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ABSTRACT

The most powerful capability of a legged robot is that it acquires not only
the excellent flexibility and freedom to walk on rough terrain and com-
plex cluttered environments but also the eminent jumping ability distinct
from the other tracked or wheeled ground robots. This thesis proposed a
novel legged-wheel control for a Five-star wheel robot (FSW robot). The
concept legged-wheel applied in this premise is implicit in the meaning of
applying legged control for a five-star wheel as for a leg. This proposed
control relied on a hypothesis that the special design of the five-star wheel
perhaps possessed both naturally hybrid ability of wheeled and legged lo-
comotion. Hence, offering a legged-wheel control hypothesis for this robot
can enhance and maximize the naturally potential and internal power of
this different design. Consequently, it equips this robot with a powerful
locomotion to climb up or jump over high and far obstacles maybe un-
beatable by the same size tracked or wheeled robot. This thesis not only
proposed a novel control but also implemented a framework for controlling
locomotion of this robot both in Low-level and High-level controllers by
C++ language on ROS and Gazebo. In particular, it has accomplished a
distinct jumping forward controller for the FSW robot over the highest
0.75m obstacles and the widest 0.8m creeks. Ultimately, it has been tested
in a DARPA’s SubT cave simulation. They are corroborating evidence for

our proposed hypothesis irrefutable.
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Chapter 1

Introduction

1.1 Overview of robotic platforms and motivations.

In recent years, there has been a panoply of robotic hardware platforms with pecu-
liarly kinetic models and control algorithms coalesced perfectly. They are ourished
and arranged from ground multi-wheel robots, humanoid robots, animal like robots,
etc. Moreover, they are more proliferating over variety of applications in academic,

commercial, industrial, perfunctory or daily routines in human society.

Hence, it is a piece of cake to enumerate a ton of well known robots here. They
are multi-wheel robots or ground robots that could be the one sent to the Mar dated
back many years ago in a NASA's mission for human discovery of this planet or just
greenhorn platforms running in many robotics labs in recent years, such as Seekur
family [1], Husky mobile robot [2], or very complicated self-driving cars from many
industrial leader,such as Google, Uber, Tesla, and Mobileye, etc. There must be very
advanced and eminent robots, humanoid robots such as Honda Asimo [3], Kawada

HRP-4, Petman, or very familiar in many research labs - NAOs robots [4], etc. Fur-



thermore, they are unmanned aerial vehicles (UAVS), such as drones in military or
UAV under water, etc. Ultimately, we have to count a very special and more com-
plex animal like robots, such as quad-legged robots in the Cheetah (MIT) family [5],
ANYmal families (ETH Zurich) [6], or bird-like robots (LentinkLab at Stanford) [7],

etc.

Notwithstanding ourished robotic systems, they could be classi ed lucidly into
three main groups according to their itinerant environments: on the ground, in the

air and under water.

In this thesis, we are going to concentrate on a new proposal platform of the rst
category, wheeled ground robots. In particular, we introduce a new proposed mobile
robot platform, the 5 DoFs Five-star wheel (FSW) robot (Fig. 1.1) relied on their
four ve-star wheels, with a very special wheel structure considered as a hybrid design
between wheel and leg. Originally, it was designed and implemented by researcher at
the Autonomous Robots Lab of the University of Nevada, Reno for their DARPA's
SubTerranean Contest that was challenged for a large variety of challenged under-

ground obstacles and terrains.

Because of its di erent design of wheels, a 5 DoFs robot structure and the origi-
nal purpose for DARPA's SubTerranean Contest, we have observed that this special
design conceivably supports its locomotion vigorously in both wheeled and legged
manner. Therefore, we have a hypothesis that with a novel legged controlling pro-
posal for this robot. Potentially, how it helps both design and controller able to
coalesce perfectly to enhance the optimal and highest performance of robotic system

overcoming a large variety of challenged underground obstacles and terrains in this



Figure 1.1: The ve-star wheel robot.

contest. Hence, the most profound aim of the research project in this thesis is to
analyse, design and implement a completed framework for this hypothesis. For ulti-
mate results, we have to discovery the valuable of our proposal hypothesis and prove

for its accomplishment on the FSW robot platform.

All meticulously related manners of this hypothesis are relevant and going to be

revealed to you step-by-step in each consequent section in this Master thesis script.

