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Abstract- Mobility is forever desired to serve crucial purposes of transporting payloads, traversing new terrains, etc, which 
comes at the expense of energy. This makes ‘energy’ a determining factor for the successful accomplishment of space 
explorations. Therefore, there is a need to shift our reliance from conventional energy sources to modern, viable and 
renewable alternates. This paper describes optimized trade-off between power prediction, harvest & utilization for solar 
powered exploration missions. It reviews contrast between conventional uni-junction cells and its successors, modelled for 
overall absorption of the whole spectrum. The paper presents a visual map of all the possible inter-dependencies and 
linkages among solar, environment and rover parameters, which is decisive in computing distinct set of energy efficient 
routes for sun-synchronous navigation. Machine learning approaches to deduce intelligent algorithms are discussed, with 
emphasis on solar ephemeris as a tool for energy efficient path planning and intelligent maneuvers. The concept of sun 
synchrony is applied to compute and compare the different choices of traverse as equatorial, polar and circuital, for different 
terrestrial surfaces- Earth, Moon, Mars and Mercury, based on their orbital characteristics. 
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I. INTRODUCTION 

 
The automation drives everything around us, varying 
from automobiles, transportation systems, rovers, 
traffic lights, EVs, conveyors, escalators, elevator, 
robotic manipulators via strings being pulled by 
humans. New dimensions in autonomy like ‘sliding 
autonomy’ (switch between semi & fully 
autonomous) and ‘full autonomy’ inclined towards 
Artificial Intelligence (AI), aid current technology 
with the ability to make decisions and propel itself. 
The immersion of AI into the field has uplifted the 
field of robotics to highly intelligent levels. In the 
field of robotics, mobility is a key term. The research 
fields of ‘mobile’ robotics and ‘field’ robotics are 
wholly dedicated to serve mobility and mobility-
related applications. 
‘Mobile’ robots are capable of moving around in their 
environment i.e., they are not constrained by position 
in space, unlike manipulator arms with limited 
workspace. They employ specific locomotion 
mechanisms depending on the terrain. The mobility 
of these robots is distinguished by the mode of 
operation; ‘Tele-operated’ or ‘Autonomous’ mobile 
robots. The autonomous ones are capable of 
navigating through an unstructured, practically new 
environment by leveraging its environment 
perception ability backed up by computer vision 
employing multitude sensors and cognition by 
machine learning techniques via localization and 
mapping algorithms leading to desired locomotion 
maneuver [1]. 
We are continuously striving to explore new horizons 
and carry our endeavor, in search of life-forms or 
potential elements to sustain it. Some Earth-based 

(remote) and almost all the terrestrial missions, are 
not apt for human presence, as they are highly hostile 
and dangerous for direct human participation. 
Therefore, a robot explorer is a good alternate acting 
as an extension aid, loaded with required 
functionalities to sense surface, record imagery, 
collect samples, perform tests and eventually 
communicate back the deduced data. Hence, rovers 
are a crucial part of all the space exploration missions 
being undertaken presently and in the future. 
 
A. Power: The  Key Parameter for Exploration 
The persistence of a rover during a mission defines 
the width of scope for any findings, based on the 
amount of valuable data gathered during those long 
hours of traversing. Therefore, the success of any 
exploration rover in a mission is limited by one 
critical issue i.e., power [2]. Carefully mapping the 
tasks, operations with the resource harvested becomes 
a crucial concern at distant locations. As the system 
deployed must be capable of evaluating the needs and 
returns in terms of power, thus performing an 
optimized trade-off between resource utilization and 
harvest is of extreme importance and could be a 
determining factor for the mission. Hence, intense 
research is being undertaken globally to devise new 
and innovative alternates to provide extended power 
period for the traversing rovers. 
Since the energy reserves are to be mobile, the 
traversing rovers rely largely on portable batteries, 
fuel cells, radioactive cores as a probable solution. 
Among these, fuel cells stand as the most promising 
candidate upto an extent, because of its high mass-
specific energy density and impressive conversion 
efficiency. 
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The space endeavors rely on exploration which can 
be inferred as a result of mobility that comes on the 
expense of energy. The usage of secondary batteries 
or fuel cells alone doesn’t hold any practical grounds 
for remote missions, because of the added weight and 
volume constraints. Therefore, we need to shift our 
reliance from conventional options to modern, viable 
and renewable alternates for remote exploration 
missions, solar power proves a promising candidature 
for remote missions within inner solar system & 
beyond. The solar harnessing technology is a 
paramount choice for almost all distant remote 
science missions due to its vast, long term & 
consistent availability. 
 
