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Abstract. Information provision can mitigate the drawbacks of electric vehicle use. In this paper, we elaborate an integrated
Information Service (IS) for Plug-in Electric Vehicle (PEV) users that cover each process of use. The system elements and
their relations are modelled. We deduce the functions from the negatives of electric vehicles compared to conventional
ones. The information management processes are elaborated in detail. We focus on the charging and recharging periods
considering dynamic electricity rates in the Smart Grid in order to minimalize the cost of charging from the user’s per-
spective. We elaborate a cost saving method and evaluate the effects of dynamic tariff and forethoughtful behaviour. Since
our proposed information, service covers each phase of use and reduces charging costs the presented solution simplifies
electric vehicle use and improves efficiency. Furthermore, we elaborate the automatic charging scheduling methods that
significantly reduce the charging cost and the fluctuation of the electricity demand.

Keywords: plug-in electric vehicle, information service, charging scheduling method, sensitivity analysis, smart grid.

Nomenclature

By» — benefit of supply mode;
BEV - battery electric vehicle;
Cp» C; - purchase and sale price of electricity from
the user’s point of view;
Cyg - cost of supply mode;
D - input data of the SYS;
E - amount of energy;
opt — Optimum amount of energy in supply mode;
F; - function j of the SYS;
IS - information service;
MSP - map service provider;
N; - negative i of PEVs;
Py - profit of supply mode;
PEV - plug-in electric vehicle;
R, (t) - current range of a PEV;
Rpin> Re . — safety range of the PEV and estimated dis-
tance of trip k;
SOC - state of charge;
SYS - information system;
Teavs Tyag — set of charging and supply time periods;
U - user;
VM - vehicle manufacturers.

E

Introduction

Environmental pollution caused by conventional propul-
sions and energy dependency create the right climate for
alternative propulsion technologies in transportation.
PEVs are either BEVs or plug-in hybrid electric vehicles.
They stand out among the alternative fuel vehicles because
of their many accomplishments like zero local emission
and reduced maintenance cost.

Widespread of PEVs is expected in the near future
especially in fleets. Governments also promote the usage
with various tools. The most drastic measure is introduced
in Norway that is the first country that forbids the sale of
all fossil-fuelled cars from 2025.

The dissimilar operation of PEVs can be facilitated by
integrated IS aiding personalised decisions and assisting
traveller. Although several mobile or web-based applica-
tions are available that support and organise the use of
PEVs, these solutions cover only some functions. There
is currently no integrated application that assists the us-
ers during vehicle selection and in each phase of use. The
main challenge is to organise and schedule the traveller’s
activities related to mobility to meet both the personal
preferences and the vehicle operational constraints. Fur-
thermore, the charging demands have to be conciliated
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with the current capacity of the electrical grid. On one
hand, PEVs cause additional load on the network, but on
the other hand, each vehicles battery is a power bank, that
can reduce the fluctuation of electricity demands through
supply operation (Hernandez et al. 2012; Cowan 2013).

Our research aim was to model the integrated SYS and
service in order to facilitate operation by adaptation of
new technologies (e.g. Smart Grid). In the modelled IS
both the user and the electricity network operator expec-
tations have been taken into account at the same time.
Each phase of PEV use has been covered, which is the
main novelty of our approach. We focused on charging
process applying Smart Grid technology in order to save
operational costs. During the modelling, the following sci-
entific issues were addressed:

— what are the conditions of the integration?

— what are the effects of the integrated IS?

- which variables how influence the user benefits in a
Smart Grid?

- how does an advanced charging scheduling method

reduce the cost of charging?

The literature review is provided in Section 1 to assess
the current state-of-the-art. Then, we applied an analytic,
system and process-oriented approach. After identifica-
tion of the aims and functions, the system model has been
summarised in Section 2. The operational model has been
presented in Section 3. In Section 4, the charging sched-
uling method in smart-grid has been presented. In Sec-
tion 5, the simulation of the use of charging scheduling
is presented with a discussion. Finally, the conclusion has
been drawn.

1. Literature review

At first, we identified the differences between the use of
PEVs and use of conventional vehicles that may cause in-
conveniences for the travellers or require unusual driving
behaviour. The outstanding differences are concerned with
limited range, charging of batteries and high purchase
price (Dagsvik et al. 2002; Hidrue et al. 2011; Krupa et al.
2014).

