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ABSTRACT

Exploration rovers are the optimal solutions for a well-structured environment like
roads or flat and regular terrain. In the present work, A smart control system that helps
the rover adjust its wheel motion in real-time depending on how much it is slipping is
discussed. The friction and slip for desert mineral exploration rovers wheels was
investigated. Slip and velocity and their effect on friction were investigated. The friction
coefficient values obtained from previous documented experimental results are used as
input data for the simulation model to achieve the same properties. Based on the results,
it was found that the proposed friction model and control system improves the rover’s
performance and makes it more reliable for such tasks. The rover keeps good traction,
saves energy, and stays stable while moving. The need of autonomous robots that can
move efficiently and safely in difficult environments.
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INTRODUCTION

For missions in isolated, dangerous, and unstructured areas-like the Earth's deserts and
planetary surfaces—exploration rovers are crucial. Traditional movement tactics
frequently fail in sand-filled, uneven terrains encountered by rovers in terrestrial
applications such as mineral prospecting. Accurately simulating the interaction between
wheels and dirt is essential for successful navigation, especially in situations with slip
and fluctuating friction. The mobility and energy efficiency of a rover are directly
impacted by friction and slide. A wheel loses traction when it slips longitudinally or
laterally, which can limit forward motion, raise power consumption, and eventually put
the wheel at risk of immobilization. Therefore, enhancing rover autonomy and
dependability requires both accurate friction modeling and adaptive control systems.

Wong and Reece’s early work established the fundamentals of terramechanics, while
Ishigami et al. expanded on these ideas by adding experimentally verified slip dynamics,
[1]. In order to improve mobility over loose terrains, real-time adaptation and sensor
fusion have been the focus of more recent research, [2]. To limit wheel slip when
navigating across granular soils, for example, Zhang et al. suggested a terrain-adaptive
control technique that integrates proprioceptive and exteroceptive sensing, [3]. In a
similar vein, Zhang and Wang created a physics-informed neural network (PINN)
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model that achieved good accuracy while requiring less computing power to forecast
wheel-soil interaction forces, [4].

Slip estimation using data-driven modeling and machine learning has been investigated
in other recent works. In order to improve control performance in changeable desert
conditions, Li et al. introduced a hybrid model that combines neural networks with
analytical Terr mechanics equations to forecast wheel slide in real-time. Furthermore,
friction testing equipment is still essential for computing these models, [5]. In a recent
study, for instance, Kumar et al. used a mobile friction tester to gather soil-traction data
from several desert locations, which they then fed into modeling tools to optimize rover
operation, [6].

Few studies directly integrate field-based testing, friction modeling, and real-time
control specifically designed for mineral exploration, despite these advancements. A
slip-aware friction model based on both longitudinal and lateral dynamics, experimental
validation using a friction tester in a desert environment, and an adaptive control system
that modifies steering and wheel torque in real time are the three integrated solutions
presented in this paper to close that gap. This strategy is intended to increase the rover's
operating effectiveness and terrain flexibility, particularly for autonomous mineral
prospecting missions.

Methodology

Exploration Rovers

The six-wheeled "Exploration Rover™ has a very light aluminum body. In order to fit
the electrical box, batteries, rover hand, and other components, the frame is created to
attach many plastic boxes without covers. The primary body of the rover measures
35""x21"'x10", while the entire rover measures 60"'45"'x22"".

Table 1 List of components weight.

No. Name of components Weight No of items | Total weight
1. Rover chassis 5 1 5
2. Joint servo mount 1 0.250 2 0.5
3. Joint servo mount 2 0.250 2 0.5
4. Main joint 0.750 2 1.5
5. Rocker joint 2 2 4
6. Bogie joint 1 0.350 2 0.7
7. Bogie joint 2 0.2 2 0.4
8. Wheel joint 1.5 4 6
9. Wheels 0.25 8 2
10. Differential bar 3 1 3
ER Total weight 23.6
All weight in kilograms
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Fig. 1 Desert Mineral Exploration Rovers.

Material Selection

Because a heavier mobile robot requires more power to operate, it will need a larger
actuator and a battery with a larger capacity. Because aluminum alloy is lighter than
steel and other metals, it was first taken into consideration. As a result, aluminum alloy
is chosen as the structural material.

Table 2 Examples of stress analysis for parts of exploration rovers.
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Rover control system

The rover's mobility is managed by the motion control system using an Arduino and
Raspberry Pi. The Raspberry Pi is served by a Python software, while the control station
is a client running another Python program. The UDP protocol is used to communicate
between clients and servers. The four primary control signals for the rover are UP,
DOWN, LEFT, and RIGHT. There are extra signals for GEAR and POWER. Up to four
gears, each twice as fast as the one before it, can be designated by the control system.
Since the Raspberry Pi is unable to supply PWMBG6 signals, it gets the signal from the
control station and sends it to the Arduino.
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Similar to a D/A converter, the Arduino transforms the Raspberry Pi’s digital signal
into an analog form before sending it to the motor driver. According to our program,
each level of signal voltage indicates the rover's direction and speed of motion: 2.5V for
a steady state, 5V for full speed forward, and OV for full speed reverse motion. The
control station has complete control over the rover thanks to three duals connected to
six motors. Five motor drivers and a Raspberry Pi make up the hand control system,
which is managed by digital signals. The Raspberry Pi runs a Python server software,
while the control station runs a Python client program that uses the UDP protocol.

