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Abstract: In this paper, a new design strategy is developed for the Wireless Charging Electric Transit
Bus (WCETB). The technology is innovative in that the battery in the bus is charged while it is moving
over the charging infrastructure. In particular, an improved version of the Whale Optimization
Algorithm (IWOA) is adopted for the WCETB system in the road map of Wakefield City, located in
the United Kingdom. The main challenge in the WCETB is to select the power transmitter and battery
size efficiently from an economical point of view. For this purpose, both factors are considered in
the objective function to achieve the benefits of WCETBs from an energy perspective. Two analytical
economic design optimization models are developed in this work. The first model is the real-
environment model, which considers a WCETB system operating under typical traffic conditions
characterized by vehicle interactions and inherent uncertainties. In this scenario, vehicle speeds vary
with time, and specific traffic routes may encounter congestion. The second model concentrates
on a WCETB system operating in a traffic-free environment with minimal vehicle interactions and
uncertainties. The IWOA is implemented for the WCETB to operate in the real environment. Under
traffic-free environment conditions, we utilize mathematical procedures and General Algebraic
Modeling System (GAMS) software to solve the optimization problem. This approach not only allows
us to comprehensively analyze the WCETB system’s behavior but also examine the interactions
among different components of the objective function and constraints. Finally, a comprehensive
numerical analysis under various conditions, including changes in the number of buses and increases
in the length of routes, is conducted.

Keywords: electric vehicle; wireless charging; power transmitter; wireless power transfer; inductive
power transfer; renewable energy

1. Introduction

Growing concerns about the environmental impact and depletion of fossil fuels (e.g.,
oil, coal, etc.) have motivated researchers and automakers to pay increasing attention to
green electric-power-based vehicles. Over the last decade, numerous promising solutions
based on electric-powered vehicles have been introduced to meet future market needs
and commercial requirements. Among them, Electric Transit Buses (ETBs) have drawn
much attention from municipal governments to be implemented for public transportation
purposes [1–4]. Despite the economic aspects of electric vehicles that have been consid-
ered in the literature, these systems face some restrictions from economical and technical
perspectives which are mainly created by the long time of battery charging, size of the
battery, and restriction of access to the charging station [5–7]. Apart from the drawbacks
of traditional electric vehicles, many serious problems and limitations have arisen when
these systems were adopted for ETBs. For instance, one-third of the total cost of the ETB
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with small passengers belonged to the battery pack, which is not economically viable. In
addition, deployment of a large-pack battery system needs a long recharging time, which
is estimated to be about several hours using the existing charging technologies [6,8,9].

Recently, a new generation of electric vehicles based on wireless charging (WC) tech-
nology has been developed to address the problems of current generation systems [10–12].
Figure 1 illustrates a Wireless Charging Electric Transit Bus (WCETB) system which is
designed based on the wireless power infrastructure equipped with road chargers. In fact,
by employing this innovative solution, energy from the network will be transmitted to the
vehicle during its movement. The WCETB technology is made of two separate sections:
(i) a fleet of vehicles and (ii) the charging infrastructure (power transmitters under the
road surface) [5,13]. A pickup component is embedded in the structure of WCETB to collect
the power from the installed transmitters. The WCETB and traditional electric vehicles
have similar concepts where an electric motor and battery pack are adopted as the main
engine and energy supply, respectively. However, the WCETB system does not need a
cable for connecting the vehicle and charger; the battery in such systems can be wirelessly
charged by the transmitters. The power transmitter works based on the idea of noncontact
charging which produces a magnetic field to supply the required energy for the vehicle.
The inverter and inductive cables are the main components of the power transmitter, which
should be installed along the path [5,14].
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Figure 1. Illustration of an innovative WCETB system.

Up to now, various innovative strategies have been proposed by automakers. Dy-
namic wireless charging was introduced by the Korean Advanced Institute of Science
and Technology (KAIST) for electric buses in 2008. In 2012, an advanced version of the
shuttle bus prototype was constructed at the KAIST campus [15]. Despite the wireless
power, ETB was first introduced by the KAIST, and several other wireless-based power ETB
systems were developed with promising ideas. For instance, Utah State University (USU)
conducted an electrical examination route that demonstrated the significant potential of
dynamic wireless power technology in online electrical buses [16,17].

