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Abstract

While previous studies focused amanaging charging demaridr private electric vehicles
(EVs), we investigate waysf supporting the upgrade of an enpigblicurbanelectrictaxi (ET)
systemConcerninghe coexistence of plugin charging stations (CSs) and battery swap stations
(BSSs) in practicejt thus requires further efforte designa holistic charging management
especiallyfor ETs. By jointly consideringthe combination of plugn charging and battery
swapping a hybrid charging management framework is proposed irpé#uper The proposed
scheme is capablef guiding ETs to appropriate stations with timarying requirements
depending on how eengent the demand will be Through the selection of battery
chargingswap the optimization goal is to reduce the trip delay of Bdsults under a Helsinki

city scenario with realistic ETs and charging stations show the effectiveness arfatling
techrology, in terms of minimized r i ver s & t r i gschéhrgimgpdrformamgaina s wel |
at theET andstationsides.
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1. Introduction

Electric vehiclesEVs) are gaininghe popularityof general publi@and starting to penetrate the
transportation landscagg], driven by the advances in sustainable energy developBgnt.
integratingmore renewablenergysourceson the grid, such afsom wind, solar and ruof-

water, EV charging networéan be further extendetirough providingenewable energy to its
customersBenefited from the rise in charging stations, the broad charging network is capable
of servingmore EV drivers.n order tosupport growing for ecériendly travel, EVs are
becoming mainstream especially in public transport.

Specifically with government incentivizing EV us€hina, now the largest developing country
in the world, has introduced a plém promotethe popularity of electric taxcals (ETs) (and



goods vehicles, buserationwide to reduce exhaust pollutiolm southern China cities like
Shenzhen, all public buses have been transitioned to eleepisitgred by the end of 2017.
As of Feb. 201999 percen o f t thxeabswent gledtdc[2]. The city is expected to
replace its entire fleet of taxicabs with ETs by 2020 Qther countries, like the UK and US
government as well as some European countries, are also actively ebhgaggebcating
batterypowered public transportatiof¥].

Nevertheless, the main problem walectrification ofpublic transportation is driving range.
As one of the major players ithhe ecosystems, ETs face similar weakness of EXasige
anxietyand slowcharging.During peakdemand hour@ particular ETs spend most of their
time onthe-move, busy with picking up/dropping custome#s low range however, would
require fequentecharging while a relatively long charging period is another hassldrfeers
The precious time for businesgould be affected concerning these isslsreover locating
convenientharging services agso among the major conceffas.

ConsequentlyElectroMobility (E-Mobility) becomes of vital importance when considering
efficient charging managemenis for refueling ETs, here are presentlytwo major ways
plugincharging(PC)and battery swappin@sS). Traditional plugirrecharging is accompliste

by plugging EVs into charginglots (set byPC stationglaced at differencity locations). In
contrast,at thestationproviding the lttery swapservice g], the automatedswap platform
switches the depleted battery fromm EV, with a fully charged batteiy maintains.Both
charging modesiave shown their effectiveness and have been widely deployed to provide
desirable servicg$]-[8]. From the perspective of economical con¢c&Ts are more willingly

to refill batteries with plugin charging mode at-p#ak period, e.g., when demand is few or
energycost is low at night time. In areas where demagponse timeomesat a premium,

e.g., at peaklemand hours, ETs prefer to go for BS servimeas not taniss the peak hours of
their businessin fact, PC barging stations (CSs) and BS stations (BSSs) have been both
deployed in numbers and scales in practiie The evolution in charging stations of multi
modesallow ETs to have options to choose independently according to various needs. However,
this inter-play patternbetween the two chargingperatiors introduces a new issuétow to
effectively enable ET charging based on a combination of PC and BS?

Most of existing works optimistically considarsingle scenario of charging mode, whalte
vehiclesexperiencghe same charging modieg., eitherPC or BS Towards a more realistic
setting,the coexistence of CSs and BSSs are more pradfittin the context of aombined
chargingstations relevant research works are lacking. More efforts arerntbeded to put forth
into the joint cormern on the combination of pligcharging and battery swapping.

