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Abstract

A novel concept of portable charging station networks to serve Electric Vehicles is described.
An optimum charging station deployment method is explained, and its performance has been
simulated for single highway, two intersecting highways, and Manhattan-like grid traffic models.
Outage probability and service waiting delay performances are evaluated. Impact of the number
PCSs and the ratio of EVs to PCSs in the service area on outage probability and waiting delay are
studied. The gained insights will be used in extending this pioneer step to a stochastic framework
with more realistic traffic models.
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Abstract—A novel concept of portable charging station net- of dispatchable network of PCSs brings about the following
works to serve Electric Vehicles is described. An optimum charg- advantages.

ing station deployment method is explained, and its performance
has been simulated for single highway, two intersecting highways,
and Manhattan-like grid traffic models. Outage probability and
service waiting delay performances are evaluated. Impact of the
number PCSs and the ratio of EVs to PCSs in the service area
on outage probability and waiting delay are studied. The gained
insights will be used in extending this pioneer step to a stochastic
framework with more realistic traffic models.

o EVs will be isolated from the power grid infrastructure

with the presence of PCS networks. Thus, during peak
hours, load demand from the grid due to charging EVs
will be reduced by directing a large number of EVs
towards PCSs.

Portability of PCSs will help the energy service provider

optimize placement of PCSs. By this way, cost of energy
for the EVs would be reduced. PCSs can be replaced

) o ) ) when they are out of energy and also can be moved to
Faced with the long-term rising energy cost and increasing some "hot spot” area whenever needed.

concern of the environmental impact, the use of Electric Vehi- | s paper, we will first present the proposed architec-
cles (EVs) is fast becoming recognized as an economically Yize of Ev networks with PCSs in Section 1. The optimal

able alternf_:ltlve_ to tradltuzjnal |Interr(1jal c%m;)ustllon_engme ba_sgecement principle of the PCSs will then be elaborated in
transportation in many developed and developing COUNtri&g, ion |11, We will also discuss the optional communications

EVs will begin its rollout in large volume in 2010. protocols in Section IV. We have evaluated the performance
The Government of United States has proposed the goaltlc?lfough simulations based on some simple but useful traffic

placing one million EVs on the road around 2015 [1]. Thg,odels. The simulation results will be discussed and insights
widespread use of EVs will need to be supported by govergy pe shared in Section V. Section VI concludes the paper

ment policy and regulations and the appropriate infrastructyfgy, possible extensions for future work.
such as battery charging station at home, at work and in and

around the city. In North America, EVs will likely be mainly Il. PROPOSEDELECTRIC VEHICLE NETWORK
charged at home. However, for many big cities where majority ARCHITECTURE

of the households do not have their own garages, chargingrhe proposed portable EV charging station network consists
may then take place outdoor. Infrastructure and the appropriateEVs, portable charging stations (PCSs), PCS transportation
methodology for charging EVs are vital to the success anghicles, and an operation center with a PCS repository as
long-term viability of the electric vehicle industry. illustrated in Fig. 1.

EVs provide plenty of opportunities for utility companies to Each PCS is assigned a unique identification number, and
more efficiently manage their generating capacity by explogguipped with sensors to measure their remaining energy level,
ing under-utilized energy capacity during the off-peak timiternal and external temperatures. Even though the operation
(e.g., nights) when many of the power generators have denter (OC) can determine and record the global location
continue to run and renewable energy source such as wgubrdinates of PCSs, each PCS has also an on-board GPS
power is usually at its peak. By allowing EVs and other formceiver used primarily to detect any unauthorized movement.
of energy storage stations to charge up during the nightsGbmmunication between OC and PCSs is essential. Therefore,
would help to "soak up” the energy which would otherwis®CSs are deployed with bidirectional communication modules.
be wasted. These charged vehicles and energy storage statioach EV is assumed to monitor battery temperature, re-
could then deliver the energy back to other users, includimgaining energy level, current energy demand and energy
those vehicles which have no means to charge during thensumption rate. These values are reported to the OC either
nights. periodically or when polled by the OC. EVs can directly

In this paper, we propose a kind of energy storage statiomansmit their data to the OC. Alternatively, PCSs can relay
which is called nomadic Portable Charging Stations (PCSBY data.
concept which can provide energy to EVs that need to chargePCS transportation vehicles (TV) are responsible for drop-
on the road when they are traveling. This novel conceping PCSs in specified locations, picking up PCSs that need to

I. INTRODUCTION



Fig. 2. lllustration of optimum PCS deployment in one-dimensional
movement platform with one global maximum and two local minimums.