Despite the benefits of the WCETB system, the implementation of wireless charging
technology brings new challenges to the electric bus systems, i.e., the allocation of a
power transmitter and capacity of the battery [13,18,19]. The deployment of large power
transmitters reduces the capacity of the battery system; however, the initial costs of power
transmitters will be raised. When the power transmitters are less adopted, large batteries
are required in the electric buses, which increases the long-term cost of storage systems.
Thus, a balance between the two factors is desirable, and it necessitates minimizing the
relationship between the power transmitter and battery size [20]. Despite the rich body
of literature on wireless charging electric transit buses, limited works have been devoted
to the optimal design problem of such systems. Helber et al. [14] studied the location
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problem of the dynamic wireless charging system to supply power to such vehicles during
their operation. However, the algebraic scheme suggested in [14] suffers the complexity of
implementation in solving high-dimension problems. To address this issue, meta-heuristic
techniques are often recognized as a promising scheme to solve engineering problems.
Utilizing a metaheuristic approach has several benefits, one of which is the ability to see
any problem as a “black box” and then modify the constraints, coefficients, and objective
function in accordance with the problem specification. Dae Ko and Jang [5] developed an
analytical strategy based on a particle swarm optimization (PSO) algorithm to simulate the
charging/discharging of the battery for multiple On-line Electric Vehicles (OLEVs). In [6],
Jae Jang et al. proposed an innovative energy-powered transportation scheme for online
electric vehicle-based shuttle buses to commercialize the deployment of this technology. In
this study, a compromise between the allocation of energy transmitters and battery capacity
is provided for commercial purposes. The location of the power transmitter and battery
capacity was optimally designed by Mixed Integer Programming (MIP) [9].

Overall, the contributions of the present work are the following:

(I). In the current work, a novel meta-heuristic optimization approach based on an Im-
proved version of the Whale Optimization Algorithm (IWOA) has been developed
for the problem of the WCETB system in a multi-criteria scheme.

(II). The problem of the WCETB system has been formulated and optimally designed to of-
fer a compromise between the power transmitter and battery capacity for commercial
purposes.

(III). The efficiency of the suggested optimal strategy for the WCETB system has been
verified under two different operations, namely neglecting traffic congestion and
considering traffic congestion.

(IV). The optimization problem was solved by General Algebraic Modeling System (GAMS)
software to verify the outcomes obtained by the meta-heuristic scheme.

(V). The sensitivity analysis of the WCETB system has been carried out under various
conditions, i.e., changes in the number of buses and length of the route.

The remainder of the current paper is organized as follows: In Section 2, the config-
uration and operational issues of WCETB are described. The proposed optimization is
presented in Section 3. Section 4 is devoted to numerical analysis and comparison outcomes.
The conclusions are summarized in Section 5.

2. The System Architecture of Wireless Charging Electric Transit Bus
2.1. Configuration of WCETB System

The WCETB system is a commercial wireless charging system that comprises electric
buses and a charging infrastructure [21,22]. In this system, the charging infrastructure
consists of multiple power transmitters that are installed underground. An inverter is
employed to convert the frequency and regulate the current flow through an inductive
cable. The electric buses are equipped with pickup elements that generate DC power for the
vehicle’s engine. These pickup elements extract power from the transmitter and distribute
it to both the engine and the battery system, based on the energy requirements of the
respective components. In instances where a transmitter is not available while the WCETB
system is in operation, the bus’s engine is powered by the battery [23,24].

2.2. Location Problem of WCETB System

Since the wireless transmitter provides the possibility for the motor to obtain energy
wirelessly during the operation of the vehicle on the road, the bus system does not need to be
in idle mode for recharging the storage system. As an ideal consequence, the WCETB system
will move without the need for any bulky battery [25]. However, the initial investment of
the WCETB system due to the utilization of the power transmitters is higher than that of
the plug-in electric vehicle system. In the long run, the deployment of the WCETB system
is more cost-effective, i.e., the battery’s size is reduced, and the operating time is enhanced
by eliminating the time that would be dedicated to recharging. Moreover, the costs of
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the battery system and the transmitters include the major portion of the entire cost of the
WCETB [17].