The inconvenient charging has been considered as a
reason for aversion to PEVs in several studies (Hidrue
et al. 2011; Caparello, Kurani 2012; Krupa et al. 2014).
Compared to the refuel of a conventional vehicle, the
charging of BEV's occurs more frequently and takes more
time. Travellers’ expectation is to spend the charging time
useful (Philipsen et al. 2015). The current density of public
charging points does not facilitate the convenient charg-
ing. These attributes together influence the route choice
(Wang et al. 2016; Yang et al. 2016) and cause the “range
anxiety”. Because of the aforementioned characteristics of
PEVs and charging network the travellers have to plan
their routes in more detail in advance, that is also stated
by Yang et al. (2016). This environment increases the im-
portance of information provision about the conditions of
PEV use because the negative effects can be significantly

reduced or eliminated by advanced ISs. Since plug-in hy-
brid electric vehicles combine conventional and electric
propulsion the range limitation is not remarkable and the
difference in purchase price is less, but the benefits of IS,
in this case, are also relevant.

The value of information is the main aspect of the de-
velopment of the IS. Several studies examined the char-
acteristics of information in transportation. Despite the
peculiarities of information, it should be treated as other
market goods (Wydro 2010), but the value can be negative
too (Herrala 2007). Since advanced traveller information
management has a significant impact on route and depar-
ture time choice, transportation network equilibrium can
be obtained by using the IS (Rietveld 2011). Beside the
user characteristics and the decision situation (Lawrence
1999), several other parameters may influence the value
of information. The value of information is not constant
in short-term for road transport; it is dependent on the
current state of the network and varies through time and
space (Wydro 2010). Herrala (2007) summarised several
studies related to the value of information and defined 16
attributes that have an impact on it. Accuracy, reliability,
timeliness, relevance and completeness were the five most
often mentioned attributes.

Besides the content and traveller’s personal character-
istic, the communication channel and the way of interpre-
tation also influence the value of information. In recent
years, the travellers’ information acquisition behaviour has
been changed because of new technology. A research that
examined the smartphone usage behaviour revealed that
75% of smartphone users use their device to navigate or
gain traffic-related information (ThinkMobile 2011) and
the most popular applications are weather, social network-
ing, maps and navigation types of apps (Sutherland 2013).
Esztergar-Kiss and Csiszar (2016) examined the trends in
the development of route planner applications. They iden-
tified the functional integration, crowd-sourcing and use
of real-time data as the most relevant advances, which
correlates with user needs. Khoo and Asitha (2016) exam-
ined the user requirements of a mobile application. Real-
time information was one of the key features. Accordingly,
the most appropriate user interface between travellers and
integrated SYS is the smartphone application. However,
other communication channels such as web pages are also
relevant.

Plenty of actors are involved in the charging process,
but studies mainly focused on charging process from
points of view of either electricity network operators or
travellers. Consequently, on the one hand, the additional
load on the network should be optimised to reduce the
fluctuation of electricity demand. On the other hand, the
goal is to optimise the timing of charging according to
traveller preferences. Kiviluoma and Meibom (2011) as-
sessed the charging from the aspect of electricity network
by generating so-called power plant portfolios. According
to their results, the cost of charging can be reduced up to
70% by charging planning and cost estimation in the case
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of variable rates. Guille and Gross (2009) focused on the
supply operation and presented several services in order
to levelize the demand on the system during oft-peak con-
ditions. However, the traveller’s points of view have been
disregarded in the research. Shao et al. (2009) propose a
high-power charging during oft-peak hours to efficiently
utilize the free electric capacity. Hu et al. (2016) examined
the charging process from aspects of PEV fleet operators.
They presented centralised and decentralised strategies for
charging planning. Both strategies eliminate loss of time.
Mal et al. (2013) took into account preferences of both
the travellers and the electricity network operators dur-
ing the development of the charging planning method,
which increases their benefits and their willingness to ap-
ply the method. Both the charging and the supply opera-
tion can be optimised by varying rates according to their
algorithm. Their application requires user registration and
supports solely the charging process. Csiszar and Foldes
(2015) revealed the connections of PEV charging man-
agement with other traveller information functions in a
smart city. These correspondences were considered during
modelling of the IS. Accordingly, the charging planning
and supply mode are efficient tools to reduce the charging
cost and the fluctuation in electricity demand.

The electrical grid is used by a PEV in a similar way
like the road network is used by a conventional vehicle.
Instead of movement, the charging process is the inter-
action between the PEV and the grid. Electric demand
has also peak hours just like the travel demand and there-
fore proper timing has a key role especially in the case of
dynamic rates. Hence, the importance of information on
grid elements and use of smart technologies, or in other
words, Smart Grid solutions in electricity network are
promisingly increasing.

Although, these solutions have been investigated in
previous works, but a deeper analysis of the impact of
variables on cost saving has not been elaborated yet.

2. Model of integrated SYS

We define the following steps to model the integrated SYS:
— determination of the system architecture;
- revealing functions;
— elaboration of the data model.

