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Abstract: The popularity of the eBus has been increasing rapidly in recent years due to its low
greenhouse gases (GHG) emissions and its low dependence on fossil fuels. This incremental use
of the eBus increases the burden to the power grid for its charging. Charging eBus requires a high
amount of power for a feasible amount of time. Therefore, developing a fast-charging station (FCS)
integrated with Micro Energy Grid (MEG) and hybrid energy storage is crucial for charging eBuses.
This paper presents a design of FCS for eBus that integrates MEG with hybrid energy storage with
the energy management system. To reduce the dependency on the main utility grid, a hybrid micro
energy grid based on a renewable source (i.e., PV) have been included. In addition, hybrid energy
storage of batteries and flywheels has also been developed to mitigate the power demand of the
fast-charging station during peak time. Furthermore, a multiple-input DC-DC converter has been
developed for managing the DC power transfer between the common DC bus and the multiple
energy sources. Finally, an energy management system and the controller has been designed to
achieve an extensive performance from the fast charging station. MATLAB Simulink has been used
for the simulation work of the overall design. Different test case scenarios are tested for evaluating
the performance parameters of the proposed FCS and also for evaluating its performance.

Keywords: eBuses; fast charging station; micro energy grid; energy management system; flywheel

1. Introduction

In today’s world, global warming is a major concern to focus on, which is the result of
greenhouse gas emissions. Statistics show that the transportation sector is the contributor
of 33.7% of the total emission [1]. Moreover, the conventional transport system requires
a large amount of fossil fuel during its driving period. As our fossil fuel is limited and
has been diminishing day by day, the usage of electric transport, such as Electric Vehicles
(EVs), Electric Buses (eBuses), Electric Trucks (eTrucks), has been attractive to the mass
population. As the number of eBuses is increasing day by day, another concern arises
regarding its power demand and charging infrastructure. A fast-charging station for eBuses
requires an enormous amount of power which is in the megawatt range for some cases [2].
This high amount of power demand creates pressure for the main grid during its peak
operating hour. To reduce the grid power dependency, a renewable energy sources-based
micro energy grid with an emergency backup storage system is a must.

The electrification of the transportation sector is happening rapidly in recent times.
As per the Electric Power Research Institute (EPRS), by the next decade the electric trans-
portation market will be increased by five times in Europe and up to 35% in US [3]. In the
charging station, the transportation system is charged up by plugging in and the charg-
ing speed determines the charging time for the eBuses. The industry has categorized
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the charging levels into three levels based on this charging speed [4,5]. Level-l is a slow
charging station that uses an onboard single-phase AC charger of 2 kW. An eBus charged
from a level-I station for 1 h can travel around 8 km. This station takes up to 10 h to
charge a battery fully. The level-II station uses both single and three-phase on-board AC
chargers with a power rating of up to 20 kW and it requires more or less 6 h to charge
from 0-100%. One hour charging from the level-II station will help a vehicle to travel up to
30 km. A level-III charging station, which is known as the fast-charging station, comprises
an off-board DC charger with a power rating of 240 kW. This charging station takes only 15
to 30 min to charge a battery up to 80%; with that, a vehicle can travel up to 250 km.

As seen, a fast-charging station requires a huge amount of power, as well as a short
charging period, and researchers and scientists are working hard to develop a charging
station based on a renewable energy source with a storage system to reduce the depen-
dency on the power grid and also for a backup system. In [6], the authors presented the
improvement in the electrical demand curve as well as a profit of the fast-charging station
by using a coordinate charging strategy. In [7], the authors adopted an intelligent charging
strategy that helps to reduce the stress in the grid during peak time by utilizing the time
of use price. A two-phase smart parking algorithm has been proposed in [8], which first
optimizes the location and size of renewable energy sources installation and then optimizes
the charging characteristics and, by this, they were able to enhance the voltage profile while
reducing the power losses. A night-time charging methodology was also adopted in [9].

The effects of discontinuous charging of a level-III fast-charging station can be im-
proved with by energy storage system (ESS). In [10], a battery energy storage system (BESS)
is used to store energy produced by the RESs during the off-peak time. In [11], the authors
demonstrated a Maximum Power Point Tracking (MPPT) method for the power tracking
of wind and PV systems. Several studies have been carried out to achieve different objec-
tives, such as profit maximization [12,13], cost reduction [14], power loss reduction [15,16],
generation cost reduction [17], and so on.

