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Abstract: The majority of urban CO, emissions come from the transportation sector. To be able to
reduce them, it is definitely necessary to replace Internal Combustion Engine (ICE) vehicles with
electric ones. In this article, a public transport system is proposed, consisting of a supercapacitor
(SC)-powered electric vehicle (EV) charged through a fuel cell-powered (FC) Inductive Power Transfer
(IPT) system. The bus runs the usual route and it is charged each time it reaches the terminal, where
the charging system is placed. The main advantages of the proposed system are related to the
long-term cost of the EV, compared to a classic battery-powered system, to the aspects of ease of
use and safety for charging operations and to the possibility of realizing a net-zero-energy transport
system thanks to the use of green hydrogen. In addition, the proposed charging methodology allows
for better energy utilization avoiding major changes to the main power grid. In this article, the system
is presented considering a real case study; it is simulated at system and hardware level, and then
validated through the realization of a scaled-down prototype.

Keywords: supercapacitor (SC); fuel cell (FC); energy storage; wireless power transfer (WPT); electric
vehicles (EVs)

1. Introduction

Energy transition poses numerous challenges in responding to the need for CO,
emission reduction [1]. Especially in big cities, most of the CO, emissions are related to
both private and public mobility. For this reason, the automotive research field is called
upon to provide the best solutions to the urban pollution problems related to transportation.

Nowadays, public transportation is mainly based on Internal Combustion Engine (ICE)
bus fleets, although the use of natural gas-powered buses is increasing, while widespread
use of electric buses is struggling to take off. This is mainly due to electric energy storage
issues [2]. Among the different storage technologies employed in automotive vehicles, the
most commonly used is the electrochemical one through batteries, especially Li-ion ones.
Even though it is a mature technology, the cost of such storage systems can reach 30% of
the vehicle total cost [3]. This makes the cost of replacing an ICE bus fleet with a full electric
one unsustainable. In addition, the electric bus fleet charging would mainly take place at
night [4]. This means that the energy for the recharging operation would be almost entirely
produced from non-renewable sources, in addition to a heavy overload for the main grid
represented by numerous fleets being charged contemporaneously.

An alternative solution to batteries could be the use of supercapacitors (SCs). The
latter are characterized by high capacitance values, fast response times and high power
density [5]. More importantly, they have a long operating life and they can be charged
and discharged approximately one million times [6]. The main drawback of SCs is the
lower energy density compared to batteries, making them ineffective as storage devices
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for passenger vehicles. A review of the available scientific literature reveals that there are
relatively few studies exploring the potential of supercapacitors as the primary energy
source for vehicles. Current research efforts primarily focus on hybrid systems that combine
supercapacitors with batteries, leveraging the strengths of both technologies. In refs. [7-9],
SCs are employed in a Hybrid Energy Storage System with the aim of preserving the
battery life, whereas in ref. [10] SCs are used to assist the regenerative braking. However,
considering the routes for urban transport buses, the short loop routes and frequent stops
can be exploited to use SCs as a unique on-board storage source. In fact, SCs can be
designed for the energy requirement of the short loop route and recharged in a short time,
during the bus stop. This article has the aim of investigating the feasibility of SC-powered
buses, in conjunction with the design of a proper charging system.

Different EV charging infrastructures can be chosen. They can be classified into
three categories: swapping, wired and wireless [11]. Swapping consists of the on-the-fly
replacement of the discharged storage with a charged one but it is impractical for large
vehicles. Wired systems are the most common and involve the use of cables to connect
the vehicle to the charging station. Wireless systems are the most recent; the lack of
physical connections makes them user-friendly and safer. Among the different types of
wireless charging systems, the Resonant Inductive Power Transfer (RIPT) ones are the most
commonly used because of the high power levels reachable. The energy transfer takes
place thanks to the inductive coupling between two coils: one, called primary, which acts
as a transmitter, positioned below the road surface, and a secondary one, which acts as
a receiver, positioned on the vehicle chassis [12]. In the literature, there are numerous
examples that show the benefits of wireless vehicle charging [13-15]. Among these, WPT
enables the possibility of recharging vehicles on the road, during their ordinary travel
through dynamic systems [16,17]. However, these systems require the implementation of
vehicle detection strategies for charging optimization, thus the implementation of complex
Foreign Object Detection algorithms as shown in refs. [18,19] and the need for complex
control strategies [20]. Moreover, in the case of urban public transport, the transition
from an ICE-based transport system to a fully electric one requires significant economic
investments for the installation of the charging infrastructure in the city. For this reason, a
static WPT charging system is chosen as a charging possibility in this work.