2.1. System architecture

Figure 1 presents the system architecture with data con-
nections. The “heart” of the system is the database, where
data originating from several sources are stored logically
together. We simplify the electric network and represent
it as a single component; namely, the Smart Grid. We as-
sume that the Smart Grid enables the flow of energy and
information between vehicle and energy network in both
directions alternately. There through, the fluctuation in
grid load can be significantly reduced and less energy ca-
pacity is enough. Summarily, Smart Grid communicates
with the SYS.
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Figure 1. System architecture of integrated SYS

The MSP is connected to the SYS. It is the source of
data related e.g. to transportation network and points of
interest including also real-time data.

The SYS is accessible for users through different Uls
like smartphone application, web page or on-board unit
of intelligent PEV. The same functions can be performed
via different platforms and different functions can be per-
formed on the same platform; e.g., the user can plan the
journey with the smartphone application, transmit it to
the PEV and the navigation is performed in the vehicle.

Since strategically important data about the electric
network and the interoperability are managed by the SYS,
it should be operated by a national institute. It should reg-
ulate and manage the data storage and transfer between
the participants. This institute grants access rights to data
and provide information for the users.

2.2. Functions of the system

The primary aim of IS is to facilitate the efficient operation
of the vehicles and the related electric grid. The secondary
aim is to ensure benefits for each subsystem. The functions
have been derived from the aims.

Based on literature review and our own experiences
we defined six main negatives N; of PEVs. The key func-
tions F; have been derived from these drawbacks. Figure 2
shows the correspondences between negatives and func-
tions.

Vehicle selection function F, provides personalised de-
cision support before purchase according to user require-
ments, vehicle attributes and user experiences (e.g. real
range). The effect of the high purchase price N, can be
mitigated in this manner as the user can choose a vehicle
that meets his/her operational requirements. F; also miti-
gates the fear of new technology N; by providing informa-
tion on PEV features.

Levels of the journey planning/navigation F, are:

- provides personalised information on transportation
network and charging point conditions as well as
plans route according to static data;

- plans route according to real-time data considering
also the user and vehicle characteristics, the status of
the transportation network and charging infrastruc-
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ture. The proper charging points along the journey
can be reserved;

- determines the destination(s) according to the user’s
activities then it plans the route and charging process.

F, mitigates the effects of limited range N, because lo-
cation-based and personalised information provision (also
based on driving behaviour) can improve energy economy
up to 10% (Zheng et al. 2015). Since the range of vehicle
and availability of charging points are also taken into ac-
count the low density of charging points Nj; is also man-
aged by F,. The charges can be classified as frequent charg-
ing at well-known locations, and occasional charging. The
first group includes the charges that are performed at the
owner’s home, place of work or regularly visited facilities.
In this case, the “main activity” is given (e.g. work, shop-
ping), and charging is an additional service. In these cases,
the charging time is usefully spent. The second group in-
cludes charges as main activities. In this case, F, mitigates
the drawbacks of charging time N, by proposing avail-
able fast and superchargers instead of normal chargers
or reduces the perceived charging time by the provision
of information on how to spend the charging time in a
productive or comfortable way. The range anxiety and the
fear of new technology N; are decreased by the sense of
confidence.

Charging assistance F; helps to start and finish charg-
ing process and provides information on the status of
charging during the session. Payment is also supported
by F;. Charging time is reduced by information provision
about the charging process to decide whether to finish the
session or not. The charging can be also finished automati-
cally having the user’s demands been met. Accordingly,
sense of long charging time N, and fear of new technology
are significantly reduced Ns.

Charging scheduling function F, is an expansion to Fj.
The aim is on one hand to reduce the charging cost and on
the other hand to mitigate the negative effects of addition-

Negatives Functions
N;: Expensive Fy: Support for
vehicles vehicle
selection
N,: Limited range
F,: Journey
lanni
N;: Low density of P ar'lnlr‘lg/
. . navigation
charging points
N.: Long charging ]
time | E,: Charging |
| assistance }
|
Ni: Fear of new | }
technology | |
\ \
| . . |
Ni: Battery life is Fy: }? k(lialigmg |
shorter than car } scheduiing |
longevity | 0 ———————— !

Figure 2. Functions of the IS derived
from the negatives of PEV use

al electric demand on the electrical grid by recognizing
the demand characteristics and influencing the charging
behaviour with consideration to the grid load. F, provides
information about the terms and conditions (e.g. rates) of
charging and supply operation. The charging is scheduled
according to the current rates and demand characteristics.
In this way, the decision support can be beneficial for both
the user and the Smart Grid. The fear of new technology
N can be significantly mitigated by this advanced func-
tion and the battery life can be extended Ny by informa-
tion about the impact of the supply operation.

