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ABSTRACT
Planetary rovers used in scientific mission need to
equip a self-sustained electrical power system such as
the solar array panels. Recent study have revealed that
the profile of the power management of the rover is
different from that of common spacecraft. The
research work described in this paper develops an
experimental framework for an electrical power
system of a rover that includes a stabilized power
supply, an electronic load, and a maximum power
point tracker (MPPT).The framework can simulate
arbitrary profile of power supply/consumption of the
rover in accordance with possible mission scenario.
The MPPT is developed in the framework installed
three typical voltage control methods: perturb and
observe method, open-circuit voltage method, and
incremental conductance method. These methods are
experimentally compared under given mission
scenarios. The result implies that each method shows
typical characteristic along with the power profile,
and they should be adaptively selected with regard to
values of the rover.
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INTRODUCTION

Planetary rover has been used in extreme
environment for scientific research. The rover should
equip an electrical power system that control power
management of the rover in order to endure long-term
mission. The electrical power system, or EPS, is
generally solar array panels (SAP) as a typical
technology for power generation, maximum power
point tracker (MPPT), and rechargeable battery
including charge control unit. The EPS with the SAP
mounted on rover has been demonstrated by previous
planetary rovers1 [1] [2].
The solar power generation has been widely used
in the International Space Station or in artificial
satellites. However, the power management for the
rover should be different from that used for such
general spacecraft. This is because the electrical
power generation relies on an amount of the solar
radiation toward the SAP: relative angle between the
sun and the SAP mounted on the rove often varies
along with the rover orientation since the rover
traverses on rough terrain. Movable SAP is possible
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solution for such case, however it needs to install
actuators that orients the SAP to the sun direction.
Another solution is to upgrade the MPPT from a
common EPS. The MPPT works to regulate the
voltage output from the SAP and tracks maximum
power output regardless of different characteristic
curve of the SAP. An open issue of the MPPT remains
in a voltage control method that is appropriate for the
rove usage. Therefore, the main scope of this paper is
to experimentally compare the characteristics of three
voltage control methods used for the MPPT and to
discuss their applicability for the rover usage.
For such experimental evaluation, a laboratory
experiment or a field testing are typical approaches.
Recent studies have dedicated to examine the EPS of
the rover in the long-term field testing.
Kuroda et al. have developed a rover testbed called
Micro6 Volcano and performed a field test in a
Martian analogue site for two weeks. The EPS of the
rover testbed worked well during that term, providing
power from the SAP to the testbed, recharging its
battery, and surviving nighttime with battery power.
The test have characterized the profile of the power
supply/consumption for the rover [3].
Shimada et al. have also examined the electrical
power system of rover in a field test. The performance
of the power system such as the SAP generation and
rover load profiles in the various operations have been
evaluated. These works imply that field testing of the
EPS highly depends on weather (atmospheric opacity),
time and season (sun altitude), and rover motion
profile. Therefore, an experimental framework that
assures reproducibility of the test is necessary [4].
The work in this paper develops an experimental
framework for an EPS that consists of a stabilized
power supply, an electronic load, and a MPPT. The
framework can simulate arbitrary profile of power
supply/consumption of the rover in accordance with
possible mission scenarios. The programmable
stabilized power supply simulates the power output
from the SAP and the electronic load simulates the
rover power consumption in the evaluation. The
reprogrammable MPPT is also developed to install
several voltage control methods: perturb and observe
methods, referring open-circuit voltage method, and
incremental conductance method. Each method is
then experimentally evaluates under a simulated
mission scenario.
The detail of the experimental framework are

While the Radioisotope thermal generator (RTG) is common technology providing stable power for the rover as seen in Curiosity
rover, the SAP may be still applicable for small, lightweight rover.