Consideringthe service provisiong, efficient interoperations betweeRC andBS are thus
required Towards this endahybrid chargingnanagement fraework is proposed in this paper.
The basic concept is tguide ETs to appropriate stations (CS or BS®)th time-varying
requirementdyy accounting fotrip durations as well asharging load distributiarEssentially,
the trip durationconsiders théravelingof an ET for rechargingoefore serving a customer
which is tightly related to the demanelsponse time. Therefoiiejs regardeds a critical factor
for decisioamaking on optimal statieeelectionTechnically, ar contributions areas follows



1) A joint concern orplugin charging and battery swapping hybrid charging management
framework is proposed in this work, in order to address the issue with coexistence of the two
charging modem practice. Though the selected station, an ET woutgerience the shortest

trip towards its destination, i.efrom current location tanext customer pickup poinBy
additionally considering theharging demandistribution, the load could be desirably balanced
over the networkwhich benefits the reduction on expected waiting fioneechargings well.

2) Dynamicchargingscheduling in reatime for ETs orthemove ETs are consistently moving

and thusandtheir related knowledge changes over time and spaéetius chakknging for
identification andoositioning of thecandomvarying impactsSuch issue could be effectively
mitigated by enabling charging reservations, including vehicle arrival time and expected
charging period, etc. Such information could also be adoptedhance the statieselection
process, wherein estimations on station status could be improved with great accuracy.

The rest ofthis paper is organized aslfows. Section Il provides a brief review on related
works. System model islucidatedn Section Ill,andwe presenbur proposedybrid charging
frameworkin Section IV Performancs of the proposedchemeis evaluated in SectioW
through extensive simuians and the papés finally concludedn Section V.

2. Related Work

Most of existingresearch work$ocus onthe chargng management for private E\[6]-[8]
[10]-[14], while limited worksconcerrthe charging issgenith ETs P][15]-[17].

Private EVSCharging Management

Early works promoted tancentivize EVs not to charga locationsor during perids of high
demand[10] (e.g., toavoid peak demand hm). As for chargingoperational aspecseveral
research work&ave proposetb optimally schedule EVs fdhigh station utilizationWithin
this contextmost existing researches maiigncernthe issueon where tocharge[7][ 8], and
an optimalCS is selectedvith guidance[11][12]. Game theoretic models are emsively
employed for modellingharging interactionglL3]. Also, optimal pricing isachieved through
maximizationof individual utility functionsthrough Nash equilibrium evaluatiofi&4].

Battery SwappingService

By concept, thébasic swapping approa@mnables the EV user tquickly replace alepleted
battery with a fullychargedspare within minutedDepleted batteries are platand recharged
for use of other EV driveréindesired effectef plugrin chargingincludelongerchargingtime,
expensive batteriemnd battery degradation of fast chargietg. Theycan be mitigated by usin
the BSY6][18]. Essentially, heimmediate service in supplying power to EV can progdeat
benefits to power system. On the other hand, the-srgke adoption of EVs are hindered due
to costly ownershipBy taking out of the battery the cost can be reduEer instance, ¢hird
party will have the ownership of the battery atiwe liability for replacing he discharged
batteries with fresh archarged onefdl9]. Clearly, separation of vehicle and battery pack might
work better for all in priceonscious markets.



ETs ChargindManagemenBased on BSS

A singlebattery charging scenar{e.g., swappingnodeonly) is normally assumedith ET
charging Within this scenariomajority works focus on thelacementand sizingof swapping
stationsfor ETs [9][15][16], sOo as to reduce congestions and queueing filfith station
locating/selectiomproblem,a fewworks aim to select an optimal station for ETs by accounting
for queueing time and driving distani¥y], etc., similarly to the plugi&S selection concern
howeer with different queueing modelling at BS8Vith economical concern from ETSs,
authors of[20] aim at maximizing profits for individual ETs by formulating the issisea
constrained binary programming problem

Charging with Renewable Energy

Considering theharging infrastructure planninggenewable energy sourcesnbe installedor
pollutionfree and coseffective charging, whichwould relieve high power demand and its
impact on grid as welPlenty of related works have been working on this area, concerning the
issues with unstable renewablgsnerated from solar arwdind [25]. Within this realm the
basic concept is to maximizbe usage oflean energy drawfrom renewable energy sources
for charging driven by their environmentally friendly natuatong with low costFrom the
perspective of EV (and ET) customers, one obvious benefit is the reduced chargingnatice
the ecefriendly property is another compelling feature. It is worth rptimatcharging with
renewable energy imainlythe conceriin thedesignof charging stationsyhile this work takes

a step further taonsider the charging scheduling for moving vehidimsvever, the proposed
solutions in this paper can be well adoptedtop ofany designs integrated with renewable
energy supplies.

