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Summary

Snake robots are a class of biologically inspired robots which are built
to emulate the features of biological snakes. These robots are underactu-
ated, i.e. they have fewer control inputs than degrees of freedom, and are
hyper redundant, i.e. they have many degrees of freedom. Furthermore,
snake robots utilize complex motion patterns and possess a complicated
but highly flexible physical structure. These properties make locomotion
control of snake robots a complicated and challenging control problem.

This thesis considers model-based locomotion control of planar snake
robots. In particular, based on kinematic and dynamic models of the snake
robot locomotion, using different control approaches we derive feedback
control laws in order to solve various control problems. Moreover, through
rigorous mathematical stability analysis, we prove the stability of the con-
trolled system. It is noteworthy to mention that due to the complicated dy-
namical behavior of snake robots which gives rise to a complex dynamic
model, and also the underactuation which is characterized by the lack of
direct and independent control inputs for at least three degrees of freedom
of the snake robot, the vast majority of the previous works on snake robots
and similar multi-link robotic structures use numerical simulations and
experimental results which are obtained using different robotic snakes, as
the main tools to show the performance of the proposed controllers. In
contrast, however, in this work based on nonlinear control theory, we take
a model-based control design approach and we present formal stability
proofs for the closed-loop systems along with numerical simulations and
experimental results. The simulations and experiments are performed for
a snake robot which is composed of N similar links which are serially con-
nected through N — 1 joints. The first N — 1 links are independently ac-
tuated using electric motors, however, the N-th link which we refer to as
the head link of the snake robot is passive. This makes the orientation and
position of the center of mass of the robot underactuated.

The contributions of the thesis are presented in six chapters, and can
be categorized in two types; contributions to modelling and contributions
to control design for snake robots. The contributions and contents of each
chapter are as follows.

In Chapter 1, we discuss the fundamental properties of the snake robot
locomotion, and we investigate the most common types of gait patterns
used by biological snakes. Furthermore, in this chapter we review the
relevant previous works on snake robots and we present the abstracts of



the academic papers which form the basis of the thesis.

In Chapter 2, we present three different modelling techniques for the
snake robot locomotion on horizontal and flat surfaces. The first dynamic
model is derived based on the Lagrangian approach to modelling me-
chanical systems, and the equations of motion are written in the stan-
dard second-order form. The second dynamic model is derived using the
techniques of differential geometry, and this model contains the effects of
parametric modelling uncertainties on the locomotion of the robot. The
first and the second models which are referred to as the complex model of
the snake robot, are among the contributions of the thesis and to our best
knowledge have not been presented in any previous works. The third
model that we present in Chapter 2 is a simplified model of the snake
robot locomotion which is previously presented in [11]. In this simpli-
fied model, the rotational motion of the joints is mapped to translational
link displacements. Through this mapping, which is shown to be valid for
small joint angles, many of the strong nonlinear terms which are present
in the dynamics of the system are approximated by simpler linear terms,
and these approximations make the resulting simplified dynamic model
more amenable to model-based control design.

In Chapter 3, we consider body shape and orientation control for lo-
comotion of snake robots. In particular, in this chapter we aim to control
the body shape of the robot to a desired gait pattern, and the orientation of
the robot to a reference angle defined by a path following guidance law. To
this end, using the joint torques we stabilize a desired gait pattern among
the directly actuated body shape variables which define the internal con-
figuration of the robot. Furthermore, we use a gait parameter in the form
of a dynamic compensator which controls the orientation of the robot to a
reference angle defined by the path following guidance law. Through nu-
merical simulations and experiments which are performed using a robotic
snake, we show that this control approach makes the robot converge to
and follow a desired geometric path. Moreover, using an input-output sta-
bility analysis we show that the solutions of the controlled system remain
uniformly bounded. Furthermore, in this chapter using sliding mode tech-
niques, we design a body shape and orientation feedback controller which
successfully makes the robot follow a desired path even in the presence of
strong nonlinear terms in the dynamics of the robot arising due to para-
metric modelling uncertainties.

In Chapter 4, we utilize the simplified model of the snake robot loco-
motion to carry out the model-based feedback control design for the robot.
In particular, we use the method of virtual holonomic constraints (VHC) to
address direction following and maneuvering control of the snake robot.
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In the direction following problem, the control objective is to regulate the
linear velocity vector of the snake robot to a constant reference while guar-
anteeing boundedness of the system states. Furthermore, in the maneu-
vering problem, the control objective is to make the robot converge to a
geometric path, and to move along the path according to a desired ve-
locity profile. Using the VHC method, we stabilize the solutions of the
dynamics of the robot to a constraint manifold. The constraint manifold
is defined based on VHC which encode a lateral undulatory gait pattern.
Moreover, this gait pattern is parameterized by the states of two dynamic
compensators which are used to control the forward velocity and orienta-
tion of the robot.

In Chapter 5, we utilize the complex model of the snake robot locomo-
tion in order to address the direction following and maneuvering control
problems. In particular, first we stabilize VHC for the body shape vari-
ables of the system which encode a lateral undulatory gait pattern. The
VHC are composed of a sinusoidal part and an offset term. The sinusoidal
part is employed to induce the lateral undulatory motion and the offset
term is used to reorient the robot in the plane. Furthermore, the VHC are
dynamic in that they depend on the states of two dynamic compensators
which are used in order to control the forward velocity and orientation
of the robot. In particular, using a high-gain feedback on the offset term,
we turn the controlled orientation dynamics of the robot into a singularly
perturbed form, for which we show that the orientation error can be made
arbitrarily small. In addition, we use the frequency of the oscillations of
the snake body, i.e. the frequency of the desired gait pattern, as a virtual
control input which is used to control the forward velocity of the robot.
Using backstepping techniques, we make the forward velocity error arbi-
trarily small and make the normal velocity converge to a small neighbor-
hood of zero. This solves the direction following problem. In order to ad-
dress the maneuvering problem using VHC, we use a hierarchical control
approach based on a reduction theorem for asymptotic stability of dynam-
ical systems presented in [98]. In particular, first we stabilize a constraint
manifold for the robot and then we control the reduced dynamics of the
robot on the constraint manifold using two dynamic compensators. These
dynamic compensators control the forward velocity and the head angle of
the robot to given references. Furthermore, we define the reference head
angle and the reference velocity of the robot such that the convergence of
the path following error to an arbitrarily small neighborhood of the origin
is guaranteed. Extensive numerical simulations are presented which vali-
date the performance of the proposed control strategies.
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Finally, in Chapter 6, we summarize the contributions of the chapters
and present some concluding remarks. Furthermore, we present topics for
possible future works on locomotion control of snake robots.
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CHAPTER

INTRODUCTION

Snake robots are a class of biologically-inspired robots which are built to
emulate the structural characteristics of biological snakes. In general, the phys-
ical structure of snake robots consists of serially connected joint modules which
have the capability of motion in one or more planes, see Figure 1.1. Robust
crawling locomotion in cluttered environments, capability of traversing narrow
terrains due to the slenderness of the body, and the absence of dedicated loco-
motion organs such as legs and wings, are among the interesting characteristics
of biological snakes. Inspired by these properties, during the last four decades
many robotic researchers have attempted to build snake robots which can emu-
late the features of biological snakes. The resulting biologically-inspired robotic
systems, however, pose many interesting challenges both in terms of theoretical
developments and real-time applications. Proposing various methods for over-
coming these challenges has been the subject of many scientific publications
since the 70’s when the first snake robot was built [1], see Figure 1.1. However,
due to the intricacies in the mechanical structure and dynamical behaviour of
snake robots, locomotion control of these robots is still an active and open area
of research. Furthermore, the complexity in the dynamical behaviour of these
systems has enabled this type of robots to serve as a valuable benchmark ex-
ample for validating the effectiveness of many nonlinear control approaches.
Although control problems for snake robots are challenging, the attractive idea
of using these robots for operations where human presence is unsafe or impos-
sible, or where the traditional types of locomotion tools such as wheels and legs
are not effective, has made the snake robot community dynamic and progres-
sive.

In this thesis, motivated by the lack of model-based feedback control strate-
gies for snake robots, we try to bridge the gap between the nonlinear control
theory and applications for these robots. In particular, based on kinematic and
dynamic models of snake robot locomotion, we will employ various nonlinear

1




Characteristics of Snake Robots 2

Figure 1.1: The snake robot ACM III (left), which was the world’s first snake robot
developed by Prof. Shigeo Hirose in 1972. Image source: [1]. The snake robot Uncle
Sam (right) developed at Carnegie Mellon University. Image source: [2]

control design tools, in order to design effective locomotion control strategies
which are verified by formal stability proofs for the corresponding closed-loop
systems. Furthermore, we will validate the proposed control strategies through
extensive numerical simulations and experimental results which are obtained
using a robotic snake.

1.1 Characteristics of Snake Robots

In this section, we investigate some structural characteristics of snake robots,
which are important both for theoretical developments and real-time applica-
tions. Some of the following characteristics have made snake robots an inter-
esting alternative for many applications. However, some of these properties
complicate the locomotion control problems and turn these robots into an inter-
esting benchmark example for theoretical developments on robotic systems.

Small Cross—Section: Snake robots are characterized by a slender body which
enables them to perform tasks in narrow environments. This makes them an
interesting alternative for many practical situations where human presence is
impossible or undesired. Pipeline inspection [3]-[5] and various medical appli-
cations [6]-[9] are examples of areas in which the slender body of snake robots
has made them a potentially useful tool.
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Figure 1.2: The snake robot Kulko (above), developed at the NTNU Snake Robot Lab
for motion in cluttered environments.. The snake robot Wheeko (below), developed at
the NTNU Snake Robot Lab for motion on horizontal and flat surfaces. Image source:
[11]

Hyper-Redundancy: Snake robots are a class of hyper-redundant robots which
are characterized by many degrees of freedom, see [90]. As a result, snake robots
are capable of performing many complicated tasks due to the presence of many
degrees of freedom. Moreover, this hyper-redundancy enables them to keep
mechanical stability even during the failure of some their actuators. However,
the presence of a large number of degrees of freedom complicates the dynamic
behaviour of the system and enlarges the resulting state-space for the dynami-
cal system. This makes the control problem challenging.

Underactuation: Snake robots are a class of underactuated mechanical systems
which are characterized by fewer control inputs than degrees of freedom [15].
In particular, a planar snake robot is underactuated with respect to the orienta-
tion and planar position. The underactuated variables of the system can only
be indirectly controlled, for example by exploiting the coupling terms with the
dynamics of the fully-actuated degrees of freedom of the system. Furthermore,
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motion control of underactuated mechanical systems is an active and open area
of research where there are very few general approaches. As a result, under-
actuated snake robots can be considered as a valuable benchmark example for
theoretical developments on underactuated mechanical systems.

Robust Locomotion: Massiveness in the variety of biological snakes on the
planet arises from the fact that snakes can robustly traverse various terrains.
Mimicking the features of biological snakes, snake robots can robustly locomote
on unstructured surfaces and cluttered environments. This superior property
of snake robots has made them an interesting alternative to traditional wheeled
and tracked locomotion systems, which might get tangled up in irregularities
in the terrain.

Vehicle-Manipulator Properties: Snake robots have the capability of being used
both as a vehicle, i.e. they can transport objects from one point to another point,
and as a robotic manipulator. The problem of mobile manipulation can be bro-
ken down into three sub-problems [10]: 1) the robot moves from its initial con-
figuration to a configuration close to the target object, 2) the robot grasps the
object, 3) the robot moves (holding the object) to another configuration which
places the object into its goal configuration. Due to mobility and manipulability,
snake robots are capable of effectively performing all these steps. This simul-
taneous vehicle-manipulator property has made them an interesting potential
agent for many real-time applications.

1.2 Biological Snakes

Snake robots are a class of biologically-inspired robots, i.e. they are built to
emulate the features of biological snakes. In particular, snake robots are in-
spired by structural characteristics of biological snakes, which enable them to
robustly traverse various challenging terrains which might be inaccessible for
many other types of traditional wheeled and legged based locomotion systems.

Throughout this thesis, we derive many parts of our design approaches for
locomotion control of snake robots based on biological observations. Conse-
quently, in this section we briefly review the unique characteristics of biological
snakes. The materials presented here are based on [1], [11], and [12].

1.2.1 Anatomy of Snakes

The skeletal structure of snakes is in general composed of vertebrae, ribs, and a
skull, see Figure 1.3. Snakes have between 130 to 500 vertebrae, and the ribs are



5 Biological Snakes

Figure 1.3: The skeleton of biological snakes consists of vertebrae, ribs, and a skull.
Image source: www.shutterstock.com

attached to each side of every vertebra in order to protect the internal organs of
the animal. The vertebrae constitute a column along the body of snakes, and the
spinal cord runs through a channel along this column. The primary function of
the spinal cord is to transmit neural signals between the brain and the rest of
body. Vertebral column protects the spinal cord.

The neighbouring vertebrae are connected to each other and can perform
quite limited relative rotation (about 10°to 20°about the vertical axes and a few
degrees about the horizontal axes). However, the sum of all these small rota-
tions along the snake body gives a superior flexibility to the animal motion.

Snakes use their muscles for periodic body shape changes which lead to
locomotion. In particular, the muscles are diagonally arranged along each side
of the snake’s body, and their terminals are attached to the ribs. These muscles
often connect distant ribs, and sometimes adjacent ribs. Such as other animals,
snakes use contraction and relaxation of these muscles in order to gain different
motion patterns. We discuss these patterns in the next subsection.

The snake body is covered by a skin that is completely coated by scales
which are actually the thickened parts of the skin, see Figure 1.4. When the
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Figure 1.4: The skin of biological snakes is covered by scales. Image source:
www.photography.nationalgeographic.com

snake moves on rough terrains, the scales protect the skin from cutting and
tearing. Furthermore, the scales on the skin play a fundamental role in snake
locomotion by providing anisotropic friction properties, i.e. the friction in the
tangential direction of the body is smaller than the friction in normal direction.
Studies of biological snakes and simulation studies have shown the importance
of this anisotropy in the locomotion of the snakes. In particular, in [28] experi-
mental studies on frictional characteristics of biological snakes skin shows that
the friction coefficient in the tangential direction of the body is smaller than
the friction coefficient in the normal direction. In case of snake robots, in [11]
it is shown that a snake robot which is subject to isotropic friction forces, i.e.
equal friction forces in the tangential and the normal direction of the links of
the robot, is not controllable. Consequently, we consider this anisotropic fric-
tion property as a fundamental assumption for the control designs which are
presented throughout this thesis.

