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Mars is recently the most popular destination for planetary exploitation. A large
extent of scientific research have shown that there was very likely water on this
red planet, and even oceans might exist before. Although due to the extremely
long distance and high mission budge, present and near future research projects
are mostly based on unmanned mission, which normally relied on mobile rover
robots with good off-road mobility. Mobility control system of the platform plays
an important role of the mission. This thesis will first study the typical Mars
environment, and review Mars missions. Then a review of different planetary
mobile robot platform, which shows the wheel walking motion mode tends to be
the optimal solution for an unknown tough terrain roving missions. Then a wheel-
soil interaction analysis gives a theoretical prove for the locomotion improvement
from this peristaltic motion mode. Then based on the Mars rover ’Marsokhod’,
it gives the description of the mechanical design and the implementation of the
motion control system using a CANBus system. At last, a series of testing results
and different proposed control strategies for this special motion are given.
Keywords: Marsokhod, CANBus, Wheel Walking.
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Chapter 1

Introduction

1.1 Mars Environment

Mars has been known since prehistoric times. It has been extensively stud-
ied with ground-based observatories and is still a favorite of science fiction
writers as the most favorable place in the solar system for human habitation
(Nineplanets, 2006).

Figure 1.1: Images of Mars from the Space (Credit:NASA)
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Table 1.1: Table of Mars.

Mean Distance to Sun: 1.524 AU = 2.279× 108 km
Sidereal period: 686.98 days, 1.88 yrs
Rotation period: 24hr 37m 23s
Diameter(equatorial): 6794 km
Mass: 6.42× 1023 kg
Surface gravity (Earth = 1): 0.380
Mean solar irradiance: 600W/m2

Surface temperature:max 20◦C=68◦F=293 K
Surface temperature:min -140◦C=-220◦F=133 K
Surface materials: basaltic rock and altered materials

Mars’ orbit is significantly elliptical. One result of this is a temperature
variation of about 30◦C at the sub-solar point between aphelion and peri-
helion. This has a major influence on Mars exploration missions, especially
the landing mobile robots.

Mars has some of the most highly varied and interesting terrain of any of the
terrestrial planets. And the big variety of the landscape makes the landing
vehicles very hard to move, which makes a high off-road mobility system
and a robust motion control system a must. There is very clear evidence
of erosion in many places on Mars including large floods and small river
systems. There may have been large lakes or even oceans; the evidence for
which was strengthened by some very nice images of layered terrain taken by
Mars Global Surveyor and the mineralogy results from MER Opportunity.
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1.2 Mars Exploration Missions

Mars is almost the only planet in the solar system that is even vaguely
Earth-like, and therefore the only other planet where life might have evolved.
Moreover, it has the potential to be terraformed and turned into an Earth-
like planet. Dozens of robotic spacecraft, including orbiters, landers, and
rovers, have been launched toward Mars since the 1960s.

Figure 1.2: Topographic map of Mars with landing sites, courtesy NASA
Goddard Space Flight Center

Early Mars missions. The Mars program was a series of Mars unmanned
landers and orbiters launched by the Soviet Union in the early 1970s. Most
of them have failed the mission, except in 1974, Mars 5 reached Mars and
sent back over sixty pictures of the area south of Valles Marineris, before a
depressurization ended the mission.

Viking program. In 1976 the two Viking probes built by NASA entered
orbit about Mars and both released an almost identical lander module that
made a successful soft landing on the planet’s surface (1 and 2 in Figure
1.2). And each mission had a satellite designed to photograph the surface
of Mars as well as acts sa a communication relay for the Viking lander.
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The two missions returned the first color pictures and extensive scientific
information. This mission formed most of the database of information
about Mars until the late 1990’s and early 2000’s.

Mars Global Surveyor. This mission was carried out by NASA after the
failure of Mars observer orbiter. After a year and a half trimming its orbit
from a looping ellipse to a circular track around the planet, the spacecraft
began its primary mapping mission in March 1999. It has observed the
planet from a low-altitude, nearly polar orbit over the course of one com-
plete Martian year, the equivalent of nearly two Earth years. Mars Global
Surveyor completed its primary mission, and is now in an extended mission
phase.

Mars Pathfinder. The Mars Pathfinder spacecraft landed on Mars on
July 4, 1997. Its landing site was an ancient flood plain in Mars’ northern
hemisphere called Ares Vallis, which is among the rockiest parts of Mars.
It carried a tiny remote-controlled rover called Sojourner (3 in Figure 1.2),
which traveled a few meters around the landing site, exploring the con-
ditions and sampling rocks around it. Until the final data transmission
on September 27, 1997, Mars Pathfinder returned 16,500 images from the
lander and 550 images from the rover, as well as more than 15 chemical
analysis of rocks and soil and extensive data on winds and other weather
factors.

Mars Odyssey. It is an unmanned spacecraft orbiting the planet Mars.
Its mission is to use spectrometers and imagers to hunt for evidence of
past or present water and volcanic activity on Mars. It is hoped that the
data Odyssey obtains will help answer the question of whether life has ever
existed on Mars. It also acts as a relay for communications between the
Mars Explorations Rovers and Earth.

Mars Express and Beagle 2. It is the first planetary exploration mis-
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Figure 1.3: Sojourner Rover in Mars Pathfinder mission by NASA

sion of the European Space Agency. Mars Express consists of two parts,
the Mars Express Orbiter and the Beagle 2, a lander designed to perform
exobiology and geochemistry research. Although the lander failed to land
safely on martian surface, the Orbiter has been successfully performing
scientific measurements since Early 2004, namely, high-resolution imaging
and mineralogical mapping of the surface, radar sounding of the subsurface
structure down to the permafrost, precise determination of the atmospheric
circulation and composition, and study of the interaction of the atmosphere
with the interplanetary medium.

(a) Mars Express and Beagle 2 (Credit
ESA)

(b) Concept of Mars Rover on Mars
(credit: Maas Digital LLC)

Figure 1.4: Images of Mars Exploration Missions, Credit:NASA
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Mars Exploration Rovers. NASA’s Mars Exploration Rover (MER)
Mission is an ongoing unmanned Mars exploration mission, commenced
in 2003, that sent two identical robotic rovers Spirit and Opportunity to
explore the Martian surface and geology. Primary among the mission’s
scientific goals is to search for and characterize a wide range of rocks and
soils that hold clues to past water activity on Mars. Spirit and Opportunity
(4 and 5 in Figure 1.2) were originally designed for a three-month effort.
Engineers knew all along that if nothing unexpected happened, they could
last longer. But few expected them to be still functioning after more than
three years after landing. And they are the Mars’ most recent visitors(from
Earth), and is the most successful mission until now.

Until today and for the near future, all the Mars exploration programs are
unmanned missions. Before we are ready to send the crews, it tends to use
the rovers to explore the planet first.

1.3 Rover Design Considerations

The simplest logistical mission architecture that maximizes scientific out-
put includes a stationary base with support infrastructure and rovers for
long-range exploration. Many problems that might be solved using auto-
mated rovers as well as the inevitable restrictions, such as size, mass and
power. This rovers may be used for the study of planetary surfaces with
scientific instruments and or reconnaissance of landing sites. A rover could
also be used as a mobile radio beacon for landing the principal descent cap-
sule and for exploration of hard-to-reach spots, which sometimes also are
scientifically interesting sites. From there it could sample the soil, which
could provide the most valuable data and even deliver the samples to a
rocket for return to Earth(Paulson, 2003). For this reason, an outstanding
off-road Mars rover is normally needed for the Mars mission. There are



1.3 Rover Design Considerations 7

several considerations for the design of such mobile platform.

Figure 1.5: Opportunity and its lander in Cratera Eagle (Credit:NASA)

Mobility. Locomotion on the Mars’ surface is a major issue in robotic
rover design. The rover should move over the planet’s surface being in
direct contact with the ground, most of the time exposed to unpredicted
terrain with the possibility to be jammed into the soft sand-like soil or to
be stuck on some obstacles. For these reasons, a rover is considered to have
a guaranteed reserve for any unpredicted situation. The planetary rover is
also a flying object, which should be light, but strong and rigid with the
minimum but sufficient safety margin. Each kilo of constructional metal
"has to work" i.e. not being only a passenger , but has to be used in the
driving system(Kemurdjian, 1998).