Our Motivation

However, Bw research works consider the interplay with hybrid changimenBS combined

with plugin chargingAn onlyrelevantresearctwork [21] considereduch integrated scenario
but mainly explord the taxi dispatching problem, rather than charging isthexefore the
detailed modeling at BSS and CS are not addressed in thatResticularly,that work fails to
investigate the optimalolution to oper@ CS and BSS depending on the timeliness of traveling
demand And yet, key network dynamic patterns are not taken into account, such as
spatiotemporal propertiesssociated withhe fleet of taxiswhich weretreatedas stationary
loadswith their reseatw

3. System Model

In this work, wefocus on the inteoperationdetweerplugin chargingandbattery swapping,
andaim topropose an efficient hybrid charging managenseheme for ETsn-the-move so
as todeterminewhether to chargswapandwhere tochargdswapat real time

3.10verview
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Figure 1. Big picture where GC globally aggregates charging information from BSSs and CSs
and seleccharging stations for ETs ehe-move.

We considen city scenario where plugi@Ssand BSSs arbothgeographically deployeds
depicted in Fig. 1la global controller (GC) manages charging demands from all ETs in the
network, by determiningvhether to charge or swapnd where toThe following network
entities are involve¢parameterare definedn Table [}

Electric Taxicab (ET): Each ET is with a statef-charge (SOC) thresholdhe vehicle is
basically osthe-move and checks its SOC value regularly. Once its current value is below the
thresholdan energy replenistequest is sent to the GE select a proper charging stati@s
or BSS) Further to this, the ET confirms the recommendation by reportiegeavationto the
GC, including context information such as vehicle identification, timertiva andexpected
charging time which could take the form of QUQQ"Y >. As for a batteryswap
service, thexpectedtharging time] ) refers to the duration to charge thepletecbattery

Charging Station (CS) CSsarescatterediround the city Wwere there are usualiparking
lots or shopping malls. Each CS maintains multiple charging slots to serve ETs in phsallel.
charging condition is monitored by the GC, with regard to the number of ETs parked at the
station and their exgeted charging durations.

Battery Swapping Station (BSS)Each BSS maintains a battery inventory filled with a
number of fullycharged battery spardss ETs arrive, depleted batteries aeenoved and will
berecharged at the BSS. If there are batteries available at the inventory, the ET will be replaced
by a fully charged spare. Otherwise, ETs have to waitifained batteries to be charged up.

The condition information of each BSS is also monitored by ther&farding the availability
of batteres for switch.

Global Controller (GC): It is a centralized entity that manages all charging demand across
the networkfrom ETs andglobally monitors thereakttime charging station statusncluding
charging sessianand number of parked ETs, eBy aggregating such context information



from the network, the GC is able aocuratelyestimate thavailable time for chargingiag
upon a chargingrequest.Based on such approximatiormetcentral network intelligence
determines whether to charge at a CS or a BSS for a requestor ESelects the optimal
station Such statiorselection decision making can be further enhanced by enatblarging
reservations.

The typical proceduréor the proposed hybrid charging nam@ment is described as follows
(as shown irFig. 2

Step T The GC globally monitors the retine status of all BSSs and CSs over the
charging network. Such condition context will be used for estimation of the Available Time for
Charging (ATC) at each CS, and also the Available Tim&feap(ATS) at each BSS, lich
are critical context information for decisionaking on optimal staticeelection. These two
indicatesthe time that charging slot or fully charged battdsgcomes availabli®r service.

Step 22 Once a low SOC (i.e., compared to SOC thresholdeiscted, the othemove
ET, namely’© "Ywill send a recharging request to the GC for proper station selection.
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Figure 2 Time sequences for the hybrid charging framework

Step 3. Upon receivinga recharging request, the GC aggregates thdimalcharging
statusfrom all stations over the network, so agstimate ATC and AT\ properstationwith
BS (and PQ will be computedrespectivelywhich governghefinal Global StationSelection
procedure And then a most appropriate station recommendation is repli€@ % The

1 For a CS, the information indicates the available time for each charging slot. With BSS, it reflects the
availabilities of batteries being charged (charging finish time).