1.2.2 Gait Patterns for Biological Snakes

Such as other animals, snakes use periodic movement of the limbs in order to
achieve locomotion in the plane. These periodic body motions are known as the
"gait pattern”, and are among the diverse and elegant characteristics of each
animal, e.g. walking, running, and galloping. Similar to other animals, snakes
employ different types of locomotion patterns according to the characteristics
of the environments which they are moving in, e.g. a narrow environment or
a sandy surface, or based on the situation that the animal is experiencing, e.g.
preying, searching. In particular, snake robots use the following gait patterns:

o Lateral Undulation: This is the most common locomotion pattern among
biological snakes, see Figure 1.5. During lateral undulation, which is also
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Figure 1.6: Concertina locomotion. Image source: The Encyclopaedia of Snakes [12]

known as serpentine crawling, continuous waves are propagated back-
ward along the snake body from head to tail [1]. While these waves are
travelling along the snake body, the animal pushes the sides of its body
against the irregularities of the surface, and consequently moves forward.
Lateral undulation provides the fastest type of locomotion among biologi-
cal snakes. As noted in e.g. [1], each part of a snake body which is moving
based on lateral undulation follows the path traced out by the head.

e Concertina Locomotion: This type of locomotion pattern is often used for
narrow spaces where the possible range of motion is small. The motion is
carried out by first extending the front part of the body forward while the
back part is curved several times to provide an anchor against the narrow
environment [11]. Once the front part of the snake body is completely ex-
tended, it is then similarly employed to provide an anchor so that the back
part of the snake body can be drawn up. The same pattern gets repeated,
see Figure 1.6.

e Sidewinding: This type of locomotion pattern is often used by the snakes
which live on sandy terrains, e.g. desert snakes. Roughly speaking, the
sidewinding motion consists of two parts. In the first part, the snake raises
and moves the front part of its body sideways, while the back part pro-
vides an anchor against the ground, until the front part is again on the
ground. In the second part, the front part provides an anchor against
the ground and the back part is raised and moves sideways. During
sidewinding, the snake moves at about 45°with respect to its heading and
leaves a trail of characteristic marking in the sand [11], see Figure 1.7.
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Figure 1.8: Rectilinear Crawling. Image source: The Encyclopaedia of Snakes [12]

o Rectilinear Crawling: In this type of locomotion pattern, the snake em-
ploys the edges of the scales which are located on the underside of its body
as anchor points in order to propel itself forward on an almost straight
line, see Figure 1.8. The operation consists of stretching forward and hook-
ing the edges of the scales over small irregularities, then pulling the body
up to this point [11]. Other parts of the body will perform this pulling and
stretching action simultaneously as well. This type of locomotion pattern
is often used by the snakes which have a heavy body, or in general by
snakes during their approach to a prey to avoid altering it.

1.3 Preliminary Remarks and Literature Review

In this section, we review some of the most important and relevant literature
on snake robots. Early empirical and analytical studies of biological snake loco-
motion were presented in the 1940’s by Gray [13]. Since the 1970’s, a significant
amount of scientific results have been published, which have investigated snake
robots and similar multi-link robotic systems, e.g. eel like or underwater snake
robots. Consequently, in order to present an efficient literature review for snake
robots, first we need to categorize these robots to some sub-classes.

In general, based on the kinematics and dynamics, snake robots can be cat-
egorized into two classes; snake robots which are subject to nonholonomic ve-
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locity constraints, and snake robots which are not subject to any nonholonomic
velocity constraint. Motion control of both classes of snake robots has been con-
sidered in several previous works. Furthermore, many previous works have
derived controllers for snake robots based on various control approaches. How-
ever, due to complexities in the dynamical behaviour of snake robots and un-
deractuation, very few works have presented formal stability proofs for the
closed-loop systems. As a result, a majority of the previous works have val-
idated their controllers using numerical simulations or by performing experi-
ments on robotic snakes.

1.3.1 Holonomic versus Nonholonomic Constraints

In this subsection, based on [14], we briefly review the concepts of holonomic
and nonholonomic constraints for mechanical systems. In particular, the motion
of the constrained mechanical systems is subject to constraints that may arise
from the structure of the mechanism, or from the way in which it is actuated
and controlled [14].

Consider a mechanical system with the configuration vector ¢ representing
the configuration space Q, which is an n—dimensional smooth manifold locally
diffeomorphic! to the n-dimensional Euclidean space R™. We denote a trajec-
tory in the configuration space as ¢(t) € Q. The vector of the generalized veloc-
ities is given by ¢ which takes values in the tangent space 7;,Q. For this system,
the motion restrictions can be represented by time-independent equality con-
straints of the form

hi(g) =0, i=1,....k<n (1.1)

where h; : @ — R are smooth functions, which are called holonomic con-
straints. In general, these constraints are introduced to mechanical systems
through physical connections between different parts. A mechanical system
whose constraints are all holonomic, is called a holonomic system [14]. These
constraints confine the attainable configurations of the system to an (n — k)—
dimensional submanifold of Q. As a result, the configuration of the system on
this submanifold can completely be described by (n — k) variables which are
called degrees of freedom of the system.

Another type of constraints for mechanical systems can be described by ve-
locity dependent equalities of the form

a;(¢,4) =0, i=1,....k<n (1.2)

1There is a smooth and invertible function which maps one smooth manifold to another and
the inverse of this function is smooth as well.
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where a; : TQ — R" are smooth and linearly independent vector-valued func-
tions, which are called kinematic or velocity constraints. These constraints will
limit the admissible motions of the system by restricting the set of generalized
velocities that can be attained at a given configuration [14]. Velocity constraints
are typically represented in the Pfaffian form, i.e. linear in the generalized veloc-
ities, as

a()’¢g=0, i=1,....,k<n (1.3)

Consider a single velocity constraint in the following Pfaffian form
a’(q)g=0 (1.4)

We call (1.4) a nonholonomic constraint, if it is not integrable into the holo-
nomic form (1.1). Nonholonomic constraints affect the instantaneous mobility
of the system, but they do not reduce the number of the generalized coordinates.

The class of snake robots that we consider throughout this thesis are not
subject to nonholonomic velocity constraints.

1.3.2 Underactuated Mechanical Systems

The main reason that makes locomotion control problems for snake robots chal-
lenging is the underactuation. An underactuated robot is a robot with fewer
actuators (control inputs) than the number of variables describing its configura-
tion (degrees of freedom) [15]. In general, underactuation may arise due to the
following reasons, see [16]:

e Dynamics: The way in which control forces and torques affect the motion
of the system, i.e. the dynamics of the system. For example, ships, aircraft.

e Design: Presence of flexible components such as gearboxes and springs
in the physical structure of a mechanical system makes it underactuated.
Furthermore, special designs for reducing weight, cost, or energy con-
sumption can make the system underactuated.

o Actuator Failure: If throughout an operation, the robot loses one or some
of its actuators, then the robot can turn into an underactuated system.

e Benchmark Example Robots used for Research: Some robots are artifi-
cially made underactuated, and are used as benchmark examples for the-
oretical developments on underactuated control systems theory. Robots
such as underactuated multi-link pendulums, Pendubot, Acrobot, and
Cart-Pole are examples of these underactuated systems.
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The underactuation leads to a constraint that can be described by acceleration
dependent equalities of the form a;(q, ¢, §) = 0. Underactuated systems are thus
also denoted second-order nonholonomic systems. The complexity of control-
ling underactuated mechanical systems is often associated with the fact that it
is challenging to find an appropriate feedback transform and a change of co-
ordinates to rewrite the dynamics in a linear format [103]. An N-link planar
snake robot which moves on a horizontal and flat surface, and is not subject to
nonholonomic velocity constraints, has (N + 2) degrees of freedom. However,
only (N — 1) of these degrees of freedom are directly and independently actu-
ated by motors which are mounted on the joints of the robot. Consequently,
a planar snake robot without nonholonomic velocity constraints has three de-
grees of underactuation. In particular, the position of the center of mass and the
orientation represent the underactuated degrees of freedom of the snake robot.

1.3.3 Snake Robots with Nonholonomic Velocity Constraints

The majority of previous works on snake robot control consider snake robots
with nonholonomic velocity constraints, which is inspired by the world’s first
snake robot developed in 1972, see [1]. The nonholonomic constraints are in
the form of sideslip constraints on the links of the robot, i.e. where each link is
constrained from moving sideways, and are usually introduced to the system
by installing passive wheels along the body of the robot, see Figure 1.9. These
constraints allow the control input to be specified directly in terms of the de-
sired propulsion of the snake robot, something which is employed in [19]-[21]
for computed torque control of the position and heading of snake robots with
nonholonomic velocity constraints. In [22]-[24], by using tools from differential
geometry it is shown how the sinusoidal inputs can induce forward propulsion
on snake robots, and also the controllability properties of snake robots with
passive wheels are investigated. In [25] and [33], position and path follow-
ing controllers are proposed for the case where some, but not all, of the snake
robot links are subject to sideslip constraints. These constrained links can be
lifted from the ground, which gives the system more degrees of freedom that
can be utilized to follow a trajectory while simultaneously maintaining a high
manipulability. Similar approaches are considered in [26], where strategies for
sinus-lifting during the lateral undulatory motion are proposed. In [27], a path
following controller for a snake robot with nonholonomic velocity constraints
is proposed, and Lyapunov analysis is employed in order to analyze the con-
trolled system. In [29], a continuum dynamic model of a 3D snake robot is
derived, where the snake is modelled as a continuous curve that cannot move
sideways. In [30]-[32], path following controllers for snake robots with passive
wheels which move based on lateral undulation are proposed. In particular,
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these controllers are derived based on minimizing the lateral constraint forces
on the wheels of the robot. Path following controllers for wheeled snake robots
which are derived using Lie bracket calculations and controllability analysis
are proposed in [34]-[35]. In [36], a biomimetic approach which is based on
the central pattern generator (CPG), i.e. a rhythmical motion generator that can
generate self-induced oscillations, is proposed. Moreover, it is shown that the
locomotion curvature of the robot and the motion velocity can be changed by
adjusting the CPG parameters, and the theoretical results are validated using a
wheeled snake robot.

Remark 1.1 The common approach that is used for locomotion control of snake robots
with nonholonomic velocity constraints is to employ the constrains to establish a con-
nection between the internal body shape changes and the resulting locomotion of the
robot, see e.g. [19,27,30,32,33]. Such approaches are the only known approaches for
motion control of wheeled snake robots which infer some formal and model-based con-
clusions on the motion of the robot [37]. In particular, snake robots with passive wheels
can be controlled at a kinematic level, i.e. control inputs can be derived in the form
of time-differentiable velocities using the connection between the shape changes and
locomotion. Note that even in this case the actual control inputs of the snake robots
are accelerations which are obtained by time-differentiation of the velocities. Moreover,
many of the previous works on wheeled-snake robots use numerical simulations and
experiments for validating their control approaches, i.e. instead of presenting formal
mathematical stability proofs.

1.3.4 Snake Robots without Nonholonomic Velocity
Constraints

Locomotion control of snake robots without nonholonomic velocity constraints
is only considered in a few previous works. This class of snake robots includes
wheel-less snake robots, for which the locomotion mechanisms are more similar
to biological snakes, see e.g. [11]. Furthermore, wheel-less snake robots are in-
teresting for traversing even more challenging environments where the passive
wheels may slip or get tangled up in irregularities in the terrain.

In the previous subsection we stated that snake robots with passive wheels
can be controlled at a kinematic level. However, snake robots without nonholo-
nomic velocity constraints should be controlled in a dynamic level. In partic-
ular, due to the absence of passive wheels, i.e. lack of nonholonomic velocity
constraints, there is no established connection between the body shape changes
and the resulting locomotion of the center of mass of the robot. This can com-
plicate the control design.
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In [39], a control strategy is proposed for sinus-lifting during lateral undu-
lation by solving a quadratic optimization problem. In [40], chain fitting and
wave extraction are used in order to generate a variety of rolling and sidewind-
ing gaits. Annealed chain fitting efficiently maps a continuous backbone curve
describing the 3D shape of the robot by a set of joint angles, while wave extrac-
tion makes the joint angles fit to a sequence of backbone curves and identifies
parameterized periodic functions that produce those sequences. Together, they
allow a gait designer to conceive a motion in terms of three-dimensional shapes
and translate them into easily manipulated wave functions [40]. In [41], path
following control of swimming snake robots is achieved by moving the joints
according to a predetermined gait pattern while introducing an angular offset
in each joint to steer the robot to some desired path, i.e. controls the orientation.
Methods based on numerical optimal control are considered in [42] for deter-
mining optimal gaits during positional control of snake robots. In [43], numer-
ical simulations are used to study the properties of lateral undulation that are
related to the optimality of motion of the snake robot. In [44] cascaded systems
theory is employed to achieve path following control of a snake robot described
by a simplified model. In this simplified model of the snake robot, the motion of
the links is approximated as translational motion instead of rotational motion,
an approximation which is valid for small joint angles. Also it is shown that by
controlling the orientation of the robot to a reference angle defined by a Line-
of-Sight guidance law, the robot converges to and follows a desired straight
path. In [45], controllability and stability analysis of planar snake robot loco-
motion is considered, and the stability results for a path following controller
based on numerical investigations using Poincaré maps are presented. All the
above works consider snake locomotion on flat surfaces. In [91], averaging the-
ory is employed to investigate the velocity dynamics of the snake robot during
lateral undulatory motion, and to show that the average forward velocity will
converge exponentially to a steady state value.

1.3.5 Snake Robots in Cluttered Environments

The idea of obstacle-aided locomotion [46] of snake robots, which is based on
actively utilizing external objects to move forward in cluttered environments
and on irregular surfaces, has been considered in several papers. In partic-
ular, in [46]-[49], hybrid dynamical models of obstacle-aided locomotion of
snake robots are presented. Hybrid dynamical systems are a class of dynam-
ical systems which contain both continuous and discontinuous state evolution,
i.e. the state variables can both flow and jump, see e.g. [50]. A hybrid model
of snake robot locomotion based on a timestepping method, i.e. without track-
ing discrete events, is presented in [46]. In [47], a shape curve-based approach
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Figure 1.9: The snake robot ACM R3 (above) developed at Tokyo Institute of Technol-
ogy. The robot is covered with passive wheels. Image source: [17]. The snake robot
ACM R5 (below) developed at Tokyo Institute of Technology. The robot is covered by
passive wheels and can swim under water. Image source: [18]

to obstacle aided locomotion is presented where new push-points for robot-
obstacle contact are identified online and a corresponding robot shape curve
is calculated. A hybrid model derived based on event-tracking is presented in
[48], where also a hybrid control strategy employing measured contact forces
is proposed which can maintain propulsion while simultaneously preventing
the snake robot from getting jammed between obstacles. The results of [48] are
experimentally validated in [49]. A curve fitting algorithm is proposed in [51],
which determines the shape of the robot with respect to obstacles in the environ-
ment. Moreover, this shape is propagated backwards along the snake body and
this pushes the robot forward. Among the first works on snake robot control in
cluttered environments, in [1] an obstacle avoidance strategy is proposed that
modifies the shape of a snake robot based on contact force measurements along
the snake body to avoid obstacles. In [52], compliant locomotion that adapts
automatically to the robot’s surrounding terrain, is achieved by controlling the
torques exerted by the joints of the robot.
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Figure 1.10: The snake robot Mamba (above) developed at NTNU. The robot is
equipped with contact force sensors along its body. Image Source: [38]. The Snake
Arm (below) without passive wheels, which is a holonomic mechanical system. Image
courtesy of OC Robotics, www.ocrobotics.com.

Figure 1.11: Snake robots can be used for pipeline inspections (left). The snake robot
PIKo (right) developed for pipeline inspection. Image source: www.robotnor.com
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Figure 1.12: Snake robots can be used for fire fighting. Image source: [11].