In Table 1, we summarised the correspondences
among functions and phases of use, where “v”” symbol
marks that which phase is supported by which function.

The functions inform or influence predominantly the
users. However, the other participants may also benefit:

- Smart Grid: information provision on charging point
availability reduces queue time and raises utilisation.
Increasing charging demands can be served without
capacity enhancement as a result of charging sched-
uling;

- VM: customer demand analysis is facilitated by data
about utilisation.

The aim of integration is to combine the functions on
the same interface and realise the activity-based travel
management, where the application plans the journey
according to the user characteristics and mobility needs,
the attributes of transportation network, vehicle, charging
infrastructure and environment. With the appearance of
autonomous vehicles, activity-based travel management
becomes increasingly important. Thus, the IS also facili-
tates the adoption of self-driving vehicles.

Table 1. The supported phases of PEV use
by functions of the IS

Phases of use F, F, F; F,
Selection (purchase) v
Planning (journey, charging) v v
in movement v
On route
during stop 4 v

2.3. Data-model of the system

In the SYS various transportation-related data are stored
(Table 2). In order to assign the data sets to the functions
accurately, they have been divided into sub-functions
(Table 3).

The subscript of a data set indicates the source. The
superscript indicates whether the data group is static “s”
or dynamic “d”. If the superscript is missing, the data set
contains both dynamic and static data. Since several MSPs
are available with advanced road network databases, the
road network does not have to be stored in the database of
SYS. Accordingly, the outer data stream is defined between
the inner and an outer database.
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Table 2. Data sets for the IS

Symbol Name Content
static user e.g. preferred payment method,
D data driving behaviour in general,
feedback on electric vehicle use
D dynamic user | e.g. expectations regarding
v data charging, services and route
static vehicle |e.g. battery capacity, maximum
Dpgy data range and charging power, type
of connector
Dd dynamic e.g. current range, state of charge,
PEV

vehicle data | location of vehicle

static Smart

Ds e.g. type of charger, max. charging
smart grid | Grid data

power, accessibility

J dynamic e.g. rates, availability, charging

D¢ ot grid | Smart Grid | power, amount of energy,
data conditions of supply operation

D new electric | e.g. range, charging power, type

VM vehicle data | of connector, cost
Dyssp services e.g. type of services and facilities

Table 3. Input data of sub-functions

F; Sub-function Input

calculation of operating cost and

. D3, D3 D
return on investment U> TPEV> TVM

find suitable places (based on D{;» Dpgys> Dygps

activities) D3t grid
Fy : N

plan journey D,yssps Dpgy

book charger Df

identify user and start charging Dy, Dpgy

estimate charging time and create/ Dsdmm grid> D¢,

modify charging point booking Dy
F, | smart metering (price calculation) fmm grid
d d
. D, Dppy»
end charge automatically Dd
smart grid
payment and account management | Df, Dfm art grid
d d
. Dg» Dpgy
charge only scheduling D D
smart grid> ~~ MSP
Ey d pd
. Dy Dpgy»
charge and supply scheduling D
smart grid

3. Model of integrated IS

After modelling the entire system, we modelled its opera-
tion, following the defined functions.

3.1. Support for vehicle selection (F;)

Information on PEVS characteristic specified by the VM
is provided before purchase. Information about experi-
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ences of other users is also available here. If the user sets
the driving behaviour and expectations (e.g. annual mile-
age, average distances), a PEV type meeting the require-
ments is recommended and personalised information on
operating cost and return on investment is provided. By
this decision support, the PEV user satisfaction can be sig-
nificantly enhanced.

3.2. Journey planning/navigation (F,)

The personalised and “vehiclized” journey can be planned
(automatically) if the place of activities is given. The fol-
lowing aspects are to be considered during journey plan-
ning;:

- driving behaviour (general user needs e.g. super-
charger preference, influence of driving behaviour
on energy consumption);

- vehicle characteristic (e.g. type of connector, range,
average energy consumption);

- state of charging infrastructure (e.g. charging point
availability, predicted charging time);

- transportation network parameters (e.g. distance be-
tween two chargers, current traffic situation).

If the intended activities are given without exact loca-
tions, the planning process takes also into account all pos-
sible places, as destinations. The main steps of the journey
planning process have been summarized on Figure 3.