In order to significantly reduce CO;, urban emissions, the energy required for the
vehicles charging should be produced from renewable sources. In the specific case of a
public transport charging station, the most immediate solution is to build a photovoltaic
shelter that can generate the electricity for charging. However, the variability and fluc-
tuation in energy production are one of the major challenges associated with renewable
energy. A potential solution to the intermittency of the solar source is the use of hydrogen
through fuel cells. These are electrochemical devices that can generate electricity from
hydrogen and water. Hydrogen can be produced on site from an electrolyzer. The benefits
of integrating an electrolyzer into the electricity grid to support renewable energy are
widely demonstrated in refs. [21,22]. An additional solution is represented by the transport
of hydrogen in city gas pipelines, allowed according to European Directive 2021/2168.
For these reasons, this paper examines the power supply of the charging system through
a fuel cell. Overall, this work aims to investigate the feasibility of using SC-powered
buses for urban public transport, highlighting the benefits of charging at bus terminals
rather than overnight charging at depots and comparing this scenario with traditional
batteries. In particular, this work will analyze the energy consumption of SC-powered
buses under real driving conditions and a brief technical and economic feasibility study of
implementing SC-powered buses in a real-world urban public transport system is provided.
Moreover, an additional goal of the work is to provide a possible solution for the design
of a net-zero-carbon charging station in which a WPT charging system is powered by a
fuel cell.

In Section 2, the proposed system description and design are provided; in Sections 3 and 4,
the system-level simulation and the hardware-level simulation are respectively presented.
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In Section 5, the experimental validation is carried out through a scaled-down prototype
and in Section 6 a technical-economical analysis is provided. In Figure 1, a graphical
representation of the work structure is shown to improve the readability of the work.

4. Experimental validation
5. Technical-Economical Analysis

Figure 1. Graphical representation of the article structure.

2. System Description

In Figure 2, a functional representation of the proposed system is provided. The
system is composed of a SC-powered shuttle bus and a recharging station. The latter is
placed at the bus terminal, employing a FC-based IPT recharging system which provides
the required energy for the loop route run. Hydrogen storage feeds the FC, which supplies
the IPT transmitter side. On the shuttle bus, the IPT receiver side picks up the transmitter
transferred energy to recharge the vehicle storage system, represented by a SC bank. For
simplicity, this paper presents only a single bus line, and therefore a single terminal where
the bus is recharged. Extending the analysis conducted in this work to the entire urban
transport system of a city, it is necessary to guarantee the redundancy of the charging
stations. In particular, two conditions must be satisfied:

*  Each bus line must always have at least two charging station terminals on its route;
e A charging station must be shared by at least two bus lines.

In case of the failure of a charging station, the remaining stations must be able to
handle the entire bus fleet. This means that the number of charging stations should be
greater than or equal to the number of buses in the fleet, plus an additional safety factor. To
meet these conditions, it is necessary to carefully plan the location of the charging stations.
The stations should be evenly distributed along the bus route, taking into account the traffic
patterns and the expected demand for bus services.

loop route

= '”'Qh’“ )

power, fuel H2
electronics cell tank

terminal]

Figure 2. Functional representation of the proposed system.

The architecture of a charging station is shown in Figure 3. The FC voltage is regulated
with a DC/DC boost converter; then, a DC/AC inverter provides the high-frequency AC
voltage needed for the magnetic coupling of the IPT system. To recharge the SC bank, the
constant current method is used; therefore, an AC/DC rectifier is interposed between the
IPT receiver and the SC bank. The SC recharging current is controlled acting on the primary
side inverter, as it will be described in Section 3.2.4. In order to validate this system, the
criteria for sizing the components and the system design are presented in the following
paragraphs and sections. In particular, the validation is conducted on a laboratory-scale
prototype. Specifically, the characteristics of the chosen components are reported in the
following sections.
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Figure 3. Block diagram of the FC-IPT system.

2.1. Vehicle Power and Energy Demand

For the implementation of the vehicle SC power system, a loop route of a shuttle bus
serving the Palermo University Campus was examined. The route has a length of 3.2 km
and nine stops have been positioned at the focal points of the campus as reported in Figure 4.
The lengths of the sections between the stops are shown in Table 1. Through a redundant
acquisition system consisting of an accelerometer, a speedometer and a GPS tracker, the
altimetric profile and the speed profile of a vehicle traveling along the considered route
were measured, taking into account a stop time equal to 30 s. The acquired speed profile
and altimetric profile are reported in Figure 5, together with the road slope angle trend.

v ia £t Crisofull AR s
& 01l craato . ¥ i D

Figure 4. Loop shuttle bus route.
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Figure 5. Loop shuttle bus route specifications: speed profile, altimetric profile and road slope

angle trend.
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Table 1. Route stretch lengths.

1-2 0.2 km 67 0.2 km
2-3 0.3 km 7-8 0.4 km
34 0.5 km 8-9 0.4 km
4-5 0.3 km 9-1 0.4 km
5-6 0.5 km

A fully electric shuttle bus, whose characteristics are reported in Table 2, was considered.

Table 2. Shuttle bus characteristics.

Max total passengers 22 -
Passenger weight 1540 kg
Motor power 135 kW
Maximum torque 290 Nm
Li-ion battery capacity 44 kWh
Frontal area 5.78 m?
Gross weight 5000 kg

The vehicle dynamic model was implemented in the Simulink 2019 environment to
calculate the power required and the total energy consumption. The simulation output
data were employed for the SC supply system sizing. The total power P can be calculated
as the product of the total road load F;,; and the vehicle speed v, as reported in (1).

