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Abstract—Electric vehicles (EVs) will become a component of
the future generation intelligent transportation system. Because
of EVs’ limited battery power, the wireless power transfer (WPT)
system has drawn much attention in recent years. The WPT
system charges EVs in motion when they pass the charging lanes
installed in roads without requiring physical contact between
utility power supply and vehicle battery. A charging lane has
limited power that can be transferred to EVs on the charging
lane. A challenge here is how to allocate the limited power to
the EVs so that they have sufficient power to arrive at the next
charging lane or their destinations (when there are no charging
lanes ahead). In this paper, we study this power distribution
scheduling problem. We provide solutions to handle this challenge
and also achieve each of the following goals as much as possible:
i) balancing the state of charge (SOC) of the EVs, ii) balancing
the amount of stored power of the EVs, and iii) minimizing
the total power charged. This paper is the first work that
handles such a power distribution scheduling problem in WPT
systems. Our extensive experiments on MatLab and Simulation for
Urban MObility (SUMO) show the effectiveness of our scheduling
solutions in achieving the different goals compared with other
scheduling methods including first-come-first-serve and equal
share.

I. INTRODUCTION

An intelligent transportation system, as a form of the future
generation transportation system, realizes real-time sensing,
computing, and intelligence capabilities to increase traffic
efficiency and provide better reliability and safety [8], [12],
[15]. As a component of the intelligent transportation system,
electric vehicles (EVs) have drawn much attention in recent
years and will be widely used. For example, Tesla Motors
will launch its new “Model 3” EVs on March 31, 2016 [3],
which is a new and less-expensive of its kinds to make EVs
affordable for people. Several works already demonstrate the
possible impact of EVs on the road transportation system
[11], [16] such as petroleum consumption reduction and less
environmental pollution. As the total number of vehicles keeps
rising worldwide and nationwide, the world and the nation are
urged to switch from gas-driven vehicles to EVs in order to
decrease the consumption of oil and petroleum.

The onboard energy storage of an EV supplies the power
(power and energy are interchangeable terms in this paper)
demands of the vehicle. EVs used for personal transportation
can be charged by plugging them to standard power outlet
sockets. However, EVs inherit some battery-related drawbacks
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such as heavy weight, long charging time, large size, and
short driving range. To alleviate the battery-related problems,
roadway-powered EVs that rely on the inductive wireless
power transfer (WPT) systems for power charging have been
developed. WPT allows charging procedure to take place on
vehicles in motion automatically without having any physical
contact between utility power supply and electric battery. That
is, power is transferred from the power grid to a vehicle’s
battery while the vehicle passes charging lanes installed in
roads. As an example, researchers from KAIST [5] success-
fully deployed a 24km long WPT public transportation service
in the city of Gumi, Korea and have been developing the fifth
generation roadway-powered EVs to increase the efficiency
and functionality of the WPT system.

Fig. 1 shows an example of a WPT system architecture.
Each EV sends a charging request to the global charging
controller (GCC) using vehicle-to-infrastructure (V2I) com-
munication. GCC conducts the power distribution scheduling
that allocates power to each EV when it passes each charging
section of a charging lane. It then sends the schedule to grid
side controllers (GSCs), each of which manages a charging
lane. When an EV approaches a charging lane, it contacts
GSC and then receives power as scheduled when it passes
each charging section of the charging lane.

In this paper, we consider a WPT system in a highway
scenario where vehicles follow a similar velocity. An EV
spends very little time on top of a charging lane. The shorter
duration of time requires a higher power level (i.e., power
transmission rate) in the charging infrastructure so that a
certain amount of power can be transferred to an EV in
motion. Since usually there are a number of vehicles on a
charging lane at a time, the charging infrastructure needs to
have a higher power level to meet the needs of all the vehicles
at the same time. However, a higher power level requires
higher investment on the charging infrastructure. For example,
according to a recent study [14], the infrastructure setup
cost is $700, $5000 and $50,000 for the 1.44kW, 6kW and
90KW power transmission rate to one vehicle, respectively.
Therefore, in order to constrain the investment cost, the WPT
designers tend to put limits on the power level of the charging
infrastructure.

A challenge here is when the infrastructure is not able to
fulfill the demands from all EVs on a charging lane, how to al-
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Fig. 1. The wireless power transfer system.

locate the limited power to the EVs so that they have sufficient
power to arrive at the next charging lane or their destinations
(when there are no charging lanes ahead). In spite of several
existing works that try to realize WPT systems considering
different perspectives [18], [23], no previous works have
been dedicated to handling this challenge. In this paper, we
study this power distribution scheduling problem. We provide
solutions to handle this challenge and also achieve each of the
following goals as much as possible: i) balancing the state of
charge (SOC) of the EVs, ii) balancing the amount of stored
power of the EVs, iii) minimizing the total power charged,
and iv) minimizing the number of charges to increase the
lifetime of batteries. We first formulate each power distribution
scheduling problem with each of the above-stated objectives.
We prove that the problems with goals i)-iii) are convex, and
use the subgradient approach or greedy approach to solve the
problems. We also prove that the problem with goal iv) is an
NP-hard problem, and provide a greedy algorithm to solve the
problem. Our extensive experiments on MatLab and Simula-
tion for Urban MObility (SUMO) show the effectiveness of our
scheduling solutions in achieving the different goals compared
with other scheduling methods including first-come-first-serve
and equal share. This paper is the first that handles such a
power distribution scheduling problem in a WPT system.