Figure 1.13: The snake robot Anna Konda developed at NTNU for fire fighting oper-
ations. Image source: [11]
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Figure 1.14: Due to their structural flexibility, snake arms can be used for inspection
tasks where human presence is unsafe or unwanted. Image courtesy of OC Robotics,
www.ocrobotics.com.

Figure 1.15: Snake robots can be used for pipeline inspections. Image: Jiuguang Wang
[58] (below), and D. Rollinson [2] (above)
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1.3.6 Real-Time Applications of Snake Robots

The unique characteristics of snake robots which were discussed in Section 1.1,
such as the small cross section, hyper redundancy and high flexibility of the
body that can be bent in one or more planes, have made these robots an excellent
alternative agent for many real-time applications. In particular, many previous
works focus on fire fighting, search and rescue, medical, pipeline inspection,
and other industrial applications of snake robots.

For fire fighting applications, the idea is to build a self-propelled robotic
fire hose which is inspired by biological snakes that can crawl into a burning
building and extinguish a fire on its own without exposing human fire fighters
to risk. The resulting robotic system works based on being connected to a sta-
tionary water supply through a flexible hose [53], see Figures 1.12-1.13. In [55],
a control algorithm and design of a pipe crawling robot which can be used for
the purpose of earthquake rescue and pipeline maintenance is presented. This
robot is designed such that it can intelligently change its body shape in order to
fit the pipe or tunnel-like voids within rubble.

Snake arm robots, i.e. snake robots mounted on a mobile base, see Figure
1.14, are a class of hyper-redundant manipulators which are basically charac-
terized by their ability to navigate through complex and narrow environments.
In [56], a sequential quadratic programming optimization approach is used to
minimize a set of changes to the configuration of the snake arm that allows the
robot to follow a desired trajectory with minimal error. In [57] and [67], design
and control of a mobile hyper-redundant urban search and rescue robot in the
form of an snake arm is considered. This system is capable of inspecting areas
reachable by the mobile base, besides unreachable areas such as small cracks
and pipes, using the camera and sensors mounted on its end-effector. Cooper-
ation between dogs and snake robots for urban search and rescue missions is
considered in [68].

Medical applications of snake robots and snake arms are reported in some
previous works. In [59]-[62], image-guided surgery using snake robots and
snake arms are considered. Open heart surgery using a snake robot is reported
in [63]. In [64]-[65], the small-cross section and superior flexibility of snake
robots are used for applications in minimally invasive surgeries. In [66], using
Lie algebra, an algorithm for accurate estimation of the shape of a snake robot
inside the body relative to the organs is presented.

Among various potential applications of snake robots in industry, the most
relevant one is probably pipeline inspection, where the slenderness and high
flexibility of the snake robot body is crucial, see Figure 1.15. Researchers at
NTNU have developed a prototype named PIKo [69]-[71], see Figure 1.11, which
is a robot with several identical joint modules that are equipped with motor-
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ized, i.e. active, wheels. The system is designed to handle complex pipe net-
work structures with corners, T-joints, vertical branching and varying diame-
ter. In [72], a method of estimating a snake robot’s motion inside and outside
of straight pipes is presented which only uses the measurements of the robot’s
joint angles. This is done by introducing an approach to constructing a body-
fixed frame for the robot which is aligned with the centerline of the straight
pipe. In [73]-[74], pipe navigator snake robots are developed which employ
planar sinusoidal gaits for moving through pipelines. In [75], development of
an autonomous in-pipe robot is presented which performs online ultrasonic in-
spection for pipe wall thickness, in order to find the location of defect. In [76],
a compliant controller for straight pipes is presented which allows the robot to
automatically adapt to the shape of its environment while doing pipe naviga-
tion. The results of [76] are expanded in [5] to complex pipe networks where the
compliant controller estimates the overall state of the robot in terms of the pa-
rameters of a gait. The controller then commands new gait parameters relative
to that estimated state.

1.4 Scope of the Thesis

The following subjects form the scope of the research work that is presented in
this thesis.

1.4.1 Motion on a Planar and Flat Surface

Throughout this thesis, we consider modelling and locomotion control of snake
robots which move on a horizontal and flat surface. Although snakes in general
move in 3D space, however, the essential principles of locomotion control of
snake robots can be captured in 2D space. Furthermore, the locomotion of snake
robots in 3D consists of a combination of link oscillations in a vertical and a
horizontal surface.

1.4.2 Locomotion without Nonholonomic Velocity Constraints

The long-term goal of this project is to realize broad applications of snake robots
in real-life. These applications mostly include using snake robots in unstruc-
tured environments where the surfaces are not flat. Consequently, in this thesis,
we focus on locomotion control of snake robots without passive wheels, i.e.
without nonholonomic velocity constraints, for which the links can move side-
ways. The application of this class of snake robots thus opens up important step
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further towards real-time applications. Only few previous works have investi-
gated locomotion control problems for this type of snake robots.

1.4.3 Model-based Locomotion Feedback Control

As we stated before, the main objective of this thesis is to contribute to devel-
opment of model-based feedback control design for snake robots. In particular,
based on kinematic and dynamic models of the snake robot locomotion, we
derive solutions for various locomotion control problems, and we present for-
mal stability proofs for the closed-loop systems. In particular, for the class of
snake robots that we consider in this thesis, there have been few model-based
feedback control designs presented so far. Motivated by the lack of analytical
control approaches relying on formal stability proofs, in this thesis we develop
feedback control approaches that are both verified through model-based analy-
sis and simulations plus experiments.

1.4.4 Locomotion based on Lateral Undulation

Throughout this thesis, we will use lateral undulatory locomotion as the de-
sired motion pattern for the snake robot. In particular, after stabilizing this gait
pattern which leads to forward locomotion, we will use the gait parameters as
additional control terms which are used in order to achieve additional control
objectives, e.g. orientation and velocity control. This gait pattern is the most
common form of locomotion among biological snakes. Inspired by this biologi-
cal observation, we base the control designs on this type of snake locomotion.

1.5 Contributions of the Thesis

We titled this thesis as “Model-based Locomotion Control of Underactuated Snake
Robots”. As the title describes, the main objective of this thesis is to contribute to
further theoretical developments of locomotion control theory for snake robots
based on the dynamic model of the system. Following this main goal, we have
made several contributions to snake robot control that are described in details
below.

Chapter 2

Topic: We derive the dynamic model of the snake robot locomotion which is
used to carry out model-based feedback control design in the subsequent chap-
ters.
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Contributions: In Chapter 2, we present three different dynamic models of
snake robot locomotion. The derivation of the first and the second model are
among the contributions of this thesis. However, the third model which rep-
resents a simplified kinematic and dynamic model of the snake robot, is pre-
viously derived in [11]. In particular, the first contribution of the chapter is to
derive a dynamic model of the snake robot that describes the motion of the sys-
tem in a Lagrangian framework. Using the Lagrangian function, we derive the
equations of motion in the standard second-order form. Furthermore, we inte-
grate the effects of anisotropic friction forces acting on the system by using the
Jacobian matrices of the center of mass of the links. The second contribution of
this chapter is to derive the equations of motion of the snake robot using the
techniques of differential geometry. In particular, using the Riemannian metric,
Christoffel symbols, and Jacobian matrices of the links, we derive the natural
representation of the equations of motion of the robot. Moreover, we add the ef-
fects of parametric modelling uncertainties to these equations. In addition, we
use partial feedback linearization to write this model in a form which is more
amenable to model-based control design.

Chapter 3

Topic: In Chapter 3, we present body shape and orientation controllers which
induce path following on the robot.

Contributions: The first contribution of this chapter is to design a body shape
and orientation controller for the snake robot through a dynamic feedback con-
trol law. In particular, we control the body shape variables which define the
internal configuration of the robot to a desired lateral undulatory gait pattern,
and we choose the gait parameters using a dynamic compensator which con-
trols the head angle of the robot to a reference head angle defined by a path
following guidance law. The second contribution of this chapter is to design a
robust body shape and orientation controller for the snake robot using sliding
mode techniques. In particular, we stabilize sliding surfaces for the solutions of
the joints and the head angle dynamics using sliding mode control techniques,
which guarantee that the body shape and orientation control objectives for the
robot are achieved even in the presence of strong nonlinear terms arising due
to parametric modelling uncertainties. The third contribution of this chapter is
to design a dynamic feedback control law for the body shape and orientation
of the robot which guarantees the uniform boundedness of the states of the dy-
namic compensator which controls the head angle of the robot. In particular,
the proposed control strategy controls the internal configuration of the robot
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according to a desired lateral undulatory gait pattern, and the head angle of the
robot in accordance with a reference angle provided by a path following guid-
ance law. Using numerical simulations and experiments with a robotic snake,
we show that the proposed control strategies in this chapter make the snake
robot converge to and follow a desired geometric path.

Chapter 4

Topic: In Chapter 4, we address various locomotion control problems based on
a simplified model of the snake robot.

Contributions: The first contribution of this chapter is to propose a direction
following controller which is derived based on a simplified model of the snake
robot locomotion. In particular, we solve the direction following control prob-
lem using the method of virtual holonomic constraints. In this method, we first
stabilize the solutions of the dynamics of the body shape variables to a con-
straint manifold. This manifold is defined based on the well-known reference
joint angle trajectories introduced in [1], which induce lateral undulatory lo-
comotion on snake robots. Afterwards, we evaluate the dynamic of the robot
on the exponentially stable constraint manifold where we use the gait param-
eters as two additional control terms which regulate the forward velocity and
orientation of the robot to constant references. The second contribution of this
chapter is a model-based solution to maneuvering control problem for the snake
robot using the method of virtual holonomic constraints. In particular, we sta-
bilize a constraint manifold for the body shape variables of the robot, and we
employ two dynamic compensator which control the orientation and position
of the robot on this manifold. Moreover, we control the orientation to a ref-
erence time-varying angle defined by a path following guidance law, and we
utilize the frequency of the body oscillations, i.e. the gait pattern, as an addi-
tional control term in order to control the position of the robot along a desired
path, and consequently we solve the maneuvering control problem. Extensive
numerical simulations are presented which validate the theoretical control de-
sign approach.

Chapter 5

Topic: In Chapter 5, we address various locomotion control problems based on
a complete dynamic model of the snake robot, which does not require the sim-
plifying assumptions on the model used in Chapter 4.

Contributions: The first contribution of this chapter is to design a direction
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following controller based on the complete dynamic model of the snake robot,
which regulates the head angle and forward velocity of the robot to constant
references. The second contribution of this chapter is to solve the maneuvering
control problem for the snake robot based on the complete dynamic model. In
particular, using the method of virtual holonomic constraints we stabilize a con-
straint manifold for the body shape variables, and we control the reduced dy-
namics of the system evaluated on the constraint manifold using two dynamic
compensators. The maneuvering control problem is solved for general contin-
uously differentiable curved paths. Extensive simulation results are presented
which validate the theoretical approach.

Publications

The materials presented in this thesis are based on several conference and jour-
nal papers which are listed below.

e E. Rezapour, P. Liljebdck, “Path Following Control of a Planar Snake
Robot with an Exponentially Stabilizing Joint Control Law”, in Proc.
IAV 2013 - IFAC Symposium on Intelligent Autonomous Vehicles, Vol. 8,
Part 1, pp. 28-35, Gold Coast, Australia, June 2013.

This paper considers the problem of path following control of a planar
snake robot without sideslip constraints. We use Lagrangian mechanics to
derive the dynamical equations of motion of the system. The possibility of
controlling the orientation of the robot in the absence of external dissipa-
tive forces is investigated. An exponentially stabilizing joint control law
for the directly actuated shape variables of the robot is presented. We ana-
lytically design a guidance-based path following control law for the snake
robot, and we show that the trajectories of the heading error dynamics are
ultimately bounded with a bound that can be made arbitrarily small. The
efficiency of the control design is shown with numerical simulations.

e E. Rezapour, K. Y. Pettersen, P. Liljebédck, and J. T. Gravdahl, “Path Fol-
lowing Control of Planar Snake Robots Using Virtual Holonomic Con-
straints”, in Proc. 2013 IEEE International Conference on Robotics and
Biomimetics (ROBIO 2013), pp. 530-537, Shenzhen, China, Dec. 12-14,
2013.

This paper considers path following control of planar snake robots using
virtual holonomic constraints. We first derive the Euler-Lagrange equa-
tions of motion of the snake robot. Moreover, we integrate the effects
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of friction forces into these equations. Subsequently, we define geomet-
ric relations among the generalized coordinates of the system, using the
method of virtual holonomic constraints. These appropriately defined
constraints shape the geometry of a constraint manifold for the system,
which is a submanifold of the configuration space of the robot. In par-
ticular, we show that the constraint manifold can be made invariant by a
suitable choice of feedback. Furthermore, we analytically design a smooth
feedback control law to render the constraint manifold exponentially sta-
ble for the controlled system. We show that enforcing the appropriately
defined virtual holonomic constraints implies that the robot converges to
and follows a desired geometric path. Numerical simulations are pre-
sented to support the theoretical design.

e E. Rezapour, K. Y. Pettersen, P. Liljebdck, and J. T. Gravdahl, “Differen-
tial Geometric Modelling and Robust Path Following Control of Snake
Robots Using Sliding Mode Techniques”, in Proc. IEEE International
Conference on Robotics and Automation (ICRA 2014), Hong Kong, China,
31 May -5 June, 2014.

This paper considers straight line path following control of wheel-less
planar snake robots using sliding mode techniques. We first derive the
Poincaré representation of the equations of motion of the robot using the
techniques of differential geometry. Furthermore, we use partial feedback
linearization to linearize the directly actuated part of the system dynam-
ics. Subsequently, we propose an analytical solution to the robust path
following control problem in two steps. In the first step, we use sliding
mode techniques to design a robust tracking controller for the joints of the
robot to track a desired gait pattern. In the second step, we stabilize an
appropriately defined sliding manifold for the underactuated configura-
tion variables of the robot, thereby guaranteeing convergence of the robot
to the desired straight path. The paper presents simulation results which
validate the theoretical approach.

e E. Rezapour, K. Y. Pettersen, J. T. Gravdahl, and P. Liljeback, “Body Shape
and Orientation Control for Locomotion of Biologically-Inspired Snake
Robots”, in Proc. 5th IEEE RAS/EMBS International Conference on Biomed-
ical Robotics and Biomechatronics (BioRob 2014), Sdo Paulo, Brazil, Aug.
12-15, 2014.

This paper considers guidance-based motion control of planar snake robots
using a dynamic feedback control law. We first present the Euler-Lagrange
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equations of motion of the robot. Subsequently, we introduce a dynamic
feedback control law for the joints of the robot to track a desired gait pat-
tern. This tracking control law depends on the time evolution of the state
variables of a dynamic compensator which is used for controlling the ori-
entation of the robot. In particular, we employ the dynamic compensator
to practically stabilize a reference head angle defined by a Line-of-Sight
path following guidance law. Using an input-output stability analysis, we
show the uniform boundedness of the solutions of the controlled system.
Furthermore, we use a perturbation analysis to show that the orientation
error is ultimately bounded by an arbitrarily small bound. Simulation re-
sults are presented to validate the theoretical results.

