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1. Introduction 

Independence is a major concern for individuals with severe handicaps. Welfare assistance 
robotic technology is a popular solution to this concern (e.g. Hashino, 1996; Takahashi, 
Ogawa, and Machida, 2002 and 2008). Assistance robotic technologies offer potential 
alternatives to the need for human helpers. People bound to wheelchairs have limited 
mobility reliant on battery life, which only allows for short distance travel between charges. 
In addition, recharging batteries is time consuming. 
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Fig. 1. Running conditions of proposed robotic wheelchair 

The aim of this paper is to propose a system which will increase the moving distance of an 
electrical wheelchair by adding two solar powered energy sources; a small photovoltaic cell 
and a fuel cell. Fig.1 displays the running conditions of the proposed robotic wheelchair. 
The control system will ideally give priority to the photovoltaic cell, next to the fuel cell and 
finally to the battery. When sufficient sun light is available, the photovoltaic cell on the 
wheelchair roof is used, when it is limited, the fuel cell or the battery is used. The energy 
control system is designed using a micro computer, and the energy source is quickly 
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changeable. Our objective is that the proposed robotic solar wheelchair will enable users to 
enjoy increased independence when they are outdoors. 
The advantage of using a solar powered energy source is that it produces power without 
requiring use of fossil fuels. A photovoltaic cell is installed on the roof of the wheelchair, 
which produces enough power to operate the apparatus when enough sun light is available. 
The battery is charged using a large photovoltaic cell on the roof of the setup. Hydrogen is 
produced using a water electrolysis hydrogen generator, and the fuel cell utilizes the 
produced hydrogen. The large photovoltaic cell also sends electricity to the hydrogen 
generator. 
Photovoltaic cells and fuel cells are representative sustainable technologies (Bialasiewicz, 
2008; Okabe et al., 2009; KE Jin et al., 2009). We are able to use two methods to produce 
hydrogen using these sustainable technologies for our wheelchair. The first method is to 
generate hydrogen from the electrolysis of water. The next is to use waste biomass which 
produces biomass ethanol. Hydrogen is produced by steam reforming the ethanol 
(Takahashi, & Mori, 2006; Essaki et al., 2008; Saxena et al., 2009; Rubin, 2008; Sugano, & 
Tamiya, 2009). Standard sized fuel cell models are developed with the aim to develop a 
commercially viable vehicle (Tabo et al., 2004; Kotz, et al., 2001; Rodatz, et al., 2001). Hybrid 
vehicles using photovoltaic cells and fuel cells are developed in two universities (Konishi, et 
al., 2008; Obara, 2004). Small fuel cell vehicles were developed (Nishimura, 2008; Takahashi, 
2009a and 2009b). A wheelchair with a fuel cell has been developed (Yamamuro, 2003). 
This paper will present a robotic wheelchair using solar powered energy sources of the 
photovoltaic and fuel cell, detail the energy flow concept for charging electricity to the 
battery and for storing hydrogen to the tank, the mechanical construction, the energy 
control system, and the experimental results of the running test. 

2. Energy flow of proposed robotic wheelchair 

A schematic explanation and block diagram of the energy flow used in the proposed robotic 
wheelchair are shown in Figs. 2 and 3. The energy system used in the robotic wheelchair 
does not exhaust carbon dioxide as it does not utilize fossil fuels.  
The first energy flow line in the schematic diagrams is the line from the photovoltaic cells on 
the roof of the wheelchair. A cascade connection of two photovoltaic cells (Kyosera, KC-
40TJ) of 17.4 V and 43 W in nominal value is utilized as the energy source. The output 
voltage is reduced to 24 V using a DC-DC converter. 
The second energy line is the line from the water electrolysis hydrogen generator. The 
photovoltaic cell on the setup roof (approximately 10 kW) sends electricity to the water 
electrolysis hydrogen generator. The generated hydrogen is stored in a metal hydride 
hydrogen tank of 60 NL. The output pressure of the hydrogen generator is approximately 
0.3 MPa. The hydrogen tanks are installed on the wheelchair body after storing hydrogen. A 
metal hydride tank is used for safety concerns. A fuel cell (Daido Metal, HFC-24100) 
producing 24 V and 100 W in nominal values is used to generate electricity to the motor. 
The third energy flow line is the battery line. The battery is charged with electricity from the 
photovoltaic cell producing approximately 10 kW on the setup roof, and then installed on 
the wheelchair body. 
The fourth energy flow line is the biomass line. Ethanol is produced from waste biomass. 
Hydrogen is then generated from the ethanol using a steam reforming hydrogen generator. 
The generated hydrogen is stored in a 60 NL metal hydride hydrogen tank. The hydrogen 
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Fig. 2. Schematic explanation of energy flow 

tanks are installed on the wheelchair body in the same manner as the second line. Ethanol is 
safe to handle, and is easy to carry, however, the fourth energy flow line is still a matter 
under consideration. 
The High-Tech Research Center Project for Solar Energy System at the Kanagawa Institute 
of Technology is conducting research on applications of solar energy. The development of 
the robotic wheelchair is conducted as a part of the High-Tech Research Center Project. The 
battery charging and hydrogen storing to the metal hydride are conducted using the facility 
at the High-Tech Research Center Project. 