The rest of this paper is organized as follows. Section II
presents the background of the WPT system and our motiva-
tion. Section III presents the problem formulation and solution
for different power distribution scheduling problems for the
WPT system. Section IV presents the performance evaluation
of the proposed power distribution scheduling solutions for the
WPT system. Section V presents an overview of related work.
Finally, Section VI concludes this paper with remarks on our
future work.

II. BACKGROUND AND MOTIVATION

We first introduce the architecture of the WPT system. As
shown in Fig. 2, a charging lane is a portion of a road that
consists of a number of charging sections. A charging section
has charging coils embedded which are used for charging EVs.
The maximum amount of energy that a charging section can
provide to an EV is determined by the power transmission rate
of the charging coil and the time that the EV spends on top of
the charging section. The charging sections in each charging
lane are controlled by a GSC. The GSC receives the schedule
from the global charging controller (GCC) in the cloud. Based

on the schedule, the GSC delivers power to each charging
section at every point of time so that the EVs on the charging
lane can be charged accordingly. The GSC can communicate
with the vehicles and it is aware of the vehicles that are on top
of its respective charging section. For a given vehicle speed,
the charging lane can supply a maximum amount of energy
which is the sum of the maximum amount of energy that each
charging section provides for that particular velocity.

At every given time ¢, there are a number of vehicles within
the charging lane, which form a charging vehicle set. This set
changes every time that a vehicle checks in and/or checks out
from the charging lane. Each vehicle sends a charging request
along with its own information (e.g., SOC, location, velocity)
to the GCC. Accordingly, the GCC identifies the vehicles that
are on the top of each charging section at each particular time
and groups them into a charging vehicle set. After deciding
the charging vehicle set at each time point, the GCC uses
the information from the set to decide the amount of power
allocated to each vehicle at each particular time. The GCC
then sends the schedule to the GSC. When a vehicle enters
the charging lane, it communicates with the GSC. Thus the
GSC is aware of the vehicles entering its domain and transfers
power to each charging section to charge each vehicle based
on the schedule.

The power capacity of a charging lane (or the GSC)
is limited because a charging infrastructure with a higher
power transmission rate needs a higher investment cost. The
aggregated value of the maximum power transmission rates
of all charging sections in a charging lance is equal to the
capacity of the charging lane. We consider the WPT system
state as overload when the demands of all EVs on a charging
lane is higher than the power capacity of the charging lane
at a particular time. That means the demands of all EVs on
the charging lane cannot be satisfied at the same time. When
an overload occurs, it is important for the GCC to use a
power distribution scheduling method to determine the power
allocated to each charging section to charge each EV at a time
in order to achieve certain goals. The scheduling method can
be first-come-first-serve, in which the vehicles that arrive at
the charging lane earlier have higher priorities to receive their
demanded power. It can also be equal share method, in which
the vehicles in a charging vehicle set receive an equal portion
of the total power that can be supplied by the GSC. When
there is no overload, the GCC assigns the amount of power
demanded by each vehicle in the charging vehicle set, regard-
less of the power distribution scheduling strategy selected.

In the following sections, we present different power distri-
bution scheduling problems and their solutions with different
goals.

III. POWER DISTRIBUTION SCHEDULING

WPT enables EVs to increase their driving range. However,
a charging lane has limited power that can be transferred to
EVs on the charging lane. The power distribution scheduling
schedules how to distribute limited power to EVs in the same
charging lane. In this section, we formulate different power



TABLE I
SYMBOLS AND DEFINITIONS.

Symbol | Definition
m The number of EVs
t? The start time of EV 4 on the charging lane
ts The end time of EV 7 on the charging lane
n The number of charging sections
cj The jth charging section
aj The maximum power that can be
provided by charging section j
A The maximum power that can be
provided by the GSC
yi(t) The SOC of EV ¢ at time ¢
2 (t) The amount of stored power of EV ¢ at time ¢
TABLE II
EVS’ PARAMETERS AND DEFINITIONS.
Parameter | Definition
Qvatt,i The battery capacity of EV ¢
Voe,i The voltage source of EV ¢
Rint,: The internal battery resistance of EV ¢
Pyats,i EV ’s battery power
Pt‘:;‘:é‘l The maximum power of battery of EV 1
Pt The minimum power of battery of EV 1

distribution scheduling problems for different goals. First, each
EV must receive sufficient power to enable it to drive to
the next charging lane or its destination (when there are no
charging lanes ahead). Besides this goal, we also consider each
of the following goals based on different practical needs in the
system design: i) balancing the state of charge (SOC) of the
EVs, ii) balancing the amount of stored power of the EVs, iii)
minimizing the total power charged, and iv) minimizing the
number of charges to increase the lifetime of batteries.

The SOC is measured by the percentage of energy stored in
the battery. The SOC for a vehicle will change when it passes
along a charging lane. It will increase when the power received
from a charging section is higher than the power used for
vehicle propulsion. A vehicle’s SOC indicates the remaining
battery charge and it must be maintained within a certain limit
to ensure that the vehicle will not be out of power when it
runs on the road. The above-stated goal i) aims to balance the
SOC of the EVs in a charging vehicle set when they leave
the charging lane to achieve a certain fairness. Since different
EVs have different battery capacities (i.e., sizes), rather than
considering the relative percentage, we consider the absolute
amount of stored power for another type of fairness. Thus,
goal ii) aims to balance the absolute amount of stored power
of the EVs. Because an EV does not have to receive more
power than what is needed to drive to the next charging lane
or its destination (when there are no charging lanes ahead),
goal iii) aims to minimize the total power charged to the EVs
in a charging vehicle set. More battery charges lead to shorter
lifetime of the battery. Therefore, goal iv) aims to minimize
the number of charges in order to increase the lifetime of
batteries.