Energy Management System [EMS] is the coordination of energy exchange between
different facilities with the help of a control strategy. The design of EMS is challenging as
the energy produced by the RESs is not consistent. Studies have been done related to a
fast-charging station EMS with a battery storage system and PV generations. In [18,19],
the authors developed a rule-based predictive controller to meet the requirements of EMS
in a decentralised system. Support from the utility grid has been omitted in this study
while neglecting the economic aspects.

In a hybrid power system, which is a combination of RESs and ESS, model predictive
control (MPC) has been applied extensively as an EMS. An EMS system based on MPC
has been developed in [20], where it has been applied for ultra-capacitor State of Charge
(SoC) regulation. However, system cost has been neglected in this study while considering
the short-term operation. An optimal scheduling approach based on online distributed
MPC is designed in [21] for EVs charging. This technology reduces the cost of the charging
station under-voltage and power flow constraints. A nonlinear MPC-based integrated
powertrain and motion control for fuel cell/battery hybrid vehicles has been proposed
in [22]. However, equipment and their replacement cost have been neglected in this study
which limits its application.

To overcome those problems, a combined energy storage system (Battery + Flywheel)
integrating renewable energy sources with an energy management system has been pro-
posed in this paper. Batteries and flywheels are the most common energy storage technol-
ogy available in industries. The flywheel is more applicable compared to the battery in fast
charging technology due to its high frequent cycling and high power density. Maintaining
the flywheel speed in the desired value as well as the DC link voltage is an important issue.
To achieve this, a model reference adaptive control (MRAC) has been proposed in this
paper to optimize the power sources operating in a fast-charging station.

The remaining paper is organized in the following manner. Section 2 describes the
system configuration, Section 3 explains the proposed EMS system along with the control
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strategy, performance of the proposed system has been evaluated in Section 4 and, finally,
the paper is concluded in Section 5.

2. System Configuration

Figure 1 illustrates the proposed fast-charging station with an energy management
system for eBuses. In this study, the battery specifications of a Volvo BZL eBus have been
considered. This eBus uses lithium-ion batteries and their charging options include a
combined charging system (CCS) with a maximum charge power of 150 kW located on the
rear side of the bus, as well as rooftop charging with a maximum charge power of 300 kW
that allows for fast charging and it requires 5-15 min to charge depending on the SoC of
the battery. Considering these power requirements, a PV and flywheel energy storage
system has been adopted. The 1Soltech 1STH-215-P module has been considered for PV
power generation and a 50 x 50 combination allowed us to achieve maximum 500 kW
power. Additionally, a 50 kW flywheel ESS has been modeled as a back up power source in
terms of partial shedding effect for the solar system. As the installation and maintenance
cost of a flywheel is higher than that of PV, solar energy has been considered the main
power supplier in this study. The overall system consists of solar power as part of the
micro energy grid, and a flywheel as part of the energy storage system, and an MRAC
based control strategy as part of the energy management system. Each part of the system
is described in the following sections.

AC Line AC/DC DC Line
‘onverter
~s —
T —
= A
i,
Main Grid Controller Battery Energy Storage
System
T &
e
Fl-ywhee] Energy DC/AC Solar Power
Storage System Converter

Energy Management System

Figure 1. Proposed MEG based fast charging station with EMS for eBuses.

2.1. Solar Power

The common form of renewable energy is solar power and this has been adopted in
this study to produce power. Average solar global horizontal irradiance data have been
collected from the NASA Surface meteorology and Solar Energy database every month.
The following equation is used here to calculate the solar power output [23]:

H
Psolur = solurfsolur (I‘Ii) [1 + D‘P(Tt - Tstc)}/ (1)
stc
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where Yy, is the rated capacity of the PV array (kW), f14r is the solar derating factor
(%), H; is the solar irradiance at current time (kW / m?), Hy. is the solar irradiance at
standard test condition (kW/m?), ap is the temperatureco-efficient (%/°C), T} is the solar
cell temperature at current time (°C), and T is the solar cell temperature at standard test
condition (°C). Figure 2 represents the clearness index and daily radiation of solar power.
The design specifications of the PV module for this paper are described in Table 1.