B. Efficient Harnessing of Solar Power: 

1. Solar power harnessing technology: 
Appropriate estimates and harnessing methods are 
needed to utilize the potential of solar power. 
Conventionally used silicon based solar cells do not 
find relevance in space application or mobile robots, 
due to their very modest power outputs. Photovoltaic 
technology primarily incorporates the development of 
single & multi-junction solar cells to convert solar 
energy directly into electricity. Multi-junction cells 
utilize different junctions having specific band-gaps 
for sequential absorption of a particular part of 
irradiating spectrum which otherwise would have 
been wasted in uni-junction cells [3]. Advanced 
triple-junction solar cells excel in such mobile 
applications in terms of comparatively higher power 
output, even under varying illuminating conditions 
due to shadowing, etc [4]. Currently, multi-junction 
cells are also being modified to attend the concern of 
improving the ways in which radiation falls evenly 
over cell surface. Thus, the bifacial parabolic 
reflectors are being used to develop a new class of 
concentrated solar cells [5]. 

2. Importance of modelling environment in 
solar maps: Several environmental factors play vital 
role in harnessing solar power effectively and 
efficiently. They are as follows: 

 Solar irradiance 
 Sun elevation 
 Time of the day 
 Terrain shadowing 
 Solar panel configuration. 
 Provision for variance in panel orientation 

with respect to the Sun. 
 

Therefore, tracking of the sun over time in a region, 
when merged with terrain maps, yields responses 
with respect to the solar energy available at a 
particular location and time, along with the angle by 
which sun-rays will be incident on panels. An 
intelligible planning enables system to predict & 
evaluate the generation of solar power over a 
transverse and simultaneously minimizes its 
dependencies on power storage media thereby 
lowering weight, cost & complexity constraints. 
However, sorting out the optimal path from the 
prospect of traverse and resource utilization requires 
all probable irradiance parameters to be modeled 
along with terrain maps, incorporating briefed data on 
terrain shadowing as well. 
 
The task of modeling solar power fundamentally 
constitutes reckoning parameters from Earth, Solar & 
Lunar system and employing terrain maps to 
ascertain visibility status. Thereafter, mapping is done 
based upon the rover & panel performance 
parameters, surface resistance and wind effects. 
Simulating the combination of such models with 
given traversing patterns enable simultaneous 
evaluation of variety of new coverage pattern types. 
Paths are further sorted down in accordance with 
desirable attributes of power generated, power 
consumption, area traversed and total time to find 
appropriate locations and orientations for recharging 
batteries and downlinking information back to Earth. 
 
The relationship between several parameters 
constituted by models of sun, the terrain and the 
rover, lies at the core of understanding principles of 
sun-synchro navigation. Interaction between the three 
factors- the sun, terrain and rover, is actually the 
result of linkages marked between various 
deterministic input-outcome parameters defined for 
each. For example- sun elevation and time of the day 
are the parameters contributing to the solar part; 
surface irregularities, bumps leading to uneven 
shadowing are the parameters affecting terrain model; 
while, solar panel inefficiencies, dust depositions, 
required locomotion power, speed to track sun’s 
movement and panel orientation w.r.t. the position of 
sun, influence the rover model. Thus, the linkage 
between each parameter to the other infers each factor 
to be an implicit function of the other one which is 
represented using a simple map shown in Fig. 1. 
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Fig. 1 Interdependencies of core factors for sun-synchrony 

 
3. Research concerns in harnessing solar power: The 
widespread acceptability of solar power as a potential 
alternate, still lags behind due to many drawbacks 
arising from our inability to utilize it effectively and 
efficiently. The primary concern being conversion 
efficiency which is a function of material 
composition of solar cells and the environmental 
factors. The peak efficiency can be utilized by 
modelling panel responsiveness against variable 
intensity and spectrum of the incident light. 
 Material composition of solar panels: Several 

factors evidently degrade the structure and 
reduce the efficiency of solar cells over time. The 
primary ones among them includes presence of 
foreign particles (such as dust) and 
electromagnetic radiation exposure to the solar 
cells. Other factors include wind loading, high 
peroxide content on surface, low ambient 
pressure, altered electrostatic charging and 
paschen discharge [6].  

 Modelling of solar panel responsiveness: A 
typical solar panel efficiency is in the range of 
14.5% to 30% with the employment of the 
concentrator. The responsiveness of solar panels 
is affected by several factors such as solar 
irradiance, solar spectrum, operating temperature 
and airborne particles in atmosphere such as 
water droplets, aerosols, etc [7]. Dust deposition 
is also a major concern as it reduces the exposed 
effective area of the panel.  