Prot = Fiot - 0. 1)

The total energy consumption Et can be calculated by integrating the total power
over time for the whole duration of the cycle as in (2).

Eiot = /Ptotdf- ()

The total road load Fjy is calculated as the sum of the motion force F; (according
simply to Newton’s second law), the road slope force F;, the road load friction F, and the
aerodynamic drag force F; as reported in (3).

Ftat:Fi+Fs+Fr+Fa- (3)

Each single contribution can be evaluated as reported in (4)—(7):

F=my-ay, 4)

Fs = my - g -sin(as), (5)

Fr =my- g - cos(as), (6)
1 2

Fa:§~p'cd~A'vv, (7)

in which m, is the vehicle mass considered as the sum of the gross vehicle mass and the
passenger mass; ay is the vehicle acceleration calculated as the derivative of the speed
profile; g is the gravitational acceleration; 45 is the road slope angle; ¢, is the road rolling
resistance coefficient; p is the air density; ¢, is the air drag coefficient and A is the vehicle
frontal area. In Table 3, the values of each parameter are reported.

The obtained output power profile was then divided by a coefficient equal to 0.95 in
order to take into account the power drive system efficiency and a base power equal to
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2 kW was added to the entire profile in order to consider the auxiliary system consumption,
as shown in Figure 6. In addition, it was checked that the maximum torque required was
lower than the motor maximum torque. In Figure 6, the cycle energy is also shown. In
particular, the total energy can be considered as the sum of the acceleration energy and the
breaking energy.

Table 3. Vehicle dynamic model parameters.

my g Crr P Cd A
[kg] E -1 [%] -1 [m?]
6540 9.8 0.011 1.202 0.36 5.78

=
=,
9]
=
[e)
o

1.5 T :
— Acceleration
< Total
= 1t otal
= Breaking
>
o
o 0.5F
c
L

0

0 2 4 6 8 10 12 14 16
Time [min]

Figure 6. Vehicle power and energy requirement.

2.2. System Design

Once the vehicle power and energy demand are obtained, the on-board storage and
Wireless Power Transfer system are properly sized, following the criteria described in the
next two subsections.

2.2.1. SC Design

The SC supply system sizing is carried out taking into account the possibility of
regenerative braking. For this reason, the total energy is considered. This is equal to
1.28 kWh. For the SC bank sizing, it is increased cautiously by a factor equal to 10%. Then,
the effective rating energy E., is equal to 1.4 kWh. The maximum current of the cycle
Leycle,m 1 equal to 113.75 A. An important feature of the SC is the ability to store, at the
same voltage, more energy than the standard capacitor [5]. The stored energy function of
the cell voltage, for a 100 F, 2.7 V SC and for a fictitious traditional capacitor with the same
characteristics are shown in Figure 7. This behavior is due to non-linearity because of the
presence of the voltage-dependent capacitor in the first branch. Figure 7 also shows the
ratio between the SC stored energy and a standard capacitor stored energy:

Eo(V
K(V) = 5 ®
in which ,
Eee(V) = /0 Wt )

E.(V) = %c V2 (10)
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Therefore, the effective cell energy E..j;, considering discharging the cell from the maximum

voltage to half the maximum voltage, is calculated as follows:

v Yeum ?| Ke(Veert,m)
cell, M 2 3600

(11)

o
"
[é)]

o
"

0.05}

Energy [Wh]

1.6
o 141
1.2r

0.8 ' : ' : '
0 0.5 1 1.5 2 25 3
Voltage [V]
Figure 7. Comparison of the energy stored in a SC and a standard capacitor, with respect to voltage
and ratio between the energy stored in a SC and a standard capacitor.

The number of series cells N;, parallel cells Np and the total number of cells N;,; are
calculated with (12)—(14).

Vious
N = , (12)
? Vcell,M
Ecpcre/ E I
Np _ mux( cycle/ Lcell ) cycle,M) (13)
Ns Icell,M/
Niot = Ns - Np. (14)

in which Vs is the rated voltage chosen for the system. The maximum SC bank current is
then obtained as the product of the cell maximum current and the number of parallel cells.

2.2.2. WPT System Design

The chosen resonant IPT system is based on the inductive coupling between two coils
in resonance with a compensation network at a given frequency. Among the different
antenna architectures, the Double D (DD) topology is chosen because of the high tolerances
to misalignment and for the reduced edge effects [23]. As for the compensation network, a
series—series (SS) compensation is chosen to avoid the dependence of the mutual inductance
on the resonant operating frequency [24,25]. In addition, it offers a wider operating range
due to the resonant circuit being less sensitive to variations in the coupling coefficient
between the transmitter and receiver coils. This is beneficial for scenarios where perfect
alignment might be difficult. In order to correctly design the coupling coils, the bifurcation
phenomenon has been considered. This refers to a condition for which the resonance
frequency ensuring a Zero Phase Angle (ZPA) between voltage and current at the input
terminals, to maximize the power transfer, is not unique [26]. The number of resonance
frequencies depends principally on the mutual inductance value, on the load conditions, on
the compensation topology and on the self-inductance value of the coils [27]. In particular,
for a SS-compensated IPT system, the bifurcation-free condition is realized if the quality
factor of the primary side Q, is greater than a coefficient K., depending on the secondary
quality factor Qs. In particular,
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RLLp 27‘[fL5
_ _ LS 15
QP 27_[sz/ QS RL 7 ( )
_ 403

