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Abstract: Given the escalating issue of climate change, environmental protection is of growing
importance. A rising proportion of battery-powered scooters are becoming available. However,
their range is limited, and they require a long charging time. The fuel cell-battery-powered electric
scooter appears to be a promising alternative. Further development of the active hybrid is the passive
hybrid, in which the fuel cell is directly coupled to the battery, eliminating the need for a DC/DC
converter. The passive hybrid promises the possibility of a reduction in the installation volume and
cost. A simulation model is created MATLAB/Simulink for the passive fuel cell-battery hybrid
electric scooter. It specifically focuses on how the power split between the fuel cell and battery occurs
under dynamic load requirements. The scooter is powered by two air-hydrogen Proton Exchange
Membrane Fuel Cell (PEMFC) systems with a nominal power of 250 W each and a Li-ion battery (48 V,
12 Ah). The validation is performed following an ECE-R47 driving cycle. The maximum relative
deviation of the fuel cell is 2.82% for the current value. The results of the simulation show a high level
of agreement with the test data. This study provides a method allowing for an efficient assessment of
the passive fuel cell-battery hybrid electric scooter.

Keywords: fuel cell-battery electric scooter; passive hybrid; PEMFC; system modeling; experimental
validation

1. Introduction

The future development of the global transport sector is of crucial importance for
sustainability. To achieve the goal of emissions reduction, the complete electrification not
only of these vehicles but also of scooters is inevitable [1]. A rising number of battery-
powered scooters are becoming available. However, their range is limited, and they
require a long charging time. The fuel cell-battery-powered electric scooter appears to be
a promising alternative. It is characterized by a high range and short refilling time of the
hydrogen tank [2,3].

In the common case of a fuel cell-battery hybrid electric scooter, DC/DC converters
are used to adapt the different voltage levels of the fuel cell and the battery to the DC
main bus [4]. The elimination of the DC/DC converter is of great interest to reduce the
installation volume, components and costs [5]. However, with the current state of research,
no precise statements can be made about the functionality and the achievable efficiency of
this powertrain topology.

The hybrid topology, where at least one energy source is connected to the main voltage
bus via a DC/DC converter is also known as an “active” hybrid, as shown in Figure 1.
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A “passive” hybrid, on the other hand, does not include a converter between the energy
sources and the main bus.
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Figure 1. Active hybrid powertrain topologies with DC/DC converter. (a) DC/DC for fuel cell;
(b) DC/DC for energy source; (¢) DC/DC for fuel cell and energy source.

Active hybrid topologies provide various advantages. Due to the use of a DC/DC
converter, the power split between the fuel cell and the battery can be controlled, and an
energy management strategy (EMS) can be implemented. This makes it possible to define
objectives, such as maximizing the overall efficiency of the fuel cell system, which are to be
achieved under defined constraints, such as the operating limits of the energy sources [6,7].

As the decoupled device can operate at a different voltage level than the other power
source and main bus, it allows for flexible and independent sizing of the devices [8,9].
Furthermore, with these topologies, high overall power can be achieved [10,11].

Besides these positive aspects of an active hybrid, using a DC/DC converter also
increases the complexity of the architecture, the installation volume, and the weight, as well
as the costs of the hybrid system. In addition, the conversion of the voltage level causes
power losses, which leads to reduced efficiency [12,13].

In a passive hybrid architecture, the energy sources are directly connected to the main
bus without the use of a control element such as a DC/DC converter and share the same
voltage level. Researchers have taken several approaches to modify the passive hybrid
system to gain some control over the system [14-16]. This way, the advantages of the passive
hybrid can be exploited and disadvantages compared to the active hybrid minimized.

In the work of Andreasen et al. [17], a passive hybrid with a high-temperature PEM
(HTPEM) fuel cell and a lithium-ion battery for a hybrid electric vehicle (HEV) were
developed. This topology provides a connecting and disconnecting of the fuel cell stack
to the battery branch via two switches. To couple the fuel cell stack with the battery, the
connection to the resistor is first closed to avoid high peak currents to the battery and a
voltage drop in the fuel cell stack. Subsequently, the second switch, which allows direct
coupling between the devices, is closed, and the first switch is reopened to minimize
electrical losses. Test results show that with the proper dimensioning of the power devices,
an efficient and simple topology can be achieved, which enables an extended driving range.