Wheel size is an important factor in rover locomotion(Spaceports, 1999).
If the wheels are too small, the size of obstacles will be large in comparison
and the rover will not be able to achieve a satisfied speed. The rule of
thumb is: the larger the wheels, the better mobility the rover will have,
with the prescribed maximum rover size as constraint. As prediction of
locomotion in loose sand is difficult, testing will be necessary to deter-
mine an adequate wheel size. The moving speed of rovers are confined
by the on-board power supply, gravity and control system. These three
constraints make the rovers normally designed to move at very low speed.
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Because gravitational acceleration on Mars is three times lower than on
Earth(Table 1.1), a rover will behave very differently on Mars compared to
on the Earth. Rovers will also carry many scientific instruments for in-situ
research, which is the intent for employing these mobile platform. These
additional payloads also need the stability of the rover, which is also one
of the major design considerations(Spaceports, 1999).

Telecommunication and Rover Autonomy. Teleoperation of a rover
in an environment that is delayed by 10 to 20 minutes (depending on the
distance from Earth to Mars) is very complicated. Mars rovers need a high
autonomy. It has to have navigation capabilities, to determine the location
of the target and how to get there in the fastest and safest manner, as well
as some obstacle handling strategies to decide to go over an obstacle or
swerve around it. It should also have a speed control system to determine
the maximum allowable safe speed depending on the composition of the
surface, size of obstacles, landscape curvature, taking into account the low
gravity level.

Power system. Being at 1.5 astronomical units distance from the Sun,
Mars receives less than half the amount of solar power that the Earth
receives (Table 1.1). And until now no rovers are planned to have nuclear
power, which means most likely they will rely on solar arrays and possibly
windmill. This is limited by allowable rover size and mass.

Endurance and Robustness. According to different mission design, the
rovers will cover different length of a searching journey. But anyway, the
endurance and robustness of the rover are the key factor of the success of a
exploration mission. This is normally very difficult because the rover needs
to travel without any hardware maintenance(Shigeo Hirose, 1995).

Thermal Control. The difference in temperature between Martian night
and noon can be approximately 300K (Table 1.1). During noon time, the
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power input from the sun is very high and the rovers may need to have a
thermal control system to keep excessively high temperatures from dam-
aging the system. As well as recharging its batteries for the coming night
time where it needs power to keep a certain level of temperature for the
apparatus to be functioning. Thermal control can be achieved through
the use of painting, insulation, heaters, thermostats, and radiators (NASA,
2003).

1.4 Wheeled Walking Method

Building mobile robots able to deal autonomously with obstacles in rough
terrain is a very complex task because the nature of the terrain isn’t known
in advance and may change in time. This is the situation for a Mars
exploration rover. There are a large variety of locomotion mechanisms that
enable a robot to move throughout its environment (Lauria and Siegwart,
2002). A series genius inventions of different types of movement have been
developed. Among them, a movement type called wheel walking method is
well received for planetary rover design.

Walking robots probably offer the best manoeuvrability in rough terrain.
However, they are inefficient on flat ground and need sophisticated mechan-
ics and control. As mentioned before, too complicated system will add the
uncertainty of the success of a Mars mission. Hybrid solutions, combining
the adaptability of legs with the efficiency of wheels, offer an interesting
compromise. Especially solutions that passively adapt to the terrain are of
high interest for space robotics. The Sojourner robot(Figure 1.6 a.) and
the Shrimp robot(Figure 1.6 b.) represent such hybrid passive solutions.

In the case of the Sojourner robot, each rear wheel is mounted on an arm
which is pivotally actuated about a transverse axis of the robot. Each pair
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(a) Mars Sojourner (NASA) (b) Shrimp Robot(BlueBotics)

Figure 1.6: Passive Adaptive Wheels Robots

of front and middle wheels is carried by an arm extending between the axes
of the wheels (a "rocker bogie"). The rocker bogie is pivotally moved on
another arm which is pivotally actuated about the transverse axis of the
robot. This provides the necessary three pivotal degrees of freedom on each
side of the vehicle(Hacot, 1998). And for the Shrimp robot, a passive struc-
ture is the key innovating factor of this robot. It does not need to actively
sense obstacles for climbing them. Instead, it simply moves forward and
lets its mechanical structure adapt to the terrain profile. With the result
that the Shrimp robot platform has no sensors or actuators, except motors
inside the wheels controlled with speed regulators(BlueBiotics, 2007).

However active locomotion concepts using additional motorized degrees
of freedom combined with walking wheels can be more efficient in very
rough terrain. Such mechanisms allow the robot to actively control the
position of the center of gravity with respect to the contact points with
ground. High mobility is mainly insured by the quality of the control
strategy and the pertinent integration of sensors in the structure. The
Marsokhod robot, the Hybtor robot (Figure 1.7(a)) and the Octopus Robot
(Figure 1.7(b)) represent such hybrid active solutions. Hybtor is a platform
for Work Partner robot, which is a special service robot under development
in Intelligent Machines and Special Robotics Institute. It has four legs for
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(a) Image of Workpartner (Intelli-
gent Machines and Special Robotics
Institute, Helsinki University of
Technology)

(b) Image of Octopus Robot (Au-
tonomous Systems Laboratory, Swiss
Federal Institute of Technology)

Figure 1.7: Active Wheel Walking Robots Examples

walking and wheels on its feet to access enough speed on even ground in
wheel drive mode. On uneven terrain it can walk and step over stones or
other barriers. Furthermore there is another combined locomotion mode,
wheel walking motion mode, which simply means the legs being transferred
to the next contact point with the end wheels rolling and attaching the
ground all the time. Some paper call this ’rolking’ or wheel walking motion.

The Octopus robot is an innovative off-road wheeled mobile robot, able to
deal autonomously with obstacles in rough terrain without getting stuck(Lauria
and Siegwart, 2002). The payload support and the two bodies on each side
are linked in a passive differential configuration. This mechanism archi-
tecture allows the robot to have all the wheels touching the ground at the
same time, independently of the terrain profile. With feedback of the tac-
tile wheels, the robot can adapt its behavior to the terrain, which gives it
a better mobility relative to its small size.

To build a high mobility rover, the mechanical design and control system
are the most important issues to be solved. This thesis will be based on
a famous ’Marsokhod’, and gives a full description about its mechanical
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design and control system implementation in the following chapters.



Chapter 2

Marsokhod Study and Control

System Implementation

To study the wheel walking motion mode and its impact for the improve-
ment of the locomotion of the Mars rover, we chose a well known platform:
Marsokhod. The mechanical platform is designed and developed in the
Mobile Vehicle Engineering Institute (VNIITransmash) in Russia. In the
Automation Technology Laboratory of Helsinki University of Technology,
a control and monitor system is designed and implemented.

2.1 History and Background

The Marsokhod rover is an all terrain vehicle originally designed in Soviet
Union for Mars exploration usage. Due to the outstanding off-road capabil-
ity and robust frame design, Marsokhod becomes one of the most popular
platform designed for Mars exploration. The design of Marsokhod is not
from one sudden great idea, it comes from more than 30 years of knowl-
edge and experience gathered from the very first day of planetary rover
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development. Although all the moving vehicle design experience is the rich
back-log for developing the Mars rover.

The first destination of extra-territorial research is our Moon. And the first
visitor is Lunokhod 1. Lunokhod 1(Moon walker in Russian) was the first
roving remote-controlled robot to land on another world. The spacecraft,
Luna 17 which carried Lunokhod 1, soft-landed on the Moon in the Sea
of Rains. The lander had dual ramps from which the payload, Lunokhod
1, could descend to the lunar surface. Lunokhod 1 has the form of a tub-
like compartment with a large convex lid on eight independently powered
wheels. Its length was 2.3 meters. It was equipped with a cone-shaped
antenna, a highly directional helical antenna, four television cameras, and
special extendable devices to impact the lunar soil for density measurements
and mechanical property tests. An X-ray spectrometer, an X-ray telescope,
cosmic ray detectors, and a laser device were also included. During its
322 Earth days of operations, Lunokhod 1 traveled 10.5 km and returned
more than 20,000 images and 206 high-resolution panoramas. In addition,
it performed twenty-five soil analysis with its RIFMA x-ray fluorescence
spectrometer and used its penetrometer at 500 different locations.

