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Abstract: A simulation study was conducted to examine the effects of design parameters on the
operation of an electric power-assisted bicycle using fuel cell. Bicycle dynamic, electric motor and
fuel cell models were built to depict operation of the electric bicycle. These models were solved
by Matlab-Simulink to obtain the operating characteristics of the electric bicycle, such as power of
fuel cell, propulsion force, moving distance and velocity. The simulation results in motion were
compared to experimental results to validate the simulation models. The effects of the number of cells
and hydrogen fuel pressure on the operation of the electric bicycle were investigated. In addition,
the influences of slope grade on the operating characteristics of the electric-assisted bicycle and fuel
cell were investigated in two cases: without and with fuel cell control. The simulation results show
that the operating performance of the electric bicycle was improved when the number of cells was
increased. The increase in hydrogen fuel pressure helped to increase the operating performance of the
electric bicycle; however, this contribution was not significant. When fuel cell control was applied,
the velocity of the electric assisted bicycle could be maintained at a stable value, in spite of changing
slope grade.
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1. Introduction

Environmental pollution issues are challenges for the world, caused by exhaust emissions from
fossil-fueled vehicles. One of the approaches to avoiding the dependence on fossil fuels, as well as
to reducing exhaust emissions from the traditional transportation vehicles, is using electric vehicles
(EVs) [1–6]. The number of EVs worldwide rapidly increased between 2010 and 2015 [7], and may
increase to 10 million in 2040 [8]. Electric bicycles (EBs) are getting more attention among EVs because
of their many benefits [9]. In comparison with other EVs, EBs are smaller in size and can move flexibly
on various terrains, including flat, rugged and hilly terrains. In addition, EBs can help to restrict traffic
jams in crowded cities, because of their small size. The price of EBs is also cheaper when compared
with that of other EVs. Furthermore, the maintenance costs of EBs are low when compared with other
EVs. In addition, EBs can help riders to improve their health [10–12].

There are three main kinds of EBs, including EBs assisted by electric power, EBs using pure electric
power, and EBs using a combination of electric power-assisted and pure electric modes [13]. In EBs
using the pure electric mode, an electric motor is equipped on the wheels or frame and used as a
unique power to drive the EBs. For EBs assisted by electric power, also called power-assisted EBs
(PAB), an electric motor is equipped on a wheel or frame to support the rider as they are pedaling [9].
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For the third kind, EBs include two operating modes, electric power-assisted and pure electric modes,
in which the pure electric mode uses a handlebar throttle to control the driving power of the electric
motor, while another mode is similar to the power-assisted EBs.

EBs can use various batteries to provide a current to the electric motor, such as lithium-ion (Li-ion),
nickel-cadmium (NiMh), lithium-ion plolymer (Li-po) and nickel-cadmium (NiCd). Besides these
batteries, EBs can use other energy sources, such as solar energy and fuel cells [14].

Among the energy sources mentioned above, the fuel cell has received significant attention from
researchers, because it can provide high efficiency and help EBs to move long distances. Experimental
research on an EB using fuel cell was conducted by Kheirandish et al. [15], in which a fuel cell system
with a polymer electrolyte membrane was used as a power source for the EB. Their research results
indicated that the system efficiency was obtained with the value of 35.4%. Hwang and his research
group [16] developed an EB prototype using a fuel cell system with a proton exchange membrane.
Their study results indicated that the fuel cell efficiency could increase to 35%. A generator 300 W for
EB using fuel cell was designed by Cardinali et al. [17], in which the fuel cell system efficiency in a
range of load from 50% to 100% was higher than 31%. The above studies provide useful information
for designing and using fuel cell in EBs; however, model-based studies of EBs using fuel cells were
rarely mentioned. To describe the operation of the fuel cell EBs, a combination of dynamic models and
fuel cell models is necessary. In addition, to increase fuel cell power, as well as operating performance
of the EBs, variations of structural and operating parameters for fuel cell need to be examined.