selection details will be elaborated in detaiSiec. 4

Step 4: The ET then confirms the selected station by reporting its reservation to the GC,
including context informatiogoncerning<Q UQQ'Y | >,

Table | List of Notations

Symbol Description

0 Number of switchable batteries

0 Number of batteries being charged at a CS

0 Number of depleted batteries removed from incoming ETs
0 Number of ETs parked at a CS

0 Number of ETs parked at a BSS

0 Number of ETs that have made reservations at adkg®Bn

0 Number of ETs that have made reservations at a CS station
" Time duration teswapa battery

— Number of charging slots at a BSS

: Number of charging slots at a CS

» Constant parameténdicating the toleranceainge

ATS Available time forswap
ATC Available time for charging
Y ET arrival time
Y Duration to travel to the selected chargi
Yh Time to travel from the CS to trip destination
Y i Time to travel from the BSS to trip destination
Y F‘v Trip duration of an ET through charging at a CS
y n Trip duration of an ET through charging at a BSS
Y ET6s arrival time at the charging stati ol
a Location of a CS
a Location of a BSS
EWTC Expected waiting time for charging at CS
EWTS Expected waiting time for swap at BSS
1 Expected (battery) charging duration for the ET

Customer trip tolerance for a reserved ET

Q o Direct distance from ET location to customer spot

1 o Travel duration for an ET from its current location to customer spot without
intermediatecharging

0 Moving speed of ET

3.2 Assumption

In practicethere are limiteccharging slotsnstalledat a CS. As a resulgrriving ETs often
have to queue up waiting while all slots are occup@ansidering thepotential issue of



overcrowding CSswould be benefited more if deployed at places with enough paskiace
Therefore CSs are ssumed to bnstalledat suburban areasound the city16], where space
is usually not a concerin comparison, ETdoes not suffer from too muataiting at aBSS
mainly owing to the short swapping time (e.g., at minutes le§klHus requiring less parking
space As such,BSSsare normally assumed to be scattered within cétyea where land
resourcegre preciousn urban centers

Considering the cost for deploymeiit,is more practical to assummore CSs thanBSSs
installedin the network since BSSs areften more costly and complicatedo set upwith
involvement of complex robotideviceq22].

ET services usually requimgrior booking by customers. This wan ETwill directly travel
from current customer dregff spot to next reserveaaickup location, where the trip duratien
treded as key attribute faervice satisfactions

The ET battery is assumed to be swappable and thus, an ET can choose between a BSS and CS
whenever echarging is required. Once arrivatlithe charging statiorieTs will be served by

following the order ofFirst In First Out(FIFO), which has been widely adopted within the

branch of EV charging management. Note that the routee¢biarging will be initated only

when there are none customersbmard. Otherwise, the ET firstly continues to drive to the
customerds destination béfore heading to the

4. System Desigrior Hybrid Charging Framework

Next, we present our configuration logics towdnybrid chargingnanagement concerning the
details ofhighly dynamicET recharging demandelating to spatiotemporal properties due to
mobility nature of ETsFig. 3 depicts such operatiorfahmework withthreemain functions
involved: theBSShattery cyclethe pluginCS charging procesmdtheglobal planning process

4.1 BSS Battery Cycle

Each BSS manages the cyclingeff batteries with batteries cycled fromepleted state to
fully-charged state, correspondinghe swapphaseand thecharging phase respectively

2 In practice, ETs drivers normally plan their charging carefoligr to picking up the next customer due to
customer service concerfiherefore, thegenerallyhave sufficient energy to drive customers toward their
destination$21].
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Figure 3 Operational framework of the proposed hybrid charging management

Specifically, upon the arrival of an ET atBSS, the battery swap process depends on the
following conditions:

If therearebattery spareseadilyavailable at theelected BSS, given i{y 1), the ET
will be switched right awayHere after theswapduration of” , battery stocknumber
0 isreduced by oneyhile the drained battery is ihwled into the depleted battagyeue
(0 ) waiting for recharging.

Often, there have not been any switchable batteries available yet {7). As a result, ET
has to wait until a battery becomes aahié. The number of ETs waiting at a BSS is
defined as0

With charging phasegach BSS is equipped with-charging slots, andepleted batteries
removed fronvehicles will be recharged in galel, depending on the conditiod (  —. The
charging order followghe Shortest Time Charge First (STCF), wherbbgtery with the
shortest charging time will bassociated with the highest priority. The STCF is proved to
achieve the best performance gains according]tdncethe recharging finiees the battery

is thenaddednto thebattery stock0 . Meanwhile, alepleted battery will be scheduldm

the line ofbatteries§ ) into recharging process.