in which Lp and Lg are, respectively, the primary and the secondary side self-inductance
values, M is the mutual inductance value, f is the operating frequency and R is the load
resistance value. Using the First Harmonic Approximation (FHA) to consider the presence
of the rectifier interposed between the inductive coupling and the load, Ry can be obtained

as follows: 8V
Rp = —-%, 17
L 2 I ( )
in which I is the charging current and V. is the charging voltage. The SC bank is charged
with a constant current from a minimum voltage V., to a maximum voltage Vs p1. Then,
the value of Ry is calculated by taking into account the mean value of the SC bank voltage
in a charging cycle. Imposing Ls = Lp = L, the bifurcation-free condition can then be

expressed as in (18).

1 1 ) 27 fr
2 —_— e — =
M- < kar 4kj§L2 with  ky R, (18)

This condition is given as an input to an iterative MATLAB 2019b algorithm , whose
flowchart is shown in Figure 8, together with the coil wire section s., the minimum space
between turns d, ,;,,, the desired dimensions /. and w,, and the desired gap g. between
the transmitter and receiver. The outputs of the algorithm are the number of turns N;, the
effective space between turns d; and finally the self-inductance and mutual inductance
values. Thanks to the principle of superposition, both transmitter and receiver coils can be
considered as a set of N linear conductors linked by a continuity constrain. For this reason,
L and M can be calculated as in (19).

Start

increase I and w,

yes
dy <
draw coil ne dr
t,min
calculate LM decrease dy and iy = 1

|

no

increase n;

Figure 8. Coil design algorithm flowchart.

1 N
L (orM)= T Y. iV, (19)
ij=1



Energies 2024, 17, 3575

9 of 22

in which p is the magnetic permeability, I is a reference current and the iV ; are the potential
vectors induced by the i-th elements on the j-th elements composing the coil for the self-
inductance evaluation, or the potential vectors induced by the i-th elements composing
the transmitter on the j-th elements composing the receiver in the case of the mutual
inductance calculation.

Therefore, the compensation network capacitance for both primary and secondary

side is calculated as follows: .

= AL (20)

Cp = Cs

3. Simulations
3.1. System-Level Simulation

In order to verify and to assess the performances of the system, a system-level simula-
tion has been carried out in Simulink.

The power profile described in Section 2.1 was scaled down by a factor equal to
3.6 x1073, to be able to carry out validations on a laboratory prototype, considering the
available equipment. The maximum allowable powers are 250 W for the charging process,
250 W for discharging and 120 W for regenerative breaking.

The simulation consists of the repetition of six charge—discharge cycles, to emulate
six complete bus loop routes. A complete charge-discharge cycle can be divided into two
stages, described as follows.

e  Stage 1: Constant Current Charging. The SC bank is initially charged by the FC
through the IPT system with a constant current of 2 A until it reaches its maximum
voltage of 48 V. This stage emulate the vehicle charging at the main bus terminal.

*  Stage 2: Discharge. Once the maximum voltage is achieved, the charging system is
deactivated. The SC bank is then connected to the load, represented by the vehicle
power demand profile. This configuration emulates a scaled-down power profile that
the SC bank would experience in real-world operation.

The simulation results are presented in Section 4, directly compared with the experi-
mental results.

In the system-level simulation, the FC was modeled using the datasheet characteristics,
in particular the Voltage-Current (V-I) and the Power-Current (P-I) characteristics.

The boost converter, the primary H-bridge inverter, the magnetic coupling and the
secondary rectifier bridge are modeled considering the equality between input and output
power, barring an assumed efficiency.

The SC bank was modeled using the three-branches model [28,29], which is adequate
for the simulation of the behavior of SCs in the range from seconds to hours.

Finally, the vehicle was simulated using the scaled down power profile.

In the following subsections each block of the system-level simulation is described
in detail.

3.1.1. Fuel Cell

The FC used for the small-scale prototype has the characteristics reported in Table 4.
The V-I and P-I curves, extracted from the datasheet, are represented in Figure 9.

Using the available data, a simple FC model was implemented. Considering as input
the DC/DC boost converter output power, P, the FC power can be obtained as follows:

I dc
P, = —, 21
fe Mdc ( )

where 775, = 0.98 is the DC/DC converter efficiency.
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Table 4. Fuel cell datasheet specifications.

Type Proton Exchange Membrane (PEM)
Brand Horizon Fuel Cell
Specification Unit Value
Number of cells - 72
Nominal power 4 300
Rated voltage \% 43.2
Rated current A 7.2
Voltage range \% 39-69
Hj consumption * L/min 4.2

* At nominal power.

