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ABSTRACT With the development of electric vehicle technology and the Internet of Things (IoT) tech-
nology, IoT-Based electric vehicles (IoEVs) will become a main public transposition in smart city. The
increasing penetration of IoEV will have a great impact on the transportation network and power grid. In this
work, we aim to study the routing and charging scheduling problem of IoEVs with the constraint of power
limit. This paper proposes a clustered rolling framework and a mathematical model for the IoEVs optimal
routing and charging problem to minimize the waiting time of customers and get a good converge ratio of the
energy block with power limit. This framework can effectively deal with the multi-step pickup and delivery
of each vehicle over the time horizon in a dynamic environment. We give a criterion to judge whether pickup
and delivery tasks can be assigned to the IoEV. Then, we design a new rectangle packing method for IoEV
charging dispatch with the constraint of power limit. Moreover, we consider that the charging process of
IoEVs cannot be interrupted before IoEVs meet the electricity demand. We propose the IoEV Routing and
Charging Algorithm and analyze its computational complexity. Simulation results show that IoEV's can offer
the shuttle service to customers with the minimum waiting time and IoEV charging energy block has a good
coverage ratio of the total energy block. Simulation results can verify the effectiveness of our proposed
framework, compared with two benchmark algorithms.

INDEX TERMS IoT-based electric vehicle, clustered rolling framework, pickup and delivery, routing and
charging, rectangle packing algorithm.

I. INTRODUCTION

One of the important options for carbon-free transportation is
electrifying the transportation system by deploying the elec-
tric vehicles (EVs) [1]. IoT-Based electric vehicles (IoEVs)
can transport customers more efficiently without internal
combustion engines, by using artificial intelligence, next-
generation battery technologies and other forth industrial rev-
olution technologies [2]. The electrified transportation with
intelligent automation driving technology will become the
core part of smart city in the future metropolis [3], [4]. IoEVs
can offer shuttle service and other emerging transportation
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network services, such as Uber, Lyft, Zipcar, and Didi. The
development of IoEVs facilitates to reduce the energy con-
sumption [5]. Accordingly, it is important to design high
efficient algorithms and models to boost the utilization rate
of IoEVs.

In this work, we aim study an IoEV pickup and delivery
problem in a clustered rolling framework with the constraint
of battery limit. We consider the one-step pickup and delivery
problem when there is a customer to pick up and deliver
in current time slot. Due to the different pickup and deliv-
ery service, the electricity demands of IoEVs are differ-
ent. We set the charging criterion and then collect the idle
IoEVs that lack electricity to charge in the charging point.
We design a new rectangle packing method for IoEV charging

VOLUME 10, 2022


https://orcid.org/0000-0003-2903-8793
https://orcid.org/0000-0002-6116-6464

Y. Cao: Online Routing and Charging Schedule of Electric Vehicles With Uninterrupted Charging Rates

IEEE Access

TABLE 1. Notations.

Sets Description
K Set of IoEVs
N Set of nodes
R Set of paths connecting the nodes in A/
N1 Set of IoEVS’ starting points
No Set of AEVs’ ending points
N3 Set of charging stations
Ny Set of pickup nodes
N5 Set of delivery nodes
u Set of customers
Indexs
k Index of IoEV
7 Index of node
7 Index of node
n Index of energy block
Variables
ku Binary variable to indicator if IoEV k is scheduled to
Tij route customer u between node ¢ and j
yfj Service flag
CTy Charging duration time of n-th energy block
P Charing rate of n-th energy block
Xn Charging amount of n-th energy block
Parameters
D Routing indicator matrix
Tk Time slot that IoEV k is assigned to customer u
g Mileage per kilowatt hour of IoEV k&
Vi Ideal speed of IoEV k
Qi,j Traffic flow of node 7 and j
Chr Road capacity
B,y Experimental parameters
pmax Power limit of charging station
max Time limit

dispatch with the constraint of power limit from power grid.
Finally, we propose the IoEV routing and charging (ERC)
algorithm to solve the routing and charging scheduling prob-
lem of IoEVs. The lightweight structure in our paper is
conducive to provide the customer services immediately and
efficiently. The contributions of our paper are summarized as
follows.

o« We propose a time-efficient service framework for
IoEVs dynamic transit to formulate a pickup and deliv-
ery problem joint with IoEV charging. We aim to
minimize the waiting time of customers with the IoEV
charging constraints.

o We propose a clustered rolling model for IoEV pickup
and delivery with the constraint of power limit. We give
a criterion to judge whether pickup and delivery tasks
of customers can be assigned to the IoEV. The idle
IoEVs which lack electricity are collected to charge and
we design a new rectangle packing method for IoEV
charging dispatch with the constraint of power limit.

o We propose the IoEV routing and charging algorithm
and analyze its computational complexity. Simulation
results show that the IoEVs can offer the routing service
to customers with the minimum waiting time. IoEV
charging energy block has a good coverage ratio of the
total rectangle energy block in a fixed time frame with
the power limit.

The rest of this paper is organized as follows. The IoEV

pickup and delivery model and the rectangle packing problem
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for IoEV charging dispatch are proposed in Section III.
Online IoEV routing and charging algorithm in a clustered
rolling framework is proposed in Section IV. The case study
and performance evaluation are in Section V. Section VI
concludes this paper.