Renken et al. [18] developed a fuel cell-battery powertrain system in which the fuel
cell can be connected and disconnected from the main bus via a power electronic device.
During the switching process of the fuel cell with the battery and the main bus, the power
electronic switch operates in linear mode for several seconds and ensures a slow connection
between the branches. The operational capability of this topology is tested on a test bench
with an 8.5 kW PEM fuel cell and a LiFePOy, (10.5 kWh). The power electronic switch is
realized by six MOSFETs connected in parallel, and electrical loads and power supplies
reproduce a measured driving cycle.

It is concluded that the presented topology significantly simplifies the architecture of
the powertrain compared to an active hybrid. However, due to the direct connection, the
sizing of the energy sources must be matched, and the performance of the fuel cell in the
connected state depends on the common voltage level.

Nishizawa et al. [19] investigated a fuel cell-battery hybrid system for aircraft applica-
tions. In this configuration, the fuel cell stack and the battery, respectively, are connected
to the main bus via a diode in series. The diode in series to the fuel cell stack prevents
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currents coming back to the fuel cell stack, and the second diode prevents the uncontrolled
charging current of the battery. This topology is tested with a 360 W-H; /air PEMFC, two in
series-connected LiFePOy-batteries (4.32 Ah, 12 V), and an electric load. At the maximum
output power, the power losses are 4%. In addition to its high efficiency, the self-controlled
system is also able to respond to rapid changes in power demand.

To achieve active-controlled power-sharing, Bernard et al. [20] developed a passive
fuel cell-battery hybrid system in which the operating pressure of an H, /O,-PEMFC can
be adjusted. By varying the gas pressures, the operating points of the fuel cell and the
directly connected battery can be shifted. As the simulation results show, it is possible to
keep the SOC of a battery at about 50% during the performance of a US06 driving cycle.
This topology allows for a simpler, lighter, and cheaper hybrid system compared to an
active hybrid, provided that the energy sources are well matched.

A passive hybrid system consisting of a fuel cell and a supercapacitor is investigated
by Wu et al. [21]. Due to the lower resistance of the supercapacitor compared to the fuel cell,
the supercapacitor provides the initial load demand at dynamic load transitions, whereas
the fuel cell experiences lower dynamic loads. Compared to a pure fuel cell configuration,
the investigated topology allows for a reduction in fuel utilization by approximately 5%.

2. Methods

During the modeling of the powertrain, two methods are used: the forward-facing
approach and the backward-facing approach.

The forward-facing approach has a calculation sequence of physical quantities cor-
responding to the direction of the force flow of the vehicle to be modeled [22]. The main
components with the associated information flows of a hybrid scooter for the forward-
facing approach are shown in Figure 2. First, a driver model is used to determine the
required throttle or braking command, taking into account the current and required speed,
which is given by a driving cycle, for example. The driver model is implemented using
a (PID) controller, for example. The throttle or brake command is then forwarded to the
powertrain, which, for a scooter, consists of one or more power sources, the motor, and the
brakes. The output value of the powertrain unit is a resulting torque that is transmitted
to the tires, taking into account the components of the powertrain. There, the resulting
tractive force between the tire and road is calculated. The resulting acceleration of the
vehicle is then determined by the tractive force using a dynamic model of the vehicle. The
information of the angular velocity of the wheel is calculated in the opposite direction up
to the motor as a feedback value and is taken into account as the current velocity in the
next time step. The energy consumption rate of the motor is calculated from the torque and
the speed [23].

Throttle handle

Desired brake lever Tractive
speed commando Torque force
Driving Driver Powertrain . Dynamic
cevele model (power sources, Angular Wheel Linear vehicle
’ > motor, brakes) velocity ¢ velocity model

l Energy
Consumption
rate

Figure 2. Information flow between the main components of a scooter model according to the
forward-facing approach.

With the backward-facing approach, the physical quantities are determined in the
opposite direction to the power flow direction of the vehicle. In addition, this approach
does not provide a driver model and does not take into account dynamic processes within
the vehicle [24]. Figure 3 shows the information flow for a backward-facing approach
for a hybrid scooter model. In the beginning, the required speed is calculated using a
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dynamic vehicle model into a required traction force between the tires and the road surface,
taking into account the current speed. Then, the required torque is determined from the
traction force and the angular velocity of the tires from the linear velocity of the vehicle.
These variables are the input variables for the motor. In the case of negative acceleration
due to braking, these parameters are additionally taken into account. The corresponding
operating variables are determined for the motor, and the required power is transferred to
the energy bus with the current sources. Finally, the calculation of energy consumption is
derived from this model [25].