Opel center ; ; 1 if (x €
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_ _ _ _ 0 otherwise
Fig. 1. lllustration of the portable EV charging station network concept. The

operation center. The thin dashed incs indicate commnication ks bedljieTe < now denotes the set of coordinates (along the route

PCSs and EVs. of EV i) that EVi would pass by without a need to recharge
its battery. Then, the total reward of coordinafgs), Vx €
[0,Dy,...], Yy € [0,Dy,...] is given by

be recharged and relocating PCSs that are active in the service

area to increase revenue. TVs can get their commands from _ i) @

the OC directly, and also can exchange information with PCSs Alz,y) = Z A, y), ©®)

within their proximity.

Depending on the energy demand distribution in a givemhere[0, D, .. ] and[0,Dy, . ] denote the service boundaries

service area within a certain time period, the PCSs needifiox and y dimensions, respectively.

be relocated. The OC is responsible for determining the opti-The optimum coordinate,,, y.,:) for deploying a single

mum relocation coordinates of the PCSs and then informiRCS would be the coordinates with the maximum total reward.

the TVs of these new coordinates with corresponding PCS

identifications. (Zopt, Yopt) = arg ?;%A(% Y) (6)

II. OPTIMAL CHARGING STATION PLACEMENT
PRINCIPLE

Consider N EVs in a one-dimensional movement platform Once power charging stations are deployed, communica-
with [0, Dy,ax] s the beginning and end points of the platforntions would play a central role in enabling EVs to utilize these
Let ©; denote a set of pointg on the platform that EM PCSs most efficiently. Given the nascent nature of EV network
traverses without draining and recharging its battery. A rewagémmunications, however, only a few prior work exist. More-
function A(z(®) for point x regarding EVi is defined as over, most of the prior work focus on communication functions

IV. ASSOCIATEDCOMMUNICATIONS PROTOCOL

follows: in the physical chargers. For example, [2] has described how
) power grid and EVs should communicate via charger such
Az = { 1 ifze £ (1) that EVs can become both distributed energy consumers and
0  otherwise distributed energy suppliers/storage. Meanwhile, Society of
Then, the total reward of pointis given by Automotive Engineers (SAE) International has produced a set
of standards (e.g., J1772, J2293, etc. [3], [4], [5]) to specify

ZA (z , V2 € [0, Dynas] @) the communications component in physical chargers.

Since none of the above methods can address our specific
d need, we will outline two possible solutions for communica-

The optimum pointz,,; for deploying a single PCS would '
P P Pt ploying g tions below.

be the point that has the maximum total reward.
Topt = arg max A(z) (3) A. Peer-to-Peer Approach

It is possible that multiple points can have the same totalNo telecommunication operator is involved in peer-to-peer
reward. In this case, the PCS can be located at any of th@gmproach. PCSs periodically broadcast a wireless "hello” mes-
points. In the case of multiple local maximums, PCSs asage, announcing their availability and location. Each EV on
deployed starting from the highest local maximum as showthe road continuously monitors the channel to receive such
in Fig. 2. "hello” messages, and decides whether or not to charge at

Using the insight for the 1D case, the analysis can leparticular PCS based on the distance between the EV and
extended to two dimensional service area cases for which R€S, the remaining energy level at the EV, and unit energy
new reward function is given by buy price etc.



B. Centralized Approach B. Two Intersecting Highways

Centralized approach relies on a wireless infrastructure (e.g.Jn this case, there are two intersecting straight highways
GSM, CDMA, WIMAX and LTE, etc.) to facilitate PCS X = C; andY = (5 with the equal length of 100 km in
selection. More specifically, each EV on the road shall use100 x 100 km? square area. The intersection of the two
wireless infrastructure to inform an operation center (OC) diighways has the coordinaté = (Cy,C3). All the EVs on
the service provider of its current location, target destinatioX; travel towards the top end of the highway, while all the
its current energy level, and its energy demand. The OC thek's onY will travel towards the right end of the highway.
notifies the EV of the location of available PCSs on thé/e assume the total number of EVs on each highway is 100,
planned route. Such information will then be used by the E&hd each EV will choose its initial position according to a
to select a PCS for energy charging. uniform distribution on the road.