4.2 Recommended BSSelection Process

Among all BSSs, &est choice will be founty theGC (asdescribed in Alg. 1)whereby the
ET would experience the shortesip duration, including:

Time to travel taBSS('Y )



Stay time ab BSS, including waitinglurationandswappingperiod(” )

Time to travel froma BSS totrip destination("Y j ) (usuallynext customer pickup point)

h

We thus denotéY as the trip duratiofor requestingO “Y which can be formulated as

vy oy Ow Y'Y Y g @
While other metrics are easy to obtgiheexpectedvaiting timefor swap EWTS) needs to be
estimatedwhich can bepproximateds(from line 16 to 19in Alg. 1)
L o m
WYY 5 vy y R n 2)

where the termod "Y"Yefers to the ediest time for the availability of a batteryand the
approximation of ATS involves the following stegémilarly to our previous worlg]:

Step 1 Upon a charging demand from ET, the GC would query each BSS for their respective
charging status, including context such s h) >, as depicted itine 2 of Alg. 1

Step 2 By aggregating such information from all BSSs in the network, a list of ATS can be
computedor each BSS, as illustrated from line 5to 7.

Step 3 Based o Step 1 and,Zhe estimation on AT8nly considers local states at aB8y
additionally accounting for reservations from His., 0 ), the prediction of AT®an be
furtherrefined and updatefr a future momenffrom line 8 to 10.

Therefore, the recommended BS$iBnoted asx , can be obtained the following condition
holds(line 23

AGCETY P ©)

Algorithm 1: Recommended B®Selection
1: for each BSS station in the netwal&
2: obtainrc) Ry Ry >

3: calculate”Y

calculate™Y

for each battery undéand waitingfor) chargingdo
add charge finish time to list ATS

end for

@ N o gk

for each charging reservation earlier thah  do

9: refinelist ATS
10: end for



11 for eachvalue from list ATSdo

12 0 isincreasedy oneif batterycharged ugarlier than”yY

13 end for

14: sort list ATS with ascending order
15 obtain 6 "Y"Yrom listATS

16: if (O ) then

17 EWTS =0

18 else

19 %7 430 °YY"Y

20: end if

2. 'Y "oy 0QYY Y
22 end for

23 a4 N AJCETY M

24: return d

4.3 CS charging process

As presented previously, a CS manages a couple of chargingrsatsmber of which igiven
by ‘. Since chargers at a station are normally limited, the charging procedure depends on the
conditions as below:

Once an ET arrives, it would be plugged into a charger when there are idle charging slots.

In cases that all slots have been occupied upon the arrival, the ET has to wait before a
charging slot becomes available.

Here the availabilityof a charging slofor the ATC)can be estimated ccounting folocal
charging states(x iy > as well as charging reservatigiis ), which will be detailed in the
following section.

4.4 Recommended CSSelection Process

Considering thshortest trip duratigran optmal CS can also be found. In order to achieve this,
the estimation oATC is necessarythe process of which esentedn Alg. 2. Specifically,

Step 1 Upon a charging demand froi® Y the GC would query each CS tbeir respective
charging status, including context such sk >, as depicted ifine 2 of Alg. 2

Step 2 By aggregating such information from all BSSs in the network, a list of ATC can be
obtained for each CS. And the prediction of ATC can beeedfiand updated for a future
moment, by additionally concerning charging reservat{ons), as illustrated from line 8 to



line 10

According to the estimation on ATC, thrpectedvaiting time for charginggWTC) (exclude
charging periodgan thus bepproximateds the followingor requestingO "Y (from line 13
to line 16in Alg. 2), depending on the availability of charging sto}:

L mho ¢
Ow™0 §-vg v Ry (4)

wherethe termd "YO corresponds to the earliest time for the availability of a charging slot.