Tractive
_ Torque force R
« ¢ Desired
Power bus, Power Dynamic speed s
< . i . < Driving
power Motor Anlgu!ar Wheel Lllneqr vehicle cvcleg
sources eloclty PR model ’
l Energy
consumption

rate

Figure 3. Information flow between the main components of a scooter model according to the
backward-facing approach.

Both approaches are suitable for different purposes, and each has advantages and
disadvantages. Backward-facing approaches are typically used for the simulation of emis-
sions and fuel economy. These quantities are determined by given driving cycles, which
are to be driven by the driving model. Since the backward-facing approach uses the given
speed frequency as the direct input for the dynamic vehicle model, it is guaranteed that
the vehicle follows the exact driving cycle without deviation. With the forward-facing
approach, the speed is determined by the driver model. Therefore, the agreement between
the speed sequence of the driving cycle and the vehicle model depends on the quality of
the controller, and usually, there is a deviation in the speeds [25].

A disadvantage of the backward-facing approach, however, is that the operation limits
of the powertrain components, for example, the maximum torque of the motor, or the
maximum power supply of the energy carriers, are not taken into account. It is therefore
assumed that the vehicle can follow the drive cycle. With the forward-facing approach,
however, the component limits are taken into account by the calculation sequence of the
physical quantities [23]. Forward-facing approaches are therefore suitable for performance
simulation under maximum operating conditions, such as an acceleration test, and also for
investigating driving behavior or for control development [26,27]. However, the forward-
facing approach has a higher simulation time, since smaller simulation steps are required
to obtain a sufficient quality of control and response of the driver model [28,29].

Within this study, a scooter model was developed in a MATLAB-Simulink environ-
ment, which is based on the backward—-forward approach, as implemented in the simulation
tool ADVISOR for vehicle modulation.

3. Modeling

An overview of the developed scooter model in MATLAB/Simulink is shown in
Figure 4. The model consists of the blocks of the driving cycle, the dynamic scooter model,
the wheels, the electric machine, the auxiliary consumers, the power bus, and the hydrogen
tank. The dynamic scooter model is explained in detail. The others are depicted in the
figures of the model block without further explanation due to the limitation in paper length.

The implementation of the traditional longitudinal dynamics of the scooter is carried
out in the dynamic scooter model block. An overview of the input and output of this block
is shown in Figure 5. These parameters will be explained later. The detailed structure of
the dynamic scooter model block is shown in Figure 6.
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Figure 4. Overview of the scooter model created in MATLAB-Simulink according to the backward-
forward approach (blocks correspond to the main components and arrows symbolize the flow

of information).
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Figure 5. Dynamic scooter model block.
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Figure 6. The detailed structure of the dynamic scooter model block.

Throughout the model, the input and output are shown with oval blue icons. Pa-
rameters that are calculated within the model and used elsewhere are shown with green
pentagon arrows. The calculation of limit values via system limitation is conducted in the
blocks shown in yellow. Calculations of the respective output parameters are summarized

in the light blue blocks.
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The dynamic scooter model block can be divided into a backward-facing part and a
forward-facing part. These two approaches are each highlighted by a violet background color.

For better readability, the dynamic scooter block is divided into four parts, which are
shown separately below. Parts 1 and 2 contain the backward-facing part and parts 3 and 4
contain the forward-facing part.

Firstly, the dynamic scooter model block obtains the desired speed Vyeqeng from the
driving cycle block and represents the input size of the backward-facing part (shown in
Figure 7). This value represents the required speed at the end of the time step. Taking the
velocity value reached in the previous time step Vayd,prev into account, the required average
speed Vreq,avg is calculated as follows:

Vreq,end +Vavd,prev
Vreqavg = > 1)

where Vreq,avg is the required average speed (m/s), Vyeqend is the required speed at the end
of the time step (m/s), and vayq prev i the achieved speed at the beginning of the time
step (m/s).

1 Backward-facing part

! v_avd,prev (m/s) v_max,avg (m/s) |

Limitation: Wheeling

e P
v_req,end (m/s) rT E -
‘ v_req,avg
"
max

Lplv_avd,prev (m/s) v_min,avg (m/s) v_req.lim,avg

(m/s)

v_avd,prev Limitation: Forward-flip over
(m/s)

Figure 7. The detailed structure of part 1 in the dynamic scooter model block.

Then, the limit speeds at which the undesirable driving conditions wheeling and
forward-flip over occur are calculated. These speeds are the first limitations of the scooter
model. The calculation is performed in the yellow blocks in Figure 7. In order to prevent
wheeling and thus lifting of the front wheel, the maximum acceleration of the scooter must
be limited. This also limits the average speed and the final speed of the time step. For the
acceleration X, the following expression is used:

. 2 x (V max,avg Vavd,prev)
X = @max,avg = dt (2)

where amax,avg 1S the maximum average acceleration (m/s?), Vmax.avg 18 the maximum
average speed (m/s), Vayd prev 1S the previous reached speed (m/s), and dt is the time
increment (s). The contained acceleration X corresponds to the following term:

- 2x (Vmin,avg - Vavd,prev)
X = Qmin,avg = dt 3)

where apin avg is the minimum average acceleration (m/ s?) which is present at maximum
braking, Viin avg is the minimum average speed (m/s), Vayd, prev is the previously reached
speed (m/s), and dt is the time increment (s).
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The following condition must therefore apply to ensure safe driving conditions:

Vmin,avg < Vrep,avg< Vmax,avg 4)

The consideration of this condition leads to the limited required average velocity value
Vreg limavg- 1his is the input parameter of part 2.

In part 2, which is mapped in Figure 8, the initial acceleration areq lim,avg is calculated
by the following term:

. 2x (Vreq,lim,avg - Vavd,prev)
X = dreq lim,avg = dt ®)

where areq lim,avg aNd Vreq lim avg are the average limited required acceleration (m/ s?) and
speed (M/$), Vayd prev 18 the previous reached speed (m/s), and dt is the time increment
(s). Taking into account the average speed Vyeqlimavg and the corresponding average
acceleration areq lim,avg, the required limited necessary average driving or braking force
Fd/breqlimavg 18 calculated. The calculated limited required average speed Vieqlimavg
and the associated required driving or braking force Fq/p req limavg are routed to the

wheels block.

1, Lh
[ L | —
' I e I 2
r L S— v_req,lim,avg (m/s)
> 1
|

.

v_req,lim,avg
(m/s) —
- |

L v_req,lim,avg (m/s)
- . . F_dibreq/im,avg (N)|— (D
‘ - = »ia_req,limavg (m/s"2) F_d/b,req,lim,avg (N)
a_req,lim,avg

v_avd.fn:e/;) 2 (m/s*2) F_d/b,req,lim,avg (N)

Figure 8. The detailed structure of part 2 in the dynamic scooter model block.

The forward-facing part of the dynamic scooter model block has the calculated average
driving or braking force Fyp avb lim2,avg and achieved average speed Vayd,w,lim2,avg (Shown
in Figure 9). These parameters are the initial parameters of the wheel block. Typically, there
is a relationship between the speed of the scooter and the driving force. However, this
relationship no longer applies to the input values. The reason for this is the calculations
of the electric motor block. Therefore, at the beginning of the forward-facing part, the
acceleration containing x corresponds to the following term:

. 2x (V avd,avgFd/b — Vavd,prev)
X= aavd,avg,Fd/b = dt (6)

where aayp avg Fd/b is the available average acceleration based on Fy,p avb lim2,avg (m/ s?),
Vavb,avg Fd/b is the available average velocity based on Fy,p avb lim2,avg (M/8), Vavd, prev 18
the achieved previous velocity (m/s), and dt is the time increment (s). Depending on the
required power of the electric motor Py lim2,avg, the achieved average speed vayq avg Of the



Sustainability 2023, 15, 13180

8of 19

scooter has different values. As shown in part 4 (Figure 10), the achieved velocity value at
the end of the time step v,yq end is calculated as:

Vavd,end= 2 x Vavd,avg - Vavd,prev (7)

where V,y4 end i the achieved velocity at the end of the time step (m/s), Vayd,avg is the
achieved average velocity of the scooter (m/s), and Vayg prev is the previously achieved
velocity (m/s). Using a Unit Delay block from the Simulink library, the previously achieved
velocity Vayg prev is calculated. With the speed values obtained, the average angular velocity
and acceleration of the rear tire are also calculated. wyyq midr and dwgayq mid r are taken into
account in the determination of the tire slip (light blue block in Figure 10). These values are
used in the electric motor block.

v_avd,prev Forward-facing part

(m/s)

~®{v_avd,prev (m/s)
v_avd,avg,Fd/b (m/s)

i F_d/b,avd,lim2,avg (N)
F_d/b,avb,lim2,avg (N)

v_avb,avg,Fd/b (m/s)

v_avd,avg
(m/s)

v_avb,w,lim2,avg (m/s)

Figure 9. The detailed structure of part 3 in the dynamic scooter model block.
v_avd,avg E L
. (m/s) >
=B -
| | — [ v_avd,end .v avd,prev ‘ d /
v_avd,avg (m/s) (r?\/s) v_avd,prev (m/s)
(m/s) * )

—#1v_avd,avg (m/s) | |

~#{v_avd,prev (m/s)

w_r,avd,avg (rad/s);
w_r,avd,prev,app (rad/s);
dw_r,avd,avg (rad/s"2)

Figure 10. The detailed structure of part 4 in the dynamic scooter model block.

Since the emphasis in this study is on the passive fuel cell-battery hybrid system,
the detailed structures of other blocks are listed as follows, without further explanation.
Figure 11 shows the detailed structure of the wheel block. Figure 12 shows the detailed
structure of the electric machine block. Figure 13 shows the detailed structure of the
auxiliary consumer block. Figure 14 shows the overview of the power bus block. Figure 15
shows the detailed structure of the hydrogen tank block.

The structure of the power bus block (Figure 14) is divided into six parts for further
explanation. Basically, the model can be divided into four main sections. The first section
consists of the battery model, which is shown in part 1. Parts 2—4 contain the calculations
for the passive fuel cell-battery hybrid and represent the second main section. The next
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main section consists of part 5, where a power bus is simulated, which is driven by the
battery only. The last main section is part 6, where the characteristics of the scooter system
are collected.

[Backward-facing part
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EAR o
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Figure 11. The detailed structure of the wheel block.
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Figure 12. The detailed structure of the electric machine block.
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T_dbr_avg (Nm)

P_blight R E >
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P_aux,req,avg (W)

P_adddisp >

P
sy
s

[
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. O o @

p_tank (bar)

YU

Figure 15. The detailed structure of the hydrogen tank block.

4. Experimental Validation
4.1. ECE-R47-Based Driving Cycle

The ECE-R47-based driving cycle (Economic Commission for Europe Regulation 47)
is a legislated test cycle consisting of a repeating (ECE R) single cycle, which is based on
modal operation sections and has a total duration of 112 s (shown in Table 1) [30].

This driving profile is intended to simulate the driving situation in a congested urban
area and is part of the test procedure for the certification of the EURO 1 to EURO 4 emissions
standards for two-wheeled mopeds. In these emissions standards, the single cycle is
repeated eight times in succession and, depending on the standard, the emission of carbon
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monoxide (CO), total hydrocarbons (THC), and nitrogen oxides (NOy) is determined during
the last four single cycles (EURO 1, EURO 2) or over the entire driving cycle (EURO 3,
EURO 4) [31-33]. Figure 16 shows the speed profile of the driving cycle for a moped with a

maximum speed of 50 km/h.

Table 1. The modal sequence of the ECE R47 single cycle [30].

No. of Overation Acceleration Roller Speed Duration of Total Duration of
Operation P (m/s?) (km/h) Operation (s) One Cycle (s)
1 Idling - - 8
2 Acceleration full throttle 0-max 8
3 Constant speed full throttle max 57
4 Deceleration —0.56 max-20 65
5 Constant speed - 20 36 101
6 Deceleration —0.93 20-0 6 107
7 Idling - - 5 112
ofrn NN NN N n
| | : l‘ | " ‘
40 | | i ‘ ‘ ‘ ; -
E [ “ | | | | “ | |
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Figure 16. ECE-R47 driving cycle.

ECE R47-based driving cycles are also used for certification procedures in Asian
countries such as China, South Korea, and Thailand. In China, this driving cycle is part
of Stage IV of the current emission standards for mopeds (engine capacity < 50 cm?,
maximum design speed < 50 km/h) and is furthermore used to determine the energy

consumption and range of electric motorcycles and mopeds [34,35].

4.2. Test Facilities and Setup
A modified electric scooter was available for the overall vehicle tests, in which a

passive fuel cell-battery electric hybrid drive train was installed. A picture of the scooter
with the packaging of selected powertrain components is shown in Figure 17.

The hydrogen is stored in two gas cylinders with a storage volume of 3 L each at a
pressure of a maximum of 350 bar. The gas cylinders are located below the footplate and are
connected to each other by a gas line. The opening and closing of the gas line are facilitated
by a stop valve. Two pressure regulators reduce the pressure first to approximately 20 bar
and then to approximately 0.5 bar. Two pressure sensors measure the pressure in the gas
cylinders or the pressure level after the second pressure regulator. Figure 18 shows the

hydrogen tank system of the scooter in the top view.
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Voltage sensor

Relay  pe/DC converter,
FC system controller

Control unit

Battery charger port
Current sensor

Fan(12V)

Power resistor (1 2)

—

Pressure sensor
Hydrogen gas cap

Figure 17. Passive fuel cell-battery hybrid electric scooter with the assembly of selected components.

Pressure regulator  Solenoid valve

—

Drive direction

H>—gas cylinder (each 3 L, max. 350 bar)

Figure 18. Hydrogen tank system in the scooter.

The fuel cell systems are connected in series, and the resulting voltage is the sum of
the individual voltages of the fuel cell systems. The resulting voltage is determined by a
voltage sensor connected in parallel.

In addition to the fuel cell systems, a Li-ion battery (48 V, 12 Ah; manufacturer: Divine
shield, Dongguan City, China, model: SEDUN-DL) is installed as energy storage. This
battery contains a simple battery management system, which ensures that the appropriate
operating conditions are maintained and, if necessary, disconnects the battery from the
electric main circuit. The voltage of the battery is measured with a voltage sensor. In
addition, two relays enable the connection and disconnection of the energy carriers from
the electric main circuit. To reduce the current flow from the fuel cells to the battery in case
of battery charging, a 1 () power resistor is connected after the fuel cell. Meanwhile, the
power resistor is cooled by a fan (12 'V, 0.18 A).

The test setup is shown in Figure 19. The scooter is mounted with the front wheel in a
tire clamp and the rear wheel is placed on a roller which adjusts the driving resistance of
the scooter during the test cycles. The roller unit also determines the speed and acceleration
of the drive wheel. The front wheel assembly can be lifted to increase the gradient of the
road. Cooling during the test is provided by a cooling fan located in front of the scooter.
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Drivers display Cooling fan

Roller Front clamp

Figure 19. Test setup.

4.3. Comparison between Test and Simulation

A comparison of the test data with the simulation data of the battery and fuel cell
power is shown in Figures 20 and 21, respectively. There is a basic agreement of the curve
progressions between the test and the simulation for both components.
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1000 _—

Simulation

800 7
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-400

Figure 20. Comparison of battery power based on test and simulation data in test run ECE-R47.

With the data of the battery, it can be seen that with high-performance requirements,
the values of the simulation curve remain below those of the test curve. This can be
observed for three time periods during the test run: (1) t=10stot=20s; (2) t=122s to
t=132s; (3) t =234 s to t = 244 s. During the first period, there is an average difference of
about 148.62 W.

In the time ranges t =102 s to t = 107 s and t = 214 s to t = 219 s, a negative deflection
in the simulation data in contrast to the test data can be seen. In this range, regenerative
braking takes place in the simulation model, which leads to power feedback to the battery.
In the test, however, no additional power flow caused by regenerative braking can be
detected due to the lack of current data.
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Figure 21. Comparison of fuel cell power based on test and simulation data in ECE-R47 test run.

In the test data of the fuel cell as shown in Figure 21, a clear fluctuation can be seen
at high power values. The simulation values, however, show only slight fluctuations in
these areas, which are small and acceptable. The simulation values are, for the most part,
within the fluctuation range of the test data. As already seen with the battery performance,
there are strong fluctuations in the ranges of constant speed of 20 km/h, both in the test
and in the simulation. The simulation data are also on average above the test data here.
Regenerative braking can also be seen in the simulation data in the ranges t = 102 s to
t=107sand t=214stot=219s.

The following are the current values of the electric motor branch (shown in Figure 22),
the battery (shown in Figure 23), and the fuel cell (shown in Figure 24). All in all, the three
figures show a basic agreement between the test and the simulation. The curve progression
of the current values for the electric motor and the battery are similar to those of the battery
power curves described above. At high current flows, the simulation values are below
those of the test, and at a constant speed, the simulation values have a higher value. In
addition, a negative peak is observed in both current curves of the simulation at the periods
t=102sto 107 sand t = 214 s to t = 219 s, which is caused by regenerative braking.

30 T T T T T T

Test
25T ~ Simulation| |

—
W
T
1

Current (A)
=

0 50 100 150 200 250 300 350
Time (s)

Figure 22. Comparison of electric motor branch current based on test and simulation data in ECE-R47
test run.
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Figure 23. Comparison of battery current based on test and simulation data in ECE-R47 test run.
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Figure 24. Comparison of fuel cell current based on test and simulation data in ECE-R47 test run.

The current values of the fuel cell in Figure 24 are also similar to the power curves in
Figure 21. The largest deviations between the test and the simulation take place in the areas
of a constant speed of 20 km/h.

Figure 25 shows the voltage curves of the battery, and Figure 26 shows the data of the
fuel cell. As before, the curves from the simulations correspond to those from the test. For
both the battery and the fuel cell, the value ranges from the simulation are smaller than
in the test. For the battery, the greatest differences occur in the ranges of lower voltage
values. At higher voltages, such as a constant driving speed of 20 km/h, the differences are
small. With the fuel cell, this is reversed. At low voltage, the smallest differences are found.
However, higher deviations are found at medium and high voltage values. As with the
current values, fluctuations can be seen in the measured voltage values of the fuel cell. In
addition to these regular fluctuations, a voltage increase can be observed both in the test
and in the simulation during regenerative braking. This is also the case with the battery,
but in the test, as well as in the simulation, the voltage increases during braking.
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Figure 25. Comparison of battery voltage based on test and simulation data in ECE-R47 test run.
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Figure 26. Comparison of fuel cell voltage based on test and simulation data in ECE-R47 test run.

Finally, the hydrogen tank pressure curve is compared between the test and the
simulation, as shown in Figure 27. Due to the almost constant drop in pressure during the
test run, there is a very high level of agreement between the two curves.
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Figure 27. Comparison of hydrogen tank pressure based on test and simulation data in ECE-R47 test run.
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In summary, and taking into account all the results, the accuracies achieved are
considered sufficient. The parameters of the fuel cell are in high agreement. The maximum
relative deviation is 2.82% for the current value. The average relative deviations of the
battery are significantly larger. However, the average absolute deviations are I, = 2.48 A
and P, = 117.34 W, in areas where the condition of the passive fuel cell-battery powertrain
can be determined.

5. Discussion

In this study, a simulation model was established to check whether the conditions of
the passive fuel cell-battery hybrid electric scooter can be realistically represented. The
steady-state simulation model created in MATLAB/Simulink worked with the backward-
forward approach. The fuel cell was modeled by a modified steady-state model. The
battery model was calculated by using a simplified model.

The scooter was powered by two air-hydrogen PEMFC systems with a nominal power
of 250 W each and a Li-ion battery (48 V, 12 Ah). The hydrogen inlet pressure of the fuel cell
stacks was approximately 0.5 bar. The fuel cell systems were air-cooled. The hydrogen tank
contained two gas cylinders with a storage volume of 3 L each and a maximum storage
pressure of 350 bar.

Considering the power split of the fuel cell and battery, the fuel cell showed small
variations in the operating points throughout the test. No relevant transient behavior of the
fuel cell was found. The battery was able to deliver the required power during dynamic
load changes. It is likely that regenerative braking took place.

A test run (ECE-R47) was carried out to validate the simulation model. The graphical
analysis showed similar progressions of test and simulation data. There was a high agree-
ment between the test data of the fuel cell and the battery voltage. The maximum relative
deviation of the fuel cell is 2.82% for the current value. However, the average absolute
deviations are I, = 2.48 A and P}, = 117.34 W, in areas where the condition of the passive
fuel cell-battery powertrain can be determined with certain accuracy.

In summary, the results from the test and the simulation are in agreement. The direct
coupling of the fuel cell and the battery was simulated in the created simulation model. This
confirms the working hypothesis that the condition of a passive fuel cell-battery hybrid electric
scooter is realistically represented by this simulation model. This work can provide an efficient
assessment and a design direction for passive fuel cell-battery hybrid electric scooters.
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