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The lunar exploration with sun-powered rover is
limited in zones where there is a large amount of 1459
power and stable thermal conditions. Anyhow, the
rover has to survive at the high temperatures
during the lunar daylight and to cope with the very«~
low temperatures in the lunar night. Moreover, S

1400

during the lunar night all unnecessary devices have 1350 | T 7
to be switched off to maintain the stored energy. i i

The pole sites of the Moon could be visited by 1300 : : :
using the strategy of the sun-synchronous 100 Dza(;os 300 400

navigation [1], that is, when the rover travel$hn

opposite direction of the lunar rotation byFigure1: Distance of the Moon from the Sun and the
maintaining a mean speed fast enough to follovgolar Constant on the Moon



The high latitude is interesting for the exploratio This mean velocity is obtained assuming the
because we can circumnavigate the pole, or of @avigation in a perfect circular route, but it @ n
region near the pole while the rover is alwaygossible to consider it, because there is lot of
powered by the sun rays. In these sites it isbstacles that the rover has to avoid to make its
possible to visit craters where the bottom hasravel safe. The travel paths of the rover can be
never been illuminated by Sun rays, in theséentified by the analysis of high-resolution
special craters there could be solid water, orethempictures of the site; these routes are usually
could be installed an infrared telescope for thealled Magellan Routes [4]. By following a
very low constant temperature. Magellan Route the rover travels for a path

Some sites (like Mount Malapert in the SoutHonger than a circular route or radiugFigure
pole) could offer an advantageous place t@).
communicate with the Earth, because they could
offer a continuous visibility of our planet [3]. €h
south pole of the Moon seems to be the most
suitable place to Sun-Synchronous navigation for
the presence of the South Pole-Aitken basin,
which offers several scientific aims. It is pddsi
to compute the mean velocity considering this
simple law:
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whereR is the polar radiusRe1736 km),/. is the
latitude andT is the synodic period TE29.53

terrestrial days). As it is possible to sed-igure Figure 3: The Magellan Route
2 the mean velocity decreases from 10 km/h to
zero km/h as the latitude increases from 50° t@ POLAR NAVIGATION WITH

90°. It is simple to think that this mission coldld AUTOMATIC SUN TRACKER

possible only at very high latitude, in order towda

low mean velocity. For example at the latitude of During the travel time, in the sun-synchronous
85°, the rover could travel at a mean speed gfath, the Sun is very low above the horizon, so a

about 1 km/h. horizontal solar panel results to be unusable,
because the power would be near to zero for the
Length of the path high angle between the panel normal and Sun
8000 \ \ \ direction. If the solar panel was vertical (or
so00l o o o slightly tilted according to the latitude of the
: : ; mission) but fixed, then it could be mandatory to
£ 4000l - o T L [ optimize simultaneously a path through the
= ! ! ! terrain and the amount of solar power received.
2000 -~~~ e TN In this case, the guidance control of the rover has
| | | to consider some periods when the panel does
050 60 70 80 90 not offer the maximum surface to the Sun, and,
Latitude [degree] as a consequence, the guidance strategy should
10 ‘ Mean V‘e'OCity ‘ take into account these constraints by using a

; ; ; complex navigation control [5].

‘ ! ! The guidance control can be made independent
< | 1 | from the power budget by using a sun-tracker
£ . . o~ ] solar panel. This device allows an optimal

| | : scheduling of the maneuvers, avoiding risks and

; ; ; optimizing the time of the travel; it is only the

0 ‘ : ‘ panel that finds the direction of the Sun in the
50 60 70 80 90

sky. At the polar latitudes on the Moon, the Sun
has very low inclination, so it is convenient to
design an azimuthal sun-tracker solar panel. In
Figure 2. Sun-synchronous length path and meamact one degree of freedom is enough to enhance
velocity. our performances, while a double degree of

Latitude [degree]



freedom provides the maximum power availablg
with an increased complexity of the system again:
a minimum increment of power (not appreciable ir

Figure 4).
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and day, stands for a terrestrial day. If the rover

collects, for example, a total delay of 48 hours, i

will lose almost the 10% of the available power,

The tracking panel also allows a high flexibility ©<@ctly in the time when it needs more power to
compensate the delay.