1.2 The present state-of-the-art of ground robots.

The present state-of-the-art, ground robotic systems can be sub-divided into three

main sub-groups according to their mechanical design of locomotion. Each of them
has advantaged and wanting features. The profound insight on them can help us take
advantages of selecting the best designing, developing and gaining an outstanding

robot for certain preoccupation.



1.2.1 Locomotion based on track chains.

This kind of UAVs based on two or more couple of track chains for their locomotion
like tank (Fig. 1.2). They are famous and tting for all-terrain environments and
uncertain conditions. In particular, they are very powerful platforms applied for
both civilian and military to perform a variety of besotted, harassed and dangerous
activities replacing for people. Furthermore, they are commodious and reasonable for

systems required heavy duties, such as autonomous army, re- ghter, etc.

Figure 1.2: Two track chain ground robots.



1.2.2 Locomotion based on multi-wheels.

This is the most popular ground robot form and the most eminent one is the Mars
Exploration Rovers (MER). A couple of this robot named Spirit and Opportunity
had been landed on Mars January 3 and 24, 2004. They rovers on Mars well beyond
their mission over 90-day missions (Fig. 1.3). The wheeled ground robots have been
ourished for many popular brand names, such as Husky, Seekur, Pioneer 3, etc.
They are excellent for at ground and can take advantage in many missions required

a high speed travel, easier control and very fuel e cient.

Figure 1.3: Wheeled ground robots.



1.2.3 Locomotion based on legs.

Comparing to the previous sub-groups, this group is higher complicated by the fact
both mechanical design and controller. If two previous sub-group of ground robots
usually are consolidated by 4 or 6 DoFs rigid body based on number of joints among
its base-link and wheels or track chains, a legged robot is more agile and greater
number of joints. For instance, just a bi-legged or quadruped robot can have ten

more joints and links. Hence, it is more challenge in control and mechatronics.

Figure 1.4: Legged ground robots.

However, compensation for this challenge, legged robots are exible dynamic and
their outstanding locomotion is irrefutable. Therefore, they predominate over clamp-

ing on staircases, cli edge or a steep slope, etc., that are possible the most challenge



locomotion for wheeled robots in the same size. The distinguished robots of this sub-
group pertain to some big-names, such as Cheetah family (MIT) [5], many esteemed

bi-legged and quadruped neonatal robots (Boston Dynamics) [8], etc., (Fig. 1.4).

1.3 Pros and Cons of sub-group ground robots.

In order to illustrate and compare all sub-groups comprehensively, we can summary

the advantages and wanting features in the table beneath (Tab. 1.1).

Comparing ground robots

Sub-group name Pros Cons
Track Chain Robots all-terrain  environments, | weighted
simple implementation and
control
Wheeled Robots high speed on at ground,| not all-terrain
simple implementation and
control, long life-time
Legged Robots exible dynamic and out- | very complicated control
standing locomotion

Table 1.1: Comparing among sub-group of ground robots



Chapter 2

Five-star wheel robot platform

2.1 Motivations for the FSW robot.

Dated back to year 2018, the Autonomous Robots Lab at UNR is a member of
CERBERUS (CollaborativE walking ying RoBots for autonomous ExploRation

in Underground Settings) team that is a consequence of the collaboration among
UNR, ETH Zurich, Sierra Nevada Corporation, University of California, Berkeley,
and Flyability. The aims of this team is to respond to the needs and goals set by
the DARPA Subterranean (SubT) Challenge that planed to research and archive
for innovative approaches to expeditiously 3D map, explore and rescue underground
environments in critical time operations for the any mission in civilian and military
sectors alike.

Therefore, CERBERUS's vision is published on its website [9] and its brief mission
as "CERBERUS envisions a system of walking and ying robots equipped with multi-
modal perception systems, navigation and mapping autonomy, and self-organized
networked communications that enable robust and reliable navigation, exploration,

mapping, and object search in complex, sensing-degraded, stringent, dynamic, and



rough underground settings." Hence, the combination of aerial robots and ground
robots such as legged ANYmal [10] and wheeled alike robots [11] are smart strategies.
They can help these collaborated robotic systems transport heavy devices. Or they

are equipped with variety of sensors and communicated devices for this mission.