This paper presents a modeling-based study on the operating characteristics of a power-assisted
bicycle (PAB) using a fuel cell. Simulation models, including bicycle dynamic, electric motor and fuel
cell models, were built to depict the operation of the PAB. These models were programmed and solved
in Matlab-Simulink to obtain operating characteristics of the PAB, such as the power of the fuel cell,
propulsion force, moving distance and velocity. To increase fuel cell power and operating performance
of the PAB, the influences of the design parameters of the fuel cell, including the number of cells and
hydrogen fuel pressure, on the operating characteristics of the PAB were investigated. In addition,
to evaluate the effects of terrain condition for the operation of the PAB and fuel cell, effects of slope
grade for operating characteristics of PAB and fuel cell were examined in two cases: without and with
fuel cell control.

2. Establishment of Models

2.1. PAB Dynamic Models

A dynamic model of the PAB is described in Figure 1, in which fuel cell is used as a power source
to drive the electric motor, as well as to assist the rider when pedaling. Table 1 shows the specifications
of the PAB used in this study.

Table 1. PAB specifications.

Parameters Values

EAB mass, kg 23
Length of crank, m 0.175
Radius of wheel, m 0.34

Number of teeth on front gear 44
Number of teeth on rear gear 11

Power of electric motor, W 250
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Figure 1. Power-assisted bicycle (PAB) dynamic model.

An equation was established based on Newton’s second law to describe the motion of the PAB,
as shown below:

Fp − Fs − Fw − Fr = M
d2x
dt2 (1)

where M is the total of Mr (rider mass) and Mb (PAB mass), t is time, x is moving distance of the PAB,
Fr is resistance force caused by rolling, Fp is propulsion force, Fw is resistance force caused by wind,
and Fs is resistance force caused by slope.

The resistance force caused by slope was described by the following equation:

Fs = 9.81MG (2)

where G denotes slope grade.
The wind resistance force was calculated by:

Fw =
1
2

CdDA(vw + vg)
2 (3)

where D is air density (kg/m3), A is frontal area (m2), Cd is the drag coefficient, vg is ground speed
(m/s), and vw is wind speed (m/s).

The resistance force caused by rolling was defined by using the following equation:

Fr = 9.81MCr cosα (4)

where α is slope angle (0), and Cr is the coefficient of rolling resistance.
The propulsion force was defined based on propulsion torque, as shown by the following equation:

Fp.Rw = Tp = Tr + Tm (5)

where Rw is denoted as radius of rear wheel, Tp is denoted as propulsion torque, which is total of Tm

(motor torque), and Tr (rider torque) as pedaling. The rider torque was defined by equation:

Tr = FchRrg (6)
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where Fch is force of chain, and Rrg is radius of rear gear. The force of chain was calculated based on
the PAB dynamic model described in Figure 1:

Fch =
1

R f g
LcFh cosθ f g =

1
γRrg

LcFh cosθ f g (7)

where Lc is crank length, Fh is force caused by rider, Rfg is front gear radius, and γ is transmission ratio
of sprocket.

The rider torque was derived by using a combination of Equations (6) and (7), which was
obtained by:

Tr =
Rrg

R f g
LcFh cosθ f g =

1
γ

LcFh cosθ f g (8)

In this PAB, a direct current (DC) motor was installed in rear wheel, as described in Figure 1.
When the rider pedaled, a torque signal generated by pedaling was transferred to a controller, to control
the motor torque and support the rider when pedaling. The motor torque was calculated based on a
dynamic model of the DC motor [18]:

La
dia
dt

+ ia(t)Ra + Kbωm = Ua (9)

J
dωm

dt
+ B1ωm + Tm = Kbia(t) (10)

where La is inductance of the armature, ia is current of the armature, Ra is resistance of the armature,
Kb is back EMF constant, ωm is motor speed, Ua is terminal voltage of the electric motor, J is inertia
torque, B1 is coefficient of viscous friction, and Tm is the torque of the electric motor.

The propulsion force was derived by using a combination of Equations (5), (8)–(10), which was
obtained by:

Fp =
Tr + Tm

Rw
=

1
γRw

LcFh cosθ f g +
1

Rw

[
Kb
Ra

Ua −
KbLa

Ra

dia
dt
−J

dωm

dt
−

B1 +
K2

b
Ra

ωm

 (11)

2.2. Mathematical Models of Fuel Cell

The operating principle of fuel cell is described in Figure 2, in which hydrogen molecules are
disarticulated into electrons (e-) and protons (H+) at anode following the reaction:

H2→ 2H+ + 2e− (12)
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Electrons move along the load circuit to cathode after released from hydrogen. Therefore, an output
current is generated, which can be used to drive the electric motor. The simulation parameters of the
fuel cell are described in Table 2.