Figure 2.1: Lunokhod, Credit:Wikipedia

Follow that, on January 15th, 1973, the Luna 21 spacecraft landed on
the Moon and deployed the second Soviet lunar rover Lunokhod 2(twin of
Lunokhod 1). It was equipped with three television cameras, one mounted
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high on the rover for navigation, which could return high resolution im-
ages. These images were used by a five-man team of controllers on Earth
who sent driving commands to the rover in real time. There were also 4
panoramic cameras mounted on the rover. Scientific instruments included a
soil mechanics tester, solar X-ray experiment, an astrophotometer to mea-
sure visible and ultraviolet light levels, a magnetometer deployed in front
of the rover at the end of a 2.5 m boom, a radiometer, a photodetector
for laser detection experiments, and a French-supplied laser corner reflec-
tor. Lunokhod 2 operated for about 4 months, covered 37 km of terrain,
including hilly upland areas and rilles, and sent back 86 panoramas and
over 80,000 photos. Many mechanical tests of the surface, laser ranging
measurements, and other experiments were completed during this time.

The rovers run during the lunar day, stopping occasionally to recharge its
batteries via the solar panels. At night the rover would hibernate until the
next sunrise, heated by the radioactive energy source. The rover stood 135
cm high and had a mass of 840 kg. It was about 170 cm long and 160 cm
wide and had 8 wheels each with an independent suspension, motor and
brake. The rover had two speeds, 1 km/h and 2 km/h.

This program enriched the experience of Soviet space rover development
and there are quite a few design of Marsokhod is from these precious expe-
rience. The Marsokhod robot even originally designed for Mars explorations
has been extensively tested in volcanic surfaces such as in Kamchatka, Rus-
sia in 1993, in the Amboy crater test in California in 1994 and the Kilauea
Volcano test in Hawaii in 1995. Kilauea Volcano was selected primarily for
its great diversity of geologic features similar to those expected on Mars
and the Moon (G. Muscato and White, 2003).
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2.2 Marsokhod Platform Description

There are several different versions of Marsokhod, which varies not only the
dimensions but also the frame design(A. Kemurdjian, 1992). This thesis will
be based on the module, JRover-2(2001) developed by the Mobile Vehicle
Engineering Institute (VNIITransmash) in Russia for the purpose of testing
control systems, navigation, scientific payloads and etc. for both planetary
rovers and autonomous robots when moving over terrain with hard relief
and soil conditions(VNIITRANSMASH, 2001).

Table 2.1: Principal data for Small Marsokhod

Mass of locomotion system , kg 30

Payload mass, kg 15 . . . 20

Overall dimensions, m
-length 0.8. . . 1
-width 0.65
-height 0.4

Stop length, m 0.1

Wheel diameter, m 0.25

Grouser height, m 0.01

Quantity of drives 8

Motion speed on a horizontal section
with rigid surface, km/h,no less

1.2

Obstacles surmounted:
-Friable soil slope, degr:
wheeled mode 20

-separated rock (height) and vertical
obstacle, m

0.35-0.55
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2.2.1 Chassis of Marsokhod

The chassis consists of three pairs of independently driven, non-directional
titanium wheels joined together by a three degree of freedom passively artic-
ulated frame (Thierry Peynot, 2003). The amplifiers, motors and batteries
are mounted inside the wheels to produce a very low center of gravity. The
six independently driven wheels not only gives Marsokhod a good off-road
driving capability but also fault tolerance (Washingtony, 2000). Practically
no road clearance is achieved by using conical wheels, occupied practically
all the chassis, that provide a continuous support surface for the rover,
thus ensuring a cross-country capability for terrains full of obstacles and
ruling out the rover’s getting stuck on a high center obstacle. These special
designs enable it to overcome obstacles whose height is twice the wheels’
diameter (Plantary.Org, 2007). For overcoming small crevasses, the sec-
tions can clamp together to form a rigid frame. The sections can move
alternately to enable the wheel-walker to creep up friable soil slopes.

Figure 2.2: Picture of Marsokhod on the ground

The drive-wheels of the front and rear axles are mounted on the ends of
levers able to turn forward/backward by means of mechanisms for walking
which are installed on the frame. At the same time the front and rear axles
can turn about longitudinal axis of the robot (two longitudinal hinges).
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The central free hinge ensures turning the semi-frames about axes of the
middle drive-wheels (the transversal hinge). As a result, the constant con-
tact between wheels and unevenness of surface, i.e. ability of the chassis
to accommodate the relief of the terrain., is ensured. Thus, cross-country
capability is essentially improved and impact loads are reduced. When
moving over terrain with great number of obstacles mechanical stops lim-
iting mutual displacements of chassis elements, are installed in hinges. All
the chassis drives are provided with parking brakes. Each of the chassis
sections has a platform for mounting blocks of the control system and sci-
entific equipment(VNIITRANSMASH, 2001). There is a special design for
the ’arm’ motor, a self-braking two-shoe clutch. It helps the Marsokhod
to ’stand up’. It makes the arm joints can only be moved from inside, e.g.
when the arm motors start to move, it will release the brake and the move
freely, but when the motor stop moving, it will lock the joint from inside
and prevent the joints from changing the angles.

2.2.2 Wheel and Arm Joint Driving Motors

As shown in Table 2.2, the motors, gearheads and encoders are chosen and
installed inside the wheels and joints of the Marsokhod. These powerful
motors inside the wheels give the Marsokhod a good driving capability. For
each of the motor, the maximum continuous torque it can provide is:

Max.ContinuousCurrent× TorqueConstant×ReductionRatio (2.1)

which is,
2440mA× 36.4mNm/A× 216 = 19.184Nm (2.2)

Therefore the maximum traction force from the wheels will be:

Max.ContinuousTorque×NumberofWheels÷RadiusoftheWheel (2.3)
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Table 2.2: Motors and Related Components Installed for Marsokhod

Motor Module Maxon DC motor RE 118798

-Diameter (mm) 36
-Weight (g) 350
-Nominal Voltage (V ) 24.00
-Speed/Torque Ratio
(rpm/mNm)

8.05

-Torque Constant (mNm/A) 36.4
-Terminal Resistance (ohm) 1.11
-Terminal Inductance (mH) 0.20

Reduction Gear Gearhead 110407, d=42mm

-Reduction Ratio 216:1
-Weight (g) 720
-Max.Perm.Load (N) 294
-Recommended Input
Speed(rpm)

<5000

Motor Encoder HP HEDS 5540

-Supply Voltage (V ) 5
-Output Singal TTL Compatible
-Counts per Turn 500
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which is,
19.184Nm× 6÷ 0.125m = 920.844N (2.4)

Of course, when driving with a certain speed this traction force will be
decreased, but this is still an impressive number for such a ’small’ rover. For
driving these motors, a control system is installed. This is to be explained
in later sections.

2.2.3 Marsokhod Motion Modes

Figure 2.3: Wheel-Walking Motion Mode for Marsokhod

There are two modes of the chassis motion: wheeled mode and wheel-
walking mode. The wheeled mode is realized with the different constant
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wheel bases resulting by conditions of motion. Turning the chassis is ful-
filled on the spot or using the ’tractor type’ turning. The wheel-walking
mode used under complex soil conditions and when going up steep friable
soil slopes. This mode is realized with the drive-wheels and mechanisms for
walking. The sequence of their operation is shown in Figure 2.3. This is the
original strategy for Marsokhod, this will be studied in depth in later chap-
ters. There can be many other combination of the wheel-walking modes,
e.g. instead of the three separated phases shown in Figure 2.3, the last two
parts can stretch back together with the back arm locked. Although, the
three phase mode is naturally the optimal wheel walking motion mode.