3. Mechanical construction 

Fig. 4 displays the fabricated robotic wheelchair with the photovoltaic and fuel cell. A 
reinforced YAMAHA JW-1 wheelchair was used as the main body of the experimental set 
up. In this configuration, the photovoltaic cell, the fuel cell, and the battery are installed on 
the top, on the back, and under the wheelchair, respectively. The energy control system and 
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Fig. 3. Block diagram of energy flow 
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Fig. 4. Fabricated robotic wheelchair with photovoltaic and fuel cell 

hydrogen tanks are installed on the back of the wheelchair. Figs.5 (a) and (b) show the 
photovoltaic and illumination sensor. Fig.6 (a) exhibits the fuel cell (Daido Metal, HFC-
24100) and the vibration isolator. Fig.6 (b) shows the metal hydride tanks of 60 NL and 0.3 
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MPa. The hydrogen pressure is adjusted to 0.08 MPa using a regulator. The main 
specifications are as follows. 
 
Wheelchair mechanism (Yamaha, JW-1) 

Weight : 13 kg 
Running operation : Joy stick 
Motor : DC24V, 90Wx2 

Photovoltaic (Kyosera, KC-40TJ) 
Type : Multi crystal 
Nominal power : 43 W 
Maximum voltage : 17.4 V 
Dimensions : 526x652x54 mm 
Weight : 4.5 kg 

Fuel cell (Daido Metal, HFC-24100) 
Nominal power : 100 W 
Nominal voltage : 24 V 
Dimensuions : 160x110x240 mm 
Weight : 3 kg 
Air fans : DC24, 0.94Wx 24 

 

(a) Photovoltaic (b) Illumination sensor 

Fig. 5. Photovoltaic and illumination sensor 
 

(a) Fuel cell and vibration isolator (b) Hydrogen tank and regulator  

Fig. 6. Fuel cell and hydride tank 

4. Energy control system 

Fig.7 shows the concept of the energy control system where a micro computer determines 
the wheelchair condition, and selects the optimum energy source from the three energy 
sources: the photovoltaic on the wheelchair roof; the fuel cell; or the battery. Solid lines 
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indicate energy flow lines, and dotted lines indicate the control signal flow lines. Fig.8 
displays energy control architecture in detail. The switching control system inputs the 
voltages of the photovoltaic cell, the fuel cell, and the motor drive current, and selects the 
energy source determined by the wheelchair condition. 
 

BatteryFuel cellPhotovoltaic

Power line

Signal line

Switching

ON/OFF

Switching

ON/OFF

Switching

ON/OFF

Motor driver

Motor

M
ic

ro
 c

o
m

p
u

te
r

 

Fig. 7. Concept of energy control system 
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Fig. 8. Detailed energy control architecture 

Fig.9 is the software control algorithm of the energy control system. Fig.10 shows the 
fabricated switching control system of the energy control system where a micro computer 
controls the entire energy control system, and FETs are used to switch the energy flow. 
Performance of energy source switching is also tested as this is the first attempt to develop a 
solar powered wheelchair. The electricity acquired from the photovoltaic cell on the 
wheelchair roof will be utilized to charge with the battery. Instant power increase using a 
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capacitor will also be required. Improvement of the energy control system must be 
addressed in future research. 
The control system will ideally give priority to the photovoltaic cell then to the fuel cell and 
then to the battery. Essentially, the switching control is conducted on the motor driving 
current considering the condition of the photovoltaic and fuel cells. If the motor driving 
current is below 2.5 A and the photovoltaic voltage is above 30 V, then the photovoltaic is 
selected. If the motor driving current is below 4.0 A and the fuel cell voltage is above 24 V, 
then the fuel cell is selected. When the motor driving current is below 20.0 A, then the 
battery is selected. The following details the software control algorithm of the energy control 
system. 
 

0 < i <= 2.5 [A]

F

T
Photovoltaicvp >= 30 [V]

T
vf >= 24 [V] Fuel cell

T

Battery

F

Motor current i input

Photovoltaic voltage vp input

Fuel cell voltage vf input

Start

T

2.5 < i <= 4 [A]
T

F

F

T
vf >= 24 [V] Fuel cell

Battery
F

4 < i <= 20 [A]

F

Battery

Stop

(a)

(b)

(c)

(d)

(e)

(f)

 

Fig. 9. Software control algorithm of energy control system 

Condition (a) :  
When the motor current is over 0.0 A and less than 2.5 A,  
and the photovoltaic voltage is over 30 V,  
then the photovoltaic is selected. 

Condition (b) : 
When the motor current is over 0.0 A and less than 2.5 A,  
and the photovoltaic voltage is less than 30 V,  
and the fuel cell voltage is over 24 V, 
then the fuel cell is selected. 

Condition (c) : 
When the motor current is over 0.0 A and less than 2.5 A,  
and the photovoltaic voltage is less than 30 V,  
and the fuel cell voltage is less than 24 V, 
then the battery is selected. 
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Condition (d) : 
When the motor current is over 2.5 A and less than 4.0 A,  
and the fuel cell voltage is over 24 V, 
then the fuel cell is selected. 

Condition (e) : 
When the motor current is over 2.5 A and less than 4.0 A,  
and the fuel cell voltage is less than 24 V, 
then the battery is selected. 

Condition (f) : 
When the motor current is over 4.0 A and less than 20.0 A,  
then the battery is selected. 

 

FET of battery switchingFET of photovoltaic switching 

Micro computerFET of fuel cell switching

 

Fig. 10. Fabricated switching control system of energy control system 

5. Experimental results 

We conducted experiments on energy source selection between the solar panel, the fuel cell, 
and the battery. 

5.1 Experimental conditions 

The wheelchair was tested on a flat, straight course. It maintained the same speed 
maneuvering between two turning points during which joystick operation was required. 
Figs.11 to 13 present the experimental results of the running tests using the fabricated 
wheelchair. Each figure will be detailed later. In each figure, the top graph shows the results 
of the motor driving current, the photovoltaic (PV) current, and the fuel cell (FC) current. 
Second, the results of the photovoltaic (PV) voltage, and the fuel cell (FC) voltage. The third 
figure from the top shows the results of the photovoltaic (PV) power and fuel cell (FC) 
power. Finally, the last chart shows illumination. 
The following four test patterns are conducted; 
1. Low Speed mode, Low (approximately 1.4 km/h) (Fig.11) 
2. Low Speed mode, High (approximately 2.4 km/h) (Fig.12) 
3. High Speed mode, Low (approximately 3.0 km/h) (Fig.13) 
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4. High Speed mode, High (approximately 3.4 km/h) (Fig.14) 
Low Speed and High Speed modes are selected using a switch on the wheelchair frame. 
“Low” refers to the joy stick declined approximately 10 degrees, “High” refers to the joy 
stick declined completely. For example, the condition of the “Low Speed mode, Low” 
denotes that the switch was selected to low speed mode and the joy stick was inclined by 
approximately 10 degrees. The charts from Figs. 11 through 14 show the results of the 
conditions: Low Speed mode, Low; Low Speed mode, High; High Speed mode, Low; and 
High Speed mode, High, respectively. 

5.2 Results of “Low Speed mode, Low” condition 

Fig.11 (a) shows the experimental results of the current at the “Low Speed mode, Low” 
condition. The speed was approximately 1.4 km/h. The experimental results show that the 
average value of the motor driving current was approximately 1.5 A while moving straight 
on the course. The photovoltaic current was approximately the same value of the motor 
driving current. The fuel cell current was small. At the turning point, the motor driving 
current was over 2.5 A, therefore the current of the photovoltaic and fuel cell were lower 
than the required motor driving current. Energy from the battery was necessary. 
Fig.11 (b) shows the experimental results of the voltage. While moving on the straight 
course, the photovoltaic voltage was reduced, and the fuel cell did not change greatly.  
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Fig. 11. Experimental results (Low Speed mode, Low) 
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Fig. 11 (c) shows the experimental results of the power. While moving on the straight 
course, the photovoltaic power was larger than the fuel cell power. Fig.11 (d) shows the 
experimental results of the illumination. Illumination was approximately 60 k lux while 
moving on the straight course. The illumination value changed while turning at the course 
ends. 

5.3 Results of “Low Speed mode, High” condition 

Fig.12 (a) shows the experimental results of the current at the “Low Speed mode, High” 
condition. The speed was approximately 2.4 km/h. The experimental results show that the 
average value of the motor driving current was approximately 1.8 A while moving on the 
straight portion of the course. The photovoltaic current was approximately the same value 
as the motor driving current. The photovoltaic current was occasionally reduced to 0 A. Fuel 
cell current was negligible. During turns, the motor driving current was over 4.0 A. The 
photovoltaic and fuel cell current were less than the motor driving current, therefore battery 
energy was required. 
Fig.12 (b) shows the experimental results of the voltage. While moving on the straight part 
of the course, the photovoltaic voltage was lowered, the change in the fuel cell was 
negligible. Fig.12 (c) shows the experimental results of the power. The photovoltaic power  
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Fig. 12. Experimental results (Low Speed mode, High) 
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was larger than the fuel cell power. Fig.12 (d) shows the experimental results of the 
illumination. The illumination was approximately 60 k lux while moving on the straight 
part of the course. The illumination value changed while turning at the course ends. 

5.4 Results of “High Speed mode, Low” condition 

Fig.13 (a) shows the experimental results of the current at the “High Speed mode, Low” 
condition. The speed was approximately 3.0 km/h. The experimental results show that the 
average value of the motor driving current was approximately 2.0 A while moving straight. 
The photovoltaic current was approximately the same value as the motor driving current. 
The photovoltaic current occasionally fell to 0 A. Fuel cell current was minimal. At the 
turning point, the motor driving current was over 4.0 A, and the current of the photovoltaic 
and fuel cells were smaller than the motor driving current. Battery energy was required. 
Fig.13 (b) shows the experimental results of the voltage. While moving straight, photovoltaic 
voltage decreased, and the fuel cell did not change prominently. Fig.13 (c) shows the 
experimental results of the power. While moving straight, photovoltaic power was larger 
than fuel cell power. Fig.13 (d) shows the experimental results of the illumination. 
Illumination was approximately 60 k lux while moving straight. It changed while turning at 
the course ends. 
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Fig. 13. Experimental results (High Speed mode, Low) 
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5.5 Results of “High Speed mode, High” condition 

Fig.14 (a) shows the experimental results of the current at the “High Speed mode, High” 
condition. The speed was approximately 3.4 km/h. The experimental results show that the 
average value of the motor driving current was approximately 2.8 A while moving straight. 
Photovoltaic current was approximately 0 A. Fuel cell current increased, however the value 
was smaller than the motor driving current. Combined energy from the fuel cell and the 
battery was used. At the turning point, the motor driving current was over 4.0 A, and the 
current of the photovoltaic and fuel cell were smaller than the motor driving current. Energy 
from the battery was required. 
Fig.14 (b) shows the experimental results of the voltage. While moving straight, the 
photovoltaic voltage was not reduced, however the fuel cell was. Fig.14 (c) shows the 
experimental results of the power. While moving the straight course, the photovoltaic power 
was not significant, and the fuel cell power increased. Fig.14 (d) shows the experimental 
results of the illumination. Illumination was approximately 60 k lux while moving straight. 
The illumination value changed while turning at the course ends. 
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Fig. 14. Experimental results (High Speed mode, High) 

5.6 Summary of the experimental results 

The proposed robotic solar powered wheelchair uses a small powered photovoltaic of 86 W 
(at nominal value), and a small powered fuel cell of 100 W (at nominal value). When ample 
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sun light is available, a flat and straight course is used, and the wheelchair travels at a low 
speed, the robotic wheelchair is able to move primarily powered by the photovoltaic cell. As 
a result, the solar powered wheelchair is able to travel further distances. When the 
wheelchair travels at higher speeds, and turns, it requires greater power, therefore it uses 
the energy from the fuel cell and the battery.  

6. Conclusions 

A new robotic solar powered wheelchair using three energy sources, a small photovoltaic 
cell, a small fuel cell, and a battery is proposed in this paper. All three energy sources use 
solar energy. The photovoltaic cell uses sun light directly. The battery is charged with 
electricity provided by the large photovoltaic cell installed on the setup roof. Hydrogen for 
the fuel cell is generated by a water electrolysis hydrogen generator, which is also powered 
by the same large photovoltaic cell on the building roof. The energy control system selects 
the optimal energy source to use based on various driving conditions. 
It was confirmed from the experimental results that the robotic wheelchair is able to 
maneuver mainly using the photovoltaic cell when good moving conditions are available 
(i.e. abundant sun light, a flat and straight course, and low speed). The experimental results 
demonstrate that the robotic wheelchair is able to increase its moving distance. When 
moving conditions are not optimal, the robotic solar wheelchair uses energy from the fuel 
cell and the battery. 
Improvements to the energy control system such as charging to the battery from the 
photovoltaic cell on the wheelchair roof, power increase using a capacitor, and hydrogen 
generation from waste biomass, must be addressed in future research.  
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