In particular, the size of the battery system and the allocation of the power transmitters
are inversely proportional to each other. Thus, the energy consumption of the electric bus
and the charging level of the transmitters need to be quantified to optimally place the
transmitters and choose the battery size. In the model of WCETB, some physical constraints
should be considered for practicality, e.g., it is not possible to install the transmitter on the
bridge. The quantitative model that evaluates the optimal capacity of the battery and the
location of the transmitters must take these physical constraints into account [5].

3. Development of the Electric Transit Bus with Wireless Charging Infrastructure

In this section, the mathematical modeling of the WCETB system is developed to build
an optimization problem for minimizing the entire system. In the optimization problem,
the battery’s size and allocation of the transmitter are the main design factors.

Before formulating the system’s model, the operational rules along with the notations
are presented [17]. The scheme of the architecture of the WCETB system is shown in
Figure 2.
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Figure 2. WCETB system: Charging/depleting the energy in the vehicle. (a) A vehicle is operating
on the road where no transmitter unit is installed. (b) A vehicle is operating on the road where the
transmitter unit is installed.

• The Model Rules and Notations:

(I). The operation of the bus is on a fixed path with multiple stopping points for
loading and unloading passengers. The length of route L is assumed to be
known.

(II). The route data including the accurate position of the bus stops, stopping points,
and the degree of slope of the route are available.

(III). Battery units of an identical size are assumed for each bus system. Battery cost
is commensurate with capacity, and its cost per unit capacity in kilowatt-hours
is defined by cbat.

(IV). A number N of transmitters are buried along the route.
(V). The start and end positions of the power cable belonging to the ith transmitter

unit are denoted by ξo
i and ξ

f
i , respectively. These variables represent the
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distance between the unit and the bus station. The length of cable for the ith
transmitter yi is obtained as ξo

i − ξ
f
i under the following assumptions:

ξo
i < ξ

f
i , for i = 1, . . . , N

ξ
f
i < ξo

i+1, for i = 1, . . . , N − 1
(1)

N

∑
i

yi ≤ L

(VI). Since there is a limitation for the power supply of the inverter, the length of the
transmitter cable is limited. The maximum cable length is represented by Lmax

c ,
which is expressed by

yi ≤ Lmax
c for i = 1, . . . , N (2)

(VII). The cost of the transmitter unit comprises:

(a) the cost of the inverter cin [cost per unit of inverter];
(b) the cost of the transmitter cable ccable [cost per unit length of cable].

The cost of the ith transmitter unit is given by the following function:

C(i) = cin + ccable·yi. (3)

(VIII). The energy stored in the battery at time t is denoted by E(t). The maximum
possible allowed battery capacity is shown by Emax; Eupper and Elower denote the
upper and lower battery capacities, respectively (see Figure 3). The mentioned
terms should satisfy the following relationships:

Eupper = α·Emax (4)

Elower = β·Emax (5)

where terms of α and β are constant with the following definitions: 0 ≤ α ≤ 1,
and 0 ≤ β ≤ α.

(IX). At the starting point, the level of state of charge (SOC) is Emax, and the remain-
ing energy level should be greater than Elower.

Automation 2023, 4, FOR PEER REVIEW  5 
 

 

(V). The start and end positions of the power cable belonging to the  𝑖th transmitter unit 

are denoted by  𝜉௜
௢  and  𝜉௜

௙
, respectively. These variables represent the distance be-

tween the unit and the bus station. The length of cable for the  𝑖th transmitter  𝑦௜  is 
obtained as  𝜉௜

௢ െ 𝜉௜
௙
  under the following assumptions: 

𝜉௜
௢ ൏ 𝜉௜

௙
,    for    𝑖 ൌ 1, … ,𝑁 

𝜉௜
௙ ൏ 𝜉௜ାଵ

௢ , for    𝑖 ൌ 1, … ,𝑁 െ 1   
(1)

෍𝑦௜

ே

௜

൑ 𝐿 

(VI). Since there is a limitation for the power supply of the inverter, the length of the trans-

mitter cable is limited. The maximum cable length is represented by  𝐿௖௠௔௫, which is 

expressed by 

𝑦௜ ൑ 𝐿௖௠௔௫  for    𝑖 ൌ 1, … ,𝑁  (2)

(VII). The cost of the transmitter unit comprises: 