Therefore, the recommended CS, denoted as, can be obtained if the trip duratif@enoted

as’yY F‘)can beminimized(line 20)
AGCETYD (5)

where’Y " Y 00 Y8 Y (6)

Algorithm 2: Recommended GSelection

1: for each CS station in the netwadth

2 obtainc) ) >

3: calculate™Y

4 calculate™Y

5: for eachET under(and waiting for)chargingdo

6: add charge finish time to lisfTfC

7. end for

8 for each charging reservation earlier thah  do
o refine list ATC

10: end for

11 sort list ATC wit ascending order

12: obtain 0 "YOfrom listATC
13 if (0 "YO "Y )then

14; EWTC =0

15: else

16; Om"Ys B Y6 Y

17 end if

18 YP vy 06véy Y

19 end for
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21 return d

Note we have discussed the above recommended ssafiection with PC and BS modes,
respectively, wherein related computations have also beerstudled in our previous works

[6][8]. However, the challenge here is the decisimkingbetweend  and &, both of
whichhave pros and cons regarding charging performances. Such issue is our focus in this work,
which will be detailed in the following section.

4.5Final Station-Selection Logics

As discussed previously, recharging proaessdhapperonly during the trip between a drop

off place and next pickup locatiomwhile none customers onboa#ss a result, customevgould

have to wait extra time period if the booked EV needs rechar@iegrly, the tripdurationis

closely in relation to service qualitiesince a short trip leads to a short wait for the customer

Inordertod escri be such cust,werrodacethesipe tolerdaneeiathie x per i enc
work, which can bedefined aselow

O 41 o QJ )

where| o refers tahe travel duration for the ET from its current location to next customer
spot withoutintermediatecharging which can be computed & o 0 . , is a constant
parameteiindicatingthe toleranceange assumedo follow a uniform distribution over the
interval phtd, & p. Clearly, alarge value ofc implies that the customer canope with
longwait and vice versa.

Given the recommende@iS (0 ) and BSSstatiors (0 ) based on previous analysiSAlg.

1 and 2 the shortest trip duration for the Ed.g., O Y throughintermediaterecharging (@t

G ora )can be estimated, given @ andOx , respectivelyThe trip includes
the travefrom E T @wsrentplaceto thestation the charging periodylusfrom thatsiteto next
c ust olosationd s

Hence, the statiogelection logic is to find aappropriateone(denoted asx ) betweend
and a thatnot onlyexperience the shortest trip duratibat alsowith concern orservice

guality, in terms oftolerance threshold®® . The process is detailed in Alg.ISamely,

If the condition O (@] [| O ‘O ) holds,the optimal station(a ) will

beselectedas given byl E O Hod  , asillustrated from line 3 to line 5 of Alg. 3.

In this case, assured service quatiy be achievedince the selected statiain ( or & )
is surelywithin trip tolerance threshold.



Otherwisepoth recommended statiorts ( and & ) are beyond the trip tolerance, due
to (Ga 0O && O ‘O ). As such, e station with the minimum amount of

parked ETs will then be selected, givenbye D  h)  (line 7).

Under such circumstancesyen optimal stations cannot guarantee desired service quality for
customerslf following | E1Od FAOX , however, there is a potential tha8SSsmay
becomehotspotsowing to short charging periodesulting inovercrowdingdue tolimited
parkingspaceln suchcircumstancesthekey attribute forstation-selectiondecisionmaking
becomes thecharging load. Therefore, theumber of parked ETs ait and & is
considered, given by and 0 , respectivelyThe rational is thahe customer may cancel
the servicewhen trip tolerance is beyond the threshold value. &tiél, ET has to go for a
rechargevhatsoever, and charging load comes at a prenin this caseAs such adesirable
chargingdemandoad balancing (i.e., with roughBgual distribution oparked ETsacrossall
stations) could be achieved heread will be analyzed in Sec. 5.5

Algorithm 3: StationSelection Logics

1: computead andda viaAlg.1land?2

2: computeO

3: calculateGd andGd  according to Eq. (1) and (6), respectively
3 if (G (@] [| C&x O )then

4: a N[ Elx hHox

5: return

6: else

77 a NITED m

8: return a

9. endif

4.6 Global Planning Process

The global planning process is enabled at the GC side, in order to efficiemtigge ET
charging demand over the netwpals deicted in Alg. 4 Particularly, it determines the optimal
charging statiorselection for an ET. Specifically, upon receiviag ‘O "Ycharging demand,
the following main functions are involved:

Context infemation aggregation from alSSs and CSs, regarding ) Ry > with
each BSS and) ) > with each CS, respectivefiine 2)

