies were carefully chosen in order to evaluate
systems with different characteristics, like their topology (rural or urban) and their
type of consumers (industrial, commercial or residential).

4.4.1.1 Low Voltage Grid

Figure 4.3 shows the single line diagram of the LV network from an urban area
(400 V) used as test case. It is composed essentially by residential loads, having
only a small share of commercial clients.

The power factor assumed for the conventional load is 0.96, whereas the
specified voltage in the feeding point is 1.00 p.u. There are a total of 125 con-
ventional vehicles enclosed in the geographical area covered by this network. As
this is a LV network, no fast charging station was assumed to be available within
the grid boundaries, as this type of infrastructures will be most likely connected at
the MV level.

The network’s typical weekly load diagram used in the simulations is presented
in Fig. 4.4. It was obtained by aggregating the load diagrams of the residential and
commercial consumers within the network. The residential and commercial con-
sumers’ diagrams were combined taking into account the proportion of installed
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