(𝑎ሻ  the cost of the inverter  𝑐௜௡  [cost per unit of inverter]; 
(𝑏ሻ  the cost of the transmitter cable  𝑐௖௔௕௟௘  [cost per unit length of cable]. 
The cost of the  𝑖th transmitter unit is given by the following function: 

𝐶ሺ𝑖ሻ ൌ 𝑐௜௡ ൅ 𝑐௖௔௕௟௘ . 𝑦௜ .    (3)

(VIII). The energy stored in the battery at time  𝑡  is denoted by  𝐸ሺ𝑡ሻ. The maximum 

possible allowed battery capacity is shown by  𝐸௠௔௫;  𝐸௨௣௣௘௥  and  𝐸௟௢௪௘௥  denote the 
upper and lower battery capacities, respectively (see Figure 3). The mentioned terms 

should satisfy the following relationships: 

𝐸௨௣௣௘௥ ൌ 𝛼.𝐸௠௔௫      (4)

𝐸௟௢௪௘௥ ൌ 𝛽.𝐸௠௔௫  (5)

where terms of α and β are constant with the following definitions:  0 ൑  𝛼 ൑  1, and  0 ൑
 𝛽 ൑  𝛼. 

Figure 3. Illustration of charging/depleting power in the battery of the WCETB system. 

(IX). At the starting point, the level of state of charge (SOC) is  𝐸௠௔௫, and the remaining 

energy level should be greater than  𝐸௟௢௪௘௥. 

 Decision Variables: 

The position of transmitter units is described by a spatial set, given as [6]: 

Figure 3. Illustration of charging/depleting power in the battery of the WCETB system.

• Decision Variables:

The position of transmitter units is described by a spatial set, given as [6]:

G =
{

ξo
1, ξ

f
i , ξo

2, ξ
f
2 , . . . , ξo

N , ξ
f
N

}
(6)
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where ξo
i < ξ

f
i < ξo

i+1. Then, the terms t and v(t) are the bus travel time and velocity pro-
jection of the vehicle at time t, respectively. Under the above definitions, the displacement
variable (ξ) is described by

ξ =
∫ t

0
v(t)dt. (7)

By the description of (6), the time in which the bus travels over a transmitter unit is
defined by a temporal set:

H =
{

to
1, t f

1 , to
2, x f

2 , . . . , to
N , x f

N

}
(8)

where to
i < t f

i < to
i+1.

3.1. Configuration of Wireless Bus with Considering Traffic

In this work, the goal is to find the battery size and to allocate the transmitter units by
minimizing the operational costs of the vehicle, while the battery capacity is kept within
Emax ≤ E(t) ≤ Elower. For the studied WCETB system, the optimization problem with
consideration of traffic congestion for k vehicles are illustrated as:

min k·cb·E0 + c f ·N +
N

∑
i=1

cv·
(

ξ f (i)− ξO(i)
)

(9)

subject to

E
(

t f (i)
)
−
∫ ξ0(i+1)

ξ f (i)
Pd(t)dt ≥ Elower, for i = 1, . . . , N (10)

E
(

t f (i + 1)
)
= min

{
E
(

t f (i)
)
−
∫ t f (i+1)

t f (i) Pd(t)dt + ps·
(

t f (i + 1)− t0(i + 1)
)

, Eupper

}
,

for i = 1, . . . , N − 1
(11)

t f (0) = 0, t0(N + 1) = Tl (12)

E(0) = 0, E(Tl) ≥ 0 (13)

ξ f (i)− ξ0(i) ≤ Lm, and ξ0(i) < ξ f (i), for i = 1, . . . , N (14)

ξ f (i) < ξ0(i + 1), for i = 1, . . . , N − 1 (15)

ξ f (i) and ξ0(i) ≥ 0, for i = 1, . . . , N (16)

ξ f (N) ≤ L, E0 ≥ 0, (17)

where cb, c f , cv, respectively, denote the battery cost (cost/kWh), the fixed installation
cost of a transmitter (cost/transmitter), and the installation cost of the transmitter’s length
(cost/length). In this realistic scenario, vehicle speed is a function of time, and certain
traffic routes experience congestion. An illustrative example of such an environment is
electric buses operating alongside regular traffic, a common occurrence in traffic networks
worldwide.