Il. RELATED WORK

For traditional EVs, some deterministic and probabilistic
prediction methods have been studied to predict the future
power demand [6]. The radial basis function neural network
in a deterministic model in [7], only considered EVs’ his-
torical velocity for the prediction. Some methods are not
available in the general transportation system and some are
mainly utilized in simple traffic scenarios. Compared with
traditional EV, IoEV is easier to perceive the surrounding
environment equipped with numerous sensors, which can be
fully or partially driverless [8]. Without direct human inter-
vention, [oOEVs are easy to dispatch and schedule, which is a
tendency of EVs [9], [10]. The traditional centralized man-
agement method for Internet of Vehicles is difficult to solve
the real-time schedule problem [11], [12]. The core models
and algorithms for IoEVs sharing service in smart cities
are studied to improve the routing and charging strategies.
The vehicle routing problem over the time horizon can be
formulated as a large scale mixed integer linear programming
(MILP) problem, which is very challenged to be solved in
real time [13]. The problem of a capacitated vehicle with
shuttle service is studied in [14] to find a minimum route.
Wang et al. [13] investigated a vehicle routing problem (VRP)
with simultaneous delivery and pickup and time windows
for five objectives in the logistics industry. Zhou et al. [15]
proposed a decomposition-based local search algorithm for
large-scale VRP with simultaneous delivery and pickup and
time windows. A Hamiltonian graph-guided algorithm is
designed in [16] to solve the vehicle routing problem. Deep
reinforcement learning method is utilized in [17] to minimize
the total travel cost of a selected EV charging station and the
charging cost by the real time information. Dubois et al. [18]
proposed an algorithm with data from the past crisis to solve
this VRP for the rescue vehicles according to operation time
and rapid intervention. Inspired by these researches, we can
solve the pickup and delivery problem of IoEV routing with
time windows.

The IoEV charging problem will become increasingly
important to the stability and power quality of electricity
grid with the increasing penetration of IoEVs into power
systems. Some researches are studied about the stability of
power grid. Zhang et al. [19] studied delay-tolerant charg-
ing problem of EVs at a charging station with multiple
charge points, which are equipped with renewable generation.
Yu et al. [20], [21] studied the time-based pricing mecha-
nism for heterogeneous charging stations and the charging
station allocation mechanism for EVs, and proposed a match-
ing game framework for the charging stations allocation.
ElGhanam et al. [22] proposed an online EV allocation algo-
rithm with a dynamic wireless charging coordination strategy,
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which allocates IoE Vs to the optimal dynamic wireless charg-
ing lanes. Tran et al. [23] proposed an energy management
strategy to reduce the unexpected peak power demand, and
improved the stability of power grid during peak load with
vehicle-to-grid service. These works don’t study the routing
problem of EVs and assume that the charging rate can be
changed in the charging process. The works [24] and [25]
pointed out that batteries can only be charged at a fixed charg-
ing rate and cannot be intermitted during the charging process
due to the limitations of current charging technology. Based
on this assumption, we set the charging rate of each IoEV
as a constant when IoEVs are charged at the charging point
in this paper. There are some types of charging rates, which
can be classified into multiple levels from the fast charging
rate to the slow charging rate. Ding et al. [26] formulated
a two-dimensional-rectangle packing problem to maximize
the total profit of a battery swap station over the given time
frame by finding the optimal battery dispatch with power
constraints. Due to the uninterrupted charging characteristic,
we can see the EV charging as a energy block and design the
unintermitted constant charging problem of IoEVs as a two-
dimensional-rectangle packing problem with the constraint of
energy limits from power grid.

There are some works that combine the vehicle routing
problem with the EV charging problem. Zuo et al. [27]
studied the VRP of EVs with time-window with logis-
tics maintenance optimization. Chen ef al. [5] combined
EV charging with pickup delivery problems for joint rout-
ing and charging of EVs with taking electricity price and
customer satisfaction into account. Montoya et al. [28]
extended current electric vehicle routing models to con-
sider nonlinear charging functions with introducing planned
detours to charging stations. Yao et al. [29] decomposed
the offline EV routing problem into a master problem and
some sub-problems by Benders decomposition method to
increase efficiency. However, these researches don’t com-
bine the pickup and delivery problem with the unintermit-
ted constant charging problem of IoEVs. To the best of
our knowledge, few works have tried to combine the [oEV
charging problem with the pickup and delivery problem to
minimize the waiting time of customers with the constraint
of energy limits from power grid. It is very challenging to
consider multi-step pickup and delivery of each vehicle over
the time horizon, which faces complicated dynamic opti-
mization and is a NP-hard problem. The global optimization
of the multi-step pickup and delivery problem is an offline
optimization problem, which is not practical and difficult to
solve. We aim to seek the online routing solution of IoEVs
with pickup and delivery service in the rolling windows,
which may have a worse performance than the offline routing
solution.

llIl. PROBLEM FORMULATION

In this section, we first propose an IoEV pickup and delivery
model and then formulate a rectangle packing problem for
IoEV charging dispatch.
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FIGURE 1. The description about all types of nodes.