2.3 Kinematics Development

Kinematics is the study of motion without regard to the forces which cause
it. For a mobile robot, an accurate kinematics model is normally needed
before implementing the control strategy, although there are some argu-
ments about this (Jansen, 2006). The kinematics involves the study of the
geometric and time based properties of the motion, and in particular how
the various links move with respect to one another and with time. For
studying the motion control of Marsokhod, a kinematics model is built and
simulated.

2.3.1 Kinematics Model

In order to describe the location of each link relative to its neighbors, a
frame is attached to each link. These link frames are named by number
according to the link to which they are attached. Hence, any robot can
be described kinematically by giving the values of four quantities for each
link. Two describe the link itself, and two describe the link’s connection



2.3 Kinematics Development 22

to a neighboring link. In the usual case of a revolute joint, θi is called
the joint variable, and the other quantities would be fixed link parameters.
The definition of mechanisms by means of these quantities is a convention
usually called the Denavit-Hartenberg notation.

There is a standard way of attaching frames onto the joints, by doing that,
one can describe the connection situations of links and initial condition of
the robot. Other methods are also available, but this thesis will be based
on this notation. One can check for more information from John Craig’s
book (Craig, 2005). With the help of this DH method, we now can give
Marsokhod a kinematics description. Without counting the wheels, there
are five moving joints, as shown in Figure 2.4.

Figure 2.4: Moving axis of Marsokhod

The Marsokhod is designed as a symmetric body, so to develop a kinematic
description for it, one unit can be enough. As shown in Figure 2.5(a), one
joint unit of Marsokhod is shown with a section cut plane view, and one
can easily see the relations with each of the joints from Figure 2.5(b).
Here, we assigned the middle point of Marsokhod as the base of the links,
which makes Marsokhod two twin pairs of moving unit. This is actually
convenient for the further implementation control strategy, which will be
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(a) Section Cuts View (b) Axes View

Figure 2.5: Marsokhod Moving Unit Views

introduced in later chapters.

Table 2.3: DH Table of Marsokhod

i αi−1 ai−1 di θi

1 0 0 0 θ1

2 90◦ 10cm 35.5cm θ2

3 −90◦ 20.3cm 0 θ3

4 0 14.25cm 0 0

A common way of determine the angular velocity from the designed move-
ment of the end frame is to construct a matrix called the Jacobian (Craig,
2005). Although, to construct a matrix and do all the control calculations
based on it will certainly increase the complexity of the program which
inevitably decrease the performance of the control strategy. Additionally,
most of the matrix cells are not useful, which is a waste of the comput-
ing power. In this thesis, one simplified pure triangle calculation will be
employed for calculation.

As shown in Figure 2.6, a triangle is constructed to resemble the front part
of Marsokhod. One should notice, here, we did not take in consideration
of the ground adaption joint. This is because our calculation is based on
two dimension. And in this thesis, we assume there is no lateral change of
the ground profile.
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Figure 2.6: Simplified Kinematics Model of Marsokhod

From Figure 2.6, we can form a relation equation between the joint angle
θ and the length X.

X2 = L2
1 + L2

2 − 2 cos θ · L1 · L2 (2.5)

In this equation , the changing variable with respect of time is X and θ.
The equation can be re-write as follow.

X2(t) = L2
1 + L2

2 − 2 cos θ(t) · L1 · L2. (2.6)

When the wheel is moving in the x direction, the joint angle θ will change
accordingly, to keep the wheel on the ground, e.g. the X side remains on
the same direction.

Take the derivative of both sides with the respect of t and re-arrange the
equation, we have:

X(t) · Ẋ(t) = sin θ(t) · L1 · L2 · θ̇(t). (2.7)

Since Ẋ(t) is the wheel joint movement speed with respect to ground, the
equation can be re-write into:



2.3 Kinematics Development 25

θ̇(t) =
V ·X(t)

L1 · L2 · sin θ(t)
. (2.8)

To make the calculation only involve with the known variables, we substi-
tute X(t), and the final equation will be:

θ̇(t) =
V ·

√
L2

1 + L2
2 − 2 cos θ · L1 · L2

L1 · L2 · sin θ(t)
. (2.9)

Until here, we have a ready being used mathematic model for the control.
The results will be introduced in later chapters.

2.3.2 Kinematics Matlab Simulation

To simulate the motion of the Marsokhod, based on the kinematics devel-
opment of the previous section, one 2D Matlab simulator is developed. As
shown in Figure 2.7, different motion modes can be illustrated.

Figure 2.7: Screen Shot of the Motion Simulator (2D)

With the help of the simulator, the correlation between the joint’s speed
and wheels’ speed can be also confirmed. With a constant speed of the
front wheels, the front arm joint’s angle and angular velocity follows the
curve shown in Figure 2.8. This is confirmed by the Equation 2.9.

There can be different wheel walking motion modes other than this ’three-
phase’ mode. For instance, the middle wheels and the rear wheels can follow
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(a) Front Arm Angle (b) Front Arm Angular Velocity

Figure 2.8: Front Arm Joint Moving Curve With Constant Front Wheel
Speed

up together with the back arm joint stays the same angle. The Marsokhod
can also change poses while moving. These configurations can be easily
implemented and shown dynamically by the simulator.

2.4 Wheel-Soil Interaction Analysis

Planetary exploration mobile robots are being developed for high-risk mis-
sions in rough terrain situations. An off-road control methodology is highly
depended on a good analysis of the robot-soil interaction. Much research
have been done to model this dynamic process (Moshell, 1993).

To achieve a successful robot-soil interaction analysis, an accurate soil
model is important. Understanding granular physics is essential for de-
signing a planetary mobile robot to handle vast quantities of small solids,
like fine Martian sand. Granular soil has a complex behavior. From a
mechanical point of view, granular soils may be considered as solids. How-
ever, they have a liquid behavior in particular stress states (Nagel, 1992).
Several approaches have been proposed to model granular soil.

One way is to define a model for every single soil grain and a model of the
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interaction with other grains and also with the robot (Cherif, 1995). This
method is very direct to model granular soil, and it is easy to define the
parameters of this model after experimental measurements of the properties
of soil grains, possibly from future Mars exploration results. However,
this method is very expensive in calculation resources. Another way is to
define robot wheel and soil as a single system (R. Godbole, 1993; Dwyer,
1984). It is then possible to define a global behavior as a function of a
few parameters such as wheel radius and contact area. Thanks to the
reduction of the number of parameters, this method is very fast and needs
less calculation resources. This method implies however a long experimental
work for finding the rules or functions that define the system behavior, and
this would be valid only for a few classes of robot and soil systems. A
middle way of modeling is also presented. This method consists of making
a partition of the soil in column cells. In every cell, simplified mechanics
equations of continuous soil are applied. This simplification allows to reduce
computing time in relation to a finite element method (Moshell, 1993).
Even these many works have been done to model the granular soil, in
general, we just don’t understand equations for granular materials as well
as we understand the equations for liquids and gases (Trudy E. Bell, 2005).
There is still a long way to achieve a very accurate model.

In aim to optimize the control for an off-road robot and specially a robot
with a crawling motion mode, shown by Figure 2.3, named peristaltic mo-
tion, it is essential to understand wheel-soil interaction to optimize the
robot locomotion performance. This process can be made by the years
of experimental work (A. Kermurdjian, 1992), although with an accurate
model of wheel-soil interaction, different types of robot mechanical struc-
tures and motion controllers can be easily compared in aim to choice the
best for a given situation. Due to the fact that the ground condition of
Mars is still not fully known by now, this model development becomes
more important.
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To provide a better ground traction for the mobile robot to climb up hill,
Marsokhod was designed to have certain level of actuator redundancy, as
shown in Figure 2.4. It has been proved that Marsokhod can climb 25
degrees slopes in the all-wheels traction mode on a granular soil (Nagel,
1992). On the contrary, with a peristaltic traction mode, Marsokhod is able
to climb over 30 degrees slopes under the same condition. An explanation
for this improvement can be supported by the study of Von Sybel et al, as
shown in Figure 2.9.