The general user needs and characteristics of driving
behaviour are considered during journey planning, but

Activity
demand

~
- ~
Yes .~ Are "~ _ No

< places given/? P
~ N - P
Find suitable | !J.l.a.ces
places

Transportation
network parameters

Recommended

MSP

Plan journey
Journey :
attributes :

_ - }\ ~ H
- . ~ v
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) N g g
l Yes

Charging
attributes

No

charger(s)

Transmit

journey plan
to EV

""" » Inner data stream — = Outer data stream

@ Inner database (j Outer database

~ [

User decision | | User process

~
<
\//

Figure 3. Flow-chart of journey planning
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the “current needs’, that are valid for a specific journey,
can be also set, such as:

- the minimum PEV range when arriving at a charging
station (e.g. to reduce range anxiety),

— the preference of charger types (e.g. only supercharg-
ers),

- the maximum duration of one charging session,

- route optimisation target (e.g. fastest/balanced/lowest
energy consumption),

- charging optimisation target (e.g. shortest/battery
friendly (low charging power)/balanced charging
time).

Since queue time at charging points extends the travel
time the dynamic information on charging point availabil-
ity and booking options are especially important.

The function is also accessible on route. Furthermore,
information on driving characteristic and energy con-
sumption as well as advice to improve energy efliciency
can be also provided by F,.

3.3. Charging assistance (F;)

The charging session can be initialized and finished by
F; while dynamic information on the session is also pro-
vided. Figure 4 displays the charging assistance process
indicating also the data streams. After the vehicle has been

Vehicle connected
to charging point

Identify user Start time
and Start  |eeeeeeceeeneneeneenen
charging :
; —
~
- ~
No _ - Set °~_ Yes Database
 constraint? _
~ -
> ~- - H
T7777T 77T Constraint
| Chargeuntil ... f-eeseeeeeeeeeens]
Ll
Estimate i ’:
charging time Estimated :
and create/ L :
modify \ charging time :
charging point Estimate and end time
booking charging time of booking
and Cl‘eate/ ...................
modify
charging point
v booking
Smﬂrt meterin .................... *eecececetesccacncnccncncnannan »
& State of charge, :
v charged energy, :
Smart metering  [--+----- cost, .. >
| Endeharge | e Y >
| manually ! i :
————r——- End time :
Endcharge | ..., &
automatically
]

Payment conditions

Payment and account
management

-~ - -
---p» Data stream < .7 User decision | I User process
-

[

Figure 4. Flow-chart of charging assistance

connected to a charging point, the user is identified with
the smartphone application, access card or by vehicle and
then the charging starts automatically.

The charging session can be finished in two ways:

- manually;

- by setting a condition.

Conditions can be related to the maximum trans-
mitted energy [kWh], maximum cost [€], finish time of
charge [-:-], state of charge [%] or range [km].

If charging condition is not set, the estimated time
equals the time required to fully charge the battery. Dur-
ing charging, real-time information on charging is pro-
vided as a consequence of periodical update of cumulative
data e.g. state of charge, charged energy, cost.

The payment can be performed in two ways:

— manually: the user initiates the payment;

— automatically: the application initiates the payment

(the user is notified about the transaction).

3.4. Charging scheduling (F,)

Charging cost can be reduced by charging scheduling F,
if the variable rate of electricity is introduced. The appli-
cation of variable rate and charging scheduling together
is an efficient tool to influence charging behaviour and
equalize electricity demand. A schedule consists of charg-
ing and supply time periods T,y and Ty

In the case of “manual” scheduling, the user is in-
formed about the electricity rates and accordingly decides
about the timing of charging. In the case of “automatic”
scheduling, the timing is determined by F,. The aim of
automatic scheduling is to minimise the user’s cost of
charging according to the range requirement and elec-
tricity rates. We define the following automatic charging
scheduling modes:

- charge only schedule: the supply operation is not al-

lowed;

- charge and supply schedule: the charge only schedule
is extended by supply operation.

The detailed description of the scheduling processes
is given in Section 4. In case of the “automatic” charging
schedule the user may set the following variables:

- travel demand: minimum range of the PEV R_;, and
the estimated travel distance of an upcoming trip
R, several R, (k =1, ..., n) can be set;

- charging sessions (where and when the vehicle is ex-
pected to be connected to a charging point t,,., and
Lends

- charging mode (charge only or charge and supply
schedule).

The location of charging session is important because
of the charging point attributes, that are stored in the
database of SYS (e.g. power). Electricity rate is given by
the Smart Grid. The user can not set a trip distance if the
charging time is not enough to reach that range. If the
current range of a PEV is lower than R, ;,, then the vehicle
is continuously charged regardless of electricity rates until

its range is greater than or equals to R_,;,. Hence, the user
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can set several charging sessions and travel distances in
advance to reduce the chance that the current range of a
PEV falls under R,
During the modelling of the “automatic” charging
scheduling modes, we made the following presumptions:
— the vehicle can pause charging and change between
charge and supply operation during a charging ses-
sion;
— the cost of charging is based on the amount of elec-
tric energy [kWh] transmitted and electricity rates;
— the user can sell the energy stored in the PEV’s bat-
tery to the Smart Grid;
- the PEV cannot be in charging and supply mode at
once.
Figure 5 summarises the main steps of charging sched-
uling.