3.2. Configuration of Wireless Bus without Considering Traffic

The second model focuses on a WCETB system operating in an environment with no
traffic and minimal vehicle interactions and uncertainties. This scenario is representative of
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dedicated bus lanes where public buses can operate independently. For the formulation of
this system, a decision variable is defined by Xi, which denotes the length of the transmitter
at the station i. Generally, the optimization problem without considering traffic congestion
can be formulated as follows [6]:

min k·cb·E0 + ∑Nc
i=1 cv·Xi + ∑Nc

i=1 cb·yi, (18)

subject to
E1 = Eupper − d0, (19)

Ei = Ei−1 + ps·Xi−1 − di−1, i = 2, . . . , Nc + 1 (20)

Ei ≥ Elower, i = 1, . . . , Nc + 1 (21)

Ei + ps·Xi ≤ Elower, i = 1, . . . , Nc (22)

yi·Xmin ≤ xi ≤ yi·Xmax, i = 1, . . . , Nc (23)

yi ∈ R+, and i = 1, . . . , Nc (24)

Xi ∈ R+, for i = 1, . . . , Nc − 1 (25)

4. Whale Optimization Algorithm

Mirjalili et al. [26] introduced a new population-based algorithm, called the Whale
optimization algorithm (WOA), which mimics the unique hunting manner of humpback
whales, i.e., spiral bubble-net foraging mechanism. The foraging behavior in the native
algorithm is conducted by generating distinctive bubbles on a circular or ‘9-shaped’ path.
This particular species of whale is able to dive about 10 m to15 m down and produce bubbles
in a spiral form around the prey to move to the surface. Then, the prey is encircled by the
humpback whales which prevents its escape. The mathematical model of the original WOA
is elaborated in two steps, i.e., encircling prey and bubble-net attacking mechanism [27,28].

4.1. Encircling Prey

The movement characteristic of humpback whales towards the best search agent (best
position of whales) is determined using (26) and (27) [29,30].

→
D =

∣∣∣∣→C ⊗ →
Pt

b −
→
Xt
∣∣∣∣ (26)

→
Xt+1 =

→
Pt

b −
→
A
⊗→

D (27)

where
→
A and

→
C represent the variable vector,

→
Pt

b denotes the best solution obtained to the

tth iteration, and | | denotes the absolute value. Moreover, the vectors
→
A and

→
C can be

calculated by the relationships given in (28) and (29), respectively.

→
A = 2

⊗→
a
⊗

r−→a , (28)

→
C = 2

⊗→
r , (29)
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where
→
r denotes a random vector within [0, 1] and

→
a is linearly reduced from 2 to 0 during

the course of generations.

4.2. Bubble-Net Attacking Mechanism (Exploitation Phase)

The mathematical formulation to model the bubble-net attacking movement of the
whales is described in the following sections:

4.3. Shrinking Encircling Approach

This mechanism is realized by reducing
→
a from 2 to 0 over the course of generations.

The search agent is located between the position of the best solution and the original

location of the agent by generating the random values for
→
A in the interval [−1, 1].

4.4. Logarithmic Movement of Spiral Updating

The helix-shaped behavior of whales is imitated by a spiral relationship, given as

→
D′ =

∣∣∣∣→Pt
b −

→
Xt
∣∣∣∣ (30)

→
Xt+1 =

∣∣∣∣→Pt
b −

→
Xt
∣∣∣∣⊗ ebl ⊗ cos (2πl) +

→
Pt

b (31)

where
→
D′ =

∣∣∣∣→Pt
b −

→
Xt
∣∣∣∣ denotes the distance between the ith whale and the prey (the best

search agent obtained thus far).
The humpback whales will perform a logarithmic spiral movement for hunting herds

of fish. In this mechanism, it is assumed that the locations of the whales will be modified
by Equation (32), where the possibility of 50% is dedicated to each of the modifications,
given as

→
Xt+1 =


→
X
∗
(t)−

→
A
⊗ →

D′ i f p < 0.5
→
D′
⊗

ebγ ⊗ cos (2πγ) +
→
X
∗
(t) i f p ≥ 0.5

(32)

where p is a random number generated in the interval [0, 1].