Figure 1. The system block diagram of the EPS
for a rover

Figure 3. Circuit Diagram of
the SAP Equivalent Circuit

Figure 2. The experimental framework developed in this
work
described in Section 2, along with and the general
characteristics of the SAP output. The preliminary
experiment for the MPPT and the experimental
evaluation test based on a simulated mission scenario
are presented in Section 3 and Section 4, respectively.
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EXPERIMENTAL FRAMEWOR

2.1 Overview of Experimental Framework
A general EPS for the rover is illustrated in
Figure 1. The experimental framework developed in
this work replaces the SAP to stabilized power supply
and also the robot load to the electronic load showed
in Figure 2. The power supply and electronic load are
both programmable such that the value of power
supply as well as that of the load are time-variant.
Therefore, the framework enables simulating arbitrary
mission scenarios by tuning those values in
accordance with a condition of the sun illumination on
a target planetary body. This framework includes two
key devices: an equivalent circuit for the SAP and an
integrated MPPT.

2.2 SAP Equivalent Circuit and MPPT
The power supply used in the framework
provides regulated voltage as programmed and
therefore a SAP equivalent circuit (SEC) needs to be
installed between the power supply and the MPPT in
order to imitate the characteristic of the power
generation from the SAP. The developed SEC
diagram is shown in Figure 3. The multiple diodes
integrated into the SEC passes an electric current in
high voltage, achieving the characteristic curve of
SAP with the stabilized power supply.
A power generated from the SAP is generally

Figure 4. Characteristic Curve of SAP output
unstable [5] as its characteristic curve in different
solar intensity can be illustrated in Figure 4. The blue
line indicates the power-voltage curve of the power
generated from the SAP, and the yellow dashed line is
the current-voltage one. The red dots mean the
maximum power point (MPP) at each intensity.
Figure 4 reveals that the solar radiation affects the
short circuit current when the output voltage is 0 V.
The power output generally depends on the amount of
the solar radiation and the voltage output from the
SAP varies with the load of a rover. Therefore, a
voltage control device called Maximum Power Point
Tracker (MPPT) should be used for the electrical
power system on rover. The MPPT is a kind of
switching voltage regulator, tuning the voltage output
from the SAP and tracking local maximum value of
the power output regardless of different characteristic
curve of the SAP. The following subsection describes
more detail of the MPPT and the control methods
installed in it.

2.3 Detail of the developed MPPT
Figure 5 shows the MPPT prototype developed in
this work. The MPPT enables implementing userdefined voltage controllers. It consists of the circuit
board of switching regulator and the microcomputer
that monitors the power output from the SAP and

Figure 5. Developed MPPT
controls the voltage output to the followed system.
The microcomputer (Arduino Due) generates PWM
pulse to control the voltage output of SAP. The circuit
board is developed based on reversal boost/buckboost regulator. Therefore, this MPPT can not only
regulate but amplify the output voltage from SAP. The
MPPT installs three typical voltage control methods.
Figure 6 depicts these voltage control methods and the
description of them are described below.

2.2.1 Perturb and Observe methods
The perturb and observe method is a general way
in the maximization problem of a unimodal function.
The MPPT with this method watches the output power
from the SAP. The microcomputer of the MPPT
sequentially compares the value of the power output
and controls the output voltage with a constant
interval in the direction of increase of the power until
the power output suddenly decreases. Repeating this
processing, the MPPT takes the maximum power
output from the SAP. The advantages of this method
is to easily track the MPP in any condition because of
its simple processing. On the other hand, the
oscillation of the voltage near the MPP is a drawback.

2.2.2 Referring Open-Circuit Voltage
Method
In general, the output voltage on MPP tends to be
80% value of an open circuit voltage which is a
voltage when the output current from the SAP is 0 A.
The MPPT installed the referring open-circuit voltage
method tries to maintain the output voltage as around
80% value of the open-circuit voltage. This method
can maximize the output power with less
computational cost (or it can be realized by only
analog circuit devices). However, this method cannot
accurately track the MPP in a case in which the rover
or sun illumination dynamically varies.

2.2.3 Incremental Conductance Method
This method successively monitors the gradient of
the power-voltage curve and then controls the output
voltage in accordance with the sign of the gradients: a
positive gradient increases the output voltage from the
SAP while a negative one decreases it. Also, the rate

Figure 6. Voltage Control Methods installed
in the MPPT
of such increment/decrement is proportional to the
magnitude of the gradient. The process of this method
is relatively complex as compared to the other two
method, but it can suppress the oscillation of the
voltage near the MPP and accurately track that point.
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PRELIMINARY EXPERIMENT
FOR THE MPPT

Figure 7. Experimental setup of the Preliminary
Experiment for the MPPT
(a) Short Circuit Current : 1A

In this section, the preliminary experiment for an
evaluation of the MPPT performance is described.