S~o gperatiorl?/ -

Charge only [ R st anen
scheduling Electricity [ Smart
: Charge and supply <.r_ﬁl_tff_s. o\ grid
scheduling
Toav Toay, Tag |

——

-~ .
----p Data stream < > User decision | I User process
N -

—_—
(j Outer database

Figure 5. Flow-chart of charging scheduling

4. Automatic charging scheduling methods

The “automatic” charging scheduling methods have been
elaborated in detail.

4.1. Charge only scheduling

In the case of “charge only scheduling” method, the fol-
lowing additional presumptions were considered:

— the electricity rate may change at any time;

- the electricity rate is given in advance (e.g. pub-
lished by Smart Grid); Otherwise, the minimum
cost of charging is not achievable.

The steps of the method are the following:

1. Those periods when the PEV is not expected to be
connected to a charging point are ignored;

2. The charging sessions are divided into equal-
amount-energy sections. Each section has the same
amount of energy; however, the duration of sections
may differ. Since 1 min charging at 3 kW (general
charging power at home in EU) is about 0.5 kWh,
we recommend 0.5 kWh amount of energy for sec-
tions;
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3. The purchase price C, of each section is determined
according to electricity rate and amount of energy;

4. The energy demand of the trips is estimated on the
base of travel distance R, ;

5. Ry requirement is checked at each t;,,, and R, re-
quirements at each t,,; to determine the duration of
charging periods. The requirements are checked in a
chronological order. The sub-steps are the following:
5.1. The first moment when a range requirement is

not fulfilled is selected. The first R, ;, require-
ment is ignored due to the lack of predicted pre-
vious charging session;

5.2. The not selected and not ignored energy sec-
tions before the selected moment where C, is
the lowest are listed;

5.3. It selects an energy section from the result list
where the charging time is the minimum;

5.4. The energy section is added to the charging
schedule.

Sub-steps of Step 5 are repeated until the sum
of the chargeable amount of energy in selected
energy sections is enough to fulfil the range re-
quirements.

Figure 6 displays the steps of charge only scheduling
method and the estimated current range of the PEV R,
curves. The 4 R, curves mean that the charging periods
are added to the schedule in 3 steps to fulfil the 3 different
range requirements — R,;,, R, ; and R, .

Connected Not Connected
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Moo | 4P

R

Rinin + R [rerevevenns
Rmin+Re,1 o —  —— — foee
—— TN N
Rmm [UVUTUPUTOTRRTUROIY. JO% UM ...A.M'....\.w_..___._..,,,,,,,
/"Rerl \\\h ‘‘‘‘‘ 4
(&7 NI
/
f 2 " tstmt,z temi,Z t

start,1 end,1

Not selected section: |:|

Section added to charging schedule

to fulfil the range requirement of: |:| R, |:| Rinin |:| R,,
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— - — R(t) after fulfilment of R, ;
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Figure 6. Charge only scheduling and current range of PEV
as a function of time R, (¢)
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4.2. Charge and supply scheduling

Supply scheduling is performed after the charge schedul-
ing, which is performed in a similar way as in case of the
charge only scheduling. During the development of the
supply scheduling method, we considered the following
additional presumption. The sale price of electricity (in
supply mode) is never higher than the purchase price (in
charging mode).

The steps of the supply scheduling method are the fol-

lowing:

1. The charging sessions are divided into equal-
amount-energy sections;

2. The sale price C, of each energy section (Figure 7)
is determined;

3. The free supply sections are sorted by descending
price, and free charging sections by ascending price
(Figure 8);

4. The optimum amount of energy E,,, where the
profit of supply mode Py, is maximum, is deter-
mined. The optimum amount of energy is where
the amount of chargeable energy is maximum and
the sale price is lower than or equal to purchase
price C(E) < C,(E). Py, is the difference between
the benefit from sold energy By, and cost of ex-
tra charging demand Cy,,;. The maximum profit is
presented on Figure 9 if the amount of energy of
sections converges to 0;

5. Each energy section before E,,, (both supply and
charge) is added to the charging schedule;

6. It is checked that whether R ;, or R, ; requirements
after supply mode periods are fulfilled or not. If not,
there are two ways to raise the range:

6.1. Reduce supply mode. In this case, the loss is the
lost partial profit;

6.2. Increase charging mode. In this case, the loss is
the increment of charging cost.

The option with the lower loss is selected.