Estimation orATS and ATC for each BS&nhd eaclCS respectivelyline 3)

Recommended statieselection procedure, witBS mode § ) and plugircharging
mode (), respectivelyline 3)



Determine the optimal station by enable the stagiglection logicgline 4)

Algorithm 4: Global Planning
1: upon receiving an ET recharging request

2: aggregate info from aBSSs and CSs

3. execute Alg. 1 and Alg. 2

4. execute Alg. 3

5:  reply selected stationit( ) info back toO"Y
5. Simulation

We have built u@ hybrid ET chargingsystemin Opportunistic Network Environment (ONE)
[23]. As shown in Fig. 4, the scenario is with 45@2300 & areabased on the downtown
area of Helsinki city in Finland abstracted from Google (fag. 5).
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Figure4. Simulation scenario of Helsinki City Figure 5. Google map of Helsinki City

There are 300 B onthemoveinitialized in the networkwith variable speed ranging from
[30~50] km/h The destinatior(or customer pickup point) of each H route is randoty
selected from the map, and a new spot is chosen once the current destination isAede€Red.
will require arechargingservice once the SOC reaches the threshold. All routes are formed
based on the shortest path feature considering the actual HetsidkopologyThe setting of

ETs follows the charging specification {Maximum Electricity Capacity, Max Traveling
Distance, SOC threshold}.

A total of 9 CSsand 5 BSSsire deployedEach CS is equipped with ¢ micharging slots

by a charging powep 1kW. For each BSSthe suggested battery swap time is set as

L minutes and the number of switchable batte(iesly charged)are given as) o Tifrom
beginning.Also, Up to — o mof depleted batteries (removed from ETs) are able to be
charged imparallel at each BSS he simulation time represents a duration of 12 hours.

The following schemes amplemented for comparisons:



MinTrip&R -Hybrid : The proposed hybrid charging scheme with minimum trip duration,
without reservation reporting.

MinTrip -Hybrid : The proposed hybrid charging scheme with minimum trip duration,
coupled with reservation reporting.

Queuing-Hybrid : The statiorselection based on local minimum queuing time as
proposed in24].

Theperformance metrics below are evaluated:

Average Charging Vditing Time The average time duration for aff o spend at the
selectedstation including the waiting time fochargingand thechargingduration.With
BS, the metric refers to the waiting time plus battery swap period.

Totally Charged ETs (or totallyswitched batteries (TSB)The total humber of fully
charged ETs at CSs. For BSSs, the TSB metric refehe tiotal number of Es that have
been replaced with fullgharged batterie the networkIn our experiments, the value
refers the summation of the two.

Average Trip DurationThe average time that anTEexperiences for its trip, through
recharging service at antermediatecharging station

5.1 Impact of ET Density

As observed from Figh(a)and (b) the average charging waiting tinmereases wittmoreETs
deployedin the network.This is mainly due t@ongestions happened @targing stations
where ETs have to wait long time before getting char@mparing Fig. 6 (b) to (a), BS
reduces much legane than plugin charging, benefited from short charging duratiorang
all schemes, the Queuktdybrid scheme experiences longer waiting tirwever, with
increased ET densitMinTrip&R -Hybrid is less effectiveThe rational is thadll stations would
become saturateolverincrement on ET density, and benefits from charging reservadiens
hard to achieve witheavilycongested stations.
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Figure 6.Impact of ET density

The advance dflinTrip&R -Hybrid can balisplayedn terms of totally charged ETs (Fig. 6(c)).
More ETs can be charged or swapped with fully charged batterder such scheme. Here,
MinTrip-Hybrid is comparable to MinTrip&Rybrid, especially when ETs become dense.
Also, reduced trip duration can be achieved by both MinTrip schevhes ETs number not
large (e.g., less than 12@8 shown in Fig. 6(d) andQueuingHybrid perfams worse Still,
benefitsof reservationsre not obviousvith a heavilycongested charging network

5.2 Impact of Charging Power

With enhancementdn charging power, all schemes experiences short charging waiting time, as
shown in Fig. 7(a) and (b). As noticed, advantages of reservation are less effective when
charging power is higher than 50 kWhereina simpler MinTripHybrid is able toguarantee
desirable service experiences for Eiswever
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Figure 7.Impact of charging power