TABLE Il
OUTAGE PERFORMANCE VS LOCATION OF THEPCS
X =50,Y =50, Z = (50, 50)

V. PERFORMANCEEVALUATION

In this section, we will evaluate the performance of an EV
network that uses PCSs according to the placement principle Cocation OnX T Oy T A Z
described in Section IIl. Since arould% of the vehicles in Successiul Probl 70.7% | 70.7% | 82.2%
U.S. are "light duty cars” that will drive at most 100 km daily
[6], in our simulations we set the maximum travel distance of

EVs to 100 km. Given this travel distance and the capacity TABLE 11l

of today’s state-of-art battery, it is practical to further assume OUTAGE PERFORMANCE v LOCATION OF THEPCS
that one full charge will enable an EV to drive 100 km [7]. We =10.Y'=10,Z = (10,10)

also assume that each EV starts its trip with an arbitrary initial Location OnX TOnYy 1T At Z
energy level, which is uniformly distributed to correspond to Successful Prob] 70.7% | 70.7% | 66.1%

sustainable distances between 10km to 100km. Thus, some

recharge, and others have to recharge their batteries to reggh|ocation where we deploy the first PCS. It is evident that
their intended destinations. We assume a PCS will fully charggs placement of the first PCS depends on the position of the
an EV so that the EV will have sufficient energy to completgytersection. In Table I, the intersectichis in the middle of

its remaining trip after at most one charging. All the simulatiogach straight highway. Thus, it is better to put the first PCS

results presented here are averaged over 1000 runs. at the intersection so that the PCS can serve EVs from both
The simulations will be based on following three simple y&fighways. However, when the intersectighis close to the
realistic traffic models. end of each line, it can be confirmed by data in Table Il that

the better choice is to put the first PCS on one of the highway.

This is because the number of EVs that will drive through the
In this case, EVs will travel on a 100 km highway inintersection is fewer in this case.

the same direction. We assume there are totally 100 EVSs, ) )

each of which starts at an arbitrary location on the highwdy Manhattan Type Grid Traffic

chosen according to a uniform distribution. In the following, In this case, we considers@km x 50km square service area

we will show the outage performance when using differengith 102 routes and 2601 intersections. We assume the total

number of PCSs. Here the outage performance is measun@ghber of EVs in the square is 100 and each EV will choose

by the ratio of the number of EVs who can drive to théts initial position and destination according to a uniform

destinations successfully (including the EVs who can driuistribution from the2601 intersections. Each EV will only

to the destinations directly without charge and the EVs whghoose the shortest route toward its destination.

can drive through a PCS to charge) and the total number of

EVs in the traffic.

A. Single Highway

TABLE IV
OUTAGE PERFORMANCE VS NUM OF PCSs

TABLE |
OUTAGE PERFORMANCE VS NUM OF PCSs

Num of PCSs 1 5 9 13
Successful Prob] 80.1% | 91.2% | 96.5% | 99.3%

Num of PCSs 1 2 3 4 5
Successful Prob] 86.1% | 94.3% | 98.3% | 99.6% | 99.9%

Data in Table IV suggests that we need more PCSs in the
grid traffic scenario in order to minimize the outage probability

Table | shows the outage performance versus the numlasrcompared to the previous two traffic models. For instance,
of PCSs on the highway according to the proposed placemerd need 13 PCSs for the grid model to achieve a successful
principle. We can see that 5 PCSs are enough to guararpeebability 0f99.3%. The reason is that the grid traffic spans a
that99.9% of the EVs driving on the highway to arrive at thetwo-dimensional area in which the EVs are moving randomly
destinations successfully. in two possible directions.




TABLE V

One PCS
OUTAGE PERFORMANCE VS NUM OF PCS5 WITH SERVICE RADIUS 100 .