E. Rezapour, A. Hofmann, K. Y. Pettersen, A. Mohammadi, and M. Mag-
giore, “Virtual Holonomic Constraints Based Direction Following Con-
trol of Snake Robots Described by a Simplified Model”, in Proc. 2014
IEEE Multi-Conference on Systems and Control (IEEE MSC 2014), An-
tibes, France, Oct. 8-10, 2014.

This paper considers direction following control of planar snake robots for
which the equations of motion are described based on a simplified model.
In particular, we aim to regulate the orientation and the forward velocity
of the robot to a constant vector, while guaranteeing the boundedness of
the states of the controlled system. To this end, we first stabilize a con-
straint manifold for the fully-actuated body shape variables of the robot.
The definition of the constraint manifold is inspired by the well-known
reference joint angle trajectories which induce lateral undulatory motion
for snake robots. Subsequently, we reduce the dynamics of the system to
the invariant constraint manifold. Furthermore, we design two dynamic
compensators which control the orientation and velocity of the robot on
this manifold. Using numerical analysis and a formal stability proof, we
show that the solutions of the dynamic compensators remain bounded.
Numerical simulations are presented to validate the theoretical design.

E. Rezapour, A. Hofmann, and K. Y. Pettersen, “Maneuvering Control of
Planar Snake Robots Based on a Simplified Model”, in Proc. 2014 IEEE
International Conference on Robotics and Biomimetics (ROBIO 2014), Bali,
Indonesia, Dec. 5-10, 2014.

This paper considers maneuvering control of planar snake robots, for which
the equations of motion are described based on a simplified model. In par-
ticular, we aim to stabilize a desired straight line path for the position of
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the center of mass of the robot, and to regulate the forward velocity of
the robot along the path to a constant reference velocity. In order to solve
this problem, we first stabilize a desired gait pattern for the fully-actuated
body shape variables of the robot. Furthermore, we choose the parameters
of this gait pattern by means of two dynamic compensators which control
orientation and position of the robot in the plane. In particular, by solving
the maneuvering problem, we control the body shape, orientation, and
planar position of the robot.

e A. Mohammadi, E. Rezapour, M. Maggiore, and K. Y. Pettersen, “Direc-
tion Following Control of Planar Snake Robots Using Virtual Holo-
nomic Constraints”, in Proc. 53rd IEEE Conference on Decision and Con-
trol (CDC 2014), Los Angeles, CA, Dec. 15-17, 2014.

This paper investigates the problem of direction following for planar snake
robots. The control objective is to regulate the linear velocity vector of the
snake robot to a constant reference while guaranteeing boundedness of
the system states. The proposed feedback control strategy enforces vir-
tual constraints encoding a lateral undulatory gait, parametrized by states
of dynamic compensators used to regulate the orientation and forward
speed of the snake robot.

o E. Rezapour, K. Y. Pettersen, P. Liljebéck, J. T. Gravdahl, and E. Kelasidji,
“Path Following Control of Planar Snake Robots Using Virtual Holo-
nomic Constraints: Theory and Experiments”, Robotics and Biomimetics,
SpringerOpen, 1:3, 2014.

This paper considers path following control of planar snake robots us-
ing virtual holonomic constraints. In order to present a model-based path
following control design for the snake robot, we first derive the Euler-
Lagrange equations of motion of the system. Subsequently, we define ge-
ometric relations among the generalized coordinates of the system, using
the method of virtual holonomic constraints. These appropriately defined
constraints shape the geometry of a constraint manifold for the system,
which is a submanifold of the configuration space of the robot. Further-
more, we show that the constraint manifold can be made invariant by a
suitable choice of feedback. In particular, we analytically design a smooth
feedback control law to exponentially stabilize the constraint manifold.
We show that enforcing the appropriately defined virtual holonomic con-
straints for the configuration variables implies that the robot converges to
and follows a desired geometric path. Numerical simulations and exper-
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imental results which are obtained using a robotic snake are presented to
validate the proposed controllers.

A. Mohammadji, E. Rezapour, M. Maggiore, and K. Y. Pettersen, "Maneu-
vering Control of Planar Snake Robots Using Virtual Holonomic Con-
straints”, IEEE Transactions on Control Systems Technology, 2014. Submitted.

This paper investigates the problem of maneuvering control for planar
snake robots. The control objective is to make the center of mass of the
snake robot converge to a desired path and traverse the path with a de-
sired velocity. The proposed feedback control strategy enforces virtual
constraints encoding a lateral undulatory gait, parametrized by states of
dynamic compensators used to regulate the orientation and forward speed
of the snake robot.






Modelling Methods for Snake
Robot Locomotion on
Planar Surfaces

In this chapter, we present various modelling techniques for a planar snake
robot without nonholonomic velocity constraints which moves on a horizontal
and flat surface. Since throughout this thesis, we utilize a variety of model-
based feedback control approaches in order to control the locomotion of the
robot, then it is important to carefully analyse the kinematic and dynamic equa-
tions describing the motion of the robot in the plane. In particular, in this
chapter we present three different techniques for modelling the snake robots
which are not subject to nonholonomic velocity constraints. The first technique
is based on the Lagrangian approach for modelling mechanical systems, which
derives the dynamics describing the motion of the robot in the standard second-
order form. The second technique includes the derivation of the equations of
motion of the robot in a differential geometric framework. Moreover, we inte-
grate the effects of parametric modelling uncertainties into the second model
which will then be used for robust control design in the subsequent chapters.
The third technique, which is previously presented in [11], derives a simpli-
fied kinematic and dynamic model of the snake robot locomotion. We will use
these models in the subsequent chapters for presenting various model-based
feedback control approaches for planar snake robot locomotion.

In particular, the first and the second model of the snake robot locomotion
that we present in this chapter contain the complete characteristics of the non-
linear dynamics of the robot. Thus, we refer to these models as the complex mod-
els of the snake robot. In contrast, however, the third model only contains parts
of the complete model which are essential to overall locomotion of the robot.
We refer to this model of the snake robot where some of nonlinear terms are ap-
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proximated by linear terms as the simplified model of the snake robot. In addition,
for all three models we use the technique of partial feedback linearization in or-
der to write the dynamics in a form which is more amenable to model-based
control designs.

In particular, the following three different models of snake robot locomotion
are be presented in this chapter.

Dynamic Model Derived based on the Lagrangian Approach: The first model of the
snake robot locomotion that we present in this chapter will be derived using
a Lagrangian approach. In particular, based on the Lagrangian function of
the robot, we will derive the Euler-Lagrange equations of motion of the robot.
In contrast with the previous works, which derive the equations of motion of
the snake robot mostly using a Newton-Euler formulation, this Lagrangian ap-
proach is simple to follow and is advantageous for complex systems such as
multi-link robots [86]. However, these equations are naturally equivalent to the
equations of motion which were derived based on a Newton’s second law in
many previous works such as [1] and [11].

Dynamic Model of the Snake Robots which are Subject to Parametric Modelling Un-
certainties: The second model of snake robot locomotion which is presented in
this chapter, includes the effects of nonlinear terms arising due to parametric
modelling uncertainties. In particular, we use the techniques of differential ge-
ometry in order to derive the dynamic equations of motion of the robot, and we
integrate the effects of parametric modelling uncertainties into the model. This
model will be used for robust control design for the snake robot in the subse-
quent chapters.

A Simplified Model of the Snake Robot Locomotion: The third model that we present
in this chapter is previously derived in [11], and will be used in order to design
locomotion control approaches in the subsequent chapters. The main idea be-
hind the simplified model of the snake robot dynamics, which we refer to as the
simplified model, is to map the periodic body shape changes to forward propul-
sion, through mapping the rotational joint motion to translational link displace-
ments, cf. Figure 2.2. Since the translational displacements are in general less
complex than rotational motion, this will simplify the resulting dynamic model
of the robot.

Contributions of this chapter: The first contribution of this chapter is to de-
rive the equations of motion of the snake robot in a Lagrangian framework, i.e.
treating the robot as a whole and performing the analysis using a Lagrangian
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function [86], which is simple to follow and better suited for studying advanced
mechanical phenomena such as elastic link deformations [86], which might be
insightful for future research challenges on snake robots. Moreover, we inte-
grate the anisotropic friction forces into these equations using the Jacobian ma-
trices of the links, which give a straightforward mapping of these forces to the
equations of motion. The second contribution of this chapter is to derive a par-
tially feedback linearized Poincaré representation of the equations of motion
of a snake robot without nonholonomic velocity constraints, which gives a de-
tailed mathematical description of the system’s behaviour that can be used for
analysis and model-based control design. In particular, we believe that formu-
lating the equations of motion of the system in a geometric mechanics setting
can be particularly useful for effectively addressing problems regarding the fun-
damental properties of snake robot locomotion. For instance, it is interesting
both for controllability analysis and motion planning algorithms which are de-
rived based on differential geometric approaches to mechanics, see e.g. [87].
To our best knowledge, the only previous work which derives the dynamic
model of unconstrained snake robots in a geometric mechanics framework is
[88]. However, that work employs general affine differential geometry in con-
trast with the particular Poincaré representation in the present work. Further-
more, we add parametric modelling uncertainties due to changes in the friction
coefficients to this model. We also present a partial feedback linearization of the
resulting model that makes it more suitable for model-based control design.

Organization of this chapter: This chapter is organized as follows. In Section
2.1, we present the kinematics of the snake robot. In Section 2.2, we derive a
complete model of the snake robot locomotion using Lagrangian mechanics. In
Section 2.3, we formulate the equations of motion of the snake robot in a differ-
ential geometry framework. In Section 2.4, we present a simplified model of the
snake robot locomotion.

Publications: The results of this chapter are based on the journal paper [84],
and the conference papers [78] and [79].
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Basic Notations

Following the notation in [11], we make use of the following matrices and vec-
tors in presenting the kinematics and dynamics of the snake robot.

1 1 1 -1
A= € RW-1xN, D= € RW-1xN
1 1 1 -1
T N e Owa 2N'x2
e=[1,...,1] e RY, E= € R2Nx
Onx1 €
e=[1,...,1]" e RN, 0=1[6,...,00]" €RY
sinf = [sinfy, ..., sinfy]" € RN, cosf = [cosby, ..., cosOy]" € RN
Sp = diag(sinf) € RNV, Cy = diag(cosf) € RV*N
)2 )2 )2 T N T N-1
f :[917...,9N] € RV, b=10,...,0,1]" e R
11 1]
1
0o 1 ... 1
H= eRMWV-D Ty = ! € RVN
0 0 .
1
0 0 0|
V = AT(DD")' A, K = AT(DD")"'D,
KTS
On_t = [0,...,0]T € RN1, SCy = ’
—KTCy

Furthermore, N denotes the number of links, I denotes the length of the link,
and m and J denote the uniformly distributed mass and moment of inertia of
each link, respectively.
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Figure 2.1: Kinematic parameters of the snake robot
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2.1 Kinematics of the Snake Robot

In order to perform control design, we need to write the governing equations
of the system in an implementable way. This is often done by choosing a local
coordinate chart and writing the system equations with respect to these coordi-
nates. According to the illustration of the snake robot in Figure 2.1, we choose
the vector of the generalized coordinates of the N-link snake robot as

q=[¢1, 0, ON_1,0n, P, py)" € RV (2.1)

where ¢; with i € {1,..., N — 1} denotes the i-th joint angle, v denotes the
head angle, and the pair (p,,p,) describes the position of the CM of the robot
with respect to the global x — y axes. The joint angles (¢1, ¢2, ..., ¢n_1) of the
snake robot are directly and independently actuated with motors, and thus rep-
resent the fully-actuated DOF of the system. However, there are no direct and
independent control inputs for the head angle (f) and the position of the CM
(pz, py) of the snake robot, and thus these are underactuated DOF of the system.
Consequently, according to the actuation type, the configuration vector of the
system can be divided into the following vectors

Ga = [b1.02,... ¢no]" €RNT! (2.2)
Gu = [9N7pzvpy]T € RS (23)

Since the robot is not subject to nonholonomic velocity constraints, the vector of
the generalized velocities is defined as the time-derivative of (2.1) as

G = [p1, B, - ON_1, 05, Pr, Dy T € RV (2.4)
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Using these coordinates, it is possible to specify the kinematic map of the robot.
In this thesis, we denote the first N elements of the vector g, i.e. (¢1,...,dn_1,0N),
as the angular coordinates, and the corresponding dynamics as the angular dy-
namics of the system.

2.1.1 The Geometry of the Problem

The (N + 2)-dimensional configuration space of the snake robot which we de-
note as @ = S x G, is composed of the shape space S and a Lie group G which is
freely and properly acting on the configuration space. In particular, the shape
variables, i.e. ¢, = (é1, P2, . . ., dn—1), which define the internal configuration of
the robot and which we have direct control on, take values in S. Moreover, the
position variables, i.e. ¢, = (Ox, p,, py), which are passive DOF of the system,
lie in G. The velocity space of the robot is defined as the differentiable (2N +4)-
dimensional tangent bundle of Q as TQ = TV x R¥*4, where TV denotes the N-
torus in which the angular coordinates live. The free Lagrangian function of the
robot £ : T'Q — R is invariant under the given action of G on Q. The coupling
between the shape and the position variables causes the net displacement of the
position variables, according to the cyclic motion of the shape variables, i.e. the
guait pattern. Note that for simplicity of presentation, throughout this thesis we
consider local representation of 7'Q embedded in an (2N +4)-dimensional open
subset of the Euclidean space R*V+4,

2.1.2 The Forward Kinematic Map of the Snake Robot

Based on the kinematic parameters of the snake robot given in Figure 2.1, it is
possible to write the coordinate representation of the forward kinematic map.
The map between the absolute link angles ¢; and the relative joint angles ¢; is
given by

N-1

n=t

The orientation angle of the robot, can be defined as the average of the absolute
link angles as

_ 1 &
ezﬁi;ei (2.6)



35 Complex Model of Locomotion: The Lagrangian Approach

The position of the CM of the i-th link with respect to the global x — y axes can
be, respectively, given as

i—1

T, = xo—l—QZZCOSQj + [ cos 0; (2.7)
j=1
i1

vi = yo+20) sind; +Isin6; (2.8)
j=1

where 2/ denotes the length of each link, and (z¢, yo) denotes the tail position,
cf. Figure 2.1. The linear velocities of the CM of the i-th link with respect to the
global x — y axes can be found by taking the time-derivative of (2.7)-(2.8) which
gives
i1 . .
i o= dg— 20 sinf;0; — Isin6,6; (2.9)
j=1
i1 ' .
Ui = Yo+2 Z cos 8,0, + 1 cos 6,0, (2.10)

i=1

Since all the links have equal length and mass, the position of the CM for the
whole structure of the robot is defined as

I, 1 ¢
(pazvpy) = (Nizl-ruNiZl?lz’) (2~11)

To facilitate path following control of the CM of the snake robot, we replace the
tail position (z¢, yo) in (2.7)—(2.8) with the position of the CM of the robot (p,, p,)
using the following change of coordinates

N i—1
1
T = Pz — NZ (212008@' +l0059i> (212)
=1

=1

N i—1
1
Yo =Dy~ > (2[ > sinf; + Isin 91') (2.13)
i=1 j=1

Substituting (2.12)—(2.13) along with their time-derivatives into (2.7)-(2.10) com-
pletes the derivation of the forward kinematic map of the snake robot with re-
spect to the desired specified coordinate chart (g, ¢).
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2.2 Complex Model of the Snake Robot Locomo-
tion: The Lagrangian Approach

In this section, we present a complete model of the snake robot dynamics by
using the Lagrangian approach.