Figure 2.9 shows the ground deformation under both a rolling wheel and
a blocked-pulled tire. Ground pressure p is assumed to be uniformly dis-
tributed along the contact area l; however, soil deformation x under the
rolling wheel increases linearly, while under the blocked one it remains con-
stant. These phenomena cause the different shear patterns responsible for
the lower thrust of the driving wheel and the higher thrust of the blocked
wheel as implied by the graph. This study have generally confirmed the
conclusion that driving wheel pull is much smaller than the pull by the
blocked wheel, as shown in Figure 2.9.

For an uneven terrain, one proposal from Kazuya Yoshida, is to negotiate
with the rough terrain and improve the locomotion capability. The rover’s
tire traction force is modeled as a function of slip ratio, which is commonly
used in road vehicle and relatively easier to measure in practical situations.
A slip-based traction control method is developed, and has been validated
by both simulations and experiments.

In Andrade’s work, a soil model is proposed for studying the Marsokhod’s
climbing capabilities. The soil is divided in column cells. In a planar model,
every cell has two neighboring cells. The cell exchanges with its neighboring
mass flow produced by internal forces, pressure and friction. With this soil
model as well as 2D dynamic robot model, they have shown the difference
between the normal rolling mode(Figure 2.10(a)) and the peristaltic motion
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Figure 2.9: Unit thrust of the rotating and blocked-pulled wheel (Bekker,
1969)

mode(Figure 2.10(b)), while only the back wheel is advancing. One can see
the difference between the two modes through the normal force distribution
on the front wheel contact surface. In the rolling mode, the angle between
the direction of the resulting force on the contact, with the slope normal is
less than 14◦, whereas it can reach 35◦ in the peristaltic mode.

Although theoretically correct, this result still needs a priori knowledge of
terrain geometry and soil characteristics. However, in planetary exploration
applications this information is usually unknown. And to install needed
sensors will be costly and complex. Complexity reduces reliability and adds
weight, two factors that carry severe penalties for planetary exploration
applications (Iagnemma and Dubowsky, 2004). Other researchers have
proposed using vehicle models and terrain map data to estimate wheel-
terrain contact angles (Balaram, 2000). However, accurate terrain map
data are difficult to obtain. Additionally, terrain may deform during robot
traversal, causing estimation error.
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(a) Rolling mode (b) Peristaltic mode

Figure 2.10: Marsokhod Rolling and Peristaltic Mode Simulation.
(G.Andrade, 1998)

2.5 Control System Design and Development

To fully explore the potential the Marsokhod, and apply different motion
modes, one solid and reliable control system needs to be designed and
development. For this, both hardware and software system is designed and
implemented, and a detailed description is presented.

Figure 2.11: Screen Shot of the Marsokhod Drawing by Google Sketchup
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2.5.1 Hardware Design and Development

A central computer is placed to coordinate the motion and scientific ex-
ploration missions of Marsokhod, as well as communicate with the ground
station. Basically, there are eight active motor joints. A control bus is
needed for the individual operation for every each of them. With the co-
ordination of the central computer, eight identical controllers are installed
locally with the motors, e.g. inside the wheels, to accept and execute the
commands from the ground station with the relay of the central computer,
as well as monitor the locate state of the system and give feedback. And
there can be a direct link with control system with navigation system,
power system and so on, although this is beyond the range of study of this
thesis.

Figure 2.12: Block Diagram of the Marsokhod Control System

As shown in Figure 2.12, the overall control diagrams is designed as such.
The connection built in between the ground station(GS) and the central
control unit(CC), is via Wireless LAN. This can be used also as a simu-
lation of the real space mission situation, e.g. the communication delayed
situation.

As for the control bus, a controller area network (CAN) bus is chosen.
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The CAN is a serial communications protocol which efficiently supports
distributed realtime control with a very high level of security. Its domain
of application ranges from high speed networks to low cost multiplex wiring.
In automotive electronics, engine control units, sensors, etc. are connected
using CAN with bit rates up to 1 Mbit/s. At the same time it is cost
effective to build into vehicle body electronics to replace the wiring harness
otherwise required. It provides a safe communication channel to exchange
between several network nodes(GmbH, 1991).

Due to the fact that the batteries packs are installed inside the wheels
for each of the motors, there is a power distributing recharging bus being
included in the main bus. This bus is used to control and monitor the
batteries packs, as well as generate the recharging sequence for them from
different power source (solar, wind , etc.) by the ground station through
the central computer.

Central Control Unit

We chose one recent module PC104 embedded computer(ReadyBoard 700,
Ampro Computers Incorporated), for the mainframe of the control system.
For testing purpose, we used a WLAN USB adapter(A-LINKWL54USB),
to resemble the telecommunication situation. And inside the lab we in-
stalled a WLAN router(Rangebooster, LINKSYS) to connect the ground
station(GS) computer.

An open source Linux system (Debian distribution) is installed as an op-
erational system.

There is also DC-DC converter(ECW24-0525, FABRIMEX) and one signal
distributor board been developed and put inside the unit with the central
computer. It provide a steady output of +5V for the central computer as
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Figure 2.13: Picture of Central Control Unit

well as the micro-controllers inside the wheels, and has a large range of an
operating voltage (+9V...+36V), which could be used for different setup of
the power levels, e.g. the batteries stacks.

For the CANBus communication and control, a PC104 compatible CAN-
Bus interface card(AIM104-CAN, ARCOM) is installed. The system have
the capability with the AIM104-CAN running at 1Mb/s on the central
computer unit.

Local Motor Controller

As for each of the motor control and state monitor, a local motor controller,
which consists of a micro-controller and a H-bridge, is implemented. They
are intended to control and monitor the motors locally. They are designed
to be installed inside the wheels to keep the center of gravity as low as pos-
sible, and also, perhaps more importantly, to minimize the control interval,
with the limited computing power of the central computer.
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Figure 2.14: Block Diagram of the Central Control Unit

Every motor controller has a unique ID in the CANBus system. As for the
’Arm motor’ 1 and 2, the controllers are placed inside Wheel 2 and Wheel
5 respectively.

As shown in Figure 2.15, the local control hardware system consists of
two Printed Circuit Boards (PCB) , a micro-controller board and an H-
bridge board. The micro-controller board is used to be the interface of
the CANBus system via a CAN transceiver. The transceiver is designed
to provide differential transmit capability to the bus and gives the micro-
controller the capability to operate a CANBus at speeds up to 1 Mbps. The
program runs inside the chip(AT90CAN128) also operate the power gate
(+24V) for the H-bridge. For driving the motor, it provides the Pulse-width
modulation (PWM) signal as well as the direction for the H-bridge, and
receives feedback signals, such as the driving current of the motor and the
temperature sensor information inside the wheels preventing over heating.
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Figure 2.15: Picture of Marsokhod Local Controllers in Wheel 5

Figure 2.16: Block Diagram of the Marsokhod Wheels Local Control Sys-
tem
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As a feedback of the motor driving, the controller board also reads back
the encoder(Digital Encoder HP HEDS 5540) ticks from the motor, which
then feed through a CMOS quadrature clock converter and be converted to
a clock and an up/down direction control.This setup makes the close loop
control of the motors possible, the PID control is implemented within the
software of the micro-controller, which will be explained in later sections.
The system diagram is shown in Figure 2.16.

H-bridge Design for the Motor Driving

Figure 2.17 shows the principal of the H-bridge design. It receive the PWM
signal from the micro-control board from IN1, and IN2 accepts a digital
value of the rotation direction. The chip we used (TD340, STMicroelec-
tronics) provides an internal PWM generator, which enables the H-bridge
accept both analog (0 to +5V) and digital PWM inputs. Here it was de-
signed to use PWM generated from the micro-controller. The speed control
(or duty cycle) is achieved by the Low Side Drivers which impose the PWM
function while the cross-corresponding High Side MOSFETS is kept fully
ON. Brake mode is achieved by a zero level on the IN1 input. The IN2
input selects low side or high side braking. Brake mode is activated when
the IN1 is at zero volt level for more than 200 us.