4.5. Search for Prey (Exploration Phase)

For exploration, the term
→
A is adopted, which is selected to be more than 1 or less than

−1. By considering
∣∣∣∣→A∣∣∣∣, the mathematical formulation of this phase is described as

→
D =

∣∣∣∣→C ⊗ →
Xrand −

→
X
∣∣∣∣ (33)

→
Xt =

→
Xrand −

→
A
⊗→

D (34)

where
→

Xrand is a random search agent.

4.6. The Proposed Approach (IWOA Algorithm)

Although the WOA algorithm has shown a high ability to solve engineering problems,
the native algorithm suffers the trapping into a local optimum due to the utilization of
the randomness pattern at updating the search agents, especially at the early stages of the
iterative process. To alleviate this, two perturbation mechanisms around the best- search
whale are applied to prevent premature convergence. In this scheme, two mechanisms
of polynomial mutation (PLM) techniques in regards to opposition-based learning (OBL)
and quasi-OLB (QOBL) are utilized. A distribution with the polynomial probability is
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implemented in the PLM, which makes the current value of a coefficient change to its
neighbor value. The distribution of PLM is defined by a mean and variance index q. By
adopting the PLM operator, the mutation of solutions from the best whale is defined as
in [31]:

Xt+1
j = Pt

j + δ ∆, (35)

δ =

{
(2 r)(1/(q+1)) − 1 i f r < 0.5
1− [2(1− r)](1/(q+1)) Otherwise

, (36)

where q denotes the shape parameter, which has a positive real value, and ∆ denotes a
constant quantity. The value of ∆ according to the concept of OBL (∆O,j) and QOBL (∆QO,j)
is obtained by

∆O,j = lj + uj − Xj (37)

∆QO,j = rand
( lj + uj

2
, ∆O,j

)
(38)

where the lower and upper bounds of the search agent j are denoted by lj and uj.
The flowchart of the IWOA is elaborated in Figure 4 [31].
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5. Numerical Verifications

This section involves a quantitative analysis using real operational data gathered from
an actual route in Wakefield, United Kingdom. In the first scenario, the suggested IWOA
algorithm is applied to the Wakefield road map while considering traffic congestion. A
detailed comparison is made between the proposed IWOA algorithm and several other
established algorithms, including the harmony search algorithm, the sine-cos algorithm,
the JAYA algorithm, and the PSO algorithm. This comparison serves to highlight the
effectiveness of the proposed meta-heuristic algorithm discussed in Section 4.6. Moving to
the second scenario, a comprehensive exploration of the simplified model of the WCETB
system is conducted. This investigation is focused on the absence of traffic congestion,
aiming to showcase the proposed method and thoroughly analyze the characteristics of the
WCETB system. Furthermore, a specific portion of the numerical analysis is dedicated to
sensitivity analysis. This analysis encompasses variations in the number of buses, different
load scenarios, and the extension of route length. The primary objective here is to illustrate
the impact of these parameters on the WCETB system, shedding light on its behavior and
performance under diverse conditions.

5.1. Scenario I: Computational Outcomes by Considering Traffic Congestion (Realized by
Met-heuristic Methodologies)

A numerical test network along with the real data are considered to appraise the
suitability of the suggested optimization scheme for the WCETB system. Note that all the
cases are run on a desktop PC with a 64-bit Windows operating system, an Intel Core i7 @
3.3 GHz processor, and 8 GB of RAM. Figure 5, and Table 1 illustrate the road information
of the WCETB system that operates in Wakefield, located in the United Kingdom (UK). As
shown in Figure 5, 16 bus stations (start/end station to the 15th station) are considered on
the road map. The profile of the route’s velocity and road gradient is the main feature of
the studied WCETB system, which is depicted in Figure 6.
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Table 1. Parameters of Case Study.

System Parameters Value

NC (stations) 16
K (buses) 10
Xmin (m) 10
Xmax (m) 110

Cb ($/kWh) 400
Cv ($/each) 5000

Cf ($/m) 60
ps (kW) 0.1
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From the curve of Figure 6, it is evident that the movement of the vehicle varies during
the path, while the speed becomes zero at each station. The optimal solution with the
application of IWOA is illustrated in Figure 7.
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Figure 7. The quantitative comparison of the total cost with various meta-heuristic methodologies.