2.1.1 The DARPA Subterranean (SubT) Challenges.

The most aims of DARPA Subterranean (SubT) Challenge is to revolutionize how
underground autonomous system's operations can handle all problems, such as the
mobility, perception, autonomy and networking technologies necessary to explore,
map, and search subsurface networks in unpredictable conditions. Hence, the SubT
proposed the most challenges for each of its events. It includes overcome obstacles and
rough underground with harass conditions of ood, moisture, slippery underground,
etc.

Consequently, legged and aerial robots are the best choice for this contest. Because
aerial robots can y over these challenges, while legged robots are exible dynamic
and their outstanding locomotion is irrefutable, they predominate over clamping on
staircases, cli edge or a steep slope, etc., that maybe are the most challenge loco-
motion for the others.

The overview of all phases, conditions and robotic systems of 10 teams in this

SubT contest can be illustrated in Fig. 2.1.

2.1.2 The proposal of FSW robot for SubT challenges.

Even though there is very eminent contribution of drones for this contest, the role of
ground robots like as legged robots or wheeled robots is very crucial. The wheeled

and legged robots can contribute their advantages for caring aerial robots and com-
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Figure 2.1: The overview of DARPA Subterranean (SubT) Challenge.

municated stations entering deeply inside the SubT structure. However, both normal
wheeled and legged robots alone, such as Husky robot, ANYmal or Cheetah ... also
encounter these SubT challenges very strenuously.

Therefore, the searcher at the Autonomous Robots Lab of the University of
Nevada, Reno had a very astute idea to propose a new mobile robot platform that
relied on their four ve-star wheels, with a very special wheel structure considered as
a hybrid between wheeled and legged mechatronics. We named this robot Five-star
wheel robot (or FSW robot for short) (Fig. 1.1). The robot reaches 5 DoFs which
helps it more exible locomotion on rough grounds. Additionally, it also helps FSW
robot kinetics uncomplicated like a normal legged robot but acquires legged robot's
powerful locomotion.

How the speci c design of the FSW robot are going to be presented in the next

sections.
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2.2 The FSW robot design

The overall design of FSW robot has a body with 4 DoFs from four homogeneous

star-wheels and one more DoF from its tail (Fig. 2.2).

Figure 2.2: The overview of Five-star wheel robot.
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2.2.1 Five star-wheel.

Each vertex of equilateral star-wheel is attached with a 0.6 inch radius rubber ball in
order to increase its friction and resilience for any stepped collision with the ground.
The radius of wheel is 9.5 inches (including rubber ball). This special star-shape
of wheel reinforces its clamp on the rough surface avoiding slippery motion a very
common problem for normal wheel.

The star-wheel is designed by 7000 dpi aluminum alloy. Each star-wheel is con-
nected to an axis on the body at hip position. They are rotated by a separated servo
motor mounted on the robot body or in the rear axis from its tail. The weight of each
star-wheel is 1.25 Ibs. The joints between robot and wheels are continuous joints. We
named them "Front left/right wheel" and "Rear left/right wheel" in our mechatronic

design and controlling programs.

2.2.2 Tall

With the ve-star wheel, the 360 freedom of joint between tail and the body has
made it really di erent to other wheeled robots. This freedom a ects on all robot
wheels made them exible to stick and clamp on the rough ground surface. So that
robot always keeps at least four rubber balls touching the ground. Consequently,
it enforces robot standing more vigorously on any rough surface. Then it increases
chance to counter to the slippery force on each wheel.

In fact, this tail joint of robot should be controlled by a servo motor. This control-
lable joint does not a ect on its 360 freedom. However, it can help FSW robot very
much for some special circumstances, such as helping robot turning its body around

or keeping its body balance, etc.
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2.2.3 Body design.

The body of robot is an irregular hexagon box implemented by 7000 dpi series alu-
minum material that helps its body strengthen and light enough for any collision
during locomotion or jumping step. The length from header to tail joint is 20 inches;
the width and height are 12 and 4 inches respectively. The robot has total weight
20 Ibs (10 Ibs of robot body including body frame, batteries, computer board, con-
trolled board, sensors, etc.) and total height 19 inches. The distance between robot's

footprint to bottom body is 7.5 inches, for more details in the Table 2.1).