for the mission planning with respect to the“-'" _ _
constraint of the sun-synchronous navigation; in With an automatic sun-tracking system the

fact for a fixed panel it is mandatory to fix a &m panel compensates the delay only rotating around

local time to be followed that affects the path® NeW zero-reference, adjusting the offset of the

planning. If the sun-synchronism is lost with gsystem. In addition, if the rover is able to cope

sun-tracker, it is possible to restart the navigati with the high temperature reachable on the lunar
with a new lunar local time by only using theSurface, it is possible to think about a rover that

autonomous tracking of the solar panel. travels in a nearly sun-synchronous path with a
It is useful to consider the lunar local timeConstant rate of delay in order to slow down the

following the terminator to obtain intermediate M&an velocity of.the rover. If the rover travels at
thermal conditionKigure 5. a constant velocity equals to 2/3 of the velocity

If the local time is at the sunset, the rover thes ©Ptained in the equation (1), it starts its
Sun vector oriented like the antiparallel of the€Xploration at the dawn and it finishes at the
velocity vector, which corresponds to goingsunset travelling the entire path by only changing

towards the sun. This is a bad condition for man{€ attitude of the solar panel with respect to the
reasons: first of all if we lose the local time for"OVer: o ,
some problems or delays the rover will be in the The angular position of the solar panel with
dark side of the Moon, with only the battery powef €SPECt t0 the rover is measured by an encoder;
but with a high request of energy because the rov&fiS measurement with the output of the

has to make up for lost time; in addition the m)tica_Zimu,thal, sensor is used to estimate the Sun
direction in the reference frame of the rover. If

used for the navigation have to get filters to dvoi o oveEL

sensor problems due to the high incoming othe condition of sun-syr_]chr_onous navigation is

energy. respected, the Sun position in the sky is constant,
ghroviding a good reference for the rover attitude.

If the local time is at the dawn, the Sun will b ) :
behind the rover and the optics have no probleni? Particular the elevation of the Sun above the

moreover if the rover loses the local time, it isVloon surface is quite constant and it is a
possible to fix a new local time correspondent tdunction of the selected local time for the

the old one plus the delay due to problems or tgavigation. A planetary rover is usually equipped
scientific interests that force rover to slow down. With accelerometers [6] that determine the vector

towards the center of gravity of the Moon.
Therefore by using the sun-tracker solar panel as

Figure 4: Power availability with horizontal, 1 DOF
and 2 DOF solar panels at 85° of latitude.



a sun sensor also and the accelerometers, it tise sun-synchronous navigation the respect of the
possible to estimate the attitudeigure 6. The timeline is essential for the mission, so the IMU
use of a sun sensor for planetary rovers is welill be always powered. The IMU introduces
known in literature (see [8] or [9]). gyro drift errors for the long time propagation of
the gyro output, so a global sensor is
fundamental to avoid great errors in position and
attitude knowledge. Notice that the Sun is fixed
in the sky and, with a perfect sun-synchronous
navigation, it represents a reference for the East,
So it is possible to obtain a sort of “solar
compass”.

A Kalman filter is very helpful to integrate the
gyroscope and the sun sensor outputs.

Let us consider the motion of the rover in a flat
surface; therefore only the heading andleis
needed to know the travelling direction of the
rover.

The output of the gyro can be described as:

©)

Figure 6: Gravity and Sun unit vectors {w: d+b+ n,
The MERs do not have a dedicated sun sensor, b=n,
but they use their Pancam to find the Sun. When
requested the Pancam is pointed to the sky to fingherew is the output of the gyro as the sum of
the Sun with a dedicated filter (“Sunfind mode”ihe real angular velocity9, the biasb and a
[7]). If the Sun is at zenith, the rover cannot . . . : .
provide no-parallel two vectors, so the rover isWhlte Gaussian noiss, . The bias is modelled as
obliged to wait ten minutes to permit thethe integration of the white Gaussian noisg.
displacement of the Sun in the sky [6], ten minutesThe output of the sun-tracker can be written as:
correspond to an angular displacement of 2.5°. For
a lunar equatorial mission for the same angular y=9+w (4
displacement the rover would wait for about 5
hours, because the synodic period of the Moon i§herew is a white Gaussian noise.
about 30 times bigger than the synodic period of
Mars. The MERs propagate their attitude and prom Equations (3) and (4) we can write:
position with a IMU, or gyro and odometry; when
required visual odometry is also performed [7]. .

In a polar exploration there is no chance that th 3 0o - 3 1 n,
Sun can be overhead. It is worth noting that for a {b} =[0 O}EED]{O} Lév+ IZXZI:E }
sun-synchronous lunar rover it is very useful to n, (5)
obtain a continuous reference like the Sun 3
position, so it possible to know position and y:[l 0] [Eb}LW
attitude of the rover with increased accuracy,
allowing a velocity much higher than the velocity
of the MERs. wherel ., is the identity matrix 2x2.

In summary the use of the tracking solar panel AT

equipped with a azimuthal sensor yields threelet )A(=[z9 b] be the state estimate vector
main advantages: 1) the navigation is independent -
from the power; 2) flexibility for the lunar local Of the state vectox =[&# b] . The estimation
time of the sun-synchronous navigation; 3) theilter can be construct as:
sun-tracker solar panel can be used as a sun
sensor.

3 NAVIGATIONFILTER y =CX

On the MERs the IMU is not always powered
because the rovers are at rest for a lot of time. |



0 -1 1 In Figure 8 the profile of angular velocity in the
where A= ol B= ol C=[1 0], and zaxis is shown.

K is the filter gain.

0.1 ‘ :
Let P be the error covariance matrix of the _, | | |
estimate errox— X; then by applying the Kalman 3§ 0.05-------+4------- e
filter theory [10] the covariance equation of the = l l l
filter is obtained as: S l l l
s 0 | SR
> | |
P=AP+PA"+V-PC'W'CP (1) & : :
® -0.05r------f------- B
where V and W are respectively the covariance < i i
matrices of the gyro noises and the sun sensor : : :
noise; this equation is the Differential Riccati 0 200 400 600 800

Equation. It is possible to solve the equation for t[s]
the steady-state case, Rao. 0, vielding the Figure 8: The profile of angular velocity

matrix K as a constant: L
The values of the standard deviations are

K = pCTW- ) assumed as:
o, =0.018 /s

o, =1.82010% K (6)

4 NUMERICAL SIMULATION

A simple path is simulated to test the Kalman

Filter applied to the rover navigation. For sake of 0,=0.57
simplicity we consider an example of path shown

in Figure 7. the rover travels at a constant speed of The first and the second values have been taken
0.5 m/s (or 1.8 km/h), for 100 m towards West (yfrom off-the-shelf devices while the third value
axis) in 200 s, for the next 10 seconds it rotafes has been assumed from some tests on a simple
45° towards North (x axis) and then it continuegrototype of azimuthal sensor designed and build
for 100 m. From t=410 s to t=420 s the rovewith four micro photodiodes at the ARCA Lab
rotates to align its velocity with the West directi  (Figure 9).

and then it continues for 100 m. The sun vector is

aligned with the West direction, so the rover ha
the Sun behind.

300
250F--------
200F--------d-———— -
E 150F--------
>
100F - - Figure 9: The azimuthal sensor
500 _ The azimuth of the incoming sun rays has been
computed trough the cones intersection
obooo technique [11].
This sensor is mounted on the tracking panel
-100 with closed loop control. This panel is equipped

x [m] with flexible silicon solar cellsKigure 10).
Figure 7: The rover path
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Flexible cells

error on target position [m]

Drive motor

It is possible to evaluate the improvement of the
performances of the navigation system, comparing
the errors between a rover with only gyro outputs
and a rover with gyro and sun sensor outputs.
Figure 11 shows the error on the heading angle,
while Figure 12 shows the position error. The

target is located in g
100%m, (2oo+1oog)m . The error can °

be subdivided in along track (along the y-axis) and
cross track (along the x-axis), ligure 13 the two
cases are presented, with the estimation on the
cross trackC-tr.) and the along tracliftr.).

The actual and the estimated bias have been
shown inFigure 14.
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