60
=
g 50t
]
S
> 40t
)
L

30
_ 300f
=3
5 200f
=
g
& 1007
L

O 1 1 1 1

0 2 4 6 8 10

FC Current [A]

Figure 9. Fuel cell V-I and P-I characteristics.

The FC current I fe can be estimated from the P-I curve. Afterwards, the FC voltage
Vi can be obtained from the V-I characteristic. The Simulink block diagram for the FC
model is depicted in Figure 10.

The hydrogen consumption is defined for the system operating at nominal power. In
order to estimate the hydrogen consumption for different power ratings, a linear depen-

dency was considered.

=
é

- H2 Total
I/min -> I/sec
1-D T(u)
» * »( 5 )
H2 Instant
Hydrogen

consumption [I/min]

w D
Pdc Pfc @

DC/DC Efficiency »[F o TDTE o

oo }—»e 4
P »|I_P P_to_| > /-\/-1

. ) Vfc
I_mq*k_| FC Characteristic

P V-
- FC Characteristic

Figure 10. FC Simulink model.
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3.1.2. IPT

The IPT system, composed of the primary DC/AC inverter, the magnetic coupling
and the AC/DC rectifier, was modeled considering the input/output power equality and
assuming an efficiency for the system of 7;,; = 0.9. With the above, the current I;. can be
obtained as

ISC ) VSC

= . 22
Vide - Nipt 2)

Idc

3.1.3. Supercapacitor

The SC bank used for the small-scale prototype is composed of VinaTech SCs whose
characteristics are reported in Table 5. As already mentioned, the three-branches model,
represented in Figure 11, was chosen, given its ability to simulate the SC behavior even over
the long term. In order to characterize the model, a parameter estimation procedure needed
to be performed on the experimental voltage response of the SC. This procedure was already
performed by the authors in a previous work [30]. The resulting model parameters are
reported in Table 6. A pre-assembled SC bank composed of N; = 24, N, = 2 is considered.

Table 5. Supercapacitor datasheet specifications.

Specification Unit Value
Rated voltage \Y 2.7
Rated capacitance F 100

AC impedance (1 kHz) mQ) 6

DC resistance mQ) 10
Maximum current A 65
Leakage current mA 0.2

Stored energy ] 364.5

/

Ill Iy I3y Iy

Figure 11. Three-branches equivalent circuit model.

Table 6. Optimized parameters for the SC three-branches model.

R4 R» Rj3 Cq Cy C (6]
(mQ) Q) Q) (F) (E/V) (B (F)
13.2 2.02 28.2 76.5 22.3 69.0 64.7

The voltage across the first branch can be expressed as follows:
= U iRy, (23)

and the current through the first branch can be formulated as follows:

. Ve
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From (23) and (24), the SC bank terminal voltage can be obtained as follows:

i .
= N. —dt Ry ). 25
Usc s (/ (Cl +KVVC1) +1 l> (25)

For the second and third branches, the voltage across the capacitor and the branch
current can be expressed as follows:

vsc .
Ve, = N ir3R3, (26)
. 1 Usc
= (== _v ). 27
i23 R (Ns c2,3> (27)
The total SC bank current is as follows:

. . . . Usc
Ise = Nyl i1 +ia+13+ ) (28)

* s ( Ryis

From (28), the current on the first branch can be expressed as follows:

ﬁ—l“_<h+@+£“>. (29)
dis

Equations (23)-(29) were implemented in Simulink with the block diagram shown in
Figure 12.

Figure 12. Simulink implementation of the three-branches model.

3.1.4. Discharge Profile

When the charging process is completed, the SC bank is disconnected from the charg-
ing station and the simulation of the driving cycle starts. The power at time ¢; is divided by
the SC voltage at time #; to obtain the SC current at time #; 1.

Psc(ti)

isc(ti+1) = Vsc<ti) (30)

3.2. Hardware-Level Simulation

The system-level simulation does not allow verification of all the performances of the
system. In particular, the real operation of the power electronics converters, of the magnetic
coupling and of the control system need to be evaluated. Figure 13 shows the detailed
schematic of the system, simulated in PLECS 4.8.1.
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Figure 13. PLECS schematic for the hardware-level simulation.

3.2.1. Fuel Cell

To simplify the hardware-level simulation, the FC and the DC/DC boost converter
were replaced with a constant voltage source V. = 48 V.

3.2.2. IPT

By applying the criterion described in Section 2.2.2, the DD coupling coils have been
designed considering an operating resonant frequency fg = 100 kHz. They are shown in
Figure 14 and their characteristics are reported in Table 7. As it can be noticed in Figure 15,
the imaginary part of the total input impedance Z7 is equal to zero at f = fr to perform the
ZPA and the chosen resonant frequency is unique, as it can be observed by the comparison
between Qj and K. The capacitance value of the compensation network is calculated as in
(20) and it is equal to C, = Cs = 42.09 nF. The internal resistances of the primary side coil
Ry and secondary side coil R; are equal to 0.41 Q).

Gap [m]

’ -0.1
0.2 o4 03 0.2 Length [m]

Figure 14. Designed DD coils: transmitter (blue) and receiver (red).