When driven in PWM mode, motor current is switched on and off at 25kHz
frequency. When the Metal Oxide Semiconductor (MOS) is switched off,
current can not instantaneously drop to zero, a so-called "free-wheel" cur-
rent arises in the same direction as the power current. A path for this
current must be provided, otherwise high voltage could arise and destroy
the component. The classical way to handle this situation is to connect a
diode in an anti-parallel configuration regarding to the MOS, so that cur-
rent can continue to flow through this diode, and finally vanishes by the
means of ohmic dissipation, mainly in the diode due to its 0.8V direct volt-
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Figure 2.17: Principal of H-bridge Design

age. For high currents, dissipation can be an important issue. Furthermore,
high speed diodes have to be used, and are expensive.

Therefore, here a more more efficient way to handle this problem is applied
to use the high side MOS as a synchronous rectifier. In this mode, the upper
MOS is switched ON when the lower one is switched OFF, and carries the
free-wheel current with much lower ohmic dissipation. The advantages are,
one expensive component less (the fast power diode), and higher reliability
due to the lower dissipation level. However, it requires to not drive the two
MOS simultaneously, which here is guaranteed by the software.

For safety reason, in case one or more of the local controllers break down,
the brake condition can not be provided by the controllers, which means
the wheels will become free. This is of great importance due to the fact
that the broken wheels will lock the chassis otherwise.
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(a) No synchronous rectification (b) With synchronous rectification

Figure 2.18: Active Rectification Solution of H-bridge for Free-wheel Cur-
rent

2.5.2 Software System Design and Development

For achieving a successful mission, a solid software system is needed for
the Marsokhod. The software system designed and implemented can be
generally divided into three parts, ground station part, central control unit
part and the micro-controller part.

Ground Station Software

The ground station software (GS), allows the user to send commands for
Marsokhod switching in between different motions modes, as well as ac-
quiring and monitoring the overall state of the Marsokhod. It also employs
a dynamic model of Marsokhod and the ground, using an Open Dynamic
Engine (ODE), to develop a simulation environment. Then it can be feeded
in the Marsokhod feedback information combining the dynamic simulation,
which can be used as a virtual ’real-time’ display for the operation of Mar-
sokhod during the Mars operation using the so called ’predictive display’
(Antal K. Bejczy and Venema, 1990). It will also provide a user interface
for the ground station users to control and monitor the Marsokhod from
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Figure 2.19: Block Diagram of the Marsokhod Software System
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a remote console. It should also include the communication interface with
the central control unit. Although these is not yet implemented by the time
of the thesis.

Central Computer Software

The central computer software (CC), is to act as a relay for receiving the
ground station commands and pass them to the individual motors and
instruments, and acquiring the needed data and put that raw data into a
right order and send it back to the ground station for the users to monitor
the Marsokhod. And more importantly, it will generate a series of combined
movements of the joints to perform different motion modes, i.e. wheel-
legged motion.

The commands of the motion control for the Marsokhod is generally devel-
oped in three layers plus the CANBus interface functions.

• Bottom Layer. As the lowest motion commands for the Marsokhod,
it simply gives the direct command for each of the joints. It includes
the velocity commands, raw PWM control commands, and the en-
coder, current and temperature information to and from the local
controllers via the CANBus interface functions.

• Middle Layer. The middle layer commands are employed to drive
each ’parts’ of the Marsokhod. Each two parallel wheels and the are
controlled and monitored as a ’part’ for a more intuitive upper level
control.

• Top Layer. For controlling the Marsokhod as a whole, the top layer
commands is developed. The commands include drive, turn and dif-
ferent arm-wheel combined motions, which can be used to test for
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the wheel-legged motion control strategies (will be explained in later
chapters).

As a central computer, there is a potential it can be used for other tasks,
i.e. the scientific data pre-operation.

CANBus Motor Controller Software

The lowest part software are inside the wheels, the micro-controller software(µCs).
They are designed to accept messages sent via the CANBus, and interpret
them into motor control and sensor reading commands. They shall also
take care of the control of the motors, with some defined control mecha-
nism, e.g. close loop digital PID controller.

Figure 2.20: Software Structure of the Motor Controllers
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Table 2.4: CANBus Command List of Marsokhod

Command Control ID

STOPALL 0x00

COMMAND 0x01

SETSPEED 0x03

GETSPEED 0x04

GETENCODER 0x06

GETADC 0x07

GETTEMP 0x08

SETPID 0x0A

SETACCELERATION 0x0C

SETPWM 0x0E

ECHO 0x0F

PID Controllers Setup

For driving the motors, the PID control parameters need to be chosen
to have an optimal control of the motor, which is one important part of
the controller software. For this, a model of the motor is often built for
simulation. The electric circuit of the armature and the free body diagram
of the rotor are shown in Figure 2.21.

In Table 2.5, some modeling parameters are listed. The rotor and shaft are
assumed to be rigid.

The motor torque, T, is related to the armature current, i, by a constant
factor Kt. The back electromotive force (EMF), e, is related to the rota-
tional velocity by the following equations:

T = Kt · i (2.10)
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Figure 2.21: Principle of a DC Motor

Table 2.5: Modeling Parameters of Marsokhod Motors

Moment of Inertia of Rotor (J) 67.7gcm2

Damping Ratio (b) 2.4mNms

Electromotive Force Constant
(K = Ke = Kt)

36.4mMm/A

Electric Resistance (R) 36Ω

Electric Inductance (L) 0.20mH

Input (V ) Source Voltage
Output (θ) Position of Shaft
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e = Ke · θ̇ (2.11)

In SI units, which is used here, Kt (armature constant) is equal to Ke (motor
constant). From Figure 2.21,the following equations based on Newton’s law
combined with Kirchhoff’s law can be derived:

J · θ̈ + b · θ̇ = Kt · i (2.12)

L · di

dt
+ R · i = V −K · θ̇ (2.13)

Using the Laplace transforms, the modeling equations can be expressed:

s · (J · s + b) ·Θ(s) = K · I(s) (2.14)

(L · s + R) · I(s) = V −K · s ·Θ(s) (2.15)

By eliminating I(s), the following open-loop transfer function, where the
rotational speed is the output and the voltage is the input, can be obtained:

θ̇

V
=

K

(J · s + b) · (L · s + R) + K2
(2.16)

With the value from Table 2.5, we have:

θ̇

V
=

2.6883× 104

s2 + 1.8004× 104 · s + 6.4789× 104
(2.17)
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Construct the motor model, and the open loop response is shown in Figure
2.22.
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Figure 2.22: Open Loop Step Response of the Motor

Then a PID control is added to the system for a closed loop control. By
building up a simulation in Matlab and tuning the PID control parame-
ters, it is possible to have a optimal control parameters. But in reality,
this also demands of a dynamic model of the ground (the load), which is
very complicated and unpredictable in many cases. So, here instead of the
simulation, we used the practical hardware to tune the PID parameters.

As shown in Table 2.6, the effects of increasing the parameters are listed.
Based on this basic rules, there are many practical ways to tune the PID
parameters.

Here, Ziegler-Nichols method is chosen and performed for determining the
PID parameters. The control performance test will be presented in later
chapters.
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Table 2.6: Effects of Increasing the Parameters

Parameter Rise Time Overshoot Settling Time S.S. Error

Kp Decrease Increase Small Change Decrease
Ki Decrease Increase Increase Eliminate
Kd Small Change Decrease Decrease None



Chapter 3

Test Result and Analysis

3.1 Test Condition and Result

This chapter is started with the tests of the Marsokhod subsystems, which
are followed by the Marsokhod wheel driving test. And then the wheel-
legged motion mode concept is practised by the Marsokhod under different
conditions. The test results are listed and corresponding analysis is ex-
plained.