A. IoEV PICKUP AND DELIVERY MODEL

We consider a set of [oEVs traveling from the starting points
to different destinations in a road network, in which there
are many pickups and deliveries. The road network can be
described as a graph G(NV, R), where A represents all the
nodes in the network, and R denotes the set of paths con-
necting nodes in . In graph G(N, R), there are five types
of nodes in NV, i.e., starting points of [oEVs A/, end points
of the IoEVs N3, charging stations 3, pickup nodes A and
delivery nodes A/s, which are shown in Fig. 1. In actual case,
IoEVs start from the starting points and end at the ending
points. Starting points N and ending points N, are certain
but the number of customer is not certain and sets of pickup
and delivery are scalable when we assign IoEVs to pick up
and deliver the customers. The starting point and end point
are special nodes because IoEVs only can flow out of the
starting point and flow into the end point. We define the travel
distance between nodes i and j as Dj;, if nodes i and j are
directly connected. Notice that node i is starting point or node
Jjis end point, Dj; = inf, which means that node j cannot flow
into node i and no node can flow into starting node or flow
out of the ending node. Otherwise, D;; = Dj;.

Dji i,j¢ N1UN,
Dj=10 i=j (D
inf ieMN]|jeN

The routing indicator matrix D can be formed by D;; accord-
ing to the network topology structure. A small example for six
nodes which are not starting point or ending point is depicted
in Fig. 2 with the corresponding matrix D as follows,

0 D 12 inf D 14 D 15 inf
Dy 0 Dy3 inf  D»s inf
inf Dy 0 inf  D3s Dsg
D1y Doy inf 0 Dys inf |’
inf Dys D3s Dgs 0 Dsg
inf inf  Dsg inf  Dsg 0

D= 2)
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FIGURE 2. A small network topology example of 6 nodes.

We can add the nodes which are not starting point or ending
point in our model and the road graph is scalable. In practical
case, IoEVs can drop off the customers according to their
requirement and the starting points and the ending points
of JIoEVs are certain when we assign IoEVs to pick up and
deliver the customers.

To formulate the IoEV routing and charging problem,
we define the binary variable xl];” to indicate if IoEV k is
scheduled to route customer u between node i and j as binary
variable,

1 IoEV kis scheduled to customer u
k,u

XU

= between nodes i and j, 3)

0 otherwise.

The starting node i € A| must have only one path flowing
out of it,

D =1.jeNsUNsUN, Vueld, YkeK, (4)
j

)

The end node j € A, must have only one path flowing in it,
Y xit=1,ie NyUNsUN, Yuel, YkeK, (5)
i

For nodes which are neither the starting and end nodes, there
is less than one path flowing out of or into the node, which
satisfies the following two constraints,

Zx;;’u <1, jeNsUN5UN>,
J

ieN-—WMNUMN), Yuel Vkek, (6
ng’“_l, ie Ny UNsUNMN,

JEN — (N1 UNy),

The left hand side of constraint (6) and constraint (7) can be
zero, which implies that there is none IoEV passing through
this node. Constraint (8) indicates that if there is an IoEV
entering a node i that is neither a starting node nor an end
node, it should flow out of node i afterward. Otherwise, there
is no constraint on this node i.

A

Yuel, Yk e K, (7)

—M(1 — x5
< foj’” —xfi’” <M(1l —xfi’"),
jeN
iEN—(NlUNz),r eN—-MNy, VYuel, Vk e K,
®
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Constraint (9) indicates that if there is an [oEV leaving a node
Jj that is neither a starting node nor an end node, it should flow
into this node beforehand. Otherwise, there is no constraint on
this node j.

—M(1 —xi")
< Dtk < M-,

Jl'eé\//\/—(./\/l UMN), re N =N, VYuel, Yk e K,
)
Constraint (10) indicates that an IoEV has supported a pickup
and deliver service to one customer,

k. K, k
D%+ D Hi 2z M=y,
jeN heN

VpeNs, VdeNs,,Vueld, Vke K. (10)

The sum of service flag y],j of customer u should be one to
ensure that every customer can be served by only one IoEV,

Y k=1. vueu, (11)
kekC

where U is the set of all customers. In this work, we study
the case where each IoEV k can only offer service to one
customer when it finishes delivering, i.e.,

0<> ¥ <l Vkek, (12)
ueld

where IoEV k may not offer service when ), ., y]; = 0.
Given customer u, each starting point s € N7(u) must have
one way to leave from starting node s, where Nj(u) is the
starting node set, so we have,

Yoxit=0k seM@). Yk e K, Yueld, (13)
jEN”“’(S)

where s € N|(u) represents the starting node that has access
to connect with customer u and N (s) = Ny& (s) UNJ" (s)
denotes all outflow nodes connected to node s. A 1\%’ (s) and
N3*(s) denote nodes that are not available charging nodes
and are available charging nodes in A°“(s), respectively.
Similarly, for given customer u, each end point e € N> (u)
must have only one way to reach ending node e, where N;(u)
is the end node set, so we have,

Z xl.ke’“ =y, ee M), Yk e K, Yueld, (14)
ieNin(e)

where e € N;(u) represents the ending node that has access
to connect with customer u and N (e) = ,if’c () U J\/g”(e)
denote the all inflow nodes connected to node e. Ny-(e) and
Nj"(e) denote the nodes that are not available charging nodes
and are available charging nodes in N"(e), respectively.
When node i is neither the starting point nor the end point,
inflow should equal outflow at this node, i.e.,

k, k,
Z X = Z Xij "
meN(i) jeNou (i)
Yu e U,Vie N/Ni(w) UNr(w).  (15)
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In time interval 7, there are |U(t)| customers and we know
the pickup node u, and drop-off node u, of each customer u,
where the couple (up, ug) is certain if customer u is given.
Then we can know the available charging node connected
to the drop-off node of customer u, i.e., N;“’ (ug). We can
assign IoEV k to customer u only if the battery energy of
IoEV k is enough to pick up and deliver customer u and
reach the nearest charging node connected to drop-off node
ug of customer u. Then, we can formulate this criterion to
judge whether IoEVs are available to support the pickup and
delivery service as follows,

k, Tkt k
xb aryy,

k,u k .
> Djyx; +y,(Dy ug + min
i up u\"up JENT ()