To appraise the superiority of the suggested optimal design-based IWOA, the obtained
outcomes are compared with HSA (harmony search algorithm) [32], SCA (sine-cos algo-
rithm) [33], JAYA [34], and PSO [6] algorithms. From the numerical outcomes of Figure 7,
it is revealed that by employing IWOA, a lower value of total cost in terms of best, worst,
average (mean), and standard deviation is reached over the compared approaches. The
percent improvement of IWOA over the HAS, SCA, JAYA, and PSO is depicted in Figure 8.
The quantitative analysis confirms the suitability of the suggested optimal scheme for
selecting the size of the battery and planning WCETB infrastructure.
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methodologies.

5.2. Scenario II: Computational Outcomes by Neglecting Traffic Congestion (Realized by Algebraic
Scheme, GAMS)

In this scenario, the WCETB system’s numerical analysis is conducted using data
collected from a route within Wakefield City. This analysis is performed under the as-
sumption of no traffic congestion. In this application, the GAMS Software is adopted to
appraise the efficiency of the suggested optimal approach. In this case, the CPLEX solver
within the GAMS environment (GAMS Development Corporation 2018, Fairfax, VA, USA)
is utilized to solve the MILP formulation of this scenario, which involves computational
outcomes without traffic congestion realized through an algebraic scheme. The amount of
energy demand (di (kWh)) from the station Si to Si+1 is shown in Table 2. The outcomes
of this basic numerical test system are summarized in Table 3. The state of charge for the
test-system vehicle at each station is depicted in Figure 9. As shown in Table 4, one power
transmitter in station 7 is sufficient for the studied WCETB system under traffic congestion
on the Wakefield road map. The length of power transmitters for the seventh station is
obtained as 20.806.

Table 2. Station (Si) and energy demand (di).

Si 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

di (kWh) 0.16 0.18 0.48 0.39 0.42 0.16 0.40 0.14 0.11 0.10 0.30 0.25 0.125 0.41 0.42 0.6

Table 3. Optimal Outcomes of WCETB with Traffic Congestion.

Installed Stations Value of ξ (m)

S7 20.806

Optimal Battery Size Value (kWh)

E0 2.744

Total Cost ($) 17,223.375

Battery Cost ($) 10,975.000

Fixed Cost ($) 5000.000

Variable Cost ($) 1248.375

Table 4. Numerical Analysis Parameters—Battery Cost Variation.

Parameter Min Max ∆

Cf ($/m) 5000 5000 0.000
Cv ($/each) 60 60 0.000
Cb ($/kWh) 200 1000 200.0

K (buses) 10 10 0.000
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Figure 9. Bus battery state of charge in each station. 
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Figure 9. Bus battery state of charge in each station.

5.3. Numerical Analysis under Change in Number of Buses, Various Loads, and Increasing
Route Length

In the next step, the battery cost (i.e., Cb is increased from 200 to 1000) is changed,
while other parameters are not varied. The related results under the variation in battery cost
are given in Table 4 and Figure 10. When the battery cost increases, a smaller transmitter is
required. Therefore, the optimization scheme tries to seek a solution that minimizes the
total length of the cable, either by installing more transmitters with a short cable or by
increasing the battery capacity. Moreover, numerical analysis results with variation in the
number of buses and fixed cost are depicted in Table 5, Figure 11, Table 6, and Figure 12,
respectively.
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Table 5. Numerical Analysis for Change in Number of Buses.
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Cf ($/m) 5000 5000 0.000
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Cb ($/kWh) 400 400 0.000

K (buses) 1 40 10.00
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Table 6. Numerical Analysis Parameters—Fixed Cost.

Parameter Min Max ∆

Cf ($/m) 500 5000 500.0
Cv ($/each) 60 60 0.000
Cb ($/kWh) 400 400 0.000

K (buses) 10 10 0.000
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Furthermore, the efficiency of the suggested optimal scheme is investigated under
various types of load consumption for buses. For this purpose, three distinct types of
buses with various loads are considered in this scenario. The outcomes obtained under the
various load consumptions are provided in Table 7.