However, these problems are not trivial to solve because of
the heterogeneous statuses of the EVs. That is, different EVs
have different destinations, different SOCs, different batteries,
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Fig. 2. The WPT system architecture.

voltage sources, and internal battery resistances when they
enter a charging lane, which affect their states in terms of the
above goals when they leave the charging lane. We formally
formulate each problem and then find its solution. In the
following, Section III-A introduces our scenario and some
definitions. Then, we present each of the above problems and
its solution in the subsequent sections.

A. EV Traffic Model

In this paper, we consider a WPT system in a highway
scenario where vehicles follow a similar velocity. We focus on
scheduling power distribution to the charging sections within
one charging lane, so that the EVs in a charging vehicle set
can receive power when they pass each charging section for
different goals when they leave the charging lane. Suppose
there are n charging sections ci, ca, ..., ¢, in a charging lane
that charge m heterogenous EVs {1,2,...,m} based on the
EVs’ current stored energy in the batteries. Here, by “het-
erogenous”, we mean that different EVs have different EV
parameters as listed in Table II. Also, we assume that the m
EVs have similar velocity when traveling through this charging
lane. We assume that each charging section can have at most
one EV to be located at.

We consider a discrete time system where time t = 1,2, ....
The start time and the end time foreachEV ¢ (¢t =1,2,...,m)
on this charging lane are denoted by ¢; and t7, respectively.
The maximum capacity of the GSC is A and the maxi-
mum power that each charging section j can provide is aj,
Z;L:l a; = A. We represent the time period that EV i is
on charging section ¢; by t;; [t j,t7 ;1. We use y;(t)
to represent the SOC of EV ¢ at time ¢, and let y(t) =
[y1(t) y2(t) ... ym(t)]". Then, y;(¢5) and y;(t$) represent the
SOC of EV i when it enters and leaves the charging lane,
respectively. To guarantee that each EV ¢ can drive to the next
charging lane, or its destination when there are no charging
lanes ahead, EV 7 needs to guarantee the its SOC is higher
than a value p,.q; when it leaves the current charging lane,
where peq,; is calculated based on inter-distance between the
adjacent charging sections [27].

In the following sections, we formulate the problem for the
power distribution scheduling with each of the aforementioned
goals and then provide problem solution.



B. Balancing the SOCs of the EVs

Given the EV traffic model, in the following, we formulate
a new problem, called the SOC-Balanced Power Distribution
Scheduling problem (SOC-B). It aims to distribute the power
to each charging section j in each time slot ¢, x;(t), to
guarantee all the EVs can finish their trips and the SOCs of
all the EVs are balanced when they leave the charging lane.
To balance the SOCs of the EVs when they leave the charging

lane, we try to minimize the variance of the SOCs [25] denoted
by y1(t1), y2(t3), - ym (t5,). That is,
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In the following, we ﬁ?st intr?)duce the notations we use and
then list the constraints for this scheduling problem. Piyac
means the energy consumption of EV i at each time slot.
7; means the set of time slots that EV ¢ is located at a
charging section. ?; ; represents the time slot that EV ¢ is
located at charging section j. z;(t) represents the amount of
power allocated to charging section j at time ¢. p¢; is the
amount of stored power of EV ¢ to guarantee that EV 7 can
move to the next charging section, and p.q,; is the amount
of stored power of EV ¢ to guarantee that EV ¢ can finish its
trip; that is, it can move 1) to the next charging lane if the
current charging lane is not the last charging lane or 2) to
the destination if the current charging lane is the last charging
lane. Here, the formulas to calculate pyy, ; and preq,; are given
in [24].

Then, the following constraints must be satisfied for the
SOC-B power distribution scheduling problem among the
charging sections:

S w(t) < A, Vit @)

j=1

yz(t) Z pth,iu Vtal (6)

yl(tf) Z prcq,iv VZ (7)
_ Zl(t) - Ptrac,i lf t ¢ 7;

Zz(t + 1) = { Zl(t) + (t) — Pracy ift= ti 9

o Equ. (4) means that the sum of the allocated power of all
the charging sections cannot exceed the maximum power
provided by the GSC;

o Equ. (5) means that the power allocated to each charging
section j cannot exceed the maximum power provided by
charging section j;

¢ Equ. (6) means that the SOC of each EV ¢ should be at
least p¢y, ; in each time point in order to guarantee that
EV ¢ can move to the next charging section;

e Equ. (7) means that when EV 1 leaves the charging lane
at time point t7, its SOC should be at least pyeq i to
guarantee that EV ¢ can finish its trip; that is, it can move
1) to the next charging lane if the current charging lane
is not the last charging lane, or 2) to the destination if
the current charging lane is the last charging lane;

o Equ. (8) means that the SOC of each EV ¢ cannot exceed
1 because the maximum SOC value is 1;

e Equ. (9) means that at time ¢, if EV ¢ is not located
at any charging section, then its power is reduced by
Pirac,i» which is the energy consumption at each time
slot; otherwise its power is added by x (t) — Pirac,i, Which
means that the power gained by EV ¢ at time slot ¢ equals
the charged power from charging section j at time slot ¢
minus the power consumed by EV 7 at time slot ¢.

The input of the SOC-B problem includes all the parameters
of the EVs (listed in Table II) in a charging vehicle set, and the
output records how much power is allocated to each charging
section to charge the EV on it at each time slot from the time
when the first EV enters the charging lane to the time when
the last EV leaves the charging lane. In the following, we will
prove that the SOC-B problem defined by Equ. (2)- (9) is a
convex problem, i.e., the Hessian matrices of Equ. (2)-(9) are
all nonnegative definite [21].

First, the Hessian matrix of the objective function (Equ. (2))

is given by:
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which is nonnegative definite since for each x € R™,
x"TNNTx > 0 [21]. Then, we consider the constraint func-
tions Equ. (4)-(8). They are all linear functions, which indicate
that their Hessian matrices are all zero matrices and hence
nonnegative definite. Now, we need to prove the convexity of
Equ. (9). For this purpose, we first need to derive the quadratic
form of Equ. (9), where the detailed process of the derivation
is shown as follows.

According to [24], the relationship between EV i’s SOC at
time ¢ 4+ 1 and time ¢ is given by

Yi(t + 1)2Rint i Qbatt,i (11)
= Yi(t)2Rint,iQbatt,i + \/Vfcyi —4Rint 1% (t) — Voc,is
from which we can derive that

2i(t) = w] (t)Jwi(t) + b w;(t),

(12)
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Then, based on Equ. (12), we can write Equ. (9) in its quadratic
form, as shown by Equ. (13) and Equ. (15):

Ift¢T;,
w (t+1)Jw;(t+1) +b wi(t+1)  (13)
= w (t)Jwi(t) + b w;(t) - P (14)
IfteT;and t =1t
w (t+1)Jwi(t+1)+bTwi(t+1)  (15)
= w, (t)Jwi(t) + b wy(t) + z;(t) — P.. (16)

The Hessian matrices of both Equ. (13) and Equ. (15) are J,
which is nonnegative definite since for any vector [z1,z2]"
(1,22 € R), we have
(21, 2] [z1, 22]
2 2 2 2 2
Ring,iQpate,i®1 — 2Rint,iQpatt,i 122 + Rint,i Qpate,i T2

= Rint,iQ%atm (x1 — 362)2 > 0. (17)

Algorithm 1: The subgradient method for the SOC-B
and the Power-B problems.

input : Parameters of all the EVs;

output: v*;

// Power allocation of all charging

sections

1 Select a starting solution: v(1) = 0;
2 Putk=1;
3 // Main step
4 repeat
s | M) = V)
if £%)(v(*)) =0 then

L Break;

8 else
9 L Select a step size o*) > 0 and compute

6
7

10 k=k+1;

1 until £ (vF) < ¢
12 v vk

13 return v*;

Accordingly, the SOC-B problem defined by Equ. (2)-(9)
is a convex problem, which can be directly solved by the
subgradient method [21]. Algorithm 1 shows the pseudocode
of the subgradient method. Here, v is equivalent to w in SOC-
B. v(*) is the kth iterate, £&*)(v(*)) is the subgradient of f
at v(®), and o*) > 0 is the kth step size. At the beginning,
we initiate v(*) by O and set k by 1 (lines 1-2). Then, in

each iteration, we first derive the subgradient of f(v(¥)) (line
4). It ¢®)(v(*)) = 0, which indicates that v(*) is the global
optimal solution, the algorithm is finished; otherwise, we take
a step in the direction of a negative subgradient o(¥)¢ () (v(F)),
The above process is repeated until £*)(v(¥)) < ¢, ie., the
subgradient is close to 0.

C. Balancing the Amount of the Stored Power of the EVs

In Section III-B, we mainly consider the SOC of EVs for
fair power distribution. Since SOC reflects the percentage of
power stored in the battery while the EVs’ batteries have
different capacities (i.e., sizes), balancing the absolute amount
of stored power becomes an alternative for fairer power
distribution. As a solution, we formulate the power distribu-
tion scheduling problem by taking into account the absolute
stored power of each EV. In particular, we formulate another
new problem, called the Power-Balanced Power Distribution
Scheduling problem (Power-B). In this problem, we still need
to guarantee that each EV can finish its trip. That is, each
EV 1) has enough power to move to the next charging section
within the charging lane, and 2) has enough power to reach the
next charging lane or its destination if there are no charging
lanes ahead when it leaves the charging lane. The difference
between SOC-B and Power-B is that, in Power-B, we aim to
balance the absolute amount of stored power of all the EVs
when the EVs leave the charging lane.

Before introducing the problem, we first modify the three
constraints for each EV to finish its trip in SOC-B, i.e., Equ.
(6)-(8), to:

st zi(t) > pr, g, Vi (18)
2i(t7) 2 Preq,i Vi (19)
Zi(tg) < B)att,i, Vi. (20)

Here, pj;,,; is the amount of EV i’s stored power in each
time slot to guarantee that EV can move to the next charging
section, and it is calculated by:

péhﬂ' = 0-5pair,icd,ivi2Amax (21)

where v;, pairi, Cq,i, and Apax represent the velocity, the
air density, the drag coefficient of EV 4, and the maximum
inter-distance between adjacent charging sections, respectively
[24]. Pleq,i is the amount of EV #’s stored power in each time
slot to guarantee that EV ¢ can move 1) to the next charging
lane if the current charging lane is not the last charging lane,
or 2) to the destination if the current charging lane is the last
charging lane. p{,, ; is calculated by:

p:;hﬂ‘ = O~5pair,i0d,ivi2Anext (22)

where A, .xt represents the distance to the next charging
section or the destination [24].

In Power-B, the objective function is to minimize the
variance of the absolute amount of stored power of all the
EVs when the EVs leave the charging lane. That is,

m m (t€ 2
min Y <zi(t‘f) - W) (23)
=1
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z1(t$), z2(tS), .. 2m(tS,). Equ. (23) can be also written in a
quadratic form:

where each z;(t$) — ..,m) measures how

min z' (t$)NNTz(t9) (24)

where N is given by Equ. (3). In addition, the constraints
Equ. 4), (5), (9), (18)-(20) need to be satisfied. Since the
objective function (Equ. (24)) is a quadratic function and all
the constraints are linear functions, Power-B is a quadratic
programming problem, which is a convex problem and hence
can be directly solved using the subgradient method [21].

D. Minimizing the Total Power Charged

In the above, we focus on balancing the SOCs or the amount
of stored power of EVs for fair power distribution. In this
section, we discuss another alternative of power distribution
scheduling. Since the power demands of charging EVs impose
a high load on the power grid during peak hours, it is desirable
to minimize the amount of energy received by each EV so
that the power grid can satisfy the energy demands of as
more EVs as possible, especially during the peak hours. As
an alternative solution, we formulate the power distribution
scheduling problem by taking into account the minimization
of the amount of charged power of each EV while enabling the
EVs to arrive at the next charging lane or their destinations.
We consider the problem as the Power Minimization Power
Distribution Scheduling problem (Power-M). We again use
the three constraints for each EV to finish its trip in SOC-B,
i.e., Equ. (18)-(20). The difference is that besides satisfying
these constraints in Power-M, we aim to minimize the total
power charged by all the charging sections in the charging
lane, which is represented by:

min Z Z x;(t)

i=1 t=1

(25)

where Zthl x;(t) means the amount of charged power of EV
i in the whole process and hence Y ;- Zthl x;(t) represents
the amount of the total charged power of all the EVs.

Similar to Power-B, the constraints Equ. (4), (5), (9), (18)-
(20) need to be satisfied. Since the objective function and
all the constraints are linear, Power-M can be directly solved
by the simplex method [21], which is a standard method of
minimizing problem with a linear objective function and con-
straints. The basic idea of the simplex method is to explore the
extreme points of the feasible region constructed by the linear
constraints to find the optimal extreme point that minimizes
the objective function. To further increase the time efficiency,
in the following part, we will devise a greedy algorithm that
has lower time complexity than the simplex method.

The basic idea of the greedy algorithm is to minimize the
power charged for each EV in each time slot. Algorithm
2 shows the pseudocode of this greedy algorithm. More
specifically, given a charging section j and an EV on it, say
EV i, if charging section j is the last charging section in the

Algorithm 2: Greedy algorithm for the Power-M prob-
lem.

1 for each charging section j at time slot t do

2 if charging section j is the last charging section
then
3 Charge each EV ¢ with power

zi(t),0}

Ly (t) = maX{p;eq,i + Pt]rac i
4 else
5 Charge each EV 7 with power
Lj (t) - max{pth i+ P

trac,i

- Zi(t)v O}

current charging lane, then the power that charging section j
provides to EV ¢ should enable it to move to the next charging
lane or its destination. That is, we should guarantee that the
power of EV i is at least pj,,, , when it leaves the charging lane
(line 3). Otherwise, charging section 7 only needs to provide
EV ¢ with the power to enable EV ¢ to move to the next
charging section. That is, we need to guarantee that EV i’s
power is at least pfth’i after the EV is charged (line 5). Here,
we assume that GSC has enough power to enable each EV i
to leave the charging lane with power py. ;.

In the following, we will prove the optimality of the solution
obtained from the greedy algorithm in Theorem 3.1. We first
give Lemma 3.1 for the aid of the proof of Theorem 3.1.

Lemma 3.1: The total energy charged will not be lower
than ), (T “ Pirac,i + Preqi — zl(tf))

Proof: When each EV ¢ enters the charging lane, the
total energy required to reach the destination can be easily
calculated: Piyal,; = T-Ptrac7i+pgcq7i. Then, to guarantee that
each EV 4 can reach its destination, the following condition
needs to be satisfied:

IR

where z;(t]) means the energy stored in EV 4 enters the
charging lane and Zle x;(t) means the total energy charged
on the charging lane. Accordingly, we can derive that the total
power charged by all the charging sections in the charging lane
is lower bounded:

T m
Z le(t)

+ ZL > Ptotal i (26)

(Ptotal,i — Z (ti)) (27)

I

=1

37

(Tptrac,i + p;qu -
1

zi(t)) . (28)

K3

The proof is completed. [ ]

Theorem 3.1: The greedy algorithm can achieve the opti-
mal solution.

Proof: We sum the amount of power charged by all the
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TABLE III
EV PARAMETERS - NISSAN LEAF

Parameters H Value
Air density pgir 1.225 kg/m3
Drag Coefficient Cy 1

EV frontal area Ay 0.725 m?
EV Mass M 1521 kg
Rolling Ressistace Coefficient C' 0.02
Transmission Efficiency 7¢ 0.98
Gearbox Efficiency ngp 0.98
Electric Motor Efficiency ngns 0.99
Open circuit voltage V¢ 364.8 V
Battery Capacity Qpatt 66.2 Ah
Battery internal resistance Rint 0.01 ©
Battery Nominal Power P28 24 kW

charging sections in the charging lane:
S wi(t) = (T Prracyi + Pheg — 5(6)) . (29)
= =1

1t=1 7

J

According to Lemma 3.1, there is no solution with lower
total amount of charged power than the greedy algorithm.
Consequently, we can derive that the solution derived by the
greedy algorithm is the optimal solution. ]

IV. PERFORMANCE EVALUATION

Experimental Settings. In this section, we evaluate the
performance of our proposed power distribution scheduling
solutions. Here, we used MatLab to get the solution of our
power scheduling optimization problem, and then used SUMO
to apply the solution in the realistic traffic scenario. For the
simulation, we varied the number of EVs from 10 to 50 and set

(a) The average amount of energy re-(b) Total amount of energy received by
ceived per EV with error bars all EVs

Fig. 5. Comparison performance of minimizing the total power charged.

the number of charging sections to 10. We randomly selected
a value in [0.4,0.8] as the SOC for each EV when it enters the
charging lane. We randomly generated the SOC value required
for each EV to arrive at its destination. Three types of EVs
were considered (Nissan Leaf, Toyota Prius, and Chevy Volt)
in our experiment [1], [2], [4]. Table III shows the parameters
of EVs and We set the charging section length L, the maximum
capacity A, and the coil maximum power C' by 200m, 600kW,
and 100kW, respectively. We repeat each experiment for 20
times. In each experiment, the power capacity of the GSC
was randomly chosen from [40-100]Kw. Unless otherwise
specified, the experimental result is the average of the 20
experiments. We compared our solutions with the following
power distribution methods:

Equal sharing method. In the equal sharing method (denoted
by Equal), suppose there are m vehicles on top of a charging
lane at a particular time, the amount of power that each EV is
scheduled to receive is A/m where A is the power capacity
of that charging lane.

First come first serve method. In the First Come First Serve
power distribution method (denoted by FCFS), the EVs are
assigned to receive power in the order that they arrive at each
charging section. Each EV’s battery is fully charged until all
power in the charging lane is transferred.

State of charge method. The state of charge method (denoted
by SOC) only tries to balance the SOCs of the EVs when they
leave the charging lane without considering any other factors
(e.g., enough power to arrive at destinations, priorities, etc).

A. Experimental Results

Balancing the SOCs of the EVs. In this experiment, we
calculated the standard deviation of SOCs of the EVs for
the six power distribution methods: Equal, FCFS, SOC, SOC-
B, Power-B, and Power-M. Fig. 3(a) shows the median, the
5th and the 95th percentiles of the standard deviation of
SOCs when different number of EVs are considered in the
power distribution methods. We see that the median and the
variance of the standard deviation of SOC follow SOC~SOC-
B <Power-B <Equal<Power-M<FCFS. The result means that
SOC-B and SOC can balance EVs’ SOC better than other
methods. SOC-B aims to balance the SOC levels of EVs and
also guarantee that the EVs can arrive at their destinations
when they leave the charging lane. As a result, the deviation of
SOC-B is always small. The SOC power distribution method
only considers balancing SOC without considering the EVs’



destinations. Thus, though its resultant SOC variance is also
small, this method cannot guarantee that each EV can arrive
at its destination with sufficient power. Our Power-B method
considers balancing EVs’ absolute stored power and also their
destinations. As a result, its deviation of SOC is larger than
SOC and SOC-B but smaller than other methods. The Equal
Share power distribution method only considers the equal
distribution of energy and it does not pay attention to SOC.
Thus, its deviation is moderate compared to other method.
Our proposed Power-M power distribution method aims to
minimize the power distribution which causes larger deviation
than our proposed SOC-B and Power-B methods. Finally, the
FCFS power distribution method distributes power based on
EV’s arrival time and its SOC deviation is large. Fig. 3(b)
shows the standard deviations of the six methods. We can
also make the same observations as Fig. 3(a) due to the same
reasons. The results confirm that our SOC-B solution can
achieve its goal of balancing the SOCs and also guarantee that
the EVs can arrive at their destinations with enough power.
Balancing the Amount of the Stored Power of the EVs.
In this experiment, we calculated the standard deviation of
the amount of the stored power for the six power distribution
methods: Equal, FCFS, SOC, SOC-B, Power-B, and Power-M.
Fig. 4(a) shows the median, the 5th, and the 95th percentiles
of standard deviation of the amount of the stored power
when different number of EVs are considered in the power
distribution scheme. We see that the median and the variance
of the standard deviation of the stored power follow Power-
B<SOC~SOC-B <Power-M <Equal <FCFS. It means that our
proposed Power-B power distribution method can balance
EVs’ stored power better than other methods. The Power-
B power distribution method considers balancing the stored
power levels of EVs and their destinations when they leave
the charging lane. Thus, the deviation of the stored power
in Power-B is always small. Since the Equal share power
distribution method and FCFS power distribution method do
not consider to balance the stored power, their variance are
large comparing with other methods. The SOC method and
SOC-B method consider balancing the SOCs of EVs. Thus,
their deviations of stored power are moderate compared to
other methods. Fig. 4(b) shows the standard deviations of the
six methods. We can find that the standard deviation of our
Power-B is lower than the standard deviations of other methods
because of the reasons described above. We can also make the
same observations as Fig. 4(a) due to the same reasons.
Minimizing the Total Power Charged. In order to show the
effectiveness of our proposed Power-M solution in minimiz-
ing the total power charged of the EVs, we compared the
performance of Power-M with Equal share, FCFS, SOC. Fig.
5(a) shows the median, the 5th, and the 95th percentiles of
the average energy received per EV when different number of
EVs are considered in the power distribution methods. We can
see that the median and the variance of energy received per
EV follow Power-M <SOC<Equal~FCFS. The result means
that our proposed Power-M solution can minimize the energy
received per EV than other three methods. Power-M considers