Wheel parameters

Inertia Ixx, lyy, 1zz

Parameter Value
Radius 9.5 inches
Height 0.2 inches
Weight 1.25 Ibs
Body parameters
Parameter Value
Length 20 inches
Width 12 inches
Height 4 inches
Weight 10 Ibs

Tail parameters

Parameter Value

Length 3.2 inches

Width 4 inches

Height 4 inches

Weight 1 lbs

Front/rear axis and motor parameters

Parameter Value

Radius 1.5 inches

Height 12 inches

Weight 2 Ibs

0.30, 1.30 and 1.30 kg.fr

Table 2.1: FSW robot parameters

On the top of body is mounted a plate for some kind of sensors, such laser, 3D

camera, gps, etc.
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2.3 The drawback of the wheeled control.

In this thesis, we apply the concept wheeled control as a notion that any controller
relied on the mechanical locomotion of wheel. De nitely, this star-wheel can be
considered and applied any wheeled control method like any normal wheel.

For instance, the application of dynamics and control of a di erential drive robot
with wheel slip [12{15]. And another example closely related to this control is the
skid-steer for ground robots with tracks and multi-wheels [16,17]. The example for

equations of Di erential Drive and Skid Steering [18] are in Fig. 2.3.

Figure 2.3: The equations of di erential drive and skid-steer control .

Obviously, it is the simplest control method without any further e ort on this
platform. To do that | just need to write some lines of code and called some functions

of simple control in the Di erential drive controller ROS package.
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Notwithstanding some major advantages and simplicity of di erential drive and its
closely related family, the application of them for control FSW robot will undeniably
diminish this robot potential power coming from its special star-wheel design that
can be operated both under functions of wheel and leg.

Furthermore, this simple control can make driving FSW robot deadlocked in some
simple obstacles of SubT challenges, such as facing with a high cli or wall; deep and
wide creek on its ways in underground challenge, such as our experimental results in

the Fig. 2.4.

Figure 2.4: The deadlocked cases of di erential drive or skid-steer control.
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2.4 The legged-wheel controllable hypothesis.

In order to solve these drawbacks of wheeled control, we propose a hypothesis that
can enhance and maximize the FSW robot's potential and internal power as a legged
robot rather than only wheeled robot as it is.

Our hypothesis originally based on the observations of star-wheel robot design that
each one of ve edges of star-wheel can be functioned as an one-link leg of quadruped
robot. These legs of FSW robot can rotate 360around their continuously jointed
axes at hip position. When the front axis A is xed on the robot body, the rear axis
A, attached on the 1 DoF tail.

Therefore, we can scale down the ve-star edge wheel to just one-link leg. Conse-
guently, we can analyse and formulate this robot as the legged robot in a 2D abstract

model that is illustrated in Fig. 2.5.

Figure 2.5: The 2D abstract model of legged FSW robot.

Thereafter from this time, our FSW robot model is relied on this abstract model.
Any my further analysis, design, formula, and controller are relied on this abstract
model. | will present more meticulously relevant controllers of this model in the next

chapters.
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Chapter 3

The legged-wheel control

3.1 The present state-of-the-art of quadruped robots.

Legged robots are mesmerizing systems that maybe supplant tracked and wheeled
systems for robotic locomotion in challenging man-made and natural terrains usually
rough and maybe cluttered, such as in the SubT challenge.

Contrary to ossi cation of tracked and wheeled autonomous systems, legged robot
o ers greater degree of freedom, adaptability and dexterity that takes advantaged
locomotion in challenged environments [19{21]. Hence, legged robots are capable to
perform versatility in forest, mountains, staircases, etc. They are able to transport
a heavy load in unstructured, uncertain and cluttered environments, such disaster
sites, construction sites, underground tunnels or space missions.

However, designing, implementing and controlling for these potentially legged
robots are remained a very long way in research community because of their physical
motion skill wanting and behind even basic animal motions. No astonishment, this
is understandable and naturally reasonable because animal has million years to accu-

mulate, mutate and develop its skills when animal like robotics has been emergent in
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recent years. Hence, the legged robot in robotics still has time and many challenges
waiting for.

Notwithstanding, legged robots have had very remarkable and estimable progress
to take advantages in design and control for their dynamic locomotion with many
eminent legged systems recent years. We have a panoply of well-known names, such
as Honda Asimo humanoid robot, ANYmal at ETH [22], IIT's HyQ quadruped [23],
Big Dog by Boston Dynamics [8], and MIT Cheetah family [19].