According to Figure 9, Py, By,g and Cy, are calcu-

lated based on Equations (1)-(3):

Py (E)szzc(E)_Csz (E) (1)
E

Byag (E)= [C.(E)dE; @)
0
E

Cyaa(E)= [C, (E)dE. ©)
0

5. Simulation of automatic
charging scheduling modes

We made a simulation to reveal and demonstrate the ef-
fects of electricity rate variables and forethoughtful charg-
ing behaviour on the cost saving. The aim was to compare
charging modes in term of charging cost. The basic modes
that lack the support of the SYS was compared with the
automatic charging scheduling modes.

tend 1t
I Purchase price of energy segment C,
[ sale price of energy segment C;

Figure 7. Sale and purchase price of energy sections
in chronological order

Eqpt £
I Purchase price of energy segment Cp
[ Ssale price of energy segment C;
Figure 8. Sale and purchase price of energy sections
in order by price
o

o8 Gy (B)

Maximum
of profit

Eopt E

Figure 9. Maximum of profit of supply mode if the amount
of energy of sections converges to 0

5.1. Simulation attributes

We assume 50kWh battery capacity of a BEV and it is
always connected to the electric grid when not being in
movement. The simplified energy consumption of PEV is
7.5 kWh/h in movement. The charging power is always
3.6 kW.

We assume a variable electricity rate that follows the
fluctuation of daily energy demand. Both C, and C; may
change in every 20 min to follow the rapid changes of the
energy demand. We considered the average daily energy
demand fluctuation in the UK (ESO 2017). The energy
price has been defined according to the demand: when the
demand is the lowest, the cost is minimal (C;“i“ ); when

the demand is the highest, the cost is maximal (Cg‘ax ),
which is approximately 50% more than the minimal value.
Between these limits, the C, values are calculated with lin-
ear interpolation. The average daily fluctuation of C, that
was used during the simulation is given in Figure 10.



Transport, 2019, 34(1): 135-145

1.55

1.

=

5

1.

5
1.
1.15
1l ||I|||
oo MU0l
s 8 8 g8 8
[=) (o] <+ =) [=e]

W

C, [1/KW-h]
&

Figure 10. Average daily fluctuation of C, in simulation
(cp Jcpin =1.5)

10:00
12:00
14:00
16:00
18:00
20:00
22:00

We set different cases to simulate both the daily rou-
tine and the preparation for a long-distance trip. The cases
are the following:

- daily routine: we analysed a 24-hour period with
short trips;

- long-distance trip: we considered high range require-
ment at a certain £,,,;.

The schedules are described in Tables 4 and 5. The ba-

sic charging modes are as follows:

- always charge: vehicle is usually charged until 100%;
in the case of long-distance trip, the vehicle is charged
until the range requirement is fulfilled;

- home charge: vehicle is always charged until 100% but
only at home (night time charging); usually in the
early evening.

Furthermore, we made a sensitivity analysis to reveal

the effects of difference between Cp and C,, the difference

Table 4. Schedule of daily short trips

Time Status of vehicle | Minimal SOC requirement [%]
20:40...7:20 at home 25
7:20...8:20 in movement -
8:20...17:00 | not at home 20
17:00...17:40 | in movement -
17:40...19:40 | not at home 30
19:40...20:40 | in movement -

Table 5. Schedule of the long-distance trip

Day Time Statgs Mir}imal Nele;
of vehicle requirement [%]
0:00...7:20 at home 25
7:20...8:20 in movement -
8:20...17:00 not at home 20

First -

n day 17:00...17:40 in movement -
17:40...19:40 not at home 30
19:40...20:40 in movement -
20:40...0:00 at home -

0:00...7:20 at home 25

((i’;; D) 7:20...8:20 in movement -

8:20...17:00 not at home 90

143

between the minimum and maximum C, throughout a
day and the time when the range requirement is set. Our
starting hypotheses were the following:

- the benefit of the use of automatic charging schedul-
ing increase if either the fluctuation of electricity rate
or the difference between CP and C, increase;

- the difference between the automatic charging sched-
uling modes vanishes if the difference between C,
and C, is rather low;

- the earlier the user set the range requirement, the
greater the benefit of the use of automatic charging
scheduling is.

5.2. Simulation results and discussion

At first, we revealed the effect of the rate of C3 and Cin
on the charging cost. We compared the 2 basic and the
2 automatic charging scheduling modes. We made the
simulation for a daily routine. The other variables were
constant. The charging costs of different charging modes
are displayed on Figure 11.