3.1.1 Subsystems Test

Central Control Unit Test

The central control unit consists of: central computer, CANBus Card, ,
WLAN card, DC-DC converter and power-signal distributor, as shown in
Figure 2.14. The test and results are listed in Table 3.1.
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Table 3.1: Central Control Unit Test Result

Component Test Condition Result

Central Computer Run the Linux System ≥ 1000h

WLAN Card Download & Updownload 1G file 20min

CANBus Card Send and Read ’Echo’ commands ≥ 2Kbit/s

DC-DC Converter Supply power for the system 5.3± 0.1V

Power/Signal Distr. Measure the wiring connection Good Connection

These positive test results are backup by the continuous functioning of the
system while testing the local controllers. There is no extreme test for the
system which shall be done for the real space missions.

Local Controller Test

To test the individual local controllers, a wooden test bed is constructed
to make the wheel run freely, as shown in Figure 3.1.

Figure 3.1: Wooden Testbed for Unit Test
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The local controllers consist of two main parts: micro-controller and H-
bridge (Figure 2.15). We started with separate tests of each of them, and
tested the subsystem performance by driving and monitoring the motor.

For testing the micro-controller, we first test the CANBus connection by
sending the ’Echo’ command (Table 2.4) and read the memory buffer to
verify. And then test output commands and measure the output of the
board (PWM, DIR, etc.). And feed a tunable analog signal and a square
wave to simulate the ADC (Analog-to-digital converter) and the encoder
readings. For testing the H-bridge, we feed in a tunable PWM and DIR
signal to simulate the output of the micro-controller. And measure the
output of the temperature and current. With some errors fixed, all the test
results came back positive.

For testing the hardware and software system of the local controllers, all
the commands are tested (Table 2.4). Connect the motor to drive and read
the feedback information with the result shown in the following Figures.
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Figure 3.2: Motor Controller Test Without Load

As shown in Figure 3.2(a), the three curves are shown for the response
performance of different levels of angular speed of the motor without load.
Figure 3.2(b) shows the acceleration rate performance of the motor.
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Figure 3.3(a) and 3.3(b) show the response and acceleration performance
of the motor with a load, and the same PID parameters and acceleration
rate setup. This shall reflect the motor reaction in real working conditions.
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Figure 3.3: Motor Controller Test With Load

Table 3.2: Motor Monitor Test Results

Function Test Condition Result

Current Monitor Measure with multi-meter Max.3A± 50mA

Encoder Counter Measure with other MC board 2/T ick

Temperature Monitor Measure with DMM −7.5mV/Deg

Joint Angle Sensor Measure the angle with scale 0.26mV/Rad

The tests results are shown based on the test of wheel 3. Same tests are
performed for the other local motor controllers and results are similar,
which proves the functioning of eight of the subsystems. The tests also
include the mechanical structure of the central computer container, the
wiring connections inside the Marsokhod main frame, the holding frame of
the local controllers and so on, to make the over all system working. The
results are positive.
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3.1.2 Marsokhod Wheels Driving Test

Ground test

To test the Marsokhod control system, one test ground test bed is setup.
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Figure 3.4: Marsokhod Platform Speed Control Performance

The speed response performance in Figure 3.4 is shown by the mean value
of the wheels, which is a standard way of representing the average speed of
the chassis.

Payload test

The weight of Marsokhod with the control system (no batteries) is 28.1Kg,
which is a bit lighter than the data in Table 2.1. To test with payload, we
put on a weight on top, and results are shown in Figure 3.5.
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Figure 3.5: Payload Test of Marsokhod

Slop Test

Figure 3.6 shows how the chassis reacts with different slops, tested indoor.
This slop test result shows that there is no big difference with motor reac-
tion. Although, as expected, tests on the sandy ground shows increasing
slippage with greater slopes. The loads on the wheels are comparable with
payload tests.

3.1.3 Wheel Walking Motion Control Strategies and

Tests

The following test is to realize the wheel walking motion mode of the Mar-
sokhod. For achieving this motion mode, three different drive strategies
are presented.

All the tests are carried out for indoor and outdoor environment. For
indoor tests, the Marsokhod is driven on a carpet, which provides high
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Figure 3.6: Slope Test of Marsokhod

Figure 3.7: Outdoor Test of Marsokhod
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friction rate and the slippage is minimum. It is mainly used to debug the
control system, test the effectiveness of the kinematics model and so on.
For outdoor tests, the platform is driven on a sandy uneven ground, which
aimed to resemble the Mars terrain profile.

Independent Drive Strategy Test

This test is the most simple way of driving the arm joint to the designed
position/angle. Drive the Arm joint and the wheel motor drive to the
required position/angle with an arbitrary constant speed, and stop both
when the designed angles are reached. This method cause the two (three)
motors work against each other, which is not power efficient nor provide
improvement for the climbing. In certain conditions, there could be quite
a lot of slippage and the system will take much more current. There is also
the danger of pushing the Marsokhod down hill. The indoor test results
under this driving method, with exception to the middle of the movement,
are that the wheels are experiencing a big slippage. Even by tuning of the
arm joint angular speed, the slippage can not fully be eliminated. In some
of the tests, the current consumption of the motors are very high due to
the motion error. This situation also appears during the outdoor tests.

Kinematics Drive Strategy Test

According to the kinematics model (Function. 2.9), a kinematics drive
strategy is carried out. First, the front two wheels run in a constant speed
with the speed control. With the angular velocity of the front arm joint
calculated accordingly, an updated velocity is given to the arm motor local
controllers with a control interval. Because the controller rate is quite high
>2KHz(Table.3.1), the speed jumps are not visible through the velocity
data. This method will work under the assumption that there is no slippage
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on the wheels, and the ground is flat (not necessarily without slope), at
least on the lateral direction there is no significant difference. The micro-
controller will update this speed to make them follow the velocity curve
(depends on the current position / angle). A indoor test result is shown in
Figure 3.8(a). The same control program is tested under the outdoor test
environment, and the result is shown in Figure 3.8(b).
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Figure 3.8: Kinematics Drive Indoor and Outdoor Test

Torque Drive Strategy Test

According to the current measurement, the value of the torque applied on
the arm motor can be calculated. From this, the wheel can be driven first
in a speed according to the kinematics calculation, which is the same as
the geometry drive. After this, by keep monitor the torque on the joint, it
should be able to increase the wheel speed to overcome the slippage and
also help the ARM joint to proceed for the stretching. This drive can
work for the slippage condition, which is the most difficult state for the
rover to climb up hill. The control scheme shall be decided to give the
best performance. Although during the tests, there is no visible difference
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shown in the arm angular velocity chart. It appears to consume less current
during the test.

3.2 Result Analysis

3.2.1 Subsystems Test Analysis

Central Control Unit Test Analysis

The tests are to be the basis of the functionality of the control system.
All the test results satisfied the original design and system requirement.
Besides the results that are shown in Table 3.1, there are many separate
tests to be done before the system integration. For example, the test of the
DC-DC converter requires a test circuit with a variable resistance. Besides,
this system is only done as a prototype of the control system, in the real
missions, there must be the redundancy design. So robustness is not a key
issue of the system, so there is no extreme condition test. Since the system
keep functioning as all the other tests, it proves the effectiveness of the
control system.

Local Controller Test Analysis

The test results are acceptable. The test of the individual wheels are based
on a wooden test bed, which can be rotated freely. But, because this
method makes the wheels work in a unloaded situation, it only been used
to test the functionality of the CANBus control system. As for the sensors,
a series of tests are carried out separately and together afterwards. The
results, as shown in Table 3.2, achieved the system requirements.



3.2 Result Analysis 57

The test of the wheels working under load is done by testing the arm
joints. The load is not a constant one, due to the changing angle of the
joints. The delay of the reaction of the wheels comes from several different
sources. Communication delay, update time of the micro-controller and the
mechanical margins, including motor margins and wheel margins. Among
these, the mechanical margin is the biggest factor and it is inevitable. It
tends to take a little longer when the Marsokhod is working under a bigger
load. The stability of the motor speed, is satisfactory, which makes the
chassis moving in a steady manner. The test includes both forward and
backward driving, which gives almost the same results.