Table 7. Coil characteristics.
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58 29 6 1 25 10 60.18 23
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Figure 15. Input total impedance trend and comparison between Q, and K., with respect to frequency.
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3.2.3. Supercapacitor

The SC bank, in this case, can be modeled as an ideal capacitor with an Equivalent
Series Resistor (ESR) and a parallel resistor. In fact, since the time of simulation is in the
order of seconds, the voltage-dependent capacitor, the second and the third branches do
not have influence on the SC voltage response and can be neglected.

3.2.4. Power Electronics and Control

The first harmonic of the inverter output voltage v, ; and the output current I,, con-
sidering a Phase Shift Modulation control, can be expressed as follows:

Up1 = 4‘/% cos (;D) sin (wot), I, = wOLM % cos (gD), (31)
where D is the duty cycle. From (31), it can be deduced that the SC bank charging current
can be regulated varying the duty cycle of the H-bridge inverter. Subsequently, a closed-
loop control was implemented in the simulation. The SC bank current is compared to the
desired charging current and the error is sent to a Proportional-Integral (PI) controller.
The PI controller processes the error and returns the value for the duty cycle, as shown in
Figure 16a. Using the Routh-Hurwitz stability criterion, the PI regulator parameters are
chosen as K, = 0.05 and K; = 1000. Figure 16b shows the SC voltage and current, and the
H-bridge inverter duty cycle. The SC charging current is initially set to 2 A. At t = 25 ms,
a step change to the SC charging current from 2 A to 2.5 A is given in order to verify the
control performances. It can be noticed that the controller reacts with a settling time lower
than 1.5 ms. Att = 50 ms, the SC charging current is again set to 2 A.

47.4

= !
o 47.2
12}

>

l&a@—» Pl | jF " B : ‘ : ‘ : :
=2 m
Isc =

0 10 20 30 40 50 60
Time [ms]

(a) (b)

Figure 16. Closed-loop control: (a) block diagram, (b) test waveform.

4. Experimental Validation

An experimental test was performed on the scaled-down prototype to validate the
simulation results. The test bench is shown in Figure 17. All the employed components are
listed in Table 8.

The performed test was carried out following the same approach as the system-level
simulation. The SC bank was firstly charged at a constant current (2 A) up to the maximum
voltage (48 V) by the system composed of the FC and the IPT.

Once the maximum voltage was reached, the charging system was disabled and the
SC bank was connected to the parallel between the electronic load and the generator to
emulate the scaled-down power profile.

When the cycle was finished (the bus completed its loop route), the SC bank was
reconnected to the FC and IPT system, to be recharged again at a constant current.
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Figure 17. Test bench setup: 1. hydrogen tank, 2. fuel cell, 3. primary side converter, 4. compensation
capacitances, 5. IPT coils, 6. secondary side converter, 7. supercapacitor bank, 8. control computer,
9. oscilloscope, 10. acquisition board, 11. PED board, 12. electronic load, 13. power supply.

Table 8. Test bench components.

Figure 17 Ref. Component Characteristics
HYDROGEN-BASED POWER SUPPLY

900 L metal hydride
1. H2PLANET Hydrogen tank P =10 bar
2. H2PLANET PEM fuel cell see Table 4
IPT SYSTEM
C; = 10 mF input capacitor
3. Primary side H-bridge inverter = IRFB4115 Power MOSFET
IR2110 drivers
4. Compensation networks see Section 3.2.2
Coupling coils see Table 7
6 Bridee rectifier MURB3020WTG diodes
’ ge rectitie Co, = 2 mF output capacitor
SUPERCAPACITOR
7. Supercapacitor bank see Section 3.1.3

CONTROL AND ACQUISITION

8. PC control panel
9. Oscilloscope Lecroy WavePro 7200A
10. Acquisition board NI 9215 16-Bit
11. Control system PED Board [31]

. Agilent 6060B
12. Electronic load 3-60 V/0-60 A, 300 W
B Power supply Fluke PM2812

0-60 V/0-10 A, 120 W

The cycle was repeated six times. The duration of the discharge cycle was 967 s.
The duration of the charge varied depending on the voltage to which the SC bank was
brought at the end of each discharge cycle. The results of experimental tests are presented
below, compared to the system-level and hardware-level simulation results. In particular,
Figure 18 shows the comparison of simulation (a) and experimental (b) results. From the
top to the bottom of Figure 18a,b, the FC voltage V. and current Iz, the DC-link voltage
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Ve and current I, the SC voltage Vi and current I, and the efficiency # are shown. The
last graph of Figure 18a shows the estimated hydrogen consumption, while Figure 18b
shows the inverter duty cycle trend.
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Figure 18. System level: (a) Simulation results. (b) Experimental results.
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The experimental test results demonstrate a remarkable degree of similarity between
the observed waveforms and those predicted by the system-level simulation, even consid-
ering the necessary approximations made during the modeling process. This high level of
agreement underscores the validity of the chosen approach.