Solar Irradiance

5
il
" ]
g g
=
E :
© &
=
fa
mmmm Clearance index — s==Daily radiation
Figure 2. Clearness index and daily radiation of solar power.
Table 1. PV model design specifications.
Maximum Open Circuit YOltage at Max- Short  Circuit Current at M?XI-
Power (W)  Voltage, Vo (V) imum  Power Current, I, (A) mum Power Point, Cells per Module
roe Point, Vy,p (V) 7 se Lup(A)
213.15 36.3 29 7.84 7.35 60

2.2. Flywheel Storage System

Figure 3 represents the configuration of the flywheel storage system for the fast
charging station. From this figure, the dynamics of the system corresponding to the
DC-link capacitor can be derived as the following equation [24]:

dVpc . . .
Cpc—,— = lpoost +if1y — iBES, 2)

t
where Cpc denotes the value of the bus capacitor, iy, is the current flowing from the PV
panel boost converter, if, is the current flowing from the flywheel, and ipgs is the current
extracted by the battery storage system. To simulate the operating behavior of a flywheel,
and Induction Motor (IM) is used in this paper. The dynamic behavior of the IM can then
be represented as follows:

ia] _ Voc [da + ;_fsi WnR | fig| _ 1 0 3)
lq U'Ls dq —(UmR % lq U'Ls —wmlilfTLO 7
where the inductance of the rotor and stator is represented by L, and Ls, and the resistance
of the rotor and stator is described by R, and Rs, while mutual inductance is denoted by
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Ly. d and q axis current is represented by iy and i,, flux rotational speed is by wy,g, rotor
flux is by 1, and total leakage coefficient is by o.

1
R A Ea ¥

where o5 and 0; is the leakage coefficient for stator and rotor, respectively. The flowing
current from the flywheel towards the DC link can be expressed as follows:

Vbe

: ©)

ifly =

'r+’v

o Battery
- Control
s

A

iboost > J_ ifly
CDC-I_ Vpc

\E\, A A
MPPT Flywheel

» Control Control

Flywheel

A

Vpy

Figure 3. Flywheel storage system for fast charging station.
Putting Equation (3) into Equation (5), the resulting linearized expression around Vpc
is determined as follows:

wroLig

3(Rs + (Lo/Ly)*Ry)ig + 1.5 + 1.50 Lsiys

Vbe

, (6)

ifly =

where w;q is the instantaneous rotational speed. The flywheel swing equation utilizes the
rotational speed change of the rotor and is expressed as follows:

dw;
It

= TEr1; @)

here, j is the inertia of the flywheel, whereas, electrical torque is denoted as TgT and is
defined as: 3p(1 L

P( (;) slleq’ ®)
where p is the number of the pole pairs and i, is the magnetizing current. The parameter
used for IM to simulate flywheel is given in Table 2.

Ter =

Table 2. IM Parameter for Flywheel Simulation.

Cpc

Lo

Ls Lr Rs Rr o ]

2.2 mF

10.46 mH

10.76 mH 10.76 mH 0.0148 0.0093 0.055 10
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2.3. Multi Input Bidirectional DC/DC Converter

A modular non-isolated bidirectional DC-DC converter is designed so that the energy
storage devices can be charged and discharged independently and simultaneously besides
the power can be transferred between them using minimum power switches, so the
energy sources and DC link can exchange the power bidirectional with more reliability
and flexibility. The converter also has the advantage of modular design, so additional
power sources can be commissioned by adding a pair of power switches with an inductor.
In addition, the output voltage is not limited by the sum of the input source voltage.
Matlab/Simulink is used to simulate the different operating scenarios of the converter.
The proposed converter consists of six power switching MOSFETs, two inductors, and one
capacitor. The schematic of the converter is shown in Figure 4.

iﬂ

‘ [
ToDCLinkin C e

gl 5:|- ; e

Figure 4. Schematic of the proposed converter.

+

Table 3 shows that the equations used to calculate the minimum values of inductors
L1 and L, in different operation modes of the converter and Table 4 shows the design
specifications of the proposed converter.

Table 3. Inductance equations in different operation modes.