Base, Shoulder, Arm, Wrist, and Claw are the five fundamental parts that can be
operated from the control station. The power sources for the actuators and motors have
been determined based on the output that the Raspberry Pi's GPIO7 pins provide in
response to the signal. It is possible to control several hand parts at once. A one-second
disconnection safety process is also included in this system. The program gets the rover's
location from the satellite and relays it to the GPS sensor. The compass sensor provides
the rover’s north angle. Two sensors provide information that is utilized to determine
whether the rover has arrived at its target and to choose the best course of action for it.

To obtain the data we need, the two sensors are combined with an Arduino Uno and
communicated to the server program. One of the key components of our navigation
system is an RPLIDAR device. It helped with navigation chores and was utilized for 2D
mapping. We can obtain the coordinates of the rover's present location via the GPS
system. We mapped our surroundings and located roadblocks using RPLIDAR. We can
get up to 2000 samples from it every second. The RPLIDAR device uses lasers with a 6
m range and 3600 scanning. It primarily employs lasers to identify environmental
impediments, and we have utilized Java software for mapping.

LIPO Battery(35) 12V
+

Fig. 2 control system of rover.
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Metal sensor detector Raspberry Pi:
Fig. 3 Examples of control system components.

Friction Modeling

When there is a relative velocity between the tyre contact point and the driving surface,
all force produced by the rover's wheels results from the interaction between the tyre
and the surface, [7]. Thus, both propulsive and resistive forces originate from friction.
The friction model uses the wheel's rotating velocity, m, which is provided by the motor
model.

Figure 3 shows the velocity components generated within the model, where u,,. and v,,.

are the surge and sway velocities of the wheel center point, respectively. Therefore, —
Y wc

is the resultant velocity of the wheel center is rotated from the surge axis by the sideslip
angle of the wheel, a. The friction model requires an accurate calculation of the
tangential velocity of the tyre at the contact point between the wheel and the ground,
Usqn- IN Fig. 1, u,. is greater than u,,,, therefore the wheel is rotating slower than its
translational motion, and the rover is braking.

Fig. 4 Velocity components resulting from the interaction of
the driving surface and the rover wheel.
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Vertical Wheel Forces
As the rover experiences longitudinal and lateral accelerations, the vertical forces
applied to each of the rover wheels vary. Vertical wheel forces F,r for each one of the
four wheels are distributed as in Equation (1).

Fzr

=m.g.cos(0).cos(p)[K1 K, Kz K" )

where m is the mass of the rover, g is the gravitational acceleration, @ and ¢ are pitch
and roll angles, and K, is the weight distribution ratio for each wheel and is calculated
using Equations (2) and (3).

Kl = KfrontKleft
K, = KrearKleft

2
Kl = KfrontKright ( )
K, = KrearKleft
h ax
.
fromt =y tan(e)-l_g.cos(e)
K —lf+h(t (6) + —= )
rear = T M0 g.cos(0) 3)

1 h
Kiepe =5 — 7 (tan(9) +

ay
2 L g. cos(¢))

1 h Ay
Krigne =5 +1 (tan((l)) + g. cos(qb))

where h is the height of centre of gravity of the rover, w is the width of the rover, ay the
longitudinal acceleration, ay the lateral acceleration, and L. and Iy are the rear and

front momentarm, L = I, + Ly.

Wheel Centre Velocity

The rover’s surge, sway, and yaw velocities must be considered to calculate the wheel
center velocities. Figure 5 shows the coordinate reference frame of the rover and the
wheel, and the wheel center velocities generated by the combination of the rover surge
u, sway v, and yaw r. Equation (4) calculates the longitudinal wheel center velocity,
u,.» and the lateral wheel centre velocity, v,,.,, respectively.
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Fig. 5 Velocity components of the rover.

Uyen = U— R,.T.COS(Y) @)
Vyen =V + Ry.1.sin(y)

From the rover geometry, this equation can be simplified using the relationships X, =
R,.sin(y)and Y,, = R,,. cos(y), giving the equations shown in Equation (5).

Upyen =U—1.Y,
Vyen =V +1.X, ®)
Slip

The longitudinal slip of the rover wheel is defined as the absolute difference between the
longitudinal wheel center velocity and the tangential velocity resulting from the wheel’s
rotation. The resulting measurable slip Av of the tire rotation velocity r4,, @y compared
to the vehicle velocity v is due to a deformation part because of the elasticity of the tire
treads and a relative movement part because of the partial gliding between the tire and
the road, [7].