3.1 Experimental Condition
The experimental setup is shown in Figure 7. In
this study, the value of the short circuit current from
the SAP are given from 1.0 A to 3.0 A with a step of
1.0 A. Such condition is realized by the stabilized
power supply and it simulates the change of the solar
radiation from morning to noon. The power
consumption of the rover are assumed as 20 and 30 Ω
which are set to the electrical load. In total, six sets of
experimental conditions are tested. The value of
output voltage and power are measured for 30 seconds
on the microcomputer of the MPPT. Furthermore
these experiments have been carried out with the
perturb and observe method.

(b) Short Circuit Current : 2A

3.2 Experimental Result
The results of each test are illustrated in Figure 8.
Each curve is a characteristic curve of the stabilized
power supply simulated as a SAP. The MPP on the
curve is plotted as the red dot. Also, the MPP tracked
by the MPPT is also potted as circle (20 ohms) or
asterisk (30 ohms) with the standard deviations. This
deviation indicates the oscillation during the tracking
of the MPP: larger deviation means larger oscillation,
resulting in an unstable tracking of the MPP. Table 1
summarizes the quantitative result of the values of the
voltage and power output. The error rate in the table
indicates an error of the tracked MPP from the true
MPP. The large oscillation is due to the voltage
control of the microcomputer on the MPPT that has
high measuring frequency.
In Figure 8 and Table 1, it is found that the error
rate of the power and voltage output increases as the
short circuit current becomes larger. This is because
the peak of the P-V characteristic curve for the power
supply becomes steeper along with the short circuit
current, and then the gradient of the curve becomes
larger. Here, the MPPT controls the value of the
output power indirectly through the voltage with a
limited resolution. Therefore, the oscillation of the
voltage still exists, and the error rate becomes bigger
as a result. However, all error rates in the experiments
have been below 10% and the MPP has been
maintained within the standard deviation in every
experiment. Therefore, the MPPT developed in this
work assures good tracking performance of the MPP

(c) Short Circuit Current : 3A
Figure 8. Evaluation Results of
the MPPT performance
less than an error of 10 % even with the perturb and
observe method.
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EXPERIMENTAL EVALUATION
on a simulated mission scenario

Section 3 described the experiment with constant
resistance and power supply. In this section, an
experimental evaluation of different voltage control
methods is described. These methods mentioned in
section 2 are implemented in the MPPT and tested
using the experimental framework with a simulated
mission scenario in which a rover test bed traverses a
sloped terrain. Each method is then evaluated based
on how large the method successively tracks the
power output from the EPS.

4.1 Evaluation Condition
A simulated mission scenario in this experiment is
as follows: as shown in Figure 9, a rover test bed starts
from a base of a mountain and traverses the mountain
hill to a goal at the mountain rim. The rover trajectory

Table 1. Comparison of the Power and Voltage on Maximum Power Point
1A
2A
3A
Short Circuit Current
Data name
Voltage(V) Power(W) Voltage(V) Power(W) Voltage(V) Power(W)
Tracking Average for 20 Ωload
28.18
27.10
29.28
49.48
29.29
69.59
Tracking Average for 30 Ωload
26.70
27.68
25.88
49.47
26.19
65.43
Experimantal MPP
26.98
24.03
27.22
48.21
27.06
71.21
4.46%
7.55%
8.24%
Error rate of the output power for 20 Ωload
1.03%
4.91%
3.21%
Error rate of the output power for 30 Ωload

Figure 9. Simulated trajectory of the rover
(location: Mt. Mihara in Japan)

Figure 10. Inclination angle of the SAP and the
relative angle between the sun and the SAP

is given based on a trail map at the Mt. Mihara in
Japan. The altitude, inclination, and bearing are
respectively determined from the map.
In the EPS experimental framework showed in
Figure 2, the programmable stabilized power supply
simulates the power output from the SAP varying with
sun elevation/azimuth and rover orientation. The
electronic load also simulates the rover power
consumption including static consumption by bus
components (onboard computer, communication
system, and cameras) and dynamic one by the
mobility subsystem which varies along with the slope
of the trajectory. The SAP area mounted on the rover
is assumed to be 0.4 m2. The output value of the short
circuit current of the SAP 𝐼𝑠𝑐 is determined by the
following equation:
𝐼𝑠𝑐 =

𝐼𝑐 ∙ 𝜏 ∙ 𝐴 ∙ cos 𝜃𝐼
𝑉𝑜

(1)

where 𝐼𝑐 is the solar constant and 𝜏 is the attenuation
rate of the radiation due to the earth’s atomothphere,
the value of which is set as 0.5 in this work. 𝑉𝑜 is the
output voltage from SAP defined as 20V. 𝜃𝐼 is the
relative angle between the sun and the SAP defined as
follows:
cos 𝜃𝐼 = cos 𝜃𝑠 sin ℎ + sin 𝜃𝑠 cos(𝜃𝐴 − 𝜃∝ )

(2)

In this equation (2), 𝜃𝑠 and ℎ are the inclination angle
of the SAP and the solar altitude. 𝜃𝐴 and 𝜃∝ are the
azimuth of the sun and the rover. In Figure 10, the

Figure 11. Time profiles of the short circuit current and
the rover load
inclination angle of the SAP and the relative angle
between the sun and the SAP are depicted.
Figure 11 illustrates the current output from the
solar radiation and the rover load current that are
calculated on the basis of the solar altitude, solar
relative azimuth, rover attitude, and traction load due
to slope inclination. The experiment with different
control methods then shows tracking response with
regard to these profiles.

4.2 Evaluation Result
Figure 12 shows the experimental result of the
power output with different voltage control methods.
The blue dashed line is the power consumption of the
rover. The red line shows the power generation is the
perturb and observe method, the yellow thin line is the
referring open-circuit voltage method, and the purple
thick line is the incremental conductance method,
respectively.

Figure 12. Experimental result of different voltage control methods
In Figure 12, it can be clearly seen that each control
method provides the different power output profiles in
accordance with the SAP power output and rover
load: the incremental conductance method provides
the largest power while the SAP power output is stable
(from 0 s to 8000 s); however, it does not show a good
performance in higher rover load, or lower SAP
output (10000 s to 14000 s). On the other hand, the
perturb and observe method generates the almost
stable power regardless to the SAP output nor rover
load.
The difference of three methods is mainly due to
the magnitude of the power generation for the most
part in this work. The referring open-circuit voltage
method is significantly affected by the change of solar
condition since it simply regulates the output voltage
without any feedbacks. This is why the output power
with the referring open-circuit voltage method
depends on the time profile of the simulated solar
radiation. However, the incremental conductance
method provides the lowest power output between
these methods when the simulated solar radiation has
become lower. The MPPT installed the incremental
conductance method watches the gradient of the
specific curve of the simulated SAP. In a low solar
radiation, the gradient of the characteristic curve
should be small. Then, such small gradient is
equivalent to a small control gain for the feedback
loop in the method, resulting in such weak response to
the solar radiation in the last part of the experiment.
It should be noted that the MPPT and the EPS
developed in this work have clarified the simulated
profile of the power generation and consumption of
the rover, and these experimental evaluation can be
implemented on any mission scenarios.
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CONCLUSION

In this study, the experimental framework for
the EPS of a rover have been described. The
stabilized power supply and the electronic load can

sequentially simulate the power generation of a
SAP and the consumption of the rover, respectively.
Therefore, the developed framework can simulate
any practical mission scenario by tuning these
profiles. As a key component of the system, the
MPPT is developed that enables implementing any
user-defined tracking control method.
The experimental study using the framework
tested three typical tracking methods for the MPPT.
Through the experimental evaluation, it is clarified
that the value of the solar radiation affect the SAP
output power with these methods. In addition, the
result and finding imply that the voltage control
method installed on the MPPT should be adaptively
selected along with values of the solar radiation and
also with that of the rover load.
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