One of eminent and very interesting legged robot closely related to our FSW
legged robot is the Simple and Highly Mobile Hexapod 'RHex' robot from CMU [24].
This robot platform originally has six one-link compass leg rotated 360 Then in the
later publication [25], its leg had been modi ed to the sharp of a half-circle leg for

more convenient locomotion purposes, (Fig. 3.1).

Figure 3.1: The RHex robot.
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Ultimately, it is very adequate and wanting to corroborate the development of
quadruped robot very closely related to our FSW legged robot if | eschewed the
PAW: a Hybrid Wheeled-leg robot [26]. This robot system also has four one-link legs
like our FSW robot abstract model. However, it has one more wheel jointed to this
leg at the position of our rubber ball. In spire of this, its legs have the same motion

to our robot, rotating 360 around it axis on the hip position of the body, (Fig. 3.2).

Figure 3.2: The PAW robot.
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3.2 Kinematics model of quadruped FSW robot.

The originally real design and physic implementation of FSW robot is illustrated in
the Fig. 1.1. However, we have proposed a hypothesis about legged controller for
this FSW robot and then it has been scaled down to just a quadruped robot from
its abstract model illustrated in Fig. 2.5. Based on this abstract model, we have

developed a kinematics model for it, such as in Fig. 3.3.

Figure 3.3: The Kinematics model of legged FSW robot.

Whereas, the Central of Mass (CoM) of robot is also the original point of robot
coordinate system. Four legs of robot are mounted on the front axis,Aand rear axis
A, at hip points, respectively. Each leg i rotates on its axis at hip joint an angular
I'i (whereas! 1, ! ,, ! 3, ! 4 signed for the front left, front righ, rear left and rear right

jointed angle respectively).
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The ! 5 is signed for the angular rate of tail joint. All! ;:::! 5 are 360 freedom.

The robot base frame has the x axis directed to the front ward with rotation
angular roll , the y axis directed to the left side with pitch and nally the z axis
to the up ward with yaw

Each touching point of leg on the ground is signed by red capital alphabets A, B,
C, D.
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3.3 Legged FSW robot's state equations.

The state of the legged FSW robot is determined by three sets:
" The (X, Y, z) central position of robot;
" The orientation (roll , pitch , yaw ) of its Central of Mass (CoM);
" The ve joint angles (5 DoFs of robot) are! 1;! 5;!3;! 4;!s;

Hence, there are total 11 variables corresponding velocities, angular velocities and

orientations of CoM:

XYiZ -+ ~lato sl ls (3.1)

Consequently, there are 22 dimensional state space for this robot. However, the
low-level controller of this robot works on the controlling command on subspace state
of only 11 original variables that can present our robot state variables in real time

variable t:

e=[ 1 2 (3.2)

Hence, the position of foot i at time t can be computed by the function ,, of
kinematic computations in Fig. 3.3 above as in equation:

U= wiy;z; 5550 5launts) (3.3)

The subscriptw in function , is a notation for the value of this function in the

world frame, such as in Fig. 3.4.
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Figure 3.4: The Kinematics model of FSW robot in the world frame w.

Whereas,g Xcom IS vector position of the CoM in the robot body base frame;
P‘éoM;i is the vector from the CoM to the position of leg i (edge i of star-wheel j). In
this abstract model, we will not mention explicitly about any wheel j because it is

implicitly reference to leg i. Hence, we apply only sign &y. for its simpli cation.
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3.4 The legged-wheel control

3.4.1 Control architecture

The overall control architecture of the system is illustrated in the block diagram in
Fig. 3.5. In this modular architecture, each block is independent and easily updated

without any a ected to other components.

Figure 3.5: The system control architecture.

Any high-level control order from the end-user of this system via Teleop or auto-
matic path planing program can control this robot by providing its desired velocity
v, targeted position ;y;z) and turning angular rates as well as other essential
parameters.