2.2.1 Euler-Lagrange Equations of Motion of the Snake Robot

The majority of the previous literature on snake robots and similar mobile multi-
links robotic structures, such as eel-like robots, have derived the equations of
motion of these robots with a Newton-Euler formulation, i.e. where the equa-
tions describing the linear and angular motion of individual links are writ-
ten separately, see e.g. [1] and [11]. This is due to the fact that it is usually
not straightforward to integrate the anisotropic external dissipative forces, i.e.
ground friction forces, acting on these complex robotic structures into their
Euler-Lagrange equations of motion. However, ground friction forces have
been proved to play a fundamental role in snake robot locomotion (see e.g.
[11]). In this Section, we derive the equations of motion of the snake robot
in a Lagrangian framework, i.e. treating the robot as a whole and performing
the analysis using a Lagrangian function, which is simple to follow and better
suited for studying advanced mechanical phenomena such as elastic link defor-
mations [86], which might be insightful for future research challenges on snake
robots. Moreover, we integrate the anisotropic friction forces into these equa-
tions using the Jacobian matrices of the links, which gives a straightforward
mapping of these forces for the equations of motion.

Snake robots are a class of simple mechanical systems, where the Lagrangian
L(gq,q) is defined as the difference between the kinetic energy K(¢,, ¢) and po-
tential energy P(q) of the system [87]. Since the planar snake robot is not subject
to any potential field, i.e. —VP(q) = 0, we may write the Lagrangian equal to
the kinetic energy, which is the sum of the translational and the rotational ki-
netic energy of the robot:

. 1 L, . 1 L.
L£(ga ) = K (ga @) = m Y (37 +57) + 57 D6 (2.14)
=1 =1

where m and J denote the uniformly distributed mass and moment of inertia
of the links, respectively. Using the Lagrangian function (2.14), we write the
Euler-Lagrange equations of motion of the control system as

d [0L(da,4)]  9L(a:d)
dt | g dq;

= (Blg)T — 74); (2.15)
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where i € {1,...,N + 2}, B(q) = [e;] € RWF2X(V=D g the full column rank
actuator configuration matrix, where e; denotes the j-th standard basis vector
in RM*2. Moreover, B(q)7 € RV*2 with 7 = [r,...,7v1]T € RY"! stands
for the generalized forces resulting from the control inputs. Furthermore, 7; =
[7},..., 77 T € RN*2 denotes viscous and Coulomb friction forces acting on
(N + 2) DOF of the system. The controlled Euler-Lagrange equations (2.15) can
also be written in the form of a second-order differential equation as

M(qa)G+C(q,4) ¢ = B(q)T — 75 (2.16)

where M(q,) € RWN+2x(V+2) g the positive definite symmetric inertia matrix,
which is given by

T
M(q,) = HEMGHE O | p v (2.17)
02><N Nmfg
where My is given by
My = JIy + leSQVSQ + WLZQCQVCQ (2.18)

and substituting 6; according to (2.5). Furthermore, C(q, )¢ € RV"2 denotes the
generalized Coriolis and centripetal forces, which are given by

H"W, diag(H¢
Clg, d)i = [ o ding(He)g € RN+2 (2.19)
O2x1
where Wy and (;3 are given by the following equations, respectively,
Wg = leSQVCG — TTLZZCQVSQ (220)
- . . . T N
¢ = ¢17¢17--~79N] eR (2.21)

and substituting ¢; according to (2.5). Moreover, the right-hand side terms de-
note the external forces (control forces and friction) acting on the system. The
fact that the inertia matrix is only a function of the directly actuated shape vari-
ables ¢,, is a direct consequence of the invariance of the Lagrangian function
of the robot (2.14) with respect to the position variables ¢,. Moreover, since
rank[B(q)] < dim(g) the system is underactuated. This underactuation repre-
sents the lack of direct control on the head angle ¢ and the position of the CM
(ps, py) of the robot.

The standard second-order form of the equations of motion (2.16) perfectly
agrees with the dynamic models of snake robots which are derived based on
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the Newton-Euler formulation in previous works, see e.g. [11]. In order to
validate the model, in the next chapter we present simulation results which
are obtained using the dynamic model (2.16) together with experimental results
for the locomotion of the robot which are obtained using a robotic snake, see
Figure 3.14. The agreement between simulations and experiments shows that
the dynamic model (2.16) accurately represents the motion of the robot.

2.2.2 The Ground Friction Model

In this subsection, both viscous and Coulomb friction models are used for cap-
turing the essential properties of the anisotropic ground friction forces acting
on the robot. For modelling the friction, we first define the rotation matrix for
mapping from the global frame to the local frame of link ¢, cf. Figure 2.1, as

cosf; —sinb;
Ri=| (2.22)
sinf; cosb;

Note that we can map 6; — (g,, fn) using (2.5). Using (2.9)—(2.10) and (2.22), the
linear velocities of the links in the local link frames can be written in terms of
the linear velocities of the links in the global frame as

Ulink,i
plinki t

link,i
Un

= RT

;
. 1 (2.23)
Yi
where 4" and v’ denote the linear velocity of the CM of the i-th link in
the tangential (along link x-axis) and normal (along link y-axis) direction of the
link, respectively. The total friction force acting on link ¢ is defined as the sum
of the viscous and Coulomb friction forces, which are denoted by f,, and f,
respectively, as

S = fo + o, (2.24)

Assuming equal friction coefficients for all the links, we write the model of the
friction for each individual link ¢ as

-y _oqT
fo, = myg { ,utsgn(v,lfmk’z) fnsgn (vlinks?) } € R? (2.25)
. . . T
fo, = [ cop™ e linki ] € R? (2.26)
where i € {1,..., N}, m denotes the mass of a link, g denotes the acceleration

due to gravity, and y,; and p,, denote Coulomb friction coefficients in the tan-
gential and normal direction of the link, respectively. Furthermore, ¢; and ¢,
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denote viscous friction coefficients in the tangential and normal direction of the
link, respectively. Thus, we map the friction force acting on the i-th link to the
global x — y frame as

linki _ pp. plinks (2.27)

global

Finally, we can write 77 in (2.16) as

N
=Y T Q) faeen (2.28)
i=1
where
dii Oy .
v :{ .,.}GRW“W? e{l,...,N+2 2.29
() 94, 94, Jed } (2.29)

denotes the transpose of the Jacobian matrix of the CM of the i-th link.

Remark 2.1 As argued in [11], the motion of a snake robot with anisotropic viscous
ground friction is qualitatively (but not quantitatively) similar as with anisotropic
Coulomb friction. However, a viscous friction model is less complex with respect to
control design and analysis. Accordingly, we employ a viscous friction model for the
control design in this thesis.

2.2.3 Partial Feedback Linearization of the Dynamic Model

A common method for control of mechanical systems is full-state feedback lin-
earization. This approach is not applicable for snake robots due to the under-
actuation. However, it is still possible to linearize the dynamics of the directly
actuated DOF of the robot, which is called collocated partial feedback lineariza-
tion, and can simplify the analysis as well as the control design. A similar ap-
proach is considered in [11] but for the sake of completeness, we present the
approach here. To this end, we separate the dynamic equations of the robot
given by (2.16) into two subsets by taking ¢ = [q4, ¢.|T € R¥*?, with ¢, € RV™!
and ¢, € R? which were defined in (2.2)-(2.3):

WLll(qa)qa + 7”12(qa)(ju + hl (qa Q) = 1/} S RN71 (230)
m21(Ga)Ga + Ma2(qa)u + h2(q, ¢) = 0351 € R? (2.31)

where mq; € R(Nil)X(Nil), mio € R<N71)X3, me1 € Rgx(N*l), and moy € R3*3 de-
note the corresponding sub-matrices of the inertia matrix. Furthermore, vector-
valued functions h(q, ¢) € RY~! and hs(q, ¢) € R? include all the contributions
of the Coriolis, centripetal, and friction forces. Moreover, ¢ = [¢1, ..., ¢¥n_1]" €
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RN~ denotes the non-zero part of the vector of control forces, i.e. B(¢q)7 =
[¥,03x1] € RV*2. From (2.31) we have

Gu = —may (ha + maig,) € R? (2.32)
Substituting (2.32) into (2.30) yields
(m1y — magma; may) o — (m12m2_21) he +hy =1 (2.33)

For linearizing the dynamics of the directly actuated DOF, we apply the global
transformation of the vector of control inputs as

1/) = (mn — m12m2_21m21) 9 — (m12m2_21) hg + hl (234)

where ¥ = [01,7s,...,9y_1]7 € RV is the vector of new control inputs. Con-
sequently, the dynamic model (2.30)—(2.31) can be written in the following par-
tially feedback linearized form

G. = YeRY! (2.35)
(ju = D (Qa q) + C(qa)ﬁ S RS (236)
with
D(q,4) = —my (a)ha(q,q) = [fox (¢, 9), fo(a,9), £,(q.9)]" € R® (2.37)
Ci(qa) = —my (qa)mai(qa) = [Bi(q.),0,0]" € R? (2.38)

where C; denotes the i-th column of C € R3>*W-1_ Furthermore, Bi(q.) : @ = R
is a smooth scalar-valued function. It can be numerically shown that the value
of ; is negative at any configuration ¢, € Q. Furthermore, fy,, f;, and f,
denote the friction forces acting on 8, p,, and p,, respectively ( fy, also contains
Coriolis forces besides the friction forces). For the aim of analysis and model-
based control design, we write (2.35)—(2.36) in a more detailed form:

o = 0 eRN (2.39)
On = fon(q.4) + Big)?" €R (2.40)
Pr = fu(g,4) €R (2.41)
by = fy(¢.4) €R (2.42)

where the summation convention is applied in (2.40), and henceforth, to all
the equations which contain repeated upper-lower indices (i.e. whenever an
expression contains a repeated index, one as a subscript and the other as a su-
perscript, summation is implied over this index [87]). The dynamical system
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(2.39)-(2.42) is in the form of a control-affine system with drift. In particular,
the term

A(9,9) = [dar Gu 01721, D(q, §)] " € R2VH (2.43)

is called the drift vector field, which specifies the dynamics of the robot when
the control input is zero. Furthermore, the columns of the matrix

Ovi2)x(v—1)

In-
B(q.) = € REN+X(N-D) (2.44)
[ﬁl (QG)7 ceey /BNfl(Qa)}

O2x(n-1)

are called the control vector fields, which enable us to control the internal con-
figuration and consequently the orientation and the position of the robot in the
plane.

Remark 2.2 The last two rows of the control vectors in (2.44) are composed of zero
entries. This implies that the control forces have no direct effect on the dynamics of the
position of the CM of the robot, i.e. (2.41)—~(2.42). Furthermore, the dynamics of the po-
sition of the CM are coupled with the dynamics of the directly actuated shape variables
a, 1.6. (2.39), only through the friction forces. Accordingly, in the absence of the fric-
tion forces the linear momentum of the robot is a conserved quantity, and the position
of the CM of the robot is not controllable.

Note that this coupling between the dynamics of the CM and the joint angles
through friction forces is the essential mechanism underlying snake locomotion,
and it is what makes the locomotion control problem challenging.

2.2.4 Dynamic Model via Absolute Link Angles

In this subsection, we review the kinematic and dynamic model of a snake robot
presented in [11]. We consider a snake robot with NV rigid links each of length
21. Each link is assumed to have uniformly distributed mass m and moment of
inertia J. We denote the vector of absolute link anglesby 6 = [, ...,0y]" € RY,
and the CM of the robot in inertial coordinates by p = [p,,p,] € R?. Figure
2.1 illustrates the kinematic parameters of the snake robot. Following [11], the
dynamic equations of the snake robot can be written as follows

My + Wy —1SCY fr(0,0,p) = DTu (2.45a)
Nmjp = E" fr(6,6,p) (2.45b)
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where v € RY~! is the vector of actuator torques, fr is the vector of ground
friction forces, and the remaining quantities are defined as follows:

My =JIy + ml2SQVSQ + ml209V097 (246&)
W@ = TnFSgVCg — ml2CQVSQ. (246]3)

For simplicity, we assumed that the friction forces acting on the robot are vis-
cous. We have:

T fR,a: X
fR(eaeap) = [ :Q€ .
Ry Y
IKTSpf + ep, . ,
= . =1QpSCyl + Qo Ep
—IKTCy0 + epy
(2.47)
where X = [z1,...,25] € RN, Y = [y1,...,yn] € RY are the vectors of inertial

coordinates of the CM of the links of the robot. The matrix ()y maps the inertial
frame velocities of the CM of the links to the inertial frame viscous friction forces
acting on the links, and it is given by

C (09)2 + Cn(59>2 (C — C7L)SQCQ
Q=—1" . . (248)
(ct —cn)SeCy  c(Sp)* + cn(Ch)

where ¢; and ¢, denote the tangential and normal viscous friction coefficients of
the links, respectively.

2.3 Complex Model of the Snake Robot Locomo-
tion: Differential Geometric Approach

In this section, we present the complex model of the snake robot which will be
derived in a differential geometric framework. Furthermore, we integrate the
effects of parametric modelling uncertainties which are due to the changes in
the friction coefficients into this model. We also present a partial feedback lin-
earization of the resulting model that makes it more amenable to model-based
control design.
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2.3.1 Geometry and Kinematics of the Snake Robot

A planar N-link snake robot evolves naturally in the configuration space Q =
S x G, which is composed of a shape space S and a Lie group G. In par-
ticular, the set of variables that define the internal configuration of the robot
take values in S. These are the relative joint angles of the robot which are
equipped with DC motors as actuators, and which in coordinates we denote
by ¢o = (¢1, @2, ..., ¢n—1) € S. Moreover, the position variables which define the
orientation and the position of the robot in the plane, lie in G. These are passive
DOF of the system which in coordinates we denote by ¢, = (0n,p.,py) € G.
Consequently, the total configuration vector of the system is

q:[¢17¢27"'7¢N7179N7p-7?7py]TE Q (249)

The velocity space of the system is the (2N + 4)-dimensional tangent bundle
of the configuration manifold which we denote by T'Q. Since in this thesis we
consider a snake robot without nonholonomic velocity constraints, the velocity
vector of the system has equal dimension to the configuration vector and is
given by the time-derivative of (2.49) as

. . . . T
v = ¢17¢27"'7¢N—17'9Nap17py:| ETQ (250)

In the next subsection we will use the techniques of differential geometry in
order to derive the natural representation of the equations of motion of the robot
with respect to (g, v).