Table 2. Simulation parameters of the fuel cell.

Parameters Values

Number of cells 10 ÷ 40
Nominal stack efficiency 48%

Operating temperature, ◦C 55
Fuel supply pressure, bar 1.5 ÷ 3.5
Air supply pressure, bar 1.0

Protons go through proton exchange membrane (PEM) after disarticulated from hydrogen. Then,
they are combined with electrons coming from anode and oxygen coming from air inlet to create water
at the cathode. This is described by the following reaction:

1/2O2 + 2H+ + 2e-
→ H2O (13)

Hydrogen excess can be returned to a storage tank, while the unused air and water are
pushed through the exhaust port. The output voltage of fuel cell stack was calculated using the
following equation:

Vs = k(Enernst −Voltage Losses) (14)

where Vs is the output voltage of fuel cell stack, k is the number of cells in the stack, and Enernst is the
voltage obtained in open circuit thermodynamic balance, which was described by the equation:

Enernst = Eo +
RT
2F

ln
PH2P1/2

O2

PH2O

 (15)

where E0 is standard potential, R is universal gas constant, T is temperature, F is Faraday’s constant,
and P is gas pressure.

Voltage losses include activation loss (Va), ohmic loss (Vo) and concentration voltage loss (Vc).
The activation loss was shown by the Tafel equation:

Va =
RT
αnF

ln
i
io

(16)

where i is the current density, α is charge transfer coefficient, and io is reaction exchange current density.
Ohmic loss was given by the following equation:

Vo = iRo = i(Ri + Re) (17)

where Ri is ionic resistance of electrolyte, and Re is total resistance of conductive components.
Concentration voltage loss is caused by the changed concentration of the reactants on the surface

of electrodes, which was described by the following equation:

Vc = γ ln
(

il
il − i

)
(18)

where il is limiting current density, and γ is the constant.
Finally, the output voltage of fuel cell stack was given by:

Vs = k(Enernst −Va −Vo −Vc) (19)
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The hydrogen flow and oxygen flow consumed in the stack to generate current were calculated
using the following equations [19]:

WH2 = MH2

Ist

2F
(20)

W02 = MO2

Ist

4F
(21)

where MH2 and MO2 are mole masses of hydrogen and oxygen, Ist is the stack current, and F is the
Faraday constant.

3. Simulation Results

3.1. Comparison between Simulation and Experiment

In order to validate PAB dynamic model, simulation results were compared with experimental
results in the same PAB specifications and human power only. Figure 3 shows comparison results of
motion characteristics of the PAB based on changing rider mass.

Sustainability 2020, 12, x FOR PEER REVIEW 6 of 12 

)( eioo RRiiRV +==  (17) 

where Ri is ionic resistance of electrolyte, and Re is total resistance of conductive components. 
Concentration voltage loss is caused by the changed concentration of the reactants on the surface 

of electrodes, which was described by the following equation: 









−

=
ii

iV
l

l
c lnγ  (18) 

where il is limiting current density, and γ is the constant. 
Finally, the output voltage of fuel cell stack was given by: 

( )coanernsts VVVEkV −−−=  (19) 

The hydrogen flow and oxygen flow consumed in the stack to generate current were calculated 
using the following equations [19]: 

F
IMW st

HH 222
=  (20) 

F
IMW st

O 4220 =  (21) 

where MH2 and MO2 are mole masses of hydrogen and oxygen, Ist is the stack current, and F is the 
Faraday constant. 

3. Simulation Results 

3.1. Comparison between Simulation and Experiment 

In order to validate PAB dynamic model, simulation results were compared with experimental 
results in the same PAB specifications and human power only. Figure 3 shows comparison results of 
motion characteristics of the PAB based on changing rider mass. 

  
(a) (b) 

Figure 3. Comparison results of PAB for (a) distance of movement and (b) velocity. 