The main controlling component includes three sub-modules: high-level planning

(green), low-level controller (yellow) and state estimation (blue).
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3.4.2 Controller Model

We assume that we have sensors at rubber balls or hip joints to measure the Ground
Reaction Forces (GRFs) at touching point of leg i (1..4) -;f the IMU at CoM to
measure the linear acceleration of the CoM ¢, and the angulae acceleration of the
baseW,. Hence, the static point or equilibrium of centroidal CoM can be represented
by equation:
NG
fi = mXcom + 9) (3.4)
n=1
Whereas, i=1..4; ¢ (1..4) is the number of touching point of robot legs; m is the
mass of robot; g 9.8 m/s? is the acceleration of the Earth gravity.

The equation 3.4 can be formulated in the meaning of as:

XC
Pcom:i fi = Igwb (3.5)
n=1
Whereas, i = 1..4; 14 is the centroidal rotational matrix; Pcow.i is force vector

from g Xcom tO leg i that is illustrated in the Fig. 3.4.

Hence, we can combine both equation 3.4 and Fig. 3.4 in a matrix form:

32 3 2 3

2
2 22 ggfl g _ gm(xgoM + g)%

Peowz  TPeome 11 iife I g\ (3.6)
| {z Pl {z-} | {z }
A f b

Whenever we want to control the robot movement to any direction, we just need
to provide a desiredW¢ and accelerationX & ,, toward to that desired direction. The

superscript d is signed for desired value of control. Obviously, we have to keep robot's
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motion balance by providing its desired GRFs for the desired static point of equation

3.6.

Figure 3.6: The desired rear leg i GRF force.
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3.4.3 Desired GRF for leg

The desired force for each leg is based on the rotated rate of actuator or motor

controlling each leg. The generated force for two front legs can be computed by:

fo=

1 dw
= = 7
r dt (3.7)

whereas, i = 1, 2; r is the radius of wheel or the length of legy; angular rotation
of leg.

The desired force for two rear legs is depend on both the rotated angjlebetween
tail and body and its w; angular rotation of leg, such as in Fig. 3.6. Therefore, they

are computed by equation:

1 dw;

fd=
r cogqWs) dt

(3.8)

whereas, i = 3, 4;wW3 is di erent angle between tail and body.
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3.4.4 Optimal motion control

From equation 3.6, the optimal control problem for this robot locomotion is to nd

the desired forcef ¢ that is solution of the following quadratic program:

fd=argmin(Af bDTSAf b+ f TWf
f2rt (3.9)
sttt d<Cf< d

However, the desired GRFs of robot can be presented via the desired state of

robot by the time t as equation:

fé=r ;U( cu) (3.10)

Whereas,r . is function of 11 state variablesyU( ¢;u}) is function of position of

j
leg i in state at time t.
Ultimately, in order to keep robot motion stationary, we should only move the
0
robot legs onto the direction achieving thé @ how it solves the NLP:
pd ed
minkfo 'k

(3.11)
0
st r 3 =0
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Chapter 4

Optimized jumping forward control

4.1 Overview jumping forward (JFW).

The most powerful capability of legged robot is that this system not only acquires
the excellent exibility and freedom to walk on rough terrain and complex cluttered
environments but also the eminent jumping ability that makes it distinct from the

other tracked or wheeled ground robots [19{21].

Figure 4.1: Cheetah 3 jumped onto the desk

In the eminent Cheetah family robot (MIT), Cheetah 3 and mini-Cheetah are

two exceptionally agile design and control [5,27{29]. The Cheetah 3 weighted 90 Ibs.
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However, it can perform a jumping upward over 0.75m [30], Fig. 4.1.
Furthermore, mini-Cheetah weighted 20 Ibs can even ip 36Qhat is so eminent

and distinct, Fig. 4.2.

Figure 4.2: Mini-Cheetah's ipped 360.

So far in this thesis, | have modeled a wheeled robot as a legged robot. Although
our FSW robot has its limitation in the leg's rotation angle between two edges of ve-
star wheel, we are strongly con dent in a hypothesis that it has fully jumping ability

like Cheetah robots. We are going to prove this hypothesis in the next sections.
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4.2 Lifting force of FSW robot legs.

The jumping force of each leg of robot depends on the andlebetween downward
direction and leg at hip joint. We named this angle is jumping angle with superscript
j and subscript i for leg i, ! { The maximum value of this! { angle is equivalent to

2=5=0:4 0:6283 radian. The lifting force of leg i with jumping angle! f is
illustrated in , Fig. 4.3.

Figure 4.3: The jumping angle! f and lifting force of leg i.