2.3.2 Equations of Motion

In this subsection, we derive the Poincaré representation of the equations of
motion of the snake robot. The majority of the previous works on snake robots
have derived these equations based on a Newton-Euler formulation. However,
we believe that formulating the equations of motion of the system in a geometric
mechanics setting can be particularly useful for effectively addressing problems
regarding the fundamental properties of snake robot motion. In particular, it
is interesting both for controllability analysis and motion planning algorithms
which are derived based on differential geometric approaches to mechanics, see
e.g. [87].

Snake robots are a class of simple mechanical control systems, where the La-
grangian function £ : TQ — R is defined as the difference between the kinetic
energy with respect to a Riemannian metric and the potential energy of the sys-
tem. For geometric modelling of the system, we first write the kinetic energy of
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the i-th link as the sum of the translational and rotational kinetic energy of the
link ) )
Kia.v) = 5m (a7 +§7) + 5167 (2.51)

where m and J denote the mass and moment of inertia of the link, respectively.
Thus, the total kinetic energy for the N-link robot is defined as the sum of the
kinetic energy of the individual links as

N

K(g,v) =Y Ki(g,v) (2.52)

i=1

The kinetic energy of the snake robot defines a Riemannian metric on the con-
figuration space that can be written as
0°K(g,v)
(q) = L 2.5

G J (Q) (91)’51}3 ( ")3)
where G;; denotes the (7,j) component of the positive definite matrix-valued
function G. One can derive the Christoffel symbols of the second kind (see e.g.
[87]) associated with the Riemannian metric of the robot in the form

1 0Gy 0G; OG;;
T (o) = —GH ‘ it J
i(4) 2 (c‘%ﬂ * o¢  0q )

wherei,j,k,l € {1,..., N+2}, and G* denotes the (k, ) component of G~'. Note
that the summation convention is applied in (2.54). Using the Riemannian met-
ric and the Christoffel symbols, it is possible to derive the equations of motion
of the system on the configuration space with respect to (¢, v) as

(2.54)

i = (2.55)
N-1

o = —Ihlvf — Gy + Z G* Fu® (2.56)
a=1

where v = [u!,..., uN"1] € RV~! denotes the vector of control inputs which

take values in the control set U = RY~'. Moreover, 7, denotes the k-th en-
try of the vector of friction forces 7; given by (2.28) which take values in the
cotangent bundle 7*Q (see e.g. [87]). Furthermore, F = {F', F? ..., FN71} =
{d¢1,dps, ... ,dpn_1} is the collection of the input covector fields of the system
on Q. Since the codistribution generated by the (N —1) input covector fields can-
not span 7™ Q, the snake robot is underactuated at any point of the configuration
space. This underactuation reflects the fact that the input forces cannot set ac-
celerations instantaneously in all directions of Q [87]. Note that since the robot
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moves in the horizontal plane orthogonal to the direction of the gravitational
field, there exists no gravitational term in the system dynamics (2.55)-(2.56).
The above Poincaré representation is called the natural representation, and it has
the property that the equations may also be written in the following second-
order form [87]
N-1
G+ g’ ¢ + Gy = > G*Fu (2.57)
a=1
where ¢* = ¢', and where 77, denotes the k-th element of the vector of friction
forces given by (2.28).

2.3.3 Partial Feedback Linearization of the Geometric Model

For performing a model-based control design, we would like to write the model
in the simplest possible form. Feedback linearization is a common technique
that can simplify the model by cancellation of the nonlinear terms. However,
due to the lack of direct independent control for some configuration variables of
the system, this technique cannot be directly applied to the snake robot dynam-
ics. Thus, in this case we use partial feedback linearization which linearizes the
dynamics of the fully actuated configuration variables, i.e. dynamics of ¢,. To
this end, we separate the vector of the generalized coordinates ¢ into two parts,
in the form ¢ = [q4, ¢.]7 € RY*2, where ¢, € RV~! and ¢, € R? were defined
in (2.2)—(2.3). Note that for clarity of presentation of the control design, hence-
forth we consider a local parametrization of the configuration space in an open
subset of the Euclidean space. A partially feedback linearized Newton-Euler
formulated model of snake robots was presented in [11], and we here extend it
to a geometric model of the robot that is subject to parametric modelling uncer-
tainties. This new model can be used for model-based robust control design for
snake robots.

The dynamic model (2.57) is not suitable for partial feedback linearization.
This is due to the presence of more than one input force in every scalar sub-
system of (2.57). We note that this is the consequence of multiplying F by G™!
in the right-hand side of (2.57). To obtain a suitable form for partial feedback
linearization, we change the Christoffel symbols of the second kind (2.54), with
those of the first kind using the relation

N+2

Ljw = Z Gl (2.58)
i1

This changes (2.57) to the following form which is previously derived in [88],
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where the model is called the locomotion dynamics of the snake robot given by

N2 N+2 N+2
ZGqu +ZZF1]qu =Tk — Ttk (2.59)

=1 j=1
where 7 = Fu = [¢1,...,%x_1,0,0,0] € RN*2 denotes the vector of input

torques, in which ¢; denotes the control torque provided by the actuator in the
i-th robot joint. The dynamic model (2.59) is consistent with the well-known
second-order Lagrangian equations of motion in the sense that in the left-hand
side the first term is an acceleration related inertia term, the second term repre-
sents the Coriolis and centrifugal forces, and the right-hand side terms stand for
external forces due to the controls and friction [88]. The dynamic model (2.59)
is suitable for the aim of partial feedback linearization, since it can be separated
into actuated and underactuated dynamical subsystems as

N-1 N+2

ij Qa qa + Z Gmp Qa)qu + hm, (q Q) = Yn <2~60)
j=1 p=N
N-1 N+2

Gk] Qa qa Zka Qa (]u + hk (Q7 ) = 0 (261)
j=1 p=N

wherem € {1,...,N —1},k € {N,..., N + 2}, and h(q, §) contain all the contri-
butions of the Coriolis, centrifugal and friction forces in (2.59).

Since we are going to use the dynamic model (2.59) in the subsequent chap-
ters to develop a path following controller that is robust with respect to model
uncertainties resulting from different friction properties, we will furthermore
extend the locomotion dynamics model of [88], by adding these uncertainties to
the model. In order to add parametric modelling uncertainties due to changes
in the friction coefficients, we divide the vector function h € R¥*2 in accordance
with [g,, ¢.]7 € RY*2 into two parts as h = [h,, h,]T € RV 12, and present the fol-
lowing assumption.

Assumption 2.1 The terms hy(q,q) and h,(q, ) are perturbed with multiplicative
uncertainties in the form

he = (I1+Ap)hg € RN7! (2.62)
he = (Io+ Ag)hy € R? (2.63)

where h, and h,, are the estimations of the actual h, and h,, respectively. Moreover, I,
RW=DXN=1 gnd [, € R*>*® are identity matrices. Furthermore, A; € RN-1x(N= 1)
and Ay € R3*3, are measures of parametric modelling uncertainties due to the varying



47 Complex Model via Differential Geometric Approach

friction properties on surfaces.

For partial feedback linearization, we divide the matrix representation of the
Riemannian metric as

G(l(l Gua
Gau Guu

where G,, € RW-DxN-1) G e RV-Dx3 G, e R>*WV-1 and G,, € R3>*3
denote the corresponding sub-matrices. We may now write (2.60)—(2.61) in the
following matrix form:

Guaa(¢a)da + Gau(qa)iu + halg,q) = ¢ € RN (2.65a)
Gua(9a)da + Guu(da)du + hulg, 4) = 0351 € R? (2.65b)
where ¥ = [y, ..., ¥n_1]T € RV~L From (2.65b) we have
gu =Gy, (Guaéia + (Ia + Ay) hu) (2.66)
Inserting (2.66) into (2.65a) yields
(Gaa — GauGplGua) da = ¥ + GouGrpt (I + Do)y — (I + A1) by (2.67)

To cancel out the nonlinear terms in the actuated subsystem of the equations of
motion, we define the control inputs as

¥ = (Gua — GauGptGua) ¥ — GauGythy + hg (2.68)

uu

where ¥ = [U;,02,...,95_1]7 € R¥"! is the new vector of control inputs. Fi-
nally, by inserting (2.68) into (2.67), we obtain the dynamics of the system in the
following control-affine with drift form

Go = O+ Galg.q) eRY (2.69)
Gu = f(q:4)+ Gulg,q) + g(ga)9 € R® (2.70)
with
f = —Gulhy = [fox(a:), fo(q,9), f,(q,9)]" € R® (2.71)
g = —G,'Gu = [Bi(qa),0,0]" € R? (2.72)
Gy = Ath —GuGylAchy = [Gi(q,4), ..., Gn-1(q,¢)]" € RN (2.73)
Gy = —GolAoh, = [Goy(q,9), Ga(q. ). Gy(q.9)]" € R (2.74)
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where g; denotes the i-th column of g € R*>*(V=1 in which ;(q,) : RV"! = R
is a smooth function. Moreover, in dynamic model (2.69)-(2.70), fo,, fz, and f,
denote the friction forces acting on 6y, p,, and p,, respectively. (fs, also con-
tains Coriolis and centrifugal forces besides the friction forces). Furthermore,
G, and G, denote the nonlinear terms due to parametric modelling uncertain-
ties in the dynamics of the fully-actuated internal configuration variables and
the dynamics of the underactuated position variables of the robot, respectively.
In particular, the uncertain terms are upper bounded by some known positive-
valued vector function which we denote by

0(¢,9) = [01(¢,9), 02(0.4), - - ., on12(q.4)]" € RYG? (2.75)

This implies that the following inequality holds

1Gi(g, d)||1< 0i(q. ) (2.76)

foreveryi e {1,...,N +2}.

The partially feedback linearized model (2.69)—(2.70) is suitable for analysis
and robust control design for snake robot. For the aim model-based control
design, we write (2.69)—(2.70) in a detailed form

Go = U+ Ga(g,q) e RV (2.77)
Oy = fon(g,0) + Bilaa)? + Goy(q,9) €R (2.78)
Pe = folg,4) + Galq,4) €R (2.79)
by = fyla,4) +Gyla.4) €R (2.80)

where i € {1,..., N — 1}. The dynamic model (2.76)-(2.79) which contains the
effects of nonlinear terms due to parametric modelling uncertainties, will be
used for robust control design for the snake robot in the subsequent chapters.

2.4 Simplified Modelling Approach

In this section, we present a simplified model of the snake robot dynamics that
can effectively be used for the model-based control design for snake robots. This
model is previously presented in [11], where it is validated both through numer-
ical simulations and real time experiments. Furthermore, in [11] it is shown that
the fundamental properties of the simplified model such as stabilizability and
controllability, are essentially the same as the more complex models presented
in several previous works, see e.g. [1] and [105].
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2.4.1 An Overview of the Simplified Modelling Approach

In this subsection, we briefly review the simplified modelling approach pre-
sented in [11]. Kinematic and dynamic models of snake robots are previously
derived in several works (see e.g. [1], [84], [105]). All these models share the
same property that they are very complex for analytical investigations. The
derivation of the simplified model of snake robot dynamics in [11] is motivated
by the attractive idea that these complex dynamic models contain some non-
linear dynamics that are not essential to the overall locomotion of the robot.
Moreover, proper approximations of these nonlinear dynamics with simpler
mathematical descriptions can significantly simplify the analysis and model-
based control design for snake robots. In particular, it is seen in [11] that lateral
undulation mainly consists of link displacements which are transversal to the
direction of motion. Moreover, it is this transversal link displacement that in-
duces the forward motion of snake robots, cf. Figure 2.3. The main idea behind
the simplified model of the snake robot dynamics is to map the periodic body
shape changes to forward propulsion, through mapping the rotational joint mo-
tion to translational link displacements, cf. Figure 2.2. Since the translational
displacements are in general less complex than rotational motion, this mapping
will simplify the resulting dynamic model of the robot.

2.4.2 Simplified Kinematics and Dynamics of the Snake Robot

In this subsection, we present the simplified kinematic and dynamic models of
a snake robot without nonholonomic velocity constraints, which moves on a
horizontal and flat surface. The configuration space Q of the snake robot is a
(N + 2)-dimensional smooth manifold, locally diffeomorphic to an open subset
of RV*2_ Based on the illustrations of the robot in Figures 2.2-2.3, we choose the
elements of the vector of the generalized coordinates, which represent O, as

q= [¢17"'7¢Nf1>97px7py]T € ]RN+2 (281)

where ¢; denotes the i-th joint coordinate, # denotes the orientation, and (p,, p,)
denotes the planar position of the CM of the robot. We denote the vector of the
joint coordinates of the robot by ¢ = [¢,...,¢n_1]7 € RV~ The elements of
¢ are called the body shape variables, which define the internal configuration
of the robot. The vector of the generalized velocities is defined as the time-
derivative of (2.81) which we denote as

. . . 1T
g = [11451, . ,v¢1\771,1}9,px7py] S RN+2 (282)
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Figure 2.2: Illustration of two coordinate frames used in the simplified model. The
x — y frame is fixed, and the ¢ — n frame is always aligned with the snake robot.

Direction of

U motion
e

Figure 2.3: The snake robot is modelled using a series of prismatic joints which move
the robot forward by translational displacements. w; is the exerted torque or force in
the i-th joint of the robot.
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We denote the vector of the joint velocities by vy, = [vg,,...,v5, |7 € RV 7L
Since we aim to control the forward and normal velocities of the robot, we de-
fine the mapping between the inertial velocity of the CM of the robot and the
velocity in the ¢t —n frame which is always aligned with the robot, cf. Figure 2.2,
as

pr = v;cos(f) — v, sin(6) (2.83)
Py = vsin(f) + v, cos(f) (2.84)

where v; € R and v,, € R denote the tangential and normal components of the
inertial velocity of the CM mapped into the direction of motion of the robot,
respectively. The simplified dynamic model of the robot with respect to (g, ¢)
can be represented as [11]

b = w, (2.85)
6 = vy (2.86)
e = v (2-87)
Dn = Uy (2.88)
Dr = vgcos(f) — vy, sin(6) (2.89)
Py = vsin(f) + v, cos(f) (2.90)
n : 1
by = — 2y + 2y, ADT¢ + —DDTu (2.91)
m m m
: A _
Vg = —Mvg+ N _2 1vteT¢ (2.92)
) c 2¢, _ c —
0 = —;tlvt + N—;LvneTqb - N—’;’%¢TAD1;¢ (2.93)
. Cn 2c, _
o = = on —N:lvteTgb (2.94)

where ¢, € Ry and ¢; € R, denote the viscous friction coefficients in the
normal and tangential direction of motion of the links, respectively. Note that
¢n > ¢ is a general controllability condition for planar snake robots, see [11],
i.e. the friction in normal direction of motion of the link should in general be
larger than the friction in tangential direction of motion of the link. Further-
more, \; € Ry and Ay € R are used to describe the mapping from the rota-
tional motion to the prismatic motion (see [11]). These coefficients are chosen
such that the simplified model quantitatively behaves as the complex model of
the snake robot. Furthermore, ¢, € R, is defined as

Cp — C

2l

(2.95)

Cp:
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In order to linearize the dynamics of the fully-actuated degrees of freedom of
the robot, i.e. the joint angles ¢, we use the following change of the vector of the
control inputs:

—m (DDT) " (ﬂ + C—”% - —vtADTQS) (2.96)

where T = [Uy,...,uy_1|7 € R¥~! is the new set of control inputs. Inserting
(2.96) into (2.91), transforms the dynamics of the joint angles into the following
linear form

by =T (2.97)

The linearized simplified dynamics in (2.85)-(2.97) will be used for locomotion
control of the snake robot in Chapter 4.