3.2.2 Marsokhod Wheels Driving Test Analysis

Ground Test Analysis

The purpose of the ground test is to verify the effectiveness of the overall
control system with all the loaded motors working in the same time. As
shown in Figure 3.4 the overall speed (based on wheel 3) of the platform
is a little more stable than the individual test. This is due to the fact that
the wheels compensate for each other and result in a mean value. Although
the reaction time of the platform is still more or less the same.

Payload Test Analysis

Figure 3.5 shows how the chassis reacts with different loads. As one can see,
there is no significant difference with different weight of payloads, which
proves the Marsokhod can work in varying scenarios with a consistent per-
formance. And there is no reaction time difference shown in the figure. This
is because there is already a payload for the Marsokhod itself, mechanical
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platform and control system, it makes the time margin almost identical for
a higher payload.

Slop Test Analysis

A series of the robot climbing uphill tests are carried out. The results,
similar with Figure 3.5, shows that there is no significant difference with
different slop angles. Although, during the outdoor tests on the sandy
ground, the wheels did have some slippage and with the growing slop an-
gles, the slippage also became more visible. Due to the test limitation, no
maximum slop test is carried out. A preliminary result is shown in Table
2.1, with unknown testing condition.

3.2.3 Wheel Walking Motion Control Test Analysis

Wheel Walking Test Analysis

Independent Drive. The slippage is not unexpected. Figure 2.5(b).
and Figure 2.8 and kinematics calculations shows that with the constant
wheel speed, the target arm joints should not being moving with a constant
speed. During the tests, different constant speeds of the arm joints were
tried. With the mean value of (Equation. 2.9) start speed and stop speed,
it tends to have a smaller slippage.

Although, because the different target speed of the arm joint with a con-
stant wheel speed, this error can not be eliminated. It can be an danger of
the platform climbing uphill. The internal tension of the motors consume
too much power, and if the joint is moving too fast, then the ’backwards’
force could push the chassis down, while it is moving too slowly then the
wheels will provide less friction to the ground, and the platform may slip
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down. In a word, this control strategy is not suitable for the wheel walking
control of the platform. The current consumption of the front arm mo-
tor during the wheel walking motion varies quite a lot, which backups the
conclusion.

Kinematics Drive.

The results in Figure 3.8, shows how the arm joint motor speed changes
during the wheel walking motion. It does also give a much small slippage
rate during the tests. However, this method is under the assumption that
there is no slippage on the wheels. It gives a similar test figure, between
the indoor test and outdoor test, but the slippage appears when it is tested
outdoor uphill. When the middle wheels start to roll, it is smoother for the
outdoor test. This is because the mechanical margin of the joints make the
algorithm can not apply at certain stage. But with sandy ground this will
then be further compensated with the slippage. The motors were under the
speed control, and as shown in Figure 3.5, the payload doesn’t change the
behavior of the motors too much. But also because of this, it needs always a
current monitor and immediate stop to make sure the control system won’t
consume too much power and break down. This is done by the software of
the local controllers.

Torque Drive.

The results, which is similar with the kinematics drive, shows how the
arm joint motor speed changed during the wheel walking motion under the
torque drive strategy. Although in theory it shall work better, but in real
test, it doesn’t show visible improvement. This could due to the fact that
the test is carried out in a small slope, which won’t cost too much slippage
in the first place. The control strategy is not yet optimal. It does however
show a good performance. But, since it has a more complicated algorithm,
so it is recommended the kinematics drive shall be employed if the slippage
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is neglectable.

As a conclusion for the wheel walking motion, it doesn’t significantly im-
prove the off-road capability of the Marsokhod comparing to the pure all
wheels driving motion. But due to the test limitation, no further tests are
carried out.



Chapter 4

Conclusions

4.1 Final Conclusion

After a introduction of Mars environment and exploration missions, the
importance of having a high mobility rover is studied and a theoretical
study proves the effectiveness of the wheel walking method, which shall
considerably increase the mobility of the Marsokhod. For this a control
system of Marsokhod is implemented and proved to be functioning. This
includes both hardware and software development. For hardware, the PCBs
(about 20 pieces and some Off-the-shelf unit) of local controllers and the
central control unit are designed, developed, installed and integrated. For
the software, programs in motor controllers as well as the central control
unit are developed and implemented. Some supporting Matlab simulation
programs and a 3D simulation model, which is based on the kinematics
model of Marsokhod is also developed.

The platform, including both the mechanical chassis and the control system
can be used for many following studies. Tests of the individual parts of
the control system are done thoroughly. And some control strategies are
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proposed and analyzed. The tests of the wheel walking motion modes are
the final output of the thesis work. In depth analysis is also presented.

Although due to the testing limitation, the tests are not fully implemented.
For example, some extreme condition tests shall be done, to make sure
the robustness of the platform and the control system. Moreover, other
types of wheel walking motion modes(e.g. 2-phase wheel walking) can be
also tested.And the sandy ground is not universal through the test and the
conditions are very crucial in many ways, which make the results inaccurate.
Although the tests shows the effectiveness of the control system and an
enhanced mobility from the proposed motion control strategies.

This thesis will be hopefully be useful for future work, by both giving a
documentation of the system and by pointing out things that could be
improved in the future.

4.2 Lessons Learned

For this thesis project, the author spent quite much time on the develop-
ment on the system integration. From this, author learned many valuable
lessons.

Subsystem test plays a very important role in the system development.
Only after a series thorough separate tests should lead to the higher level
system test. A danger occurs when test all the components together even
when all the subsystem tests shows positive results. The lesson is to test
as small part of the system as possible at one time. If condition allows,
also one shall also create a test bed that simulate the real situation that
the subsystem will work in. Even though it might seem to take extra time,
normally it saves many potential breakdowns. This control system includes
eight pairs of local controllers and a central control unit, which are totally
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about 20 PCB boards, with quite complex wirings, it makes the separate
tests more essential.

Figure 4.1: Picture of Local Controller Test

Keeping record is very important for the project development. It should
not be only a data record, the daily plan, developing procedure, ongoing
problems and conclusions of them as well as the results of them. A log file
not only makes the project traceable, it also always keeps the work in a
right order. Using a ’Wiki’ system and Subversion could be handy for this
purpose. But even a simple text file can be used. Again, all this appears
to take some extra time, eventually because of the efficiency of the work is
improved by this, the author feels it saves quite much time in the long run.

Power system of the system, even though the principal is not complicated,
is often the key factor of the success implementation. From the experience
of the author, if there is a failure for the electronics, there is a good chance
it is due to the power system. In the case of grounding design, it is also
important to have the ’Star’ configuration to keep the local controllers more
independent.
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4.3 Future Considerations

For the hardware system, another sensor can be installed to detect the lift
angle of the front and back linkages. By doing this, Marsokhod should be
able to more accurately adjust its movement according to uneven terrain.
Although, for the sandy ground, the sinkage of the wheels should even it
out and make the actual movement on a relatively flat ground. And have
extra sensors as well as more complicated control strategy will slow down
the control interval, which may eventually make it even worse. This needs
further study. Another consideration will be to detect the lateral shift of
the front and the back linkage of the Marsokhod. By doing this, Marsokhod
should adjust its wheels velocity more accurately according to the lateral
uneven ground.

As for the software system, the 3D model of the Marsokhod can be used
to present the current state of the platform, and be updated dynamically
with the Marsokhod. Given the big communication delay, a predictive
display mechanism can be employed (Antal K. Bejczy and Venema, 1990).
Having the existing platform and 3D model this shall not be too hard to be
implemented. And for that purpose, several vision sensors might be needed,
which can be used to picture the environment as input for the terrain model
where the Marsokhod model will work in. Because this control system is
a prototype, there is no robust design of the software side, which is very
important for the real planetary exploration missions. This can be done in
the future, which however can be very demanding.

There are different wheel walking strategies proposed to be used for the
Marsokhod. Although, there might be more and more optimal ones, which
required further study. The most important test factor could be how to
setup a good outdoor test environment.
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