Vi e N/(N1(w) U N> ), Fj € N3 (ua),
(16)

Dud,j)

Yuel,

where %" is the time slot that IoEV k is assigned to customer
u, xbk’Tk’u has a range constraint [Byin, Bmax], and oy is
the mileage per kilowatt hour of IoEV k. When yllj is 0,
then xl(f ;f; = 0 and both sides of constraint (16) are zero.
Constraint (16) holds when y¥ = 0. When yX = 1, the left
hand of constraint (16) is the available mileage xbk*Tk’uo:k
and the right hand has three parts, where the first one D,
represents the distance from IoEV k location to the pickup
node of customer u, the second part Dy, u, means the distance
from pickup node to delivery node of customer u, which
is a certain value if customer u is given, and the third part
is min;e N (ug) D,, j, which is the minimum distance from
the delivery node of customer u to the charging station.
According to the linearization technology in [30], since y’;
is a binary variable and xbT s a nonnegative variable,
we linearize the product xbk’Tk’uak yﬁ by introducing a new
variable ry , = xb* T yE if xbk T s bounded by a constant
M . Then, we reformulate the constraint as follows,

k,u k
Tie,uClk = Di,upxi,up +yu(Dup,ud

+ min Dy, ;),Yuel,
JEND (ug)

Vi € N/(Ni(u) U Na(w), 3j € NY“ (ug),
)
stk <YM, (18)
rew > bR T L MGk = 1, (19)
rew < x0T (20)
) Q1)

The travel time between nodes i and j is decided by the
travel distance, road congestion, weather and road traffic
impedance. The road traffic impedance includes the density
of bus stops, intersections and the saturation [31]. Consider-
ing the actual traffic conditions, we set the travel speed of
IoEV k between nodes i and j as vy,

Vi

=0 Vi,je N, Vk e K, (22)
1+ B(EHY

Vi
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where V. is the ideal speed of IoEV k, Q;; is traffic flow of
nodes i and j, C, is road capacity, 8 and y are experimental
parameters from actual observations. Then the equivalent
traveling time of nodes i and j can be given as follow,

lij = V—:’(l + ﬂ(%’)y), Vi,je N, Vk e K. (23)

We set IoEV k assigned to customer u at node i at time
slot 75" and we need to minimize the total waiting time of
customers as follows,

Dy i,j
=YY Y (W S ﬁ(%’)hx!f;,ﬁ) en)

kel ieN ueld

where Diy, is the distance between node i of IoEV k and the
pickup node u;, of customer u. For the reference time for the
start node s, we set the initial time stamp of IoEV k as Ty o =
0. IoEV k is assigned to customer u at time slot 75*. IoEV
k can be dispatched to charge if IoEV cannot be assigned to
any customer.

B. RECTANGLE PACKING PROBLEM FOR IoEV

CHARGING DISPATCH

After the control center receives the signal from the cus-
tomers, it will schedule IoEVs to pick up and deliver the
customers in a time frame. There is a charging optimization
problem of idle IoEVs, where there are two problems: when
and which charging station to charge. In time slot ¢, the
control center can make out which IoEV £ is out of service,
ie, Y, Yk = 0. We denote the set of IoEVs out of service
in time slot ¢ as H;. When an IoEV is out of service, then this
IoEV is qualified to be charged. By charging strategy, [oEV &
sends a charging signal to the control center, which includes
the requested charging amount Bj.

We study a two-dimensional-rectangle packing problem
for the uninterrupted charging problem of IoEVs with the
constraint of power limits from power grid. Due to the unin-
terrupted charging characteristic, we can see the EV charging
as a energy block. The two-dimensional-rectangle packing
problem can be efficient to solve by the optimization toolbox.
IoEVs can support the pickup and delivery service when
they have enough electricity. For those idle IoEVs that lack
electricity, we need to do the charging schedule of IoEVs.
The maximum charging rate is limited by power limit of
the charging station (i.e., P™®). We formulate our charging
optimization model under a maximum allowed parking time
7™M When it reaches the time limit 7™*, the IoEV should
stop charging and leave the charging station. During the
time interval [0, 7™#], the base blocks are represented as
histogram with B blocks. In Fig. 3, we show that there are
a certain number of IoEVs coming to charging station during
time period [0, T™2*]. Due to the limitation of current charg-
ing technology, the charging rate should be discrete in the
charging process and the charging process is not interrupted
until the electricity demand is met. Therefore, we skillfully
consider the charging amount in a time interval of IoEV k
as a rectangle energy block. The rectangle energy packing
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problem is challenging to solve. The n—th (n € {1,...,N})
type rectangle energy block can be described by a triplet
(CT,, P,, X,,), where CT,, is the charging duration time, P, is
the charging rate and X,, = P, * CT, is the charging amount.
The IoEVs can be charged at N type of charging rates, e.g.,
if IoEVs charge at fast, medium and slow charging rate,
N = 3. Furthermore, we define the left-bottom corner of
the rectangle energy block of K IoEVs and B base blocks as
(7i, h;) to indicate the location of K + B energy blocks, where
7; is the starting time of energy block i and #; is the maximum
power of energy block i. We set the first K blocks for [oEV
battery energy blocks and the rest B energy blocks are used
for base blocks. The locations of B energy blocks are fixed
and the left-bottom corner (tx4p, ix+p) Of the base load b
can be expressed as follows,

B
i =T" =Y Tiym b=1.....B, (25
m=>b

hxep =0, b=1,...,B, (26)

where (25) and (26) show the X-axis and Y-axis relationship
between tx 4, and Tk, about left-bottom corner of the base
load b. We denote a binary variable z; , that indicates whether
n-th type rectangle energy block is charged at time slot t;.
We need to guarantee that the four corners of each rectangle
energy block i is within the rectangular area with allowed
parking time 7™ and power limit P™?*. The constraints can
be represent in the following constraints.

Left — bottom :
0<u=<T"™0<h<P"™ i=1,....,K, (27)
Left — top :
0=<7=T",
N
0<hi+Y Puzin<P"™. i=1._K, (28)
=1
Right — boztom :
N
0<7+ ZCTnZi,n = Tmax,
n=1
0<h<P"™ i=1,...,K, (29)
Right — top :

N

0<%+ Z CTnZi,n <7
n=1
N

0<hi+) Pzin<P"™, i=1..K (30
n=1
As shown in Fig. 4, the location of two energy blocks i
and j has four possible non-overlapping relationship in the
following expression when the packing is feasible.

hj-I-HjShi or 7;+ W,

<7 or
hi—l-l'ljfhj or Ti+V[/j§Tj
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, charging rate
P bmmmzmomm e ! n-th type of AEV

Power

Tmax

FIGURE 3. Rectangle packing problem for I0EV charging dispatch.

--

FIGURE 4. Four possibilities for two energy blocks without overlapping.

i=1,...,K,K+1,...K+B,
j=1,...,K.K+1,...K+B. (31

where the expressions of H; and W; are in the following
expression,

N .
I'IjZ{Zn=1Pan’n j=1,...,K, (32)

Lix j=K+1,....,K+B,
N .
W = Doy Clozin J=1,.. K, (33)
Ti-x j=K+1,...,K +B.

H; and W; are the length of the base load, of which the
left-bottom corneris (t;, ;). Li—g : j = K+1, ... K+Bisthe
energy block of base load, which is the same description as
Lx+p :b =1, ..., B. Therectangle energy blocks should not
be overlapped with each other. The location of two rectangle
energy blocks i and j has two possibilities, where two energy
blocks are not overlapped with each other over the X-axis and
Y-axis. We consider that there is not queue order between the
left-bottom corner (z;, h;) and (7}, h;j) of two IoEVs i and j.
The constraints of the left-bottom corner of [oEVs i and j are
given as follows,

hij+Hj < h; or 7j+W; <1,
i=1,....K,j=i+1,...K+B, (34
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It is difficult to handle the “or” constraints of A; and t;
in convex optimization. Therefore, we apply the big M
approach [32] to reformulate the constraint (34) to make
it easy to handle in convex optimization as the following
expression.

—Mia;;+Hj < h; — hj, (35)
—Mry(1 —a;j) +W; <1 — 1,

i=1,....,K,j=i+1,...K +B,

(36)

where M, M, are large numbers, «;; is a binary variable.
If a; j = 1, the constraint (36) is active and the constraint (35)
is redundant. Otherwise, if a;; = 0, the constraint (35) is
active and the constraint (36) is redundant. Here, the number
of binary variables «; j is K(K + 2U — 1)/2. The constraints
of My, M satisfy the following relationship,

—My+H; < hi—hj, -M, +W; <t;,—71, or 37
My > max{H; + hj — h;}, M > max{W; + 1; — 1;},

i,j Vij
(33)

Since,

max(H; + hj — hi) < max(H; + Iy} — minki} = P™**, (39)

max{WﬂrfJ -7} < max{WJ + 7} —ming;} = T™, (40)
Vi,j Vi,j Vi,j

where we can set M| = P™* and M, = T™. To satisfy the
energy limits from power grid, we need to schedule as many
IoEVs as possible to charge in a fixed time frame 7,4, With
the power upper limit Py, of the charging station, which is
formulated as follows,

sznzm, (41)

i=1 n=1

where X, is the charging amount of the n-th type rectan-
gle energy block and z; , is a binary variable that indicates
whether the n-th type rectangle energy block is charged at
time slot ;.

In a time frame, there are limited IoEVs connecting to
charging station to charge at discrete charging rate uninter-
ruptedly. In general, IoEV charges at discrete charging rate
uninterruptedly, which may not be interrupted until the elec-
tricity demand is met. The objective function of the charging
problem in (41) is to maximize the total charged energy from
external grid.

IV. ONLINE IoEV ROUTING AND CHARGING ALGORITHM

IN A CLUSTER ROLLING FRAMEWORK
In this section, we will discuss the solution to the online

IoEV routing and charging schedule in a clustered rolling
framework. The online routing and charging problem can be
formulated as follows,

min ZZZ lu,; lup‘i‘ZZXnZlm

mp Lin kel ieN ueld i=1 n=1
s.t.(4) — (15), (17) — (21), (25) — (36) 42)
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FIGURE 5. Original multi-step pickup and delivery problem of 10EVs over
the time horizon.
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FIGURE 6. Pickup and delivery problem of 10EVs over the time horizon
with the rolling windows method.

Constraints (4)-(15), (17)-(21) are from the routing part and
constraints (25)-(36) are from the charging part. This opti-
mization problem is a NP-hard problem and super large scale
mixed integer linear programming, which is challenging for
commercial solver such as CPLEX to solve it directly with
given time limit. It would be impractical if the response time
is too long. Then we propose a clustered rolling framework by
dividing the whole region into several small regions based on
the location of the charging stations. Due to the complexity
of the IoEV routing problem, we propose a rolling framework
to reduce the computational burden of multi-step pickup and
delivery (MPD) problem of IoEVs over the time horizon
illustrated in Fig. 5 to reformulate a pickup and delivery (PD)
problem of IoEVs over the time horizon with the rolling
windows method shown in Fig. 6. The white dots are IoEV’s
starting points, the brown dots are the couple of pickup and
delivery points of customers, the dark dots are the ending
points, and the green dots are the charging nodes. In time slot
1>, we need to solve a larger optimization problem in Fig. 5,
compared with the optimization model in Fig. 6. Therefore,
we study the routing part of this optimization problem in each
current time slot by the rolling windows method.

If pickup and delivery services of customers come up one
by one, it is easy to figure out the routing problem of IoEVs.
We focus on the optimal routing problem that the pickup
and delivery services of customers come up simultaneously.
First, we generate a regional map partitioned from the whole
map with clustering method, which contains some pickup and
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delivery nodes of customers and charging nodes. We schedule
IoEVs to study the optimization problem in the small region.
Second, we calculate the minimum distance from the delivery
nodes of customers to all the charging stations in the regional
map. Then, if the energy of IoEV k is not sufficient to reach
the nearest charging station of the customer u delivery node,
it cannot be arranged to customer u. Finally, we need to
solve the rectangle energy packing problem to schedule these
idle IoEVs to charge. We summarize the IoEV Routing and
Charging (ERC) Algorithm in Algorithm 1. The flow diagram
of ERC Algorithm is shown in Fig. 7. Then the computational

Algorithm 1 IoEV Routing and Charging Algorithm (ERC)
1: Initialization: Generate a regional map around the
pickup and delivery node of the customer. The node set

N includes starting point Nj, end point N, charging
station point AV3. The control center can get the real-time
information about the battery level and location of IoEVs.

2: while there is a pickup and delivery request do

3:  Calculate the minimum distance from the delivery
point uy € Ny of customer u to all the charging station
minjENfur(ud) Dud,j'

4:  if the electricity of IoEV k is enough to pick up and
deliver the customer u and reach the nearest charging
node connected to drop-off node u, then

5: Solve problem (42) to get an optimal routing

schedule

6:  else if there are a certain number K of idle IoEVs to
charge then

7: Solve the rectangle packing problem (41) for IoEV
charging dispatch.
8: endif

9: end while

complexity of the routing part of ERC algorithm has the
following theorem.

Theorem 1: The computational complexity of the rout-
ing part of ERC algorithm is O(At - k;ny), less than that
O((k;n,)A7) of multi-step pickup and delivery problem.

Proof: When we consider the pickup and delivery prob-
lem of IoEVs over the time horizon A1, we consider there
are k; € K IoEVs to pick up and deliver n, customers at
pickup nodes u, € N and delivery nodes ug € N5 in
each time slot, therefore the computation complexity of this
PD problem over the horizon At is O(At - k;n,), where
n, is the number of N4 and As. The number of N is the
same as that of A5, where the pickup node and delivery
node is a pair. When we consider MPD problem of IoEVs
over the time horizon Az, there are also k; IoEV possible
routing schedule problem in the next time slot, and therefore
the computational complexity of this MPD problem over the
horizon is O((kyn,)%). [ |

If the energy of IoEV &k is enough to pick up and deliver the
customer u and reach the nearest charging node connected to
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FIGURE 7. Flow diagram of l0EV optimal routing and charging algorithm.

drop-off node u;, we can assign IoEV k to customer u. If the
energy of IoEV «k is not sufficient to pick up and deliver any
customer and reach the nearest charging node connected to
drop-off node, IoEV k cannot be arranged to support pickup
and delivery service. When an IoEV is out of service, this
IoEV is qualified to be charged. After checking with the
charging strategy, [oEV k sends the control center a charging
signal, which includes the requested charging amount Bj.
After the control center receives the signal from the cus-
tomers, it will schedule IoEVs with plenty of electricity to
pick up and deliver the customers. For the idle IoEVs with
insufficient energy, there is a charging optimization prob-
lem. If there are a large number of IoEVs to charge, it will
influence the stability of power grid. We consider that there
are a certain number K of idle IoEVs to charge in a fixed
time frame T,x with power upper limit Pp,ax of the charging
station. It is a two-dimensional rectangle packing problem for
IoEV charging dispatch. We need to decide when to charge
those idle IoEVs. Here, the worst-case computational com-
plexity of IoEV charging dispatch has the following theorem.
Theorem 2: The worst-case computational complexity of
two-dimensional rectangle packing problem for IoEV charg-
ing dispatch is O(lIJX (T, (P (W (T™) + lI/y(Pm‘”‘))).
pr = [T™*/CTp] is the maximum number of rectangle
energy block on the x-axis, where CTy = minCT,, p =
1,2,..., pr and pp = [P™*/hp] is the maximum number
of rectangle energy block on the y-axis, where hy = min A,
p=1,2,...,0p W(T™) < 3Fr c;jmfl, W (PMX) <
Zﬁh C5+m71
Proof: For a rectangle region (7™, PM%) there are
W (T, (PM) possibilities for crosscut or vertical cut.
Then the total computational complexity is O(lI/x(Tma")
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FIGURE 8. Transportation nodes of topology network.

TABLE 2. Node profile.

Start nodes

1,2,7,12,24,21,20,18,15,22

Charge nodes

4,5,10,14,16,19,22

Pickup&Dropoff

Ul1:{3,17},{4,22},{5,14},{23,16},{11,15},{19,10};

U2:{6,16},{12,8},{21,24},{12,3},{23,13},{9,2}

Uy (PO (W (T )+ lIfy(Pm‘“))) for each recursively sub-cut
after each cut. According to the definition of discrete set,
the element of W, (T™¥) is obtained from the x-axis of
small energy block, where there is Z’zl(z;”:l P, p =
1,2,..., pr. We know that Y, CT;t; < T™*, the number
of terms of(Z;":l ;)P is C;))+m—l’ then the number of terms of

2;1(22'71:1 ) is Zﬁ;l C5+m_1. Therefore, W, (T™¥) <
: P D D
Zg C,O+m—1’ lpy(PmaX) = Z,ﬁl Cp+m_1- |

V. PERFORMANCE EVALUATION

The case studies are simulated based on a road network
from a real world map. We use the real traffic flow data
to generate the parameters of our proposed dynamic transit
framework. We divide the total map as 20 small regions,
each of which 24 nodes and 76 paths in Fig. 8. The trav-
eling distances between nodes are given over the path. The
profiles of different IoEV nodes and charging nodes are in
Table 2. Ul and U2 are two groups of pickup and delivery
services at two different periods. We set 200 IoEVs to sup-
port the pickup and delivery services in the total map and
each region has 10 IoEVs. The capacity of IoEV battery
is 35 kWh based on Jianghuai iEV7L and the maximum
permitted mileage of IoEVs is 302 km [33]. The ideal speed
of IoEV is assumed as 80 km/h. The traffic flow data is
from [34]. We assume that the pickup and delivery services
from customers are requested simultaneously. There are 10
IoEVs available to pick up and deliver the first 6 customers
simultaneously in Table 2. The IoEV starting nodes are
{1,2,7,12,24,21, 20, 18, 15, 22}. The charging nodes are
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TABLE 3. Route solution and waiting time.

IoEV | Waiting time (h) | Route solutions

No.1 | 0.1944 1-3-4-11-10-17

No.2 | 0.6125 2-6-5-4-11-14-23-22
No.3 | 0.2083 12-11-14-15

No.4 | 0.1528 24-23-14-15-10-16
No.5 | 0.8125 21-22-15-10-9-5-4-11-14
No. 6 | 0.3056 20-19-17-10

TABLE 4. Number of I0EVs for charge and the total profit.

Scenarios 133kW 200kW

CI [ C2T] C3TP® CI[C2]C3TP®
A 25 | - - 140 50 | - - 280
B - 32 | - 1792 | - 54 | - 302.4
C - - 33 184.8 | - - 55 | 308
D 25 11 1 207.2 | 50 | 11 1 3472

{4,5, 10, 14, 16, 19, 22}. The pickup and delivery nodes of
customers are presented as pairs, where {4, 22} indicates that
the customer should be picked up at node 4 and delivered to
node 22. In this simulation, we set the initial battery level of
each IoEV as 80%. The travel time is estimated according to
the distance shown in Fig. 8. The maximum power is set as
133 KW and the time frame is set as 12 h, which is broken
down into 720 min. The charging efficiency is set to be 100%.
The routing simulation runs in a Matlab environment on a
general computer.

The optimal solution of Ul is that IoEV 1 at node 1 serves
the pickup and delivery {3, 17} of customer 1, IoEV 2 at
node 2 serves the pickup and delivery {4, 22} of customer 2,
IoEV 3 at node 12 serves the pickup and delivery {11, 15}
of customer 5, IoEV 4 at node 24 serves the pickup and
delivery {23, 16} of customer 4, IoEV 5 at node 21 serves
the pickup and delivery {5, 14} of customer 3, and [oEV 6 at
node 20 serves the pickup and delivery {19, 10} of customer 6.
The route solutions and waiting time of customers are shown
in Table 3. The total waiting time of customers to pick up
is 2.2 hours. The state of charge (SOC) of IoEV 1 to IoEV
6 are {49.54%, 39.93%, 68.08%, 58.81%, 59.80%, 70.07%}.
The starting points of IoEV 1 to IoEV 6 in next step are nodes
{17,22, 15, 16, 14, 10}.The optimal solution of U2 is that
IoEV 1 at node 17 serves the pickup and delivery {12, 8} of
customer 8, IoEV 2 at node 22 serves the pickup and delivery
{6, 16} of customer 7, IoEV 3 at node 15 serves the pickup
and delivery {21, 24} of customer 9, IoEV 4 at node 16 serves
the pickup and delivery {12, 3} of customer 10, IoEV 5 at
node 14 serves the pickup and delivery {23, 13} of customer
11, and IoEV 6 at node 10 serves the pickup and delivery
{9, 2} of customer 12. The SOC of IoEV 1 to IoEV 6 are
{28.35%, 31.65%, 62.12%, 50.53%, 51.19%, 56.16%}.

IoEVs that need to charge are out of routing service.
They wait in the charging station to charge when there are
3710EVs. We decide when these IoEVs are charged under the
constraint of power limit 133 kW and time limit 12 h. We con-
sider three charging rate: fast charging 60 kW (Cl-type),
medium charging 6 kW (C2-type) and slow charging 3 kW
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FIGURE 9. Rectangle charging for 37 10EVs by 80% battery capacity.
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FIGURE 11. Rectangle charging for 49 10EVs by 60% battery capacity.

(C3-type). When the SOC of IoEVs become lower than 20%,
they are out of service and need to charge 80% of the battery
capacity. We adopt the base load profile in South California
Edsion of 12 hours from [35], which shown as the blue line
in Fig. 9.

We evaluate the performance of ERC algorithm by using
practical data and compare it with two benchmark algorithms
as follows,

1) Lowest-level left align best fit (LLABF) algorithm [36]:
LLABF algorithm considers the width-fit first rule and
Height-fit first rule.

2) Bottom left fill (BLF) algorithm [37]: First, BLF places
the energy block at the top-right corner and move this block
to the bottom. Then BLF moves this block to the the far left
and iterates until the boundary constraint is not satisfied.
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TABLE 5. Performance comparison of three algorithms.

Algorithm ERC LLABF | BLF
Capacity (80%) | 85.65% | 66.35% | 76.88%
Capacity (60%) | 85.21% | 64.16% | 80.90%

The rectangle packing problem for IoEV charging dispatch
is simulated in Gurobi 9.0 [38] and the result is shown in
Fig. 9 and the total load is shown in Fig. 10. The left-bottom
corner of each rectangle shows the optimal IoEV charging
time in Fig. 9. There are 25 Cl-type, 11 C2-type and 1
C3-type energy blocks. The running time for rectangle pack-
ing problem of IoEV charging dispatch is 43.67 s. We can
see that the coverage ratio of available IoEV charging energy
block is 85.65% from Fig. 10, where the coverage ratio is the
rate of the available IoEV charging energy block to the total
energy block. If IoEVs are charged by 60% of the battery
capacity, the running time for rectangle packing problem of
IoEV charging dispatch is 13.39 s. There are 34 C1-type and
15 C2-type energy blocks. The scheduling result for 49 IoEVs
by 60% battery capacity is shown in Fig. 11 and the coverage
ratio of available IoEV charging energy block is 85.21%.
If we charge less, we can arrange more IoEVs to satisfy the
energy limits from power grid. We need to change the planned
number of IoEVs when the charging amount of IoEV's out of
routing service is changed.

We set the electricity price for sale as a constant 0.2$/kWh,
then the result of four charging scenarios for two power
limits 133kW and 200kW are shown in Table 4. Scenario ‘A’
(only C1) allows the fast charging rate, scenario ‘B’ (only
C2) allows the medium charging rate, scenario ‘C’ (only
C3) allows the slow charging rate and scenario ‘D’ allows
the mixed kinds of charging rates. The simulation results
show that coordinating three types of charging rates can
achieve the optimal charging dispatch. The optimal solution
of scenario ‘D’ increases by 32.43%, 13.51%, 10.81% for
the case where the power limit is 133 kWh and increases by
19.35%, 12.90%, 11.29% for the case where the power limit
is 200 kWh, compared with that in scenario ‘A’, ‘B’, and ‘C’.

For the coverage ratio of the total energy block, we com-
pare the performance of our ERC algorithm with that of
LLABF and BLF algorithms in two scenarios, which is shown
in Table 5. We can see that in the scenario where EVs need to
charge up to 80% of the battery capacity, the coverage ratio
of the total energy block of our ERC algorithm is 85.65%.
In this scenario, the coverage ratio of the total energy block of
LLABF and BLF algorithm are 66.35% and 76.88%, which
is 22.53% and 10.24% lower than ERC algorithm. In the
scenario where EVs need to charge up to 60% of the battery
capacity, the coverage ratio of the total energy block of our
ERC algorithm is 85.21%. In this scenario, the coverage ratio
of the total energy block of LLABF and BLF algorithm are
64.16% and 80.90%, which is 24.70% and 5.06% lower than
ERC algorithm. We can see that ERC algorithm has the better
performance than LLABF and BLF algorithms. Our ERC
algorithm has the largest coverage ratio of the total energy
block with power limits.
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VI. CONCLUSION

In this work, we propose a clustered rolling framework for
optimal routing and charging of IoEVs. We take the waiting
time of customers and power limit of power grid into con-
sideration. First, we divide the map into many regions by
clustering method and propose a clustered rolling framework
to formulate a pickup and delivery problem for customers
with limited capacity of IoEV battery in a smaller region.
We set the criterion to judge whether IoEVs are available
to support the pickup and delivery service and IoEVs need
to be charged when IoEVs are at low battery level. For
the idle IoEVs, we formulate a rectangle packing problem
for IoEV charging dispatch in a fixed time frame with the
power upper bound to satisfy the energy limits of power grid.
Finally, simulation results show that The optimal solution of
scenario ‘D’ increases by 32.43%, 13.51%, 10.81% for the
case where the power limit is 133 kWh and increases by
19.35%, 12.90%, 11.29% for the case where the power limit
is 200 kWh, compared with that in scenario ‘A’, ‘B’, and ‘C’.
In this scenario, the coverage ratio of the total energy block of
LLABF and BLF algorithm are 66.35% and 76.88%, which
15 22.53% and 10.24% lower than ERC algorithm. [oEVs can
offer the pickup and delivery service to customers with the
minimum waiting time and available IoEV charging energy
block has a good coverage ratio of the total energy block with
power limits.
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