2.4.3 Model Transformation

In this subsection, we present a coordinate transformation which can simplify
the model-based locomotion control design for the snake robot. In particular,
we note that the joint angles ¢ are present in both the dynamics of the angular
velocity vy and the sideways velocity v,. This coupling complicates the con-
trol design. In order to remove this coupling, we use the following coordinate
transformation [11]

Py = Dpyte sin(6) (2.98)
T, = U, + €vy (2.99)
where AN — 1)
~ 1),
== 2.1
€ N (2.100)

is a negative constant. This change of coordinates transforms the dynamics of
the position of the CM of the system into

p, = wsin(6) + v, cos(d) (2.101)
U, = Xvg— YT, (2.102)
where
C’L

= (E - A ) (2.103)

Cn
vy = — 2.104
m (2.104)

The joint angle coupling is removed from the dynamic model, and the result-
ing model is suitable for model-based locomotion control design which is the
subject of the subsequent chapters.
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Chapter Summary

e We presented the kinematic model for the snake robot locomotion in this
chapter.

e In this chapter, we derived three models of the snake robot dynamics
which will be used for model-based feedback control designs in the sub-
sequent chapters.

e The first dynamic model of the snake robot that we derived in this chap-
ter, presented complete characteristics of the snake robot locomotion on
horizontal and flat surfaces. We derived this model using the Lagrangian
approach for modelling mechanical systems, and we integrated the effects
of external dissipative forces into this model using Jacobian matrices of the
links.

e In this chapter, using the techniques of differential geometry, we derived a
dynamic model of the snake robot locomotion which contained the effects
of parametric modelling uncertainties due to varying friction properties
on different surfaces. In particular, this model can effectively be used for
robust model-based feedback control design for the snake robot.

e In the last part of this chapter we presented a simplified kinematic and
dynamic model of the snake robot locomotion which was previously pre-
sented in [11]. In this model, the rotational joint motions are mapped into
translational link displacements, and the resulting dynamics is simpler for
model-based control design.






Body Shape and Orientation
Control for Locomotion of
Snake Robots

In this chapter, we investigate model-based feedback control approaches for
body shape and orientation control of snake robots. In particular, based on the
dynamic models of snake robots which were presented in Chapter 2, we design
three different feedback control laws which control the body shape of the robot
to a desired gait pattern. Furthermore, we use the parameters of this desired
gait pattern in order to control the orientation of the robot in the plane. To this
end, we design a dynamic compensator which controls the orientation of the
robot to a reference angle defined by a path following guidance law. Moreover,
using numerical simulations along with experimental results, we show that the
body shape and orientation controllers can make the snake robot move towards
a desired planar path and drive it along this path. Additionally, using an sliding
mode control design, we show that the control goals can be achieved even in the
presence of parametric modelling uncertainties, which arise due to the varying
friction properties on different surfaces. It is noteworthy to mention that the
orientation of the snake robot is an underactuated degree of freedom of the
system. This is due to the fact that for one of the links, the head link of the robot,
there is no direct and independent control input. Consequently, controlling the
orientation of the snake robot is a challenging underactuated control problem.
However, we present formal stability proofs for all the controllers in this chapter
by using various tools from nonlinear and underactuated control theory. To
our best knowledge, the application of model-based motion control approaches
which rely on formal stability proofs for snake robots is very restricted in the
previous literature.

95
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This chapter, however, considers both body shape and orientation control of
planar snake robots without nonholonomic velocity constraints. In particular,
based on the Euler-Lagrange equations describing the dynamics and kinemat-
ics of the snake robot, we design a guidance-based feedback control strategy
using a dynamic feedback control law. Guidance-based control strategies are
in general based on defining a reference heading angle for the vehicle through
a guidance law, and subsequently designing a tracking controller to track this
angle [89]. The motivation for this guidance-based control strategy is to solve
the path following problem for the snake robot. To our best knowledge, the
only previous work which considers guidance-based path following control of
planar snake robots without nonholonomic velocity constraints is presented in
[44]. In [44], however, the control design is based on the simplified model of the
snake robot which is valid for small joint angles. In the present work we carry
out a model-based control design for the snake robot based on the more accu-
rate model of the robot presented in Section 2.2-2.3 , i.e. the complex model,
which does not consider such simplifying assumptions.

Contributions of this chapter: The first contribution of this chapter is a body
shape and orientation controller for the snake robot, which is designed by use
of dynamic virtual holonomic constraints (VHC), which is a particularly useful
concept for control of oscillations, (see e.g. [92]-[96]). Using this approach, we
constrain the state evolution of the system to an appropriately defined subman-
ifold of the configuration space, which is called the constraint manifold. This
manifold is defined based on the specified geometric relations among the gener-
alized coordinates of the system which are called VHC. The proposed feedback
control law is designed to exponentially stabilize the constraint manifold, i.e. to
enforce the VHC, which allows the convergence of the snake robot to a desired
path. In this chapter we also employ design and analysis tools from finite-gain
L stability which enable us to analytically show that the body shape variables
achieve perfect tracking, the orientation error converges to an arbitrarily small
neighbourhood of the origin, and the states of the dynamic compensator which
controls the underactuated head angle of the robot remain bounded.

The second contribution of this chapter is to design a robust guidance based
controller for the snake robot using sliding mode techniques. In particular, we
will employ the dynamic model subject to parametric modelling uncertainties
which was presented in Chapter 2, in order to derive robust feedback control
laws for the body shape and orientation of the snake robot. To our best knowl-
edge, a robust guidance-based control strategy has never been proposed for
snake robots before.
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Organization of this chapter: This chapter is organized as follows. In Section
3.1, we state the control design objectives for the controllers derived throughout
this chapter. In Section 3.2, we use the method of VHC in order to control the
body shape and orientation of a planar snake robot. In Section 3.3, we design a
robust body shape and orientation controller for the robot using sliding mode
techniques. In Section 3.4, we design a body shape and orientation controller
for the snake robot, and using an input-output stability analysis we show that
the solutions of the dynamic compensator which controls the orientation of the
robot remain uniformly bounded. In Section 3.5, we present simulation results
along with experimental results which are obtained using a robotic snake in or-
der to validate the control approaches of this chapter.

Publications: The results of this chapter are based on the journal paper [84],
and the conference papers [77], [78], [79], and [80].
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3.1 Control Design Objectives

In this chapter, we have two main control design objectives. The first objective
is to control the internal configuration, i.e. the body shape, of the snake robot to
provide a desired gait pattern. The second objective is to control the orientation
of the robot, which is an underactuated degree of freedom.

To achieve these objectives, we first want to stabilize a lateral undulatory gait
pattern for the shape variables of the robot. In particular, we define a tracking
error variable for the i-th joint angle ¢; of the robot as

¢i = ¢z - ¢rcf,i (31>

where ¢..¢; denotes the reference trajectory for the i-th joint which provides the
desired gait pattern (the desired gait pattern will be defined in the next section).
We denote the vector of the joint tracking errors as ® = [¢y, ..., on_1]T € RN,
The first part of the control objective is then defined as asymptotic trajectory
tracking for the joint angles of the robot such that

Jim (1) = 0 (32)

foreveryie {1,...,N —1}.

In order to control the orientation of the robot, we then need to control the
head angle of the robot. Note that according to (2.5), the head angle 6, together
with the joint angles ¢;, define the orientation of the snake robot through (2.6).
We define the tracking error variable for the head angle of the robot as

0=0x — O (3.3)

where 6,; denotes the reference head angle which will be defined later in this
chapter. Since we only have (N — 1) independent control inputs, which will be
used to control ®, stabilizing the passive degree of freedom (3.3) is challenging.
The second part of the control objective is to asymptotically stabilize the head
angle O — 6,c¢ such that

lim [|0(t)||= 0 (3.4)

t—ro00
Moreover, by choosing a proper reference head angle defined by a path follow-
ing guidance law, we will show that the snake robot converges to and follows
a desired planar path. In particular, we define a desired straight path for the
position of the CM (p,, p,) of the robot, as a smooth one-dimensional manifold
P C R?, with coordinates in the x — y plane given by the pair (p,q4, pya), which
are parameterized by a scalar time-dependent variable O(t) as

P = {(p:a(©),pya(©)) €R*: © > 0} (35)
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We define the vector of the path following error variables for the position of the
CM of the robot as j = [p.(t) — p.a(©), py(t) — p,a(©)]" € R2 Subsequently, the
auxiliary part of the control objectives is defined as practical convergence, see
e.g. [102], of the position of the CM of the robot to the desired path such that

Jim supl|p(t)[| < &, (3.6)
—00

where ¢, € R is an arbitrary positive scalar. Moreover, we require that O(t) >
0 and lim,_,, O(t) = oo (forward motion along the path), and boundedness of
the states of the controlled system.

3.2 Virtual Holonomic Constraints Based Body Shape
and Orientation Control of Snake Robots

3.2.1 The idea of Virtual Holonomic Constraints

Throughout this thesis, we frequently use the method of virtual holonomic con-
straints in order to solve the locomotion control problems for snake robots. vir-
tual holonomic constraints are a constructive tool for feedback stabilization that
have previously been used for motion control of mechanical systems in several
works, see e.g. [92]-[96]. In this approach, we confine the state evolution of
a mechanical system to a feedback invariant constraint manifold. This mani-
fold is defined based on specified geometric relationships among the configu-
ration variables of the system, which are called virtual holonomic constraints
(VHCQ). The VHC are defined such that the controlled system possesses the de-
sired structural properties. These constraints are virtual because they do not
arise from a physical connection between two variables but rather from the ac-
tions of a feedback controller [92]. It is noteworthy to mention that by using
the VHC approach, we completely remove the time-dependence from the feed-
back loop. We do this by confining the time-evolution of the state variables
of the system to state-dependent constraint functions, see e.g. [93]. Enforcing
the specified VHC for the configuration variables of the system implies that in
the kinematic level the system behaves similar to a system which has the same
physical constraints, although the dynamic behaviour of these two systems are
different. This difference is because of the extra power which the controller
needs to inject to the closed-loop system in order to keep the VHC relations
invariant, see [92]. Note that in case of real holonomic constraints which are
typically introduced through physical connections between the variables of the
system, the control system does not need to inject this extra power, i.e. physical
constraints do not work on the system.
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The fundamental theory of VHC are presented in e.g. [92], [93], and [95].
This method is used for stabilizing a curved line path for the position of the CM
of a bicycle in [94]. In [96], VHC are used in order to control the oscillations of
an underactuated double link pendulum. The mathematical definitions of VHC
that we use in this chapter will be presented in the subsequent sections.

3.2.2 Path Following Control with Virtual Holonomic
Constraints

The idea of VHC is particularly a useful concept for control of oscillations (see
e.g. [92]-[96]). In this section, we show how this approach can be used to solve
the path following control problem of snake robots. In particular, we show how
by designing the joint reference trajectories in (3.1) using VHC, and combin-
ing this with VHC which are motivated by Line-of-Sight (LOS) guidance for
the head angle in (3.3), we are able to solve the path following control prob-
lem, i.e. achieving (3.6). Our main motivation for using this approach is the
fact that while performing the gait pattern lateral undulation which consists of
fixed periodic body motions, all the solutions of the snake robot dynamics have
inherent oscillatory behaviour. Moreover, we will show how this behaviour can
be analytically and constructively controlled based on VHC. In particular, we use
the word constructive in the sense that through the feedback action we shape
the dynamics of the system such that it possesses the desired structural proper-
ties, i.e. exponential stability of an appropriately defined constraint manifold.
To this end, we define a constraint manifold for the system, and we design the
control input of the fully-actuated joint angles of the robot to exponentially sta-
bilize the constraint manifold. The geometry of this manifold is defined based
on specified geometric relations among the variables of the system which are
called the constraint functions.

Trajectory Planning by Virtual Holonomic Constraints

VHC are specified through C' coordinate-dependent functions ®; : Q@ — R
which are called the constraint functions, in the relations of the form ®,(¢) = 0,
which can be enforced through the feedback action. In particular, for the snake
robot we define a vector-valued function

¢ = [qbref.,lv gbref,Zv ) eref,N—lv eref]T € RN (37)

in which every entry, i.e. ®; where ¢ € {1,..., N}, defines one constraint func-
tion for the corresponding angular coordinate of the system.

To perform trajectory planning using VHC, we augment the state vector of
the system with three new states that in the following will be used in the control
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design. The introduction of these new variables to the state vector of the system,
which will be used as constraint variables, is inspired by the notion of dynamic
VHC [93], i.e. VHC which depend on the solutions of dynamic compensators.
The idea is to make the VHC to depend on the variations of a dynamic param-
eter, which is used for controlling the system on the constraint manifold. The
purpose of these additional states is explained below.

1. We introduce two new states [¢,, (jﬁo]T € R? where the second order time-
derivative of ¢, will be used as an additional control input that drives the
snake robot towards the desired path by modifying the orientation of the
robot in accordance with a reference angle defined by a path following
guidance law.

2. In the previous section we defined the control objective for the joints and
the head angle of the robot as a trajectory tracking problem. However, it is
known that the holonomic constraints are coordinate-dependent equality
constraints of the form ®;(¢) = 0, where ®; : @ — Ris a time-independent
function [86]. Thus, we remove this explicit time-dependency from the
reference joint trajectories by augmenting the state vector of the system
with a new variable \, with A = 27/T and A(0) = 0, where T denotes the
period of the cyclic motion of the shape variables of the robot, i.e. the gait
pattern.

Subsequently, we denote the augmented coordinate vector of the system by

G=[01, ..., ON-1,0N, Pas Dy, G0y A]T € RV (3.8)

and the corresponding augmented state space by 7'Q.

Virtual Holonomic Constraints for the Joint Angles

A fundamental work in the area of snake robots was presented by Hirose [1].
In this work Hirose considers empirical studies of biological snakes to derive
a mathematical approximation of the most common gait pattern among bio-
logical snakes, known as lateral undulation. In particular, the shape of a snake
conducting lateral undulation can be described by a planar curve (the serpenoid
curve) with coordinates in the x — y plane along the curve at arc length s given
by

x(s) = /OS cos (acos(bz) + cz) dz (3.9)

<

—
»

~
I

/OS sin(a cos(bz) + cz)dz (3.10)
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where a, b, and c are positive scalars. Locomotion of a snake-like structure in
accordance with the serpenoid curve, i.e. lateral undulation, is achieved if the
joints of the robot move according to the reference joint trajectories in the form
of a sinusoidal function with specified amplitude, frequency, and phase shift.
In particular, using the foregoing defined new states, we define a constraint
function for the i-th joint of the snake robot by

®; = asin (A + (i — 1)d) + ¢, (3.11)

wherei € {1,..., N—1}, o denotes the amplitude of the sinusoidal joint motion,
and ¢ is a phase shift that is used to keep the joints out of phase. Moreover, ¢,
is an offset value that is identical for all of the joints. It was illustrated in [11]
how the offset value ¢, affects the orientation of the snake robot in the plane.
Building further on this insight, we consider the second-order time-derivative
of ¢, in the form of a dynamic compensator, which will be used to control the
orientation of the robot. In particular, through this control term we modify the
orientation of the robot in accordance with a reference orientation. This will be
done by adding an offset angle to the reference trajectory of each joint. We will
show that this will steer the position of the CM of the robot towards the desired
path. The constraint function (3.11) is dynamic, since it depends on the solution
of a dynamic compensator which will be defined to control the orientation of
the robot.