 Optimizing deployment angles for fixed solar 
panels: The missions requiring traverse of 
surface need a constant supply of power which 
can be ensured with a flat energy curve. Studies 
have been done on the stationary as well as 
tracking arrays to obtain the best configuration  

 
considering the trade-off between power 
generated with respect to power consumption, 
mass, volume and reliability of the array. In case 
of stationary arrays, the optimized results were 
obtained with the tent-shaped solar arrays having 
a tent-angle of 60 degrees [18]. However, it 
incorporates an improbable assumption of sun 
passing directly overhead. While, in the case of 
tracking arrays, it is obtained that they are more 
efficient than their fixed counterparts even with 
the consideration of the power penalty associated 
with the movement of the array [2]. 

 
4. Functionality of an autonomous explorer: 
Successful missions from past have fostered the 
interest in robotic planetary explorations. There is a 
need to grow existing traversing capability of rovers 
for prolonged missions, as the missions are getting 
complex and rovers are expected to traverse farther 
reaches on terrain with multi-purpose and diverse set 
of objects. Past rovers were constrained with their 
inability to be reflexive to dynamicity of the terrain, 
which often left them vulnerable at times, as they 
were accustomed to execute sequential order of 
instructions uplinked from ground station which in 
itself is a slow and tedious process and does not 
account for random events. This infers the need of 
autonomy to formulate and update the decision taken 
on the basis of the measurement or opportunity a 
rover encounters. This led to generation of OASIS 
(On-board Autonomous Science Investigation 
System) [8]. It incorporates machine learning aids, to 
impart rover with the ability to analyze collected 
samples, deduce information, conclude results and 
thereby define new set of goals which can be 
momentarily prioritized high and low by rover system 
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itself, for further findings and planning & scheduling 
techniques that process newly defined goals into the 
rover command sequence to define pathway 
algorithms and thus paving way for execution by 
interacting with on-board electronics control [9]. 
Modeled maps of solar and terrain information are 
employed along the rover parameters for deducing 
intelligent algorithms using machine learning 
approaches to predict solar power [10], Input Features 
like cloud density, relative humidity, temperature, 
historical stats etc. are fed to the algorithm that yields 
predictions for solar Intensity corresponding to 
particular site and time of the day. A tapped delay 
line filter is used in general for noise cancelation and 
smoothing of data. 

 
 
where, Na and Nb are the polynomial order 
corresponding to a and b respectively and n being the 
index [21].  
 
Feature representation and data normalization is 
performed prior to use, to ensure efficient working of 
an algorithm. Since a feature size in a filter can 
largely vary hence normalization is done using 
sigmoid function: 

 
 
As various features are linked to each other in a 
different manner and each one being decisive in 
predicting solar intensity therefore, the data needs to 
be regularized [11], which is done using covariance 
and correlation function [10]. There are several 
interpolation methods like Support Vector 
Mechanism [12], Artificial Neural Networks [13], 
Additive Decomposition [14] used to predict Solar 
Intensity using the measured data. 
 
Therefore machine learning helps predicting & 
sorting sun-cognizant paths for energy efficient 
traverse. Solar ephemeris algorithm is one of them. 
These algorithms are built to reckon sun’s position 
corresponding to a particular time and location. It 
involves locating the centre of Sun and Moon relative 
to the Earth’s centre. The calculation is facilitated by 
available software libraries that yield values for 
distance of estimated centre of Sun and Moon, 
observed from the Earth at particular instant and date 
[15]. 
 
This further provides the values for azimuth and 
height of the Sun from a fixed spot on the Earth. 
Later, the position of Sun and Earth are estimated by 
carrying out time-dependent transformations to fixate 
coordinate system centered around Moon, also 
termed as Selenographic coordinates. Further 
refinements to calculations are done by incorporating 

shadowing factors as a function of terrain features. 
Shadows can be categorized into Hill shadow and 
Cast shadow [16]. Hill shadow results when plane is 
aligned away from the Sun and can be reckoned by 
determining incidence of the sunlight, whereas latter 
one is the result of obstacle when the plane is aligned 
towards the Sun. 
 
II. SUN-SYNCHRONY 
 
These rovers rely on the movement of sun as their 
mode of navigation, path planning and traversing. 
Sun-Synchro bots simply follow the concept of Sun-
Synchrony to perform the persistent exploration 
without falling short off energy by prolonged & 
continual exposure to Sun. The rover expends the 
amount of power following certain path just in order 
to attain the balance by harvesting equal amount of 
energy from sun and simultaneously along which the 
objective of traversing is met, it is actually an 
optimized trade-off between the rover mobility and in 
stock power [17]. Application of rovers employing 
this technique holds good for sustained exploration in 
lunar regions, poles of a planet like Earth or Mars and 
Mercury where impressions of water bodies are 
expected [18]. Regions near Earth’s poles such as 
Antarctic, provide analogous grounds for testing 
extra-terrestrial polar environments here on Earth 
itself, employing sun-synchrony for enhanced 
efficiency. 
Sun-synchrony also ensures thermal protection for 
rovers in the regions of extreme temperature 
transition between daytime and night, by providing a 
moderate temperature band path to traverse.  
 