89
90

Num of PCSs 1 3 5 7
Successful Prob] 84.5% | 94.4% | 98.6% | 99.9%

80

70r

60
Since the grid traffic covers a two-dimensional area, we can

introduce the concept of service radius for PCSs. Specifically,
each PCS will have a service radius which means any EV who
is within the service radius can drive to the PCS to get charged
if needed. Table V shows the successful probability versus the 207
number of PCSs when we allow the PCSs to have a service 10f .
radius of 5 km which means that any EV whose distance to 0 5 s 100

the PCS is within 5 km can drive to that PCS to get charged Num of EVs

if needed. We can see that the number of PCSs is reduced by

introducing the service radius for the PCSs. For example, 7 Fig. 3. Average Waiting Delay vs. Num of EVs
PCSs can achieve a successful probabilitp@b%.

D. The Waiting Delay of Using PCSs 100

From the above simulation results, we can see that using %o =
a limited number of PCSs can serve most of the EVs in the 80F
: 30
[ I 13
1 2 3

50

40 37

Average Waiting Delay (min)

One PCS, 100 EVs

traffic. However, although most of the EVs can find a PCS
to get charged along their route, they may have to wait for
service at the PCSs due to queuing. The waiting delay, which
is also known as queueing delay, will significantly degrade
PCSs’ user experience especially when the number of EVs in
the traffic is increasing.

Fig. 3 shows the average waiting delay when using only one
PCS in the single highway scenario when there are different
number of EVs in the traffic. Here the average delay is defined 0
as the ratio of total waiting delay in minutes and the number of Num of Outlets
EVs who need charge. We assume that the 10-minute fast full
charging technology is available and all the EVs are moving
with the same velocity of 60 km/hour. We can see that the
average waiting delay increases significantly when the number .
of EVs increases. Also, when the number of EVs is increaséf! Serve the same amount of EVs who need to charge, in
5 times from 20 to 100, the average waiting delay increasbs case, the average waiting delay for all the PCSs is the
by 11 times from 8 minutes to 89 minutes. For other traffismallest. From Table |, we can see that the f_|rst PCS serves
models, the waiting delay also increases when the numBBg most EVs who need to charge, the following PCSs serve
of EVs in the traffic increases. Thus, using PCSs has tlgsS and less EVs. However, some EVs may drive through
advantage of achieving high successful probability. In oth8tultiple PCSs, it means those EVs can choose the PCS to
words, in PCS networks, most of the EVs in the traffic ca@et charged, but they don’t necessarily get charged at the first
be served, however, we need to optimize the number of PCsS they meet.
and their locations to reduce the service delay experienced byn Fig. 5, we show the average waiting delay when all
EVs. the PCSs can serve the same number of EVs who need to

One method to reduce the waiting delay is to equip ea€harge. We again use the single highway scenario with 100
PCS with the capability of serving multiple EVs simultaneEVs. We can see that when we use more PCSs, the waiting
ously,i.e., each PCS has more than one outlet. Fig. 4 shows #@lgy decreases if each PCS serves the same number of EVs.
by deploying multiple outlets per PCS, we can substantiallyote that this is the best performance we can achieve in theory.
reduce the waiting delay. In Fig. 4, we simulate the averadfe practice, it is less likely to let all PCSs serve exactly the
waiting delay in the single highway scenario with 100 EVs argame number of EVs.
only one PCS. We can see that using 4 outlets on one PCS calm order to guarantee the successful probability and reduce
lower the average waiting delay to be only 5 minutes, whidhe average waiting delay, we can combine the above two
is a significant improvement compared with the 89 minutesethods, and use enough number of PCSs to guarantee the
by using single outlet PCS. successful probability first. Then we let each PCS to have

Another method to reduce the waiting delay is to let PCSsultiple outlets to serve approximately the same number of
serve the same number of EVs on average, i.e., each PE\& that need to charge. By doing so, we can expect that
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Fig. 4. Average Waiting Delay vs. Num of Outlets
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Fig. 5. Average Waiting Delay (Best Performance) vs. Num of PCSs

using PCSs can serve most of the EVs within an acceptable
waiting delay bound. Although the simulations are only based

on the single highway scenario for simplicity, the proposed

two methods are also valid for other traffic models.

VI. CONCLUSION

In this paper, we propose the nomadic Portable Charging

Stations as a kind of energy storage. We present the Electric
Vehicles’ network architecture and the optimal placement prin-
ciple. The communications protocols are also discussed. We
also evaluate the performance of using the Portable Charging
Stations through simulations to justify the insights we have
gained.
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