Both automatic charging scheduling mode is better
than the basic modes in the term of charging cost. Charg-
ing costs in case of home charging and charge only sched-
uling is close to each other, however, the latter one is less
sensitive to the change of tariff fluctuation because the
charging process performed in the valley period when the
fluctuation of the tariff is much lower than during early
evening. The charging cost in case of charge and supply
mode decreases because By, increases at a higher rate
than the total cost of charging periods. Furthermore, it is
not recommended for the user to always charge its vehicle.

In the second step, we examined the sensitivity of
charging cost as a function of Cs/ C, during a daily rou-
tine for charge and supply scheduling mode. The result is
displayed on Figure 12.

The difference between charge only and charge and
supply mode vanishes if the rate of C, / C, is low. In our
case, CS/C = 0.7 is the border (Figures 9 and 10). If the
rate of C;/C, decreases, the length of time periods when
supply mode is beneficial decreases. Thus, a high C; / G
rate is needed to efficiently encourage BEV users to use
charging and supply mode. Hence, a high-power charger
is recommended for charge and supply mode, because
it raises the amount of tradable energy in supply mode.
Furthermore, a high-power home charger efficiently raises
the energy demand on the grid at night. However, usually,
an inexpensive slow charger is recommended for home
charging, which is more battery friendly.

Finally, we analysed the effect of forethoughtful behav-
iour before a long-distance trip. We present the charging
cost as a function of how much time before the range re-
quirement was set in Figure 13.

Automatic charging schedules perform better than the
basic modes and the difference is slightly increasing with
time. Charging cost unit for automatic charging sched-
ules is decreasing because the flexibility of charging and
supply operation schedule is increasing with time. Thus,
the vehicle can be charged when the electricity rate is low.
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Figure 11. Charging cost of daily routine as a function
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Figure 12. Charging cost of daily routine in case of charge
and supply mode as a function of the rate of C; and C,
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Figure 13. Charging cost according to setting time
(cpo /cpin =1.5) and (C,/C, =095)

The charging cost of home charging is slightly increas-
ing. The reason for this phenomenon is that in general the
vehicle is fully charged during the first evening, and dur-
ing the other evenings the vehicle is charged to serve the
energy demand of the daily routine. The average energy
rate during the first evening is lower because it contains
the valley period. In contrast to the other evenings, when
the vehicle is mostly charged in the early evening when
the rate is higher. The same phenomenon is valid for al-
ways charge mode. The limits at infinity of cost units for
each charging mode are equals to the charging cost units
for the daily routine because the cost of extra charging is
negligible compared to the cost of the daily energy needs.

According to the results, the automatic charging
schedule modes decrease the charging cost in each case.
However, the difference depends on the variable rates and
the set time of range requirements. The key findings of the
simulation are as follows:

— if Cp /Clg‘i“ and CS/CP are high (1.7 and 0.95), the
use of charge only and charge and supply mode de-
crease the charging cost of daily routine by 12 or 41%
compared to home charging;

- an early set of high range requirement (137-hour be-
fore) decreases the charging cost (5.3 and 8.7%) in
case of charge only and charge and supply mode.

Conclusions

The main contribution of the paper in comparison with
previous works is the model of an integrated IS that in-
cludes the novel automatic charging scheduling modes.
The condition of the integration was to reveal the relations
between system components, functions and data groups.
The advanced service facilitates the spread of PEVs as
the functions of the SYS have been assigned to the main
drawbacks of PEVs. The elaborated charging scheduling
method is an efficient tool to minimize the charging cost
and plan the charge according to the travel needs. The ad-
vanced IS that is connected to the Smart Grid decreases
the fluctuation in the electricity demand and may earn
profit for the user in supply mode. Accordingly, the intro-
duction of the method is beneficial for both the users and
the organizations participating in electric energy supply.

According to our simulation results, the efficiency of
the method highly depends on the variable electricity rates
and the time when the range requirement is set. We re-
vealed the effect of the rate of minimum and maximum
electricity costs, as well as the difference between the sale
and purchase prices. Depending on the rates, the automat-
ic charging schedule may reduce the charging cost even by
5.3...41%. In general, if the sale price is rather low (in our
simulation 70% of purchase price), the benefit of supply
mode is zero. Hence, a high sale price and fluctuation is
recommended to encourage PEV users to use the supply
mode. It also found that cost saving requires a more fore-
thoughtful driving behaviour from PEV users.

Counter to previous findings that recommend a slow
charging at night, from an electric grid point of view a
higher power charger is recommended, that is more suited
to electricity demand equalization. Beyond the electricity
rates, the battery capacity of the PEV and the charging
power, especially where the vehicle is charged at night,
influence the benefit of supply mode. Thus, the further
research direction is to reveal the impact of vehicle and
charger variables on the charging and supply mode from
the electric grid point of view. Finally, the use of machine
learning techniques to enhance the user experience of ISs
is also a promising field of research in the future.
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