Virtual Holonomic Constraint for the Head Link Angle

In this subsection, we define a constraint function for the head angle of the
robot. In particular, we use a Line-of-Sight (LOS) guidance law as the reference
angle for the head link. LOS guidance is a much-used method in marine control
systems, (see e.g. [89]). In general, guidance-based control strategies are based
on defining a reference heading angle for the vehicle through a guidance law,
and designing a controller to track this angle [89]. Motivated by marine control
literature, in [44] based on a simplified model of the snake robot, using cascade
systems theory it was shown that if the heading angle of the snake robot was
controlled to the LOS angle, then also the position of the CM of the robot would
converge to the desired path. We will show that a similar guidance-based con-
trol strategy can successfully steer the robot towards the desired path. However,
we perform the model-based feedback control design based on a more accurate
model of the snake robot which does not contain the simplifying assumptions
of [44] which are valid for small joint angles.

To define the guidance law, without loss of generality, we assign the global
coordinate system such that the global x-axis is aligned with the desired path.
Consequently, the position of the CM of the robot along the y—axis denoted by
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py, defines the shortest distance between the robot and the desired path, often
referred to as the cross-track error. In order to solve the path following problem,
we use the LOS guidance law as a VHC, which defines the desired head angle
as a function of the cross-track error as

— —tan- 1 (P
®y = —tan (A) (3.12)
where A > 0 is a design parameter known as the look-ahead-distance. The idea
is that steering the head angle of the snake robot such that it is headed towards
a point located at a distance A ahead of the robot along the desired path, will
make the snake robot move towards the path and follow it.

Defining a Constraint Manifold

We collect all the defined constraint functions in the following vector-valued
function

d = [a sin(A) + @g, . . ., asin (A + (N — 1)8) + ¢,, tan"* (%)}T cRY  (3.13)

For trajectory planning using VHC, we define the constraint manifold associ-
ated with the constraint functions (3.13) as

j— 5 A A . . —_— . — | . a o 8(DN
= {(CI7Q> GTQ~¢1—q)z(/\7¢o)79N—(I>N(py)7¢z QSO@(X) = Dy apy }
(3.14)
where i € {1,..., N — 1}. Since there are three different constraint variables, i.e.

(A, @0, py), then the constraint manifold (3.14) is a 6-dimensional submanifold
of Q, . The goal of the control input is to enforce the VHC (3.13), by making I’
exponentially stable for the closed-loop system, and thereby achieving the con-
trol objectives (3.2) and (3.4). To this end, we define the elements of a controlled
output vector y € RY for the dynamical system (2.39)—(2.42) as the difference
between the angular coordinates, i.e. (¢1,...,¢ny_1,0n), and their correspond-
ing constraint functions as

y=[p1 — Pi(X, Go). ... dvo1 — Pnoi(N Bo), O — Py (py)]" €RY  (3.15)

We will achieve our control design objectives which we defined in the previ-
ous section, by designing the control inputs ¥ and ¢, such that (y;, ;) — (0,0)
foralli € {1,...,N}. To this end, we first need to ensure that the given rela-
tions in (3.13) are stabilizable, i.e. a suitable choice of feedback can stabilize the
constraint manifold for the closed-loop system. For simplicity of notation, we
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denote the following differentials:
8<I>

(;50 5 % (3.16a)
Dy — py%ﬂ (3.16b)
<09, 92, 09, 9,
2 12
d o\ EIE + d)o ¢ orYs (3.16¢)
Loy = 00y | 00y (3.16d)

where i € {1,..., N — 1}. The Lie derivative® of (3.15) along (2.39)-(2.42) is of
the form

. . . T
j=[d—d®y,.. by —ddy by — dby] €RY (3.17)

which lacks the control inputs (¥, qSO) The Lie derivative of (3.17) along (2.39)-
(2.42) is of the form

j= [0 — d®y,...,0n 1 — By _y, foy + Bi — PPOy]" € RV (3.18)

which contains the control inputs. Consequently, the controlled output vector
(3.15) yields a well-defined vector relative degree {2,2,...,2} everywhere on
the configuration space. The VHC satisfying this vector relative degree condi-
tion are called regular, and regular constraints are always feasible [93], i.e. there
exists a smooth feedback such that I' is positively invariant for the closed-loop
system. Furthermore, regular constraints in parametric form (3.13) are always
stabilizable [93].

The well-defined vector relative degree {2,2,...,2} on I' implies that the
system (2.39)—(2.42) with the controlled output function (3.15) is input-output
feedback linearizable. Consequently, we can stabilize I" with an input-output
feedback linearizing controller.

Output Regulation via Input-Output Linearization

In this subsection, we will derive a control law for the joint angle dynamics
(2.39) such that the constraint manifold (3.14) with the constraint functions de-
fined in (3.13) is globally exponentially stable for the closed-loop system. In
particular, we use input-output linearization to stabilize the constraint mani-
fold. The exponential stability of the constraint manifold I" implies that the con-
trol objectives (3.2) and (3.4) will be achieved. Furthermore, using numerical

For the dynamical system @ = f(z) + g(z)u, with output function y = h(z), the Lie deriva-
tive of h along f is given by Lh(x) = a’é—(;)j(r)
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simulations and experiments on a robotic snake, we show that the exponential
stability of I" induces path following on the snake robot.
In order to stabilize ®;(, ¢,) for the i-th joint such that (y;, 9;) — (0, 0) for all
i € {1,...,N — 1}, we define an exponentially stabilizing joint control law. The
second-order time-derivative of the i-th joint tracking error, i.e. the i-th entry of
(3.18), is of the form
i = 0; — d*®; (3.19)

We define the control input for the i-th joint in (2.39) as

where k, > 0 and k,; > 0 are the joint controller gains. These gains are chosen
similar for all the joints since the links have similar inertial parameters. Insert-
ing (3.20) into (3.19) yields

Ui + kagi + kpyi =0 (3.21)

The tracking error dynamics of the i-th joint angle (3.21) clearly has a globally
exponentially stable equilibrium at the origin (y;, 9;) = (0, 0), which implies that
every i-th control input (3.20) exponentially stabilizes the constraint manifold
for the solutions of the dynamics of the i-th joint, and the control objective (3.2)
is achieved.

In continue, we use the dynamic compensator ¢, in order to stabilize the so-
lutions of the dynamics of the head angle (2.40) to the constraint manifold, such
that (yy,yn) — (0,0). The head angle error corresponds to the N-th element
of the controlled output vector (3.15), and its second-order time-derivative (i.e.
the head angle error dynamics) is given by

in = foy + B0 — &0y (3.22)

Inserting 9; from (3.20) into (3.22) we can obtain the closed-loop dynamics of
the head angle, which gives

N = f9N + Z /32 ®; — pyz - kdyz) qu)N (323)

By considering the notation which was introduced in (3.16c), we can write (3.23)
in the following equivalent form

00, 00, . 0D 0% » )
nybW"’Zﬁz( I\ + A ON2 +¢oa¢o+¢oa¢szpyi*kdyi *dq)N

(3.24)
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For simplicity of notation, we denote the constraint function for the i-th joint
angle of the robot by ®; = S; + ¢, where S; = asin (A + (i — 1)9). Subsequently,
based on the specified constraint functions in (3.13), i.e. since A =0and %2;% =0,
we can write (3.24) as

N-1
in = fox + > Bi (—)'\252' + 0o — kyyi — k’d?ﬁ) —d*®y (3.25)
i=1

In order to stabilize the constraint function ® v (p,) for the head angle, we define
the second-order time-derivative of the augmented coordinate ¢, in the form of
a dynamic compensator as

N-1 \ ! /N1
$o = (Z Bi) <Z Bi (AZSz‘ + Fpyi + kd?)i) +d*®N — fox — kpoyyn — kd,eN?JN>
i=1

- (3.26)
where k,, > 0 and kqp, > 0 are the head angle controller gains. Notice that
since f; is negative-valued in any configuration, (3.26) is globally well-defined.
For the control design method presented in this section, through numerical sim-
ulations and experimental results we show that the states of the dynamic com-
pensator (3.26), i.e. (¢,, <i>o), remain bounded. However, in Section 3.4, we use
an input-output stability analysis in order to show the boundedness of (¢, ¢,).
By inserting (3.26) into (3.25), the error dynamics of the head angle takes the
form

iN + kaontn + kpoyyn =0 (3.27)

which clearly has a globally exponentially stable equilibrium at the origin, i.e.
(yn,9yn) = (0,0). Consequently, we have that (yn, yn) — (0,0) from any initial
condition, and the control objective (3.4) will be achieved.

Finally, we conjecture that while the output trajectories of the system (2.39)-
(2.42) are evolving on the constraint manifold (3.14), the internal dynamics given
by (2.41)—(2.42), which has the form

P = fo (P, 02, Py, AP, P, Py) (3.28)

py = fy ((bvpmpyv d@,p,,py) (329)

converge to and follow the desired planar path. Analytically investigating the
convergence of the snake robot position to the desired path is a topic of future
chapters. As a preliminary support of this conjecture, in this chapter we pro-
vide simulation and experimental results which show that the snake robot suc-
cessfully converges to and follows the desired path using the guidance-based
control strategy presented in this section.
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3.3 Robust Locomotion Control of Snake Robots
Using Sliding Mode Techniques

In this section, we extend the results of the previous section to the dynamic
model of the snake robot (2.77)—(2.80) which is subject to parametric modelling
uncertainties. In particular, we show how sliding mode control techniques can
be used in order to control the locomotion of the snake robots which move on
various surfaces. Our main motivation for using this technique for motion con-
trol of snake robots is the fact that these robots often move on different surfaces
with different friction properties. Accordingly, the necessity of developing con-
trol methods for snake robots which are robust with respect to changes in the
environment of the robot is well-justified. To design the sliding mode controller,
we use the dynamic model (2.77)—(2.80), which included the effects of paramet-
ric modelling uncertainties due to varying friction properties on the motion of
the robot. Using this dynamic model, we propose an analytical solution to the
robust path following control problem through the following two steps.

1. In the first step, we use sliding mode techniques to design a robust track-
ing controller for the joints of the robot to track a desired gait pattern.

2. In the second step, using robust dynamic compensation, we stabilize an
appropriately defined sliding manifold for the underactuated head angle
of the robot, thereby achieving the convergence of the robot to the desired
straight path.

The control objectives for this section are same as the previous section which
are given in (3.2), (3.4), and (3.6). In particular, we aim to control the body shape
of the robot to a desired gait pattern, to control the head angle of the robot to
a reference head angle defined by the LOS path following guidance law, and
to make the CM of the robot to converge to and follow a desired geometric
path. However, in the section we use sliding mode techniques to achieve these
goals in the presence of nonlinear terms arising due to the parametric modelling
uncertainties. At the end of this chapter we present simulation results for the
sliding mode controller which validate the theoretical approach.

3.3.1 Sliding Mode Tracking Control of the Joint Angles

In this section, we achieve the control objective (3.2) by defining the reference
trajectories for the joints of the snake robot (i.e. the gait pattern), and by using
sliding mode techniques to design a robust joint angle tracking control law.
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To define the desired gait pattern, we use the reference joint trajectories
(3.11), which induce lateral undulatory locomotion on the robot. Moreover, mo-
tivated by [11], where it is shown how ¢, can be used to steer the heading angle
of the robot, we use the second-order time-derivative of ¢, as an additional
guidance control term for the underactuated head angle of the robot.

The powerful feature of sliding mode control is its robustness with respect to
model uncertainties. For snake robots, this robustness is useful for performing
robust control tasks on surfaces with varying friction properties. To design a
robust tracking controller for the joints of the robot, we first define the vector of
the reference joint trajectories as

(I)(t) = [¢ref,la ¢ref,21 DR eref,Nfl]T € RN_l (330)

Thus, the vector of the joint angle tracking errors is defined as
0 b b 5 ’ N-1
o(t) = [¢17¢27 s On-1| ERTT (3.31)

where ¢~51 = ¢; — ¢rer,; denotes the i-th joint angle tracking error variable. Based
on the dynamic model (2.77)—(2.80), the dynamics of the joint angles, i.e. ¢, =
(¢1, @2, ..., ¢n_1) of the robot which is subject to parametric modelling uncer-
tainties is given by

o =1+ Galq¢) RV (3.32)

where ¥ = [Jy,...,95_1]7 € RV~! denotes the vector of the joint control inputs
and the vector G, (¢,¢) € RY~! denotes the effects of parametric modelling
uncertainties on the dynamics of the joint angles. We define the sliding mode
variable for the joint angles of the robot as

s=&+ Kb e RV (3.33)

where K = diag{k;} ;' € RW=D*(N=1) 5 a diagonal matrix of positive constant
gains. The time-derivative of the sliding mode variable (3.33) is given by

=3+ KdeRV! (3.34)

The control objective in (3.2) is achieved by stabilizing the sliding manifold s =
On_1 in finite time, and remaining on the manifold for all future time. To this
end, we select a Lyapunov function candidate for (3.34) as

1
V=§§s (3.35)
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Taking the time-derivative of V" along the solutions of (3.34) gives

V =sTs=sT (&S + Ké)
L L (3.36)
=" (4= &+ K@) = " ([0 + Ga (0, 9)] - b + KO)

The typical structure of a robust controller is composed of a nominal part similar
to a feedback linearizing or inverse control law, and of an additional term aimed
at dealing with model uncertainty [97]. Consequently, we take the joint angle
tracking control law as

¥ = Ynom + Padd (337)

where
Doom = ((1& _ Kci) e RN-! (3.38)
Uaga = —vsgn(s) € RN (3.39)
and where v = diag{y;}\;' € RW-D*(¥-1) jg a diagonal matrix of positive
constants. Moreover, we define sgn(s) = [sgn(s;),...,sgn(sy_1)]T € R¥~1 Sub-

stituting (3.37) into (3.36) yields
V =T [—ysgn(s) + Ga(q,q)] (3.40)

We take v; = 79 + 0:i(q, ¢), where v > 0 is a constant, and ¢;(q, ¢) denotes the
upper-bound on the i-th nonlinear term arising due to parametric modelling
uncertainties. We note that the i-th term of V' denoted by V; is of the form

Vi =si [=visgn(s:) + Gi(g, §)] < (3.41)

— [0 + 0i(g; )] sisgn(si) + [silei(q,4) < —7olsil .
Consequently?, V = — >"V""y(|s;| is negative-definite. This implies that the
sliding manifold s = Oy_; