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A robotic rover harvesting energy from the wind and sun was designed to roam and supersede humans to complete scientific
missions in Antarctica. Specific terrains, surface conditions, temperature, wind and solar availability, and wind resistance in
Antarctica were taken into consideration. The rover needs to consume much more energy to travel than it harvests. A fuzzy
logic approach in power management was developed to make improvements. Both the fuzzy approach and the simple approach
were tested by using an energy simulator consisting of three parts: the energy harvest simulator, the power consumption
simulator, and the power management module. Results showed that the fuzzy approach made the rover travel 296% longer and
11% farther than the simple approach did.

INTRODUCTION
Scientific research on Antarctica plays an important role in
geology, meteorology, biology, astronomy, and cosmology. However,
it is difficult for researchers to apply on-the-spot investigation
in Antarctica due to the extremely unfavorable climate. The lack
of observational data and samples is the greatest problem that
researchers are confronted with at present. As a result, more and
more countries are getting involved in developing unmanned mobile
robots to supersede human beings to carry on scientific research in
the severe environment in Antarctica. Unmanned mobile robots are
able to carry on a scientific expedition in a considerably larger area
for a much longer time with far fewer supplies than human beings.
On the one hand, previous field experiment results of different
mobile robots in Antarctica have proved that gasoline-powered
mobile robots and battery-powered mobile robots are difficult to
resupply with gasoline or to recharge in the harsh field environment
in Antarctica (Apostolopoulos et al., 2000; Akers et al., 2004;
Murarka et al., 2005). They are not suitable for long-distance and
longterm scientific expeditions in Antarctica. On the other hand,
the solar-powered Cool Robot (Ray et al., 2007; Lever et al., 2006)
has proved that solar energy is an effective energy source to power
mobile robots in Antarctica. However, solar-powered mobile robots
cannot work during the polar night. For mobile robots to work in
Antarctica year round, wind is another available energy source of
great importance.
We developed a hybrid wind-solar-powered robotic rover for
scientific research tasks in Antarctica. It was designed to roam
and complete scientific missions in Antarctica, such as collecting
meteorological data. The specific terrains, surface conditions,
temperature, wind and solar availability, and consequential wind
resistance in Antarctica were taken into consideration when choosing
the rover’s configuration of mechanical structure, drive mode, power
system, and control system.
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The results of experiments that we performed on the energy
harvest and power consumption of the robotic rover indicate that
the output energy that the rover consumed to travel was much more
than the rover’s energy harvesting from the wind and sun. In order
to better test the energy harvesting, power consumption, and power
management of the robotic rover to achieve a balance between the
energy input and energy output and to make improvements before
on-site tests in Antarctica, we built a simulator and performed
simulations. After several simulations, we found that the original
simple approach of power management did not work well. The
simple approach consumed energy too quickly and made the robotic
rover stop for a long time, which increased the risk of failure of
mechanical parts due to extreme low temperatures in Antarctica.
We developed a fuzzy logic approach to make improvements. The
simulation results of both the fuzzy approach and the simple one
show that the fuzzy approach made the robotic rover travel longer
and farther with a lower risk of failure of mechanical parts due to
the extreme low temperatures than the simple approach did. The
fuzzy approach made more efficient use of energy harvesting from
the wind and sun. The energy harvesting, power consumption, and
power management of the robotic rover, as well as its mechanical
structure, is the focus of this paper.

DESIGN OF THE HYBRID WIND-SOLAR-POWERED
ROBOTIC ROVER
Considerations
98% of Antarctica’s ground area is covered with ice and snow,
leaving only 2% exposed in the coastal areas. There is hardly
any vegetation on the ground, so the exposed areas are awash
with loose sandy soils and rocks. The robotic rover was designed
to start traveling from Chinese Zhongshan Station (69 220 24"S,
76 220 40"E), located on Larsemann Hills in eastern Antarctica,
to explore and collect data on geology and meteorology in the
summer on the Amery Ice Shelf (69 450 S, 71 00 E), located at the
head of Prydz Bay between the Lars Christensen Coast and Ingrid
Christensen Coast. Like most other scientific expedition stations
in Antarctica, Zhongshan Station is located adjacent to the coast,
far away from the ice sheet. In the summer, some areas around
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Fig. 3 The sastrugi in Antarctica
Fig. 1 The landscape around Chinese Zhongshan Station
Zhongshan Station are covered with snow and ice, while in other
areas around Zhongshan Station, loose sand and gravel are exposed
on the ground, as shown in Fig. 1. In the summer, the snow around
Zhongshan Station melts and congeals into loose granular ice. On
the way from Zhongshan Station to the Amery Ice Shelf, the area
with snow and ice gets larger and larger. The Amery Ice Shelf is
entirely covered with snow. Around Zhongshan Station and on the
way from Zhongshan Station to the Amery Ice Shelf, the grade of
the steepest slope is about 53.1%. Little detailed data have been
recorded on the geology and meteorology of the Amery Ice Shelf,
such as snow property, terrain conditions, and wind speed and
directions, which the robotic rover was designed to obtain. Luckily,
researchers at Zhongshan Station advised that data on geology and
meteorology from Chinese Zhongshan Station to Chinese Kunlun
Station (80 250 01"S, 77 060 58"E) near DOME A can be used as
references to design the robotic rover. The changing altitude from
Zhongshan Station to Kunlun Station was measured (Jiahong et
al., 2003), as shown in Fig. 2. The ice sheet surface between
these two expedition stations is flat on the whole, with a total
grade of 0.3%. However, because of the extremely strong wind in
Antarctica, there are many sastrugi as high as 1 meter on the ice
sheet surface (Wendler and Kelley, 1988), as shown in Fig. 3. The
maximum grade of sastrugi can reach almost 50%. The robotic
rover should be able to travel across these grooves and ridges. Both
the sand-gravel surface and the snowy and icy surface were taken
into consideration with respect to the mobility of the robotic rover.
Due to the extremely severe environmental conditions in Antarctica,
the parameters of snow, sand, and gravel on the ground cannot be
measured in Antarctica so far; rather, the parameters of ordinary

Fig. 2 The changing altitude from Chinese Zhongshan Station to
Chinese Kunlun Station

Fig. 4 Common vehicles being used in Antarctica
snow, sand, and gravel were used to design the robotic rover, and a
much greater design margin was guaranteed.
As Fig. 4 shows, most vehicles being used in Antarctica are
crawler-type. With lower press on the surface and higher traction,
crawler vehicles are able to travel better than wheeled vehicles
on soft surfaces. However, they consume much more power than
the wheeled ones, which means that the crawler is not suitable
for the robotic rover with low power harvested from the wind
and sun. Moreover, it is much more difficult for rubber tracks to
resist wear and tear in the extremely freezing weather in Antarctica
than in other regions. The tracks of PistenBully 300 Polars used
in Zhongshan Station are made of titanium alloy, which would
consume much power and would be too heavy for the robotic
rover. As a result, the robotic rover was designed to be a wheeled
vehicle with lower power consumption and more effective energy
utilization.
Usually, wind energy and solar energy are complementary in
both time and space, especially in the coastal areas. In the daytime,
there is sunlight while the wind is light. At night, there is no
sunlight while the wind is strong. In Antarctica, the closer to the
coast the spot is, the stronger the wind is. Besides, in coastal
areas, the wind direction changes a lot in both time and space.
The records at Zhongshan Station (adjacent to the coast) showed
that the annual average wind speed between 2002 and 2003 was
6.8 m/s, and the wind energy was distributed rather evenly over
the course of a year (Xu et al., 2004). In the inland areas, there
is also abundant wind energy. However, the solar energy is not
distributed evenly in time. There is polar night in Antarctica in
the winter, at which time the sunlight is quite weak or there is no
sunlight at all. As a result, a wind turbine was chosen to be the
main energy-harvesting equipment, supplemented with solar panels.
In the wind turbine business, there are basically two types of
turbines to choose from: vertical-axis wind turbines and horizontalaxis wind turbines. Horizontal-axis wind turbines dominate most of
the wind industry. The advantage of horizontal-axis wind turbines is
that they are able to produce more electricity from a given amount
of wind. Their disadvantage is that they are generally heavier
and do not produce electricity well in turbulent winds. However,
vertical-axis wind turbines have the ability to produce electricity
well in tumultuous wind conditions (which are common in the
coastal areas in Antarctica, as previously mentioned). Vertical-axis
wind turbines are powered by wind coming from all 360 degrees,

67

Journal of Ocean and Wind Energy, Vol. 1, No. 2, May 2014, pp. 65–73

Fig. 5 Wind turbine with flexible solar panels affixed
and some turbines are even powered when the wind blows from top
to bottom. Besides, if a horizontal-axis wind turbine were chosen,
it would be installed on the top of a vertical pole, which would
decrease the stability of the robotic rover considerably. Overall, a
vertical-axis wind turbine was chosen to equip the robotic rover.
As for solar panels, on the one hand, due to high latitudes, the
angle of the sun’s rays in Antarctica is small, which means that the
angle between solar panels and the ground needs to be large. On
the other hand, if the angle between solar panels and the ground
is larger, the solar panels will cause a larger consequential wind
resistance. To reach a compromise, we decided to affix 42 flexible
solar panels on the surface of the wind turbine symmetrically, as
shown in Fig. 5. No more solar panels were installed in other
places on the robotic rover to cause extra wind resistance. This
ensures that the angle between the solar panels and the ground is
large enough and will cause little additional wind resistance. In the
future, we will test how much the flexible solar panels may affect
the wind turbine in the wind.
The robotic rover is equipped with Laser Radar, GPS (Global
Positioning System), and a suitable inertial system for location and
navigation. Laser Radar works well in blizzards, and Bartolini et al.
(2000) demonstrated the feasibility of Laser Radar in Antarctica. At
present, the control of the robotic rover is based on teleoperation.
In the future, the robotic rover will be completely autonomous. The
development of a locomotion system is in progress.
Mechanical Design
Figure 6 shows the configuration of the robotic rover. The design
considerations for the mobility of the rover were to achieve a low
center of mass for stability, to use skid steering as opposed to
explicit steering, and to employ an adjustable kinematic suspension.
The chassis of the four-wheel-driven robotic rover conforms to the
terrain as the robotic rover travels. The robotic rover’s suspension
system has active and passive elements for increased traction on
rough and sloped terrains.
The passive element, called “body differencing or averaging,”
provides a mechanical release, allowing the two rover suspension
side frames to pivot independently. The robotic rover’s body has
three contact points. On either side, the body is connected to the
pivot in the rocker arms. On the top, the body hangs from the
differencing linkage. This linkage runs across the top of the body
and also connects to the rocker arms. The robotic rover’s wheels
conform to the terrain, which rotates the rocker arms and swivels
the differencing linkage. The linkage is constructed so that the
body is forced to move up or down to be the exact pitch average

Fig. 6 Configuration of the robotic rover

(a)

(b)

(c)

Fig. 7 Effects of passive and active elements: (a) The robotic rover
conforms to the terrain (bumpy mound); (b) crossing slope without
leveling the body (like ordinary vehicles); (c) crossing slope with
leveling the body
of the two rocker arms. Hence, the pitch amplitude of the body is
reduced where sensors are located. As the center of mass of the
robotic rover is located midway between the two suspension side
frames, equal wheel loading results in all four wheels being even
on drastically uneven terrain, as shown in Fig. 7a.
The active element of the suspension, the two adjustable side
frames, enables the robotic rover to raise and lower the chassis
and allows it to level its body, leading to increased stability and
traction efficiency. Either side frame consists of one rocker arm,
two wheels, in-hub motors in either wheel, and a linear actuator for
rocker-arm sweep angle adjustment. A diagram of the mechanism
of either rocker arm is shown in Fig. 8. The revolute B in Fig. 8 is
the pivot shown in Fig. 6. In Fig. 8, 5 and 8 are connected by the
revolute A, which is on the block 2. The block 2 slides relative to
the link 1. 3 and 4 are connected by the revolute B. 5 is connected
to 3 by the revolute C. 8 is connected to 4 by the revolute D. 6 is
connected to 3 by the revolute F. 7 is connected to 5 by the revolute
E. 6 slides relative to 7. This kind of design ensures that in either

Fig. 8 Diagram of the mechanism of either rocker arm (EF is a
linear actuator)
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(a) High stance

(b) Low stance

Fig. 9 Changing wheel base and chassis height of the robotic rover
rocker arm, extending or shortening the length of a linear actuator
(6 and 7) causes 3 and 4 to rotate about B synchronously to adjust
∠BCD. If the two angles on the two rocker arms are changed
synchronously, the robotic rover controls the changing of the wheel
base and the chassis height. The high stance and low stance of the
robotic rover are shown in Fig. 9a and Fig. 9b, respectively. The
smaller chassis height and the greater wheel base help improve the
stability of the robotic rover while traveling. When the robotic
rover travels across a bumpy mound on the ground, it raises the
chassis to avoid dashing against the bumpy mound. If the two
angles on the two rocker arms are not changed synchronously, the
robotic rover controls its roll to be completely horizontal or close
to horizontal, as shown in Fig. 7b and Fig. 7c. The benefits of this
feature include decreased slip during cross-slope maneuvers and
increased control authority (Wettergreen et al., 2009).
After calculations were performed, four motors with the rated
power of 800 W and two linear actuators with the dynamic load of
9000 N and the static load of 18000 N were chosen. Simulation
results using ADAMS showed that these items of equipment are
able to supply sufficient power, as shown in Fig. 10. The locomotion
speed of the robotic rover is about 0.7 m/s with the wheel diameter
of 0.67 m. The total mass of the robotic rover is 300 kg with the
size of 106 m × 108 m × 203 m.
Power System
Batteries are used to store energy harvested from the environment
and to meet the robotic rover’s power requirements. One of the
principal problems of batteries is their low energy density (Scrosati,
1995). Hence, the smallest possible capacity is recommended, as
batteries add to a lot of mass to the robotic rover. Lithium-ion
secondary batteries are becoming popular because of their high
efficiency, long life cycles, and high energy density. However, these

Fig. 11 Energy flow of the robotic rover
batteries are costly, have a low power output, and can catch fire
or explode under some circumstances (Alper, 2002). Besides, the
capacity of lithium-ion secondary batteries decreases a lot at low
temperatures. Lead-acid batteries are widely used because of their
acceptable performance and affordable cost. Moreover, several
manufacturers offer pure lead spiral VRLA batteries. Compared to
common lead acid batteries, pure lead spiral VRLA batteries have
many merits, such as excellent discharge capability at high and
low temperatures, high current discharge capability, fast charge
acceptability, better safety, and little maintenance. There are usually
two types: cycle type and internal combustion engine starting type.
In particular, the capacity of these types of batteries decreases little
at extreme low temperatures in Antarctica. Hence, they are widely
used in vehicles operating in Antarctica. The use of four 12-V
pure lead spiral VRLA batteries was determined for the robotic
rover, providing the capacity of 36 Ah at 48 V. The energy flow of
the robotic rover is shown in Fig. 11.
The wind-solar hybrid controller is the device that can control the
wind turbine and solar panels at the same time, and can transform
wind energy and solar energy into electricity and then store it
to batteries. It is the most important part in off-grid systems,
whose performance has much effect on the battery life expectancy
and stability of the whole system. It can prevent batteries from
overcharging and over-discharging. When charging batteries, it can
limit the charging voltage and charging current to ensure batteries
are in the best charging status. Via the wind-solar hybrid controller,
the batteries are charged by the vertical-axis wind turbine and
flexible solar panels, as shown in Fig. 11. Details of the verticalaxis wind turbine are provided in Table 1 and Fig. 12. Details of
the flexible solar panel are provided in Table 2. The total input

Height
Width
Weight
Swept area
Rated power
Cut-in wind speed
Rated RPM
Survival wind speed
Rated wind speed
Fig. 10 Crossing-over-obstacle simulation using ADAMS

Table 1

1.3 m
0.8 m
40 kg
0.84 m2
200 W
2.5 m/s
200 RPM
50 m/s
12 m/s

Information about the vertical-axis wind turbine
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Fig. 12 Relation between the power output and wind speed of the
wind turbine (provided by Urban Green Energy, Inc.)
Fig. 13 Energy harvesting test in a wind turbine factory
Maximum power
Voltage at maximum power
Current at maximum power
Length
Width
Thickness
Weight
Table 2

1.75 W
7.00 V
0.25 A
165 mm ± 5 mm
165 mm ± 5 mm
1.7 mm ± 0.5 mm
50 g

Information about the flexible solar panel

power of the robotic rover, including the wind turbine and flexible
solar panels, is 273.5 W.
The robotic rover was designed to work mainly on the Amery
Ice Shelf in the summer. According to the records at the Chinese
Zhongshan Station, the lowest temperature on the Amery Ice
Shelf in the summer is above −40 C. According to the wind
turbine manufacturer (Urban Green Energy, Inc.), this type of
wind turbine can work properly at the temperature of −40 C in
Northeastern China in the winter. Hence, the wind turbine can
meet the temperature demand when the robotic rover works. In
addition, the sensors, motors, linear actuators, and controllers in
the robotic rover can work properly at as low as −20 C. Electricity
from batteries in the robotic rover is used to heat these devices,
and insulation materials are used to keep the temperature around
these devices above −20 C.
Furthermore, tests of the wind turbine in natural wind of about
7 m/s showed that the robotic rover was stable and would not roll
over. The functionality of the wind turbine in stronger wind (and in
snowy weather) will be tested in the future.

Fig. 14 Energy harvesting test results

Experiments on Energy Harvest and Power Consumption

This data is stored on the computer and can be monitored in real
time. After this test, we processed this data by using MATLAB.
The energy harvesting test results are shown in Fig. 14. The actual
results were different from the information in Fig. 12 provided by
the wind turbine manufacturer (Urban Green Energy, Inc.), because
the ordinary wind-solar hybrid controller does not have the function
of maximum power point tracking. Hence, the output power of the
wind turbine could not reach the rated power even when the wind
speed was far above the rated wind speed of the wind turbine.
In Beijing, we preliminarily tested the robotic rover’s power
consumption on ordinary asphalt pavement, as shown in Fig. 15.
When winter comes and it snows heavily, we will test the rover’s
accurate power consumption on snowy and icy surfaces. The rover’s

To become aware of the robotic rover’s precise energy harvesting
and power consumption, we conducted two tests in Hebei Province
and Beijing, China, respectively. Considering that the wind turbine’s
output power is much more than the solar panels’ output power,
experiments on the energy harvesting were focused on the wind
turbine. The power of the solar panels in different weather conditions
will be tested in the future.
In Hebei Province, we conducted the energy harvesting test in a
wind turbine factory, where there are two powerful 60-kW fans, as
shown in Fig. 13. These fans were used to accelerate the air up to a
certain speed within the speed range of 0–25 m/s to simulate natural
wind to test the performance of the wind turbine. These fans were
not relative to the wind turbine. The output voltage and current of
the wind turbine were measured by the power measurement module
with a voltage transducer and a current transducer of high precision.
The power measurement module transmitted data on the output
voltage and current of the wind turbine to a computer via RS-485.

Fig. 15 Power consumption test in Beijing
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Fig. 16 Power consumption test results
power consumption on a soft, snowy surface should be much larger
than that on the asphalt surface. The power consumption test results
are shown in Fig. 16. By comparing Fig. 16 with Fig. 14, we
became preliminarily aware of a serious problem: the energy that
the rover consumes to travel is much more than the rover’s energy
harvesting from the wind.

Fig. 18 Wind speed records of January 2nd, 2014 at Chinese
Zhongshan Station in Antarctica

ENERGY SIMULATIONS FOR THE ROBOTIC ROVER
In order to do further research on the energy harvesting, power
consumption, and power management of the robotic rover and to
make improvements before on-site tests in Antarctica, we built a
simulator and performed simulations.
Simulator
The energy simulator can simulate the robotic rover’s energy
harvesting, power consumption, and power management. The energy
simulator consists of three parts: the energy harvesting simulator, the
power consumption simulator, and the power management module.
Figure 17 shows the energy harvesting simulator. A motor
revolves a vertical-axis wind turbine to simulate the wind turbine’s
rotation in the natural wind in Antarctica. We obtained the wind
speed data recorded every 6 minutes at Chinese Zhongshan Station
in Antarctica, as shown in Fig. 18. We also measured the wind
turbine’s relation between the rotation speed and the wind speed on
the condition that the wind turbine, the wind-solar hybrid controller,
the batteries, and the load (the four motors, two actuators, and
control system powered by the batteries) in the simulator were
all the same as those equipped in the robotic rover. Data were
measured when the wind turbine was both connected and not
connected into the power system, as shown in Fig. 19. The two
sets of data were a little different. The data that were not connected
into the power system were used just to help fit the data that

Fig. 19 Relation between the rotation speed of the wind turbine
and the wind speed

Fig. 20 Power consumption simulator

Fig. 17 Energy harvest simulator

were connected into the power system more precisely. We used
a program on a PC to communicate to a servo drive to control
the rotation speed of the motor, which revolves the vertical-axis
wind turbine. As mentioned previously, considering that the wind
turbine’s output power is much more than the flexible solar panels’
output power, the energy harvesting simulator can only simulate
harvesting energy from the wind at present.
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Figure 20 shows the power consumption simulator. There are two
parts in the simulator, and they are the same. In either part, there is
a motor revolving a magnetic particle clutch to simulate power
consumption. The magnetic particle clutch utilizes magnetic powder
to transmit torque. The close correlation between the magnetic
current and the torque makes it easy to control transmitted torque
over a very broad range. The use of magnetic powder makes it
possible to maintain continuous operation with no effect on turning
speeds and with stable torque levels over long periods. The work
surfaces and the curved shape contribute to the proper operation of
the magnetic powder, and a steady level of torque is available even
when the power is repeatedly turned on and off. If the magnetic
current is stable, the output torque of the magnetic particle clutch
is stable. Under this condition, the power consumption varies only
with the rotation speed of the motor. Either part in the simulator
can consume about 750 W at the rated speed of the motor. The
whole power consumption simulator can consume about 1500 W at
the most, as shown in Fig. 21. In either part in the simulator, there
is also an axial fan to cool the magnetic particle clutch. We used
another program on the PC to communicate to two servo drives,
respectively, to control the value of the power consumption.
The power management module is the same one that is in the
robotic rover. It can monitor the voltage, charging current, and
consuming current of the batteries, and send these messages and
power management decisions to corresponding modules via RS-485.
We measured the voltage values of the batteries to roughly estimate
the state of charge of the batteries. In fact, the estimation is accurate
only when the voltage values are stable, open-circuit voltage
values of batteries. It is not quite appropriate to apply this method
under the dynamic conditions of high-discharge currents; even so,
under these dynamic conditions, we could still use this method to
roughly estimate the state of charge of the batteries. In the future,
we will develop a better method to estimate the state of charge
of the batteries. In simulations, the power management module
communicated with two control programs on the PC (as previously
mentioned) to monitor the batteries and decide the traveling speed
of the robotic rover. The core of the power management module is
the power management approach. Both the simple approach and
the fuzzy logic approach were performed in simulations and their
results were compared.
Fuzzy Power Management
The usual simple approach stops powering the motion system
(four motors, two linear actuators, and motion controllers) whenever

Fig. 21 Relation between the rotation speed of the two motors and
the power consumption of the power consumption simulator

(a) State of Charge (%)

(b) Traveling Speed (m/s)

Fig. 22 Fuzzy sets

the state of charge of the batteries falls below 20%. After that,
the power management module continues monitoring the batteries.
Once the state of charge of the batteries is above 40%, the motion
system is powered again. Whenever the motion system is powered,
the robotic rover keeps traveling at the speed of 0.6908 m/s (rated
speed of the robotic rover).
Longterm, extreme low temperatures increase the risk of failure
of mechanical parts, such as motors and linear actuators. Once
the robotic rover stops, there is a chance that it cannot be started
again. As a result, it is better for the robotic rover to keep traveling
as long as possible to decrease the risk of failure of mechanical
parts. We developed a preliminary fuzzy logic power management
approach to make the robotic rover travel as long as possible both
in distance and in time. When the state of charge of the batteries is
low, the robotic rover will travel slowly; when the state of charge
of the batteries is high, the robotic rover will travel quickly.
The fuzzy approach has one input (the state of charge of the
batteries) and one output (the traveling speed of the robotic rover).
In the fuzzy approach, the input and output are represented by
three fuzzy sets: low, medium, and high. Triangular membership
functions are used. The resulting fuzzy sets are shown in Fig. 22a
and Fig. 22b. In the future, the parameters of these fuzzy sets
will be optimized for the best performance. Such optimization
can be performed by using genetic algorithms or other optimization techniques. The continuous fuzzy logic approach is shown
in Fig. 23.

Fig. 23 Continuous fuzzy logic approach
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The preliminary set of rules is listed below:
1. IF (state of charge is low), THEN (traveling speed is low)
ELSE
2. IF (state of charge is medium), THEN (traveling speed is
medium)
ELSE
3. IF (state of charge is high), THEN (traveling speed is high)
When the state of charge of the batteries is less than 20%, both
approaches (the simple and the fuzzy) decide that the traveling
speed of the robotic rover is zero, which means that the robotic
rover’s motion system is not powered and will not be restarted
until the state of charge is more than 40%.
Simulation Results
Figure 24 shows the changing state of charge of the two
approaches (the simple and the fuzzy). At the beginning, the state
of charge of the fuzzy approach was the same as that of the simple
approach. At the end, the state of charge of the fuzzy approach
was almost the same as that of the simple approach. As a result,
they consumed almost the same amount of energy. However, the
simple approach consumed energy much faster than the fuzzy
one did, especially in the early half time. At the beginning, the
power consumption simulator started working, quickly pulling
down the voltage of the batteries and the state of charge. When the
traveling speed was zero, the power consumption simulator stopped
working, resulting in the rise of the voltage of the batteries and
the state of charge. Figure 25 shows the changing speeds of the
two approaches. The fuzzy approach made the robotic rover travel

Fig. 24 Changing state of charge of the two approaches

Fig. 25 Changing speeds of the two approaches

Fig. 26 Changing traveling distances of the two approaches
slower and 296% longer in time than the simple approach did (222
minutes vs. 56 minutes). Thus, the fuzzy approach could more
effectively decrease the risk of failure of mechanical parts due
to extreme low temperatures in Antarctica. Figure 26 shows the
changing distances of the two approaches. Apparently, the fuzzy
approach made the robotic rover travel 11% farther than the simple
approach did (2564.832 m vs. 2321.088 m).

CONCLUSIONS
We developed a hybrid wind-solar-powered robotic rover for
scientific research tasks in Antarctica. The specific terrains, surface
conditions, temperature, wind and solar availability, and consequential wind resistance in Antarctica were taken into consideration to
design the mechanical structure, drive mode, power system, and
control system of the robotic rover. The robotic rover’s suspension
system has active and passive elements for increased traction on
difficult terrains.
After performing experiments on the energy harvesting and
power consumption of the robotic rover, we found that the energy
that the rover consumed to travel was much more than the rover’s
energy harvesting. As a result, batteries were not able to supply
continuous electricity to heat the sensors, motors, linear actuators,
and controllers. Therefore, the wind turbine should be equipped to
enlarge the input power from the wind for much better performance.
We also built an energy simulator and performed simulations to do
further research.
In power management, the simple approach consumed energy
too quickly and made the robotic rover stop for a long time, which
increased the risk of failure of mechanical parts due to extreme low
temperatures in Antarctica. A preliminary fuzzy logic approach
with better performance was developed. Both the fuzzy approach
and the simple approach were performed in simulations. Simulation
results showed that the fuzzy approach can make the robotic rover
travel longer in time and farther. The fuzzy approach made the
robotic rover travel 296% longer in time (222 minutes vs. 56
minutes) and 11% farther (2564.832 m vs. 2321.088 m) than the
simple approach did.
Future work will focus on improving the performance of the
wind turbine, developing a state-of-charge estimating method to be
used under conditions of high-discharge currents, and furthering
the fuzzy logic approach by optimizing its parameters for the best
performance in power management. A new input of the fuzzy
approach will be introduced: wind resistance, which could be
roughly estimated by the wind speed and wind direction measured
by the weather station on the robotic rover. In addition, the power
consumption of the robotic rover on snowy and icy surfaces will be
measured. The standby power consumption of the robotic rover
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will be reduced. Simulations lasting one week or longer will be
performed to test the longterm energy performance of the robotic
rover. The output power of the flexible solar panels in different
weather conditions in Antarctica and its effect on the vertical-axis
wind turbine will be calculated and tested. Performance tests of
the wind turbine in snowy weather will be carried out. Stability
tests of the wind turbine in wind at a speed of over 7 m/s will be
conducted. Lastly, sensors, motors, linear actuators, and controllers
specially designed for extreme low temperatures (at least −40 C)
will replace existing devices in the robotic rover.
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