Without loss of generality, we can assume that the computation of lift force for
jumping step is on the at ground. Hence, the w angle is zero degree and the
formulate for computing lifting force of both rear/front leg is the same as in the

equation 3.7.
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When the robot wants to jump forward, the leg i need to rotate counter lock
direction. It creates a f force at the touching point on the ground by equation 3.7.

This force can be composed by two sub-forceg ffi., for vertical and horizontal
direction respectively. This means that this force will make robot move into two dif-
ferent directions, both forward and upward. Therefore, the vertical force is computed
by equation:

fi,=f sinl! (4.1)

Consequently, the lifting force f of jumping step is opposite the;f, and equivalent
to the force -f,. Obviously, the f depends on the;fand its jumping angle! f Its
value is proportional to the degree of jumping angle. When jumping angle is equal

to zero degree, the forceg is equivalent to the f,; hence the §, is zero.
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4.3 JFW parameters

The JFW success depends on a lot of limited values of robot's parameters and chal-
lenged obstacles. Beside many robot's parameters, the environment's parameters are
also very crucial. They are distance from robot to the obstacle to jump over, height
of obstacle, friction of surface of obstacle, structure and material of obstacle, etc.
However, we can simplify these input parameters just as three main parameters only:
friction, distance and height of obstacle k are f; dx and h respectively.

The robot has many limited parameters as in the Table 2.1 and actuators have

limited parameters as in 4.1.

Actuator parameters

Parameter Value
Gear Ratio 4.5

Max Torque 200 Nm
Max Joint Velocity 20 Rad/s

Table 4.1: Actuator Parameters
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4.4 JFW phases

Because the jumping forward mainly relates to changing only x, z and Pitchangle
of robot state, we can simplify the analysis of jumping kinetics and dynamics by
considering and computing it only on the 2D space.

In order to control the jumping step e ectively and make it lucid, we can separate
it into some smaller phases based on its kinematic dynamics or status of motion
(stance, swing).

If we divide it based on its status of motion, we can separate it into two smaller
phases: stance and swing phase. The stance phase is robot standing on the ground.
The others is robot ying on the air.

However, it is more convenient for analysing of force and control, we can divide it
into four main phases: preparing, take-o, ight and landing phase. We are going to

analyse each phase meticulously in the next sections.
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4.4.1 Preparing

In this phase, robot bases on its input parameters for jumping control, such as param-
eters about maximum of torque, maximum velocity of actuators; the distance to; d
and height of object i h;... robot will compute the desired lifting force corresponding
to jumping angle! f for front/rear legs (! f <= 0.6283 Rad). This phase also computes
the optimal lifted up Pitch angle o, of robot and the maximum torque max and

maximum velocity max Of each actuator.

Figure 4.4: The position of preparing phase

Because we have assumed that the background is at, this computation for all
legs' parameters is the same. Hence, we will have the set of con guration variables
de ned as follows:

Q:=[x;Z;Pitch  opii! 1Ly ai max: max] (4.2)

The preparing position of robot can be illustrated in Fig. 4.4.
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4.4.2 Take-o

The take-o phase is the most important phase to warranty for the success of jumping
step. This phase is divided into two smaller phases. The rst one is for the front legs
jumping up in time t,,. The second one is delayed after the rst one m micro-seconds.
The value of m depends on measuring of Pitch angle changing and pre-calculation
of previous preparation phase for the optimal lifted up angle of robot. On time, when
the Pitch angle of robot reaches the optimal angle Pitch, the jumping controller
triggers the second phase for pushing up the rear legs with the desired lift up force

fi. The detail and lucid explain can be seen from the Fig. 4.5 below.

Figure 4.5: The take-o phase

The front legs create a lifting force f and the rear legs' lifting force is|f. They

decide for how far and height of robot can reach to the object.
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4.4.3 Flight

Immediately after taking-o from ground, the front legs need to change their position
how it can land on the object or on the ground smoothly. This changing position of
legs can a ect a little bit on the trajectory of robot ight. However, in the limitation

of this thesis | did not have enough time to address it. | assumed that it does not
a ect any on the trajectory of the robot. The imaginal description of this phase can

be seen from the Fig. 4.6.