As shown in Fig.7(c),the number ofotally charged ETs (or TSB) can be increased with higher
charging power. As observed, all hybrid schemes can achieve better performatices
increased powemot surprisingly MinTrip&R -Hybrid achieves the highest performances,
especially when power is not high. With increased charging poeettip duration is reduced
as observed from Fig. 7(d)s for low charging powerd.g.,lower than 20), the MinTrip&R
Hybrid outperforms other schemé$owever,suchreservatiorbased schemsems to baot
necessarily optimal in higher power circumstangesually, bothCSs and BSSs would suffer
from overcrowding when charging power is |atue to slow charging and increased waiting
time for ETs. With eservatiorenabled charginghotspotsin such cases could be effectively
avoidedthroughaccurate predictiondVhen charging power is high, ETs (or batteries) will
experience short charging perjabuseliminatingcongestions at CSs or BSSs naturdilyis
implies thatunder a low charging poweat joint charging managememight work better for
all. Benefited from such hybrid charginthe power systentould achieve great efficiency
especially at peagower load

5.3 Impact of Charging Slots

With more charging slots deployed at C&s shown in Fig. 8(a), the average charging waiting
time seems to stay relatively stable with all scherAescompared, reduced waiting time can
be achieved at BS$s Fig. 8(b)with increased charging slofBhis indicates thatxperiences
with plugin chargingvould not be effectively improved with enhancement on charging slots.
As observedMinTrip schemes outperforms Queuihtybrid at both CSs and BSSswing to
advantageous concerns beyond local chargatgst
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Figure 8.Impact of charging slots

In Fig. 8(c), the total amount of charged ETs (or T&Bslightly increased with more charging
slots installedFig. 8(d)shows thaall schemes experience reduced trip duration with increased
charging slotsAs observedfrom Fig. 8(c) and (d)MinTrip&R-Hybrid achieveshighest
performance gains, while Queuihtybrid experiencesvorse performancesiowever,such
differences tend to be mitigated with more charging slots depleygdriiore than 30)

5.4 Impact of Tolerance Range

As for theinfluence oftolerance range denoted hy according toEq. (1), concerned
performancesre shown in Fig. Qintuitively, relatively stable performancese achieved by

all schemesvith varied tolerance rangebhis implies that the tolerae range from customer
side taslittle impact onthe charging planning of ETs. According to the proposed hybrid station
selection scheme, range valugdl be considerednly when decisiommaking on selection
between recommended CS and B®Bereeachstationrepresents the optimal aice under
specificcharging modeEssentially ETs are assumed to be fully charged before heading to
customersAs such,performances would be less influenaeaessE T &lsarging period is
limited by the tolerant deadline.

Noticeably MinTrip&R -Hybrid outperforms other schees with all concerned metrics, while
QueuingHybrid performs the worsSimilarly as above analysithe benefits of reservations

are not that advantageous at CSs side, which is an interesting observation. This indicates that
in a canplex scenario of muktharging modes coexisting, a simpler MinTrip scheme is able

to serve ETs with desirable QoE without reservagoabled
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Figure 9.Impact of tolerance range
5.5 Distribution of Charged ETs (and TSB) at Each Station

Fig. 10(a) shows the distribution of charged ETs at each CS. As observed, all schemes behave
in a skewed distribution, while the Queuiklybrid serves even zero ETs at certain CSs (e.g.,
CS1 to CS6). In comparisamith BSSs(Fig. 10(b)) aperfectload balancingan be achieved

under MinTrip&RHybrid and Queuingdybrid schemesAs noticed, the MinTp-Hybrid
performs a slight skewed distribution as shown in the figure.

(a) Distribution of charged ETs at each CS  (b) Distribution of TSB at each BSS
Figure 10Distribution of number of charged ETs (or TSB) at each station

From the abovebservations, we can see that with a hybrid charging network, desirable
charging experiences can be benefited more from BS services, as compared to plugin charging.
Therefore, this will encourage the deployment of BSSs that would benefit all players in the
charging network, especially when install cost is not a big concern. Besides, ETs would be
benefited more if their busy routines would not be frequently occupied by long period of
charging. On the other hand, siradequately deployed BSS is able to allee'the hotspot of
charging service, the impact of reservation in this case becomes insignificant.

5.6 Impact of Renewable Energy

ETsand renewable energy can strengthen one another. For instadagime chargingyncs