In Fig. 6, the slip is usually expressed as a relative value with reference to the larger
rotational wheel velocity vyy = 74,y Or longitudinal vehicle velocity vyy.

Thus, the slip in the longitudinal direction is defined for braking

_Avxr  vxr —Uxw  Uxr — Tayn®@w
Sep=——t = =

Uxr Uxr Uxr (6)
and for driving
_Avgr vy —Uxr  Tayn@w — Uxr
Sy =—— = =

Uxw Uxw T aynOw (7
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_ |rdynwW - vXTl
mMax(7 gy, ®w — Vxr) 8

X

Where:
vxr IS the longitudinal tire traction velocity
vxw the rotating velocity of the wheel

deformation

Fig. 6 Elastic deformation and partial gliding of a tire.

Friction Coefficient

The friction coefficients are defined as the ratio of the lateral or longitudinal forces to
the vertical load through the wheel, as shown in Equation (6), [8]. This relationship
allows the lateral and longitudinal forces to be calculated from the vertical forces. These
vertical forces are calculated using the weight distribution

gy = LT
XT ;;‘.ZT o
YT 9

Hzr =

T Fyr

The friction coefficients are functions of several variables, including slip, surface
conditions, and sideslip angle. Several methods of modeling this behavior are discussed
by Isermann, [7]. The friction coefficient u(S,) depends on the slip as shown in Fig.4.
For small slips, it initially shows a linear behavior which is caused by the translatory
deformation of the tire treads, increases with increasing slip to a maximal value g, at
10-30% slip where partial sticking and gliding in the contact patch appear, and then
decreases to ug;,until total slip $,= 1 (100 %0).
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friction coeflicient
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A
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Fig. 7 Friction coefficient uyin dependence on the tire slip.

Fig. 7, depicts p-slip curves for different road surface conditions. It shows maximal
values for dry asphalt, lower values for wet road. Different mathematical models for the
longitudinal tire force have been obtained by approximation of the measured p-slip
curves. The HSRI model [8] approximates uy by two straight lines

X = cu0SX Sx < 8X max

(10)
X = UX0 — CpulSX Sx > 5% max

where Sy max = Sxcrie 1S the slip for the maximum of uX(S,)). The initial gradient

dpx

Cy) = ————
K d Sx

(10)

5x —()

is for dry and wet roads about the same [10]. The model according to [11] uses the
approximation

X = 1 (1 — e‘lzi"") — 38y, 1)

RESULTS AND DISCUSSION
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Fig. 8 Typical friction coefficients g in dependence on slip S for different road surface
conditions using python.

The relationship between slip and friction coefficient on various surfaces is depicted in
Fig. 8. The data exhibits a typical non-linear pattern, with the friction coefficient rising
with the slip ratio at first, peaking, and then progressively falling. Friction is strongest
on a dry surface. These findings highlight how crucial road surface properties are to
vehicle stability and braking effectiveness. losses in values and the proportion of
aluminum oxide p_max, the location of the maximum, and the value for total slip S x =
1 are all determined by the coefficients ¢c_1, ¢_2, and c_3. To get the same features, the
simulation model uses the values derived from earlier experimental results as input data,
[10-12].

The relation between friction coefficient and speed in different surfaces is
shown in Fig. 9. A clean dry wheel on a clean dry surface may have a
coefficient of friction as high as 0.35 or 35% at zero speed. This can drop to
0.25 in wet conditions, and very much lower if the rail is contaminated with
lubricating substances such as ice, oil and leaves. However, the frictional
coefficient between wheel and surfaces is not constant: due to “elastic slip”.
This falls as speed rises which is why wheel slips can occur at speed. The
increase of speed tends to decrease the Friction coefficient. This can attribute
the tires begin to dynamic friction comes into play. This type of friction is
usually lower than static friction. When tires spin faster than the vehicle's
speed, the friction force decreases.
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g N
£0,40 . Desert Road
= S
o ~
e ~
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-~ =9 e
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Fig. 9 the relationship between speed and friction coefficient using python.

CONCLUSIONS

1. The proposed friction model and control system improve the rover’s
performance and make it more reliable for such tasks.

2. The rover keeps good traction, save energy, and stay stable while moving.

3. Friction coefficient displayed by GT Car Wheels recorded the highest
values compared to Low Friction Maroon Car Wheels.

4. The increase of speed tends to decrease the Friction coefficient. This is can
attributed the tires begin to dynamic friction comes into play. This type of
friction is usually lower than static friction. When tires spin faster than the
vehicle's speed, the friction force decreases.
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5. The simulation model makes it easy to know the Friction coefficient and
contact slip.
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