Figure 4.6: The ight phase
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4.4.4 Landing

In the landing phase, robot applies position like in the preparing phase to ght against

the momentum force of the ight phase, Fig. 4.7 beneath.

Figure 4.7: The landing phase
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4.5 Optimal JFW algorithm.

The success of jumping step depends on the set of con guration variables Q in the
equation 4.2. If this desired con guration variables are good enough, the jumping step
can reach its target in the rst try. In the other case, the controller needs to adjust
parameters in this con guration set and try it again. Because of the complexity of
con guration variables Q space is in nite, this trying and adjusting iteration can be

in nitive too. That maybe is the jumping challenges too hard comparing to robot's
power. Hence, | apply a cut-o number of iteration of this trying and adjusting

failure. This can be explained in the optimal JFW algorithm 1 follow:

Algorithm 1 The optimal JFW algorithm
Result: jfwResult
cuto Iteration = 10
Iteration = true
numberlteration = 0
Q = set of con guration variables
preparingCon gurationSet(Q)
while Iteration do
frontLegJumping(Q)

if lowCmd.imwata:pitch reaches Q: oy then
| rearLegJumping(Q)

end

if jumpingSuccess()then

Iteration = false

jfwResult = true

else

adjustingCon gurationSet(Q)
numberlteration++

end

if numberlteration cuto lteration then
| Iteration = false

end
end
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Chapter 5

Experiments and Results

5.1 Implementation on ROS + Gazebo simulator

This section presents meticulous experiments for legged-wheel robot control and op-
timal jumping forward control implementations on the ROS Kinetics + Gazebo 8.0
environment. The implementation of these controllers were coded by C++ language.
The system of controllers can be divided into two levels: Low-level and High-level

control. A video of the experimental results corroborates for my implementations.

5.1.1 High level controller

On this level, | implemented both manual and automatic mechanics.

The manual method supports Tele-operations from both joystick and keyboard.
It helps end users test and control robot manually.

Furthermore, | integrated the path-panning control for automatic method that
provides a GUI with local map of testing environment on Gazebo. From this GUI,
the end users just need to select the destination on this simulation map and path-

planning package running on ROS will navigate the FSW robot to there, such as in



Fig. 5.1. The High-level control is working in lower frequency 1kHz.

Figure 5.1:. The path-planning for Legged-wheel FSW robot

41
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5.1.2 Low level controller

The Lowe-level control of this robot is the main part of this project implementa-
tions. This level implements a full framework to control for the robot. They are set
of common controllers such as STANCE, STANDING, TURNING LEFT/RIGHT,
WALKING FOR/BACK WARD and particular JUMPING FORWARD controllers.
They are wrapped up as a ROS package and called by rostopic services using message
data structures.

The dynamic Low-level control runs in a loop rate 10 kHz from body to its joints,

such as in Fig. 5.2.

Figure 5.2: The 10kHz Low-level frequency
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5.1.3 STANCE

This is simplest controller for this robot. It needs just a little bit e ort how to control

the robot body be static in a lowest positions and all legs' GRFs zero.

Figure 5.3: The STANCE control
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5.1.4 STANDING UP

This control needs more e ort comparing to STANCE controller. It requires controller
an e ort of keeping balance of all legs upward or robot CoM is in the highest and

static position.

Figure 5.4: The STANDING control
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5.1.5 JUMPING FORWARD

The most complicated controller is in this job. It relied on updated changing of
Pitch , reaction forces and real clock time to control reaction of legs and changing
of phases. In the Fig. 5.5, it presents all di erent phase of jumping process in one

picture to illustrated for this controller.

Figure 5.5: The jumping forward phases
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5.2 Stress test for robot controllers

5.2.1 Stress test environment

In this section, we challenged our legged robot controllers in a simulation environment
very closely related to SubT challenge.
In this challenged environment, robot must accomplish a very stress test scenario

with 5 challenges.

First challenge, robot has to climb up a 0.5m height obstacle :Q
Second, robot need to jump forward over a 0.75m wall W
Then, it crawls over a 0.1m width creek ¢ adjacent immediately the wall W,;

The most challenge of this test is that it has to jump forward over a wider creek
C, with 0.45m width and the wall W, with 0.75m di erent height to the O,

together;

Finally it climbs down over 5 heterogeneous stair steps total 1.5m height.

All of this stress test description is in the Fig. 5.6.
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