minimizing total power charged and the constraints to guar-
antee that the EVs can finish their trips at the same time.
Thus, all EVs receive less amount of energy. The SOC power
distribution method only considers balancing SOC without
taking into account of the amount of received energy for
EVs. In SOC method, the amount of energy received per
EV is higher than the energy received in Power-M. The
Equal share and FCFS power distribution methods distribute
all available energy among EVs. Thus, the levels of energy
received by EVs in Equal share and FCFS are higher than
other methods. Fig. 5(b) shows the total energy received by
all the EVs of the four methods. We also find that the total
energy received follows Power-M <SOC <Equal~FCFS due to
the same reasons mentioned above. The results confirm the
effectiveness of our Power-M in minimizing the total power
charged.

V. RELATED WORK

The implementation of efficient WPT systems and EVs
techniques are critical to improve energy efficiency and safety
of in-motion EVs. Several works have studied on the WPT
systems and EVs techniques. For example, Li et al. [20]
presented an analytic study of the existing technologies in the
WPT system applicable to EV wireless charging. Similarly,
Lukic et al. [22] presented the background study, motivations,
an overview of different charging components of EVs. Hori
et al. [17] discussed different types of EVs with their future
impacts, and briefly discussed different EVs’ components with
several technical and research challenges based on the existing
technologies. Onar et al. [23] examined the technical aspects
and charging topology of in-motion wireless power charging of
EVs. The authors discussed several factors of power transfer
procedures by considering highway surfacing materials and
presented an overview of WPT magnetic field measurements.

There are also many efforts devoted to the design and
implementation of the WPT systems for EVs in recent years.
For example, Shin et al. [26] presented the design of an
optimized core structure and electric components to implement
the WPT system for moving EVs [6], [9], [10]. Yilmaz et al.
[29] presented the general design requirements and analysis of
WPT systems for online EVs. They presented and analyzed
three different generic roadbed structures: 1) based on a
long wire loop, 2) based on sectioned wire loops, and 3)
based on spaced loops. Ahn et al. [7] presented the design
methodologies and the reduction of electromagnetic fields
for high-efficiency WPT systems. The authors also suggested
power pickup coils with optimized design parameters. They
also proposed passive and active plate shields to minimize the
leakage electromagnetic field from the WPT system in online
EVs. Lee et al. [19] presented a dynamic model for identifying
the maximum pickup in the WPT system of the online EVs.
In their model, a simple “second-order inductive circuit” is
obtained by applying the Laplace phasor transformation to
the first order WPT system. The discovered pickup current
during the transient state is found to be relatively unchanged



for various load resistances. Power pulsations is another major
technical challenge for the WPT systems of online EVs.

The battery size and the positions of power transmitters on
the road are another major issues in the WPT system design for
online EVs. The study by Ko and Jang [18] presents an online
charging EV system and discuss these major issues. It tries to
minimize the infrastructure setup cost by using an optimization
model, where the battery size and the number of power coils
with their allocations are used as decision variables. Then,
the solution is achieved using particle swamp optimization
technique. However, this work only considers static number
of vehicles. Instead, we consider how a power grid controller
distributes power so that the heterogeneous EVs have enough
power to reach their destinations with different goals.

VI. CONCLUSION

In a WPT system, a number of in-motion EVs on a
charging lane are simultaneously charged by a GSC. Because
the power capacity of the GSC is limited, the power demands
from all these EVs may not be fully satisfied. In this paper,
we studied the power distribution scheduling problem about
how a GSC distributes power to enable the EVs to receive
enough power to reach their destinations and meanwhile
achieve a goal. In particular, considering the fairness among
EVs, we formally formulated two problems, called SOC-B
and Power-B, with the goals to balance the EVs’ SOC and
stored power, respectively. We showed that SOC-B and
Power-B are convex problems, which can be directly solved
using an existing method, e.g., the subgradient method. Also,
we formulated a problem, called Power-M, to minimize the
total power charged to all the EVs, and also designed a
greedy algorithm that achieves the optimal solution for this
problem. We have conducted extensive experimental study on
our problem solutions. Our experimental results confirm that
our solutions are effective in achieving their respective goals
while enabling EVs to reach their destinations. Currently, we
assume that the EVs follow similar velocity in the highway
scenario. In our future work, we will consider different
velocities and velocity variation of vehicles in general roads.

VII. ACKNOWLEDGEMENTS

This research was supported in part by U.S. NSF grants
ACI-1719397 and CNS-1733596, and Microsoft Research
Faculty Fellowship 8300751.

REFERENCES

[1] Chevy-Volt. http://gm-volt.com/full-specifications. [Accessed in March
2016].

[2] Nissan-Leaf. http://www.nissanusa.com/electric-cars/leaf/
versions-specs. [Accessed in March 2016].

[3] Tesla motors. https://www.teslamotors.com/blog.

[4] Toyota-Prius. http://www.toyota.com/prius/features) \/exterior/1223/
1224/1225/1226. [Accessed in March 2016].

[5] Wireless power transfer. http://tec.ieee.org/2014/09/02/wireless-power/
-transfer-systems-roadway-powered-electric- vehicles. [Accessed in
March 2016].