Mode 1 2 3 4 5
) (1-D).T; _ D.T; Vpc(1—d,).Ts (Vpc—Vp)d1 Ts
Ll,mln TMVDC 2AT, VBt AL By ra—
, - (1-D).T. D.T, Vpc(1—ds).T. (Vbc—Vp)d1 T
Lo imin TZSVDC 2A1,i Vb TS TS

Table 4. Design specifications of the proposed converter.

Battery DC Link Switching

o Supercapacitor Inductors .
Specification Voltage Voltage Frequency Capacitor  Power
Vol V. L L
(V) oltage (Vsc) o) (2 (Evand L)
0.75 mH
Values 200V 160 V 500 V 20 kHz and 0.75 500 pF 15 kW

mH
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3. Control Strategy for Energy Management System

This section describes the design of the MRAC controller and DC/DC converter as
part of the EMS system for a fast-charging station to achieve the controlled voltage, current,
and speed from the flywheel as well as from the battery.

3.1. Design of MRAC

The diagram of the proposed controller is presented in Figure 5. The control strategy
consists of four basic building blocks and they are the reference model, plant model,
adaptive mechanism, and the control unit. The reference model is needed to determine the
response that we desire whereas the controller, which is a collection of tuning parameters,
provides the necessary signal to achieve the desired response from the plant. The adaptive
mechanism provides the adaptable parameter © to the control unit for high tracking
performance. MIT law is used in this paper to generate this adjustment mechanism.
The equations associated with this design are from [25] as a reference.

Reference Ym
Model -

h
Plant yp

1\s 4 X

Adaptive Mechanism

Figure 5. Schematic of the MRAC control strategy.

By taking the difference of plant model (y,) and reference model (y;), the tracking
error (&) can be obtained as follows:

e=Yp—Ym- )
An error cost function (J(®)) is formed by using (9) and the formula is given below:
J(©) = 5e(0). (10)

The adaptable parameter © is taken as proportional to the negative gradient of J, such
that the cost function becomes zero.

ae o e .
- Ve T 73%518”(3)r (11)
where
1, e>0
sign(e) =<0, =0
-1, e<O0.
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A transfer function mG(s) is considered here for the plant, where m is an unknown
parameter and G(s) is a second order known transfer function. The reference model
transfer function is taken as mG(s), where mj is a known parameter. From (9),

€ = Yp—VYm (12)
= mGOU — myGU.
The update rule is,
oe m

From (11), the updated MIT rule is given below:

e om _
T —y m—oyme = —YYme. (14)

Here, vy is the adaptation gain and it is considered a small positive amount.

3.2. Converter Control

The proportional-integral (PI) controller was chosen to implement the control strategy
of the converter as well as to control the output voltage of the DC link, which is connected
to step down DC/DC converter, so by controlling the proposed converter in different
operation modes by discharging from energy sources simultaneously or Individually
we can control the output power of the charging electric vehicle. It is expected that the
converter can charge the battery of the EV in power rate up to 15 kW. The PI controller has
several advantages, such as feasibility, easy implementation, and its gains can be designed
based upon the system parameters. As shown in Figure 6, the PI controller minimizes the
error between the output voltage of the DC link and the reference voltage, which will be
the desired DC-link voltage to determine the desired duty ratio for generating the pulses
of the power switches in the different operation modes. The system is underdamped
by regulating the value of the Integral coefficient K; = 0.3 and proportional coefficient
Kp = 0.001 to minimize the overshoot and the steady-state error.

Vref
Pulses PWM D Pl error .'@

: Generator v controller |" é

I

Vo

Figure 6. Schematic of the converter control.

4. Performance Evaluation

The effectiveness of the proposed strategy has been evaluated in this section. Figure 7
shows the step response and bode plot of the controller to determine its performance and
stability. Figure 7a shows that the controller has a rise time of 0.048 s, settling time of
0.296 s, and an overshoot of 4.67%, which confirms the controller performance within
the acceptable ranges. Figure 7b shows the bode plot of the system from where it can be
seen that the closed-loop system is stable with a phase margin of 159(deg). This control
strategy has been implemented with the flywheel storage system to achieve an optimized
performance of the hybrid system.
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Figure 7. (a) Step response and (b) bode plot of the proposed control strategy.

4.1. Solar Power Output

The solar system has been adopted as a renewable energy source in this study. The volt-
age, current, and power extracted from the PV system are presented in Figure 8. Maximum
Power Point Tracking (MPPT) is used here to maximize the power extraction from the
system. The amount of energy produced by the solar system depends on solar irradiance.
In this study, different solar irradiance value has been considered to observe the partial
shadow effect. Perturb and observation method is used to adjust the voltage and power
extracted from the system. Figure 8a shows the two different irradiance values. Figure 8b
shows the voltage output of the PV panel where it can be seen that the output voltage is
almost identical for different panels, which ensures the effective operation of the MPPT
control, while Figure 8c interprets the corresponding current from the PV. A boost converter
is then used to increase the voltage output of the panel to charge the battery of the Volvo
BZL eBus. A maximum charging power of 300 kW is needed to charge this bus within
15 min. Figure 8d demonstrates the bus voltage after boosting the PV output voltage at two
different irradiance values while Figure 8e represents the current flowing through the boost
converter. Figure 8f shows the output power extracted from the solar panel. From this
figure, we can see that, when the irradiance value is 1000 W/m?, the energy source supplies
around 500 kW of power, which is enough to charge an eBus in the fast charging facilities.
However, when the irradiance value drops to 500 W/m?, the output power is around
250 kW, which is not enough for the fast charging of the eBus. The remaining power is then
supplied from the flywheel storage system.
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Figure 8. (a) Irradiance value, (b) PV voltage, (c) PV current, (d) bus voltage, (e) boost current, and (f) power extracted from
the PV panel.

4.2. Flywheel Performance

A flywheel is used in this study as an energy storage system. When a load is applied
across the flywheel, the rotor speed decreases, which results in poor performance during
the discharge period. To overcome this problem, the proposed MRAC controller is used in
the flywheel system to maintain a constant rotor speed of the flywheel. Figure 9a shows
that the proposed control scheme enables the system to maintain a constant rotor speed
of the flywheel, while Figure 9b presents the energy stored in the flywheel system during
the charging mode. From Figure 9b, we can see that the flywheel can store 50 kW power
during its charging period and this power can be discharged to the charging of eBus when
the solar power cannot meet the power demand alone. This confirms the effectiveness of

the energy management of the proposed system.
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4.3. Proposed DC/DC Converter Performance

The proposed converter has been tested to charge a Nissan leaf battery (350 V, 60 Ah)
individually and simultaneously from the energy sources. Figure 10 shows the battery
successfully charge the Nissan leaf battery as shown in Figure the SOC of the battery
increased. Similarly, the EV’s battery is charged from the supercapacitor with a current rate
of more than 25 A as shown in the figure. To increase the charging rate, the EV’s battery is
charged from both energy storage devices simultaneously, with a charging current of more
than 15 A from each source.

— Battery
= Supercapacitor

+ Supercapacitor

Figure 10. Cont.
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Figure 10. (a) State of Charge, (b) voltage, and (c) current profile of EV’s battery charging using battery, supercapacitor and

battery + supercapacitor.

5. Conclusions

This paper presents the design and simulation of a developed FCS for eBus. The
proposed system integrates a hybrid energy storage system composed of a battery and a
flywheel with MEG including a renewable energy system. The performance of the system
has been evaluated based on different test case scenarios. A PV system has been designed
as a renewable energy source to reduce the dependency of the fast-charging station on the
main power grid. The MPPT control algorithm is used to extract the maximum power
from the solar system while considering the partial effect. Then an induction motor-based
flywheel has been designed to store the energy for the fast charging station. A control
strategy has been developed later on to maintain a constant rotor speed of the flywheel
to achieve an extensive performance of the energy management system. The analytical
performance of the proposed system has been examined, which ensures the improved
performance of the fast-charging station for eBuses. in addition, multiple sources and a
bidirectional DC-DC converter have been designed and tested with different scenarios
to validate the capabilities of managing multiple input sources like a flywheel, a battery,
and a supercapacitor. The limitation of this study has been included—that we considered
PV as the main power source to mitigate the power demand of a fast-charging station.
The solar power generation varies with the solar irradiation and, if there is not enough
irradiation, the system will not generate enough power. This problem can be overcome
by using more power sources but this will make the energy management system more
complex to design. The future scope of this study can be extended to integrate nuclear
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energy with the hybrid energy system to mitigate the intermittent problem of renewable
energy sources and improved energy management systems.
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