In this stage, the length between stations is increased to 15 times that in the previous
case to evaluate the suitability of the suggested optimization approach for long routes. The
corresponding results according to this scenario are shown in Table 8. When the length of
the route is enhanced, six power transmitters (S3, S4, S5, S10, S12, and S14) are required to
supply the vehicle for the entire route, while the vehicle should be equipped with a bigger
battery (E0 = 17.156) than in normal conditions. Figure 13 illustrates the battery state of
charge for various stations, while Figure 14a,b demonstrate the results for various battery
sizes and variations in WCETB infrastructure.
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Table 7. Optimization Results under Various Load Consumptions.

Installed Stations Value of ξ (m)

S14 36.300

Optimal Battery Size (k1) Value (kWh)

E01 10.356

Optimal Battery Size (k2) Value (kWh)

E02 12.550

Optimal Battery Size (k3) Value (kWh)

E03 14.744

Total Cost ($) 82,478.000

Battery Cost ($) 75,300.000

Fixed Cost ($) 5000.000

Variable Cost ($) 2178.000

Table 8. Optimization Results under Various Load Consumptions.

Installed Stations Value of ξ (m)

S14 36.300

Optimal Battery Size (k1) Value (kWh)

E01 10.356

Optimal Battery Size (k2) Value (kWh)

E02 12.550

Optimal Battery Size (k3) Value (kWh)

E03 14.744

Total Cost ($) 82,478.000

Battery Cost ($) 75,300.000

Fixed Cost ($) 5000.000

Variable Cost ($) 2178.000
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Figure 14. Numerical analysis with (a) various battery sizes and (b) variations in WCETB infrastructure.

6. Conclusions

The WCETB system is a promising electricity-powered transportation technology
that remotely transfers power from transmitters buried underground. In this paper, an
optimal placement methodology is proposed for the WCETB system from the energy
logistics point of view. Two mathematical models are built to elaborate the cost balance
between transmitter allocation and battery capacity, one neglecting traffic congestion and
one considering traffic congestion. The established models are developed for a public
transportation system with a fixed path, in which the bus moves with a pre-defined
velocity. The IWOA algorithm is adopted to optimally allocate the transmitter and select the
battery size by considering both factors in an objective function. The numerical outcomes
revealed the usefulness of the suggested optimal planning technique for the WCETB
system compared to the state-of-the-art methods. For the verification of the WCETB’s
design of the suggested meta-heuristic methodology, the optimal values for the studied
optimization system are mathematically obtained by GAMS. The outcomes of the paper
revealed excellent performance of the proposed framework in comparison with other
heuristic optimization tools applied to the WCETB problem. As future work, the maximum
output power of the battery and motor based on the WCETB’s required performance (e.g.,
max. speed, max. acceleration) according to its specification (e.g., weight) can be considered
as constraints in the optimization problem.
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Nomenclature

ξo
i , ξ

f
i Start and end positions of power cable at the ith transmitter

to
i , t f

i Start and end of bus travel times at the ith transmitter
N Number of transmitters
Lmax

c Limitation of cable
Emax Maximum level of the battery capacity
Eupper, Elower Upper and lower battery capacities
Pd Rate of energy consumption



Automation 2023, 4 307

Tl Arrival time to the station
di The energy demand between two stations
Nc The number of candidate stations
α, β Constant coefficients corresponding to the battery capacities
cin cost of the inverter
ccable Cost of transmitter cable
k Number of vehicles on the road
t Travel time of bus
v(t) Velocity projection of vehicle
G Spatial set of transmitter’s positions
H Temporal set of bus travel times
Lm Maximum length of transmitter
→
A,
→
C Coefficient variables of whale optimization algorithm

→
Pt

b
Best search agent

→
r Vector of random variable
q Shape coefficient
∆ Constant quantity
∆O,j Observer Design Coefficient
l, u Lower and upper bound of decision variables

Abbreviations
ETB Electric Transit Bus
WC Wireless Charging
WCETB Wireless Charging Electric Transit Bus
KAIST Korean Advanced Institute of Science and Technology
OLEV On-line Electric Vehicle
PSO Particle Swarm Optimization
WOA Whale Optimization Algorithm
IWOA Improved version of Whale Optimization Algorithm
SCA Sin-Cos Algorithm
HSA Harmony Search algorithm
GAMS General Algebraic Modeling System
PLM Polynomial Mutation
OBL Opposition-Based Learning
QOBL Quasi Opposition-Based Learning
MIP Mixed Integer Programming
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