Practicality for any rover is defined by the parameters 
like attainable power demands, limited exposure 
panel area, nominal traverse speed hence the concept 
of sun synchrony is complex when it comes to 
generalized applicability as its feasibility varies with 
the considered region of traverse.  
The parameters are calculated by the following 
formulations: 

 
 
The parameter ‘required power’ is a function of 
average traverse speed with which a rover has to 
travel around the periphery of the terrestrial body in 
synchrony with the Sun. A rover of mass 100 kg and 
soil resistance of 0.1 is used to obtain values for 
comparison of various conditions [19]. The constant 
value ‘C’ is assumed to be 50W. It is the assumed 
power needed for driving electronic instruments 
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mounted on the rover to perform various mission 
tasks except locomotion. 

 
 
A conversion efficiency of 20% is assumed for the 
calculation and comparison purposes [19]. 

 
TABLE 1  

TRAVERSE ESTIMATE FOR POLE, EQUATOR AND 
CIRCUIT ON MERCURY 

 
 

TABLE 2 
 TRAVERSE ESTIMATE FOR POLE, EQUATOR AND 

CIRCUIT ON EARTH 

 
 

TABLE 3 
 TRAVERSE ESTIMATE FOR POLE, EQUATOR AND 

CIRCUIT ON MOON 

 

TABLE 4 
 TRAVERSE ESTIMATE FOR POLE, EQUATOR AND 

CIRCUIT ON MARS 

 
 
It is obtained from the estimates that equatorial Sun-
synchrony is feasible on Mercury as the rover needs 
to travel in opposite direction to that of the planet’s 
rotation, which is very slow in case of Mercury (176 
Earth days), besides other factors such as high solar 
irradiance (9116.4 W/m2) and low gravity (3.7 m/s2) 
[Table 1].  
 
For the polar regions, lunar missions appear to be 
viable as the average speed requirement for rover, to 
track the Sun is just 3 kilometers per hour. The 
primary factor is the reduced traverse distance due to 
reduced circumnavigation at high latitudes. Other 
contributing factors include high solar irradiance 
(1368 W/m2), low rotation speed (27.3 Earth days) 
and low gravity (1.6 m/s2) [Table 3]. 
Solar missions on axially titled planets like Mars and 
Earth, need to incorporate the idea of uninterrupted 
direct sunlight and total blackout, in the regions of 
high latitudes. Thus, sun-synchrony for the solar 
rovers traversing in the Polar regions is ensured by 
sweeping the solar panels daily by exact 360°. This 
requires the rovers to follow a spiraling path in the 
Polar regions while traversing on axially tilted 
planets.  
In the regions of continual sunlight availability, solar 
mission seems viable for Earth and Mars, as the speed 
requirement is 1.3 km/hr, over a circumnavigation 
radius of 5km [Table 2,4].   
 
For long term missions we need the concurrence of 
parameters such as longer Sunlight availability and 
non-extreme temperature transitions. Hence high 
latitude, Polar regions of Moon and planets like Earth 
and Mars present a favorable alternate for its 
applicability in missions with viable values of all the 
important parameters in place. Unlike other 
conventional means this presents an approach to 
explore surface terrains diversely and in detail.  
 
The aim of autonomous navigation is not limited to 
just avoiding obstacles and finding feasible routes for 
travel but locating solar routes simultaneously in a 
way by maintaining rover profile with appropriately 
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orientated panel with respect to motion of Sun. Hence 
the optimization of panel orientation every moment in 
accordance to the route rover follows is also the 
routine of navigation algorithms, carried using a 
control architecture facilitating constant monitoring 
of state, error detection and its troubleshooting. This 
process goes on synchronously in feedback to the 
panel as well as motor controllers. 
 
III. SUMMARY 
 
Mobile robots particularly rovers have always been at 
the core of every space mission, and have aided to 
broaden our domain of knowledge of Space & 
Planetary Sciences. Rovers have a very good scope of 
monitoring and analyzing remote terrain on Earth or 
beyond, where there is low human interference due to 
hostility of the environment. Solar energy is a 
abundantly available source of energy which can be 
harnessed to solve our energy requirements. In this 
paper an overview of sun-synchrony technique is 
discussed along with other key factors affecting the 
efficiency of harnessing solar power. The paper 
reviews the scope of using sun-synchronous rovers 
for planetary exploration with special emphasis on 
power optimization and navigational issues. Sun-
synchronous rovers are of great use as they can 
traverse the surface for comparatively longer period 
of time, both safely and effectively. They are capable 
of extended operation ensuring exhaustive surveys, 
terrain characterization and exploration on a vast 
scale.  
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