The simulation results show that by increasing rider mass, the moving distance and velocity of 
the PAB increased, in which the maximum distance and velocity were increased by 12.9% and 14.1%, 

Figure 3. Comparison results of PAB for (a) distance of movement and (b) velocity.

The simulation results show that by increasing rider mass, the moving distance and velocity
of the PAB increased, in which the maximum distance and velocity were increased by 12.9% and
14.1%, respectively. The experimental results also show the similar trends, when compared with the
simulation results of motion characteristics of the PAB.

3.2. Effects of Number of Cells in the Stack

Number of cells in the fuel cell stack is denoted by k, which is described in Equation (14). The effects
of number of cells on the power of fuel cell are shown in Figure 4, in which k is varied at 10, 20, 30 and
40, while the other initial conditions are kept constant, as shown in Table 2. The simulation results
show that the power of fuel cell is increased when the number of cells is changed from 10 to 40. It can
be seen that when the number of cells increases from 10 to 30, the power of fuel cell increased with an
increment of 11.4%. In particular, when the number of cells is changed from 30 to 40, the power of fuel
cell is significantly increased from 259.6 W to 339.3 W, respectively.

The increase in power of fuel cell results in the increase in the propulsion force of the PAB with a
similar trend, as shown in Figure 5. When the number of cells is changed from 10 to 40, the propulsion
force is significantly increased from 67.4 to 75.1 N, respectively. The increase in propulsion force
contributes to improving the motion characteristics of the PAB, as described in Figure 6.
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Figure 6 shows the effects of number of cells on the distance of movement and velocity of the
PAB. The simulation results show that when the number of cells increases from 10 to 30, the maximum
velocity and moving distance of the PAB is slightly increased due to the small increase in propulsion



Sustainability 2020, 12, 4684 8 of 12

force described in Figure 5. However, when the number of cells is increased to 40, the moving distance
and velocity of the PAB is considerably improved with the increments of 6.9% and 6.0%, respectively,
as shown in Figure 6.

3.3. Effects of Hydrogen Fuel Supply Pressure

Hydrogen pressure supply to the fuel cell stack is denoted by PH2, as shown in Equation (15).
Effects of hydrogen pressure on the power of fuel cell are described in Figure 7. The other initial
conditions were kept constant, in which the number of cells was kept at 40, optimized in Section 3.2.

Sustainability 2020, 12, x FOR PEER REVIEW 8 of 12 

  
(a) (b) 

Figure 6. Effects of number of cells in the stack on (a) distance of movement and (b) velocity of PAB. 

Figure 6 shows the effects of number of cells on the distance of movement and velocity of the 
PAB. The simulation results show that when the number of cells increases from 10 to 30, the 
maximum velocity and moving distance of the PAB is slightly increased due to the small increase in 
propulsion force described in Figure 5. However, when the number of cells is increased to 40, the 
moving distance and velocity of the PAB is considerably improved with the increments of 6.9% and 
6.0%, respectively, as shown in Figure 6. 

3.3. Effects of Hydrogen Fuel Supply Pressure 

Hydrogen pressure supply to the fuel cell stack is denoted by PH2, as shown in Equation (15). 
Effects of hydrogen pressure on the power of fuel cell are described in Figure 7. The other initial 
conditions were kept constant, in which the number of cells was kept at 40, optimized in Section 3.2. 

As shown in Figure 7, when hydrogen fuel pressure is adjusted from 1 to 3.5 bar, the power of 
fuel cell is increased from 328.0 to 364.6 W, respectively. This is due to the increase in Enernst when 
increasing hydrogen fuel pressure, which is shown by Equation (15). 

 
Figure 7. Effects of hydrogen fuel pressure on power of fuel cell. Figure 7. Effects of hydrogen fuel pressure on power of fuel cell.

As shown in Figure 7, when hydrogen fuel pressure is adjusted from 1 to 3.5 bar, the power of
fuel cell is increased from 328.0 to 364.6 W, respectively. This is due to the increase in Enernst when
increasing hydrogen fuel pressure, which is shown by Equation (15).