[6] A. Sarker, C. Qiu, and H. Shen. Quick and Autonomous Platoon
Maintenance in Vehicle Dynamics For Distributed Vehicle Platoon
Networks. In Proc. of ACM/IEEE [oTDI, 2017.

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

S. Ahn and J. Kim. Magnetic field design for high efficient and low
EMF wireless power transfer in on-line electric vehicle. In Proc. of
EUCAP, pages 3979-3982. IEEE, 2011.

Fenglv, Hongzi Zhu, Hua Xue, Yanmin Zhu, Shan Chang, Mianxiong
Dong, and Minglu Li. An Empirical Study on Urban IEEE 802.11p
Vehicle-to-Vehicle Communication. In Proc. of SECON, 2016.

A. Sarker, C. Qiu, H. Shen, A. Gily, J. Taibery, M. Chowdhuryz, J.
Martinx, M. Devine and A. Rindos. An Efficient Wireless Power
Transfer System To Balance the State of Charge of Electric Vehicles.
In Proc. of ICPP, 2017.

L. Yan, H. Shen, J. Zhao, C. Xu, F. Luo and C. Qiu. CatCharger:
Deploying Wireless Charging Lanes in a Metropolitan Road Network
through Categorization and Clustering of Vehicle Traffic. In Proc. of
Infocom, 2017.

A. Diaz Alvarez, F. Serradilla Garcia, J. E. Naranjo, J. J. Anaya, and
F. Jimenez. Modeling the driving behavior of electric vehicles using
smartphones and neural networks. [EEE Intelligent Transportation
Systems Magazine, 6(3):44-53, 2014.

Fan Bai, Keyvan Rezaei Moghadam, and Bhaskar Krishnamachari. A
Tale of Two Cities - Characterizing Social Community Structures of
Fleet Vehicles for Modeling V2V Information Dissemination. In Proc.
of SECON, 2015.

L. Kang, H. Shen and A. Sarker. Velocity Optimization of Pure Electric
Vehicles With Traffic Dynamics and Driving Safety Considerations. In
Proc. of ICDCS, 2017.

J. Dong, C. Liu, and Z. Lin. Charging infrastructure planning for promot-
ing battery electric vehicles: An activity-based approach using multiday
travel data. Transportation Research Part C: Emerging Technologies,
38:44 — 55, 2014.

M. Florian, S. Andreev, and I. Baumgart. Overdrive: An overlay-based
geocast service for smart traffic applications. In Proc. of Mobicom, pages
147-150. ACM, 2013.

M. Honarmand, A. Zakariazadeh, and S. Jadid. Optimal scheduling of
electric vehicles in an intelligent parking lot considering vehicle-to-grid
concept and battery condition. Energy, 65:572-579, 2014.

Y. Hori. Future vehicle society based on electric motor, capacitor and
wireless power supply. In Proc. of IPEC, pages 2930-2934. IEEE, 2010.
Y. D. Ko and Y. J. Jang. The optimal system design of the online electric
vehicle utilizing wireless power transmission technology. IEEE Trans.
on ITS, 14(3):1255-1265, 2013.

S. Lee, B. Choi, and C. T. Rim. Dynamics characterization of the
inductive power transfer system for online electric vehicles by Laplace
phasor transform. IEEE Trans. on PE, 28(12):5902-5909, 2013.

S. Li and C. C. Mi. Wireless power transfer for electric vehicle
applications. [EEE Jorunal of Emerging and Selected Topics in Power
Electronics, 3(1):4-17, 2015.

D. G. Luenberger and Y. Ye. Linear and nonlinear programming, volume
116. Springer Science & Business Media, 2008.

S. Lukic and Z. Pantic. Cutting the cord: Static and dynamic inductive
wireless charging of electric vehicles. IEEE Electrification Magazine,
1(1):57-64, 2013.

O. C. Onar, J. M. Miller, S. L. Campbell, C. Coomer, C. White, and
L. E. Seiber. A novel wireless power transfer for in-motion EV/PHEV
charging. In Proc. of APEC, pages 3073-3080. IEEE, 2013.

J. Rios, P. Sauras-Perez, A. Gil, A. Lorico, J. Taiber, and P. Pisu. Battery
electric bus simulator-a tool for energy consumption analysis. In Proc.
of SAE. 1IEEE, 2014.

S. M. Ross. Introduction to Probability Models, 8th Edition. Amsterdam:
Academic Press, 2003.

J. Shin, S. Shin, Y. Kim, S. Ahn, S. Lee, G. Jung, S.-J. Jeon, and D.-H.
Cho. Design and implementation of shaped magnetic-resonance-based
wireless power transfer system for roadway-powered moving electric
vehicles. IEEE Trans. on IE, 61(3):1179-1192, 2014.

R. Sioshansi, R. Fagiani, and V. Marano. Cost and emissions impacts
of plug-in hybrid vehicles on the ohio power system. Energy Policy,
38(11):6703-6712, 2010.

J. Vetter, P. Novdk, M. Wagner, C. Veit, K.-C. Moller, J. Besenhard,
M. Winter, M. Wohlfahrt-Mehrens, C. Vogler, and A. Hammouche.
Ageing mechanisms in lithium-ion batteries. Journal of power sources,
147(1):269-281, 2005.

M. Yilmaz, V. T. Buyukdegirmenci, and P. T. Krein. General design
requirements and analysis of roadbed inductive power transfer system
for dynamic electric vehicle charging. In Proc. of ITEC, pages 1-6.
IEEE, 2012.