A closer examination of the experimental data reveals that, due to the inherent re-
sponse characteristics of the actual supercapacitor (SC) bank, its voltage exhibits a gradual
increase at the conclusion of each cycle. This trend stabilizes after a few cycles, reaching a
steady state. The simulation replicates this phenomenon, providing further validation for
the three-branch model employed to represent the behavior of the SC bank.

However, when focusing on efficiency metrics, some deviations between the simulated
and experimental results become apparent. These discrepancies can be attributed to the
simplifying assumptions made during the system-level simulation. For instance, the
simulation assumes constant efficiencies for both the DC/DC converter and the Inductive
Power Transfer (IPT) systems. In reality, the efficiency of these systems is demonstrably
influenced by the load, which inherently fluctuates in practical applications.

Figure 19 shows the comparison between the hardware-level simulation and the
experimental waveforms. In particular, Figure 19a,b show, respectively, the simulation and
the experimental inverter output voltage v, and current ij,. Figure 19¢,d show respectively
the simulation and the experimental rectifier input voltage vs and current is. The close
correspondence between the simulated and experimental waveforms serves as a powerful
validation of the design methodology employed for the Inductive Power Transfer (IPT)
system. As can be observed, the system is not in perfect resonance. This is due to the fact
that the capacitors used for the compensation network in the real prototype do not have
an exact capacitance of 42.09 nF, as calculated, but rather 40 nF (the real capacitance value
was also used in the simulations). In general, the high degree of agreement underscores
the effectiveness of the modeling approach in accurately capturing the system behavior.
This successful validation instills confidence in the IPT system design. It suggests that the
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system will perform as intended when implemented in real-world applications, achieving
the desired level of power transfer efficiency.

% Vp 20 V/div
LA
E J /
S ARRRIR
o 4 U U UL
0 10 20 s 40 50
Time [us]
(a)
80 8
vs 20 V/div
40 4 (SR Pormbrsionny NW [ S— | ——
= 0 E
S —
0 “ pom—— s L-—- po—— 1
is 2 A/div
-80 -8 .
0 10 20 30 40 50 e egg e et s oo
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(c) (d)

Figure 19. Hardware level: (a) Primary side simulated waveforms. (b) Primary side experimental
waveforms. (c) Secondary side simulated waveforms. (d) Secondary side experimental waveforms.

5. Technical-Economical Analysis

The experimental validation of the scaled prototype confirms the possibility of using
this type of system for public transportation; then, a technical-economical analysis taking
into account the real power level is carried out. The SC supply system is compared to
a traditional Li-ion battery supply system. The shuttle bus charging—discharging cycle
parameters taken into account for the analysis are shown in Table 9. It should be noticed
that the SCs are sized to be recharged every time the bus stops at the terminal station, while
the batteries are sized to be recharged once per day. In particular, considering a charging
standard of 22 kW, the time for the stop at the main terminal is less than 4 min, and it is
therefore considered acceptable for the normal operation of the transport system. Charging
power can be increased to reduce the charging time; however, the cost of the charging
infrastructure would increase as well.

Table 9. Cycle parameters.

Supercapacitors Batteries
charges/day 20 1
days/week 5 5
weeks/year 50 50
cycles/year 5000 250
Vipus [V] 400 400
Ecyere [KWh] 1.4 39.2 (*)
Leyete,,,, [Al 113.75 113.75

(*) Forty percent of depth of discharge.

Five different commercial VinaTech and Maxwell SCs were considered, whose charac-
teristics are reported in Table 10.
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Table 10. Supercapacitor characteristics.

SC 1 2 3 4 5

C 500 360 500 800 3000 F
Vel m 3 2.7 27 2.3 3 \Y
ESR 3.2 45 45 15 0.26 mQ
Lot m 283 185 205 125 2200 A
Ecen 0.78 0.45 0.63 0.73 4.66 Wh
Weight 0.08 0.07 0.096 0.0945 0.525 kg
Volume 69.2 59.6 78.9 69.2 390.19 mL
Life cycles 5 x10° 1 x10° 1 x10° 1 x10° 1 x10° -

By applying the design criterion reported in Section 2.2.1, the calculated SC bank
parameters are reported in Table 11.

Table 11. SC bank design parameters.

SC 1 2 3 4 5
N; 133 148 148 174 133
Np 14 21 16 12 3
Niot 1867 3111 2370 2087 400
Max Current [A] 4032 3885 3280 150 6600

For the battery pack, two different commercial Sanyo and Sony Li-ion cells were
considered, whose characteristics are shown in Table 12.

Table 12. Battery characteristics.

Battery 1 2

C 2.6 3.45 Ah

Vel r 3.6 3.6 \%
ESR 100 96 mQ)

Icell,M 5 5 A
Ecoll 9.36 12.42 Wh
Weight 0.048 0.048 kg
Volume 16.54 16.54 mL

Life cycles (*) 1500 1500 -

(*) Forty percent of depth of discharge.

The battery cell energy E.j; is calculated as the product of the battery capacity C and
the battery cell rated voltage V,,j; ,. The number of series cells N, parallel cells N, and the
total number of cells N, are calculated as in (12), (13) and (14). Their values are reported
in Table 13.