When hydrogen fuel pressure is adjusted from 1.0 to 3.5 bar, the propulsion force of the PAB is
increased from 72.9 to 76.3 N, respectively, as shown in Figure 8. The increase in the propulsion force
led to the increase in moving distance and velocity of the PAB, as shown in Figure 9. Unlike the effects
of number of cells, the effects of hydrogen fuel pressure on the motion characteristics of the PAB were
not significant, due to the small change in propulsion force. Namely, when the hydrogen fuel pressure
is adjusted from 1.0 to 3.5 bar, the maximum distance and velocity is slightly increased by 2.0% and
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3.4. Effects of Slope Grade

Slope grade (G) has a relationship with the resistance force caused by a slope, as described in
Equations (1) and (2), thus it directly affected the motion of the PAB. In the first stage, the PAB was
moved on a flat terrain with G = 0%, until its velocity obtained a stable value. In the second stage,
slope grade was changed after the PAB moved for 40 s, as described in Figure 10. The purpose of this
change was to examine the operating characteristics of the PAB and fuel cell based on the influences of
slope grade.

The simulation results were compared in two cases: without and with fuel cell control.
A proportional-integral (PI) controller [20] was used to control output voltage, as well as air and fuel
consumptions in the stack of fuel cell.

Figure 10 shows motion characteristics of the PAB and operating performance of fuel cell under
the effects of slope grade in the two cases: without and with fuel cell control. It can be seen that if
the fuel cell is not controlled, the velocity of PAB is reduced as slope grade increases. In addition,
when slope grade was changed from 1.7% to 2.6%, the velocity of the PAB was reduced by 10.7%
and 16.7%, respectively, when compared with its maximum value just before increasing slope grade.
This was caused by the influences of the slope resistance force, which is described in Equation (2).
The moving distance of PAB decreased as a result of the reduced velocity, as shown in Figure 10.

In the case of controlling fuel cell, the velocity of PAB maintained a stable value, in spite of
changing slope grade, as shown in Figure 10. In other words, the fuel cell was controlled to provide a
higher power aim to supplement additional energy, as well as retain the stable value of PAB velocity.

Figure 10 shows that when slope grade increased from 0% to 1.7% and 2.6%, the power of fuel cell
was increased from 339.2 to 571.2 and 722 W, respectively. As a result, air and fuel consumptions in the
stack of fuel cell were increased to supplement additional power when slope grade was increased,
as shown in Figure 10. Namely, the air consumption was increased from 7.1 liter per minute (lpm) to
12.5 and 16.1 lpm, while the fuel consumption was increased from 1.98 to 3.5 and 4.5 lpm, when slope
grade increased from 0% to 1.7% and 2.6%, respectively.
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4. Conclusions

Operation of a PAB powered by fuel cell was modeled and simulated using a combination of bicycle
dynamic, electric motor and fuel cell models. The simulation models were validated by comparing the
simulation results with experimental results of PAB motion characteristics. Effects of design parameters
of fuel cell, including number of cells and hydrogen fuel pressure, on the operating characteristics
of the PAB were investigated. The influences of slope grade on the operating characteristics of the
PAB and fuel cell were examined in two cases: without and with fuel cell control. Simulation results
showed that:

(1) Operating performance of the PAB was significantly improved by increasing the number of cells
in the stack.
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(2) The increase in hydrogen fuel pressure also contributed to improving the operating performance
of the PAB; however, this contribution was not significant.

(3) Fuel cell power and propulsion force of the PAB obtained the highest values of 364.6 W and
76.3 N, respectively, when the number of cells and hydrogen fuel pressure were optimized at 40
and 3.5 bar, respectively.

(4) In the case of controlling the fuel cell to maintain a stable velocity of the PAB, the power of fuel
cell was increased from 339.2 to 571.2 and 722 W, when slope grade was increased from 0% to
1.7% and 2.6%, respectively.

(5) Air and fuel consumption in the stack of fuel cell was also significantly increased along with the
increase in fuel cell power.

The simulation results obtained could be a useful reference for researchers to develop the PAB
using fuel cell. In future works, experimental and simulation studies of the PAB using fuel cell
will be conducted to evaluate the influences of working conditions of the fuel cell, such as entry air
temperature, air pressure and stack temperature, on the fuel cell power and operating performance of
the PAB.
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