Table 13. Battery pack design parameters.

Battery 1 2
Ns 111 111
Np 46 33
Niot 5152 3696
Max current [A] 115 115.5

Weights, volumes, costs and periods of possible service were analyzed for the chosen
SC banks and the battery packs. They are summarized in Table 14.
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Table 14. SC-battery comparison.
Weight Volume Cost Possible Service Period
[kgl [L] [EUR] [Years]
SC1 144 124.71 14,028.67 100
SC2 216.3 184.17 21,217.78 20
SC3 213.6 175.54 23,703.70 20
SC 4 181.1 132.61 20,869.57 20
SC5 157.7 117.20 22,000.00 200
Battery 1 274.30 85.22 12,880.00 6
Battery 2 177.41 61.13 12,566.40 6

As can be clearly noted, there is no significant weight difference between the SC banks
and the battery packs. The lower volumes of the battery packs are due to their higher
energy density.

Another important consideration has to be focused on the safety and thermal man-
agement of both technologies. As a matter of fact, supercapacitors typically operate at
much lower temperatures than batteries. This is because they store energy through the
physical separation of charges, not chemical reactions. Batteries, especially Lithium-ion
types, generate heat during charging and discharging due to these internal reactions. Lower
operating temperatures in supercapacitors translate to a reduced risk of thermal runaway
and no need for complex cooling systems. In addition, unlike Lithium-ion batteries which
use flammable electrolytes, supercapacitors typically use safer electrolytes like aqueous
solutions or organic solvents with lower flammability. This reduces the risk of fire even in
the case of a malfunction. Moreover, to compare the two technologies from an economic
standpoint, it is necessary to consider the Total Cost of Ownership (TCO), which encom-
passes all costs associated with an asset, product or service. TCO can be represented by the
following formula:

TCO =Cy +Cy + Cpor. (32)

C, is the acquisition cost and it includes the initial purchase price of the asset. In Table 14,
the acquisition costs are calculated as the product of the cost per single cell and the total
number of cells. As can be observed, the acquisition cost of batteries is lower than that of
SCs. C, is the operating cost. It represents the ongoing expenses incurred during the asset
operational life. In this case, a significant factor influencing operating costs is the lifespan
of the batteries and SCs. While batteries have a lower initial cost, they may require multiple
replacements throughout the vehicle lifespan, typically 20 years. This can lead to higher
overall operating costs for batteries compared to SCs, which have a longer lifespan and
may not require replacement during the vehicle lifetime. Cr, is the end-of-life cost and it
refers to the costs associated with the proper disposal of the asset at the end of its useful
life. These costs may include recycling or special treatment procedures. By considering all
three components of TCO, a more comprehensive assessment of the economic viability of
batteries and supercapacitors can be achieved. While batteries may have a lower initial
acquisition cost, their higher operating costs due to frequent replacements and potential
end-of-life disposal costs could make supercapacitors a more cost-effective solution in the
long run.

6. Conclusions

This article delves into a pioneering urban transportation system that leverages the
combined power of supercapacitors (SCs) and a fuel cell (FC)-powered wireless charging
system for electric buses. The proposed system represents a significant leap forward in
sustainable public transportation. First, a comprehensive design was created, encompassing
both the system and its hardware components. This design was then evaluated through
simulations at both the system and hardware levels.
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To validate the theoretical framework, a scaled-down prototype was meticulously
constructed and subjected to a series of controlled experiments. The design process, jointly
to the experimental validation revealed the following:

¢  Fuel cells and the use of hydrogen offer an excellent solution for powering the charging
system. This is because the charging occurs at constant power, so, even though the
fuel cell is a low-dynamic system, it is well suited for this application. Additionally,
fuel cells can help compensate for the variability in renewable energy sources.

*  Employing a wireless charging system offers several advantages, primarily due to the
absence of physical connections. In particular, it is crucial to consider the bifurcation
phenomenon during the design of such systems. Additionally, implementing a series—
series compensation scheme ensures that the mutual inductance remains independent
of the load, thereby achieving resonance conditions regardless of any misalignment or
capacitor charge state.

*  While supercapacitors may not be suitable for vehicles requiring long ranges, they
prove particularly advantageous in applications involving shorter routes, such as
public transportation buses. This aligns with the growing recognition of supercapacitor
viability for such applications.

Beyond the technical aspects, this article delves into the economic viability of the SC-
based system. A simple economic analysis was conducted to compare the cost-effectiveness
of this approach against the traditional, battery-powered alternative. This analysis em-
ployed real-world data, specifically the power and energy demands of a shuttle bus operat-
ing within a real scenario. The analysis revealed a significant advantage for the SC-based
system. The long-term storage system cost associated with the SC approach is demonstra-
bly lower compared to the traditional battery-based system. This economic advantage
positions SCs as a highly attractive solution for sustainable urban transportation. Despite
the advantages shown in this work, additional analysis has to be conducted to prove the
feasibility of such a system. As a future development, an overall energy utilization effi-
ciency analysis will be performed, together with the implementation of a full-scale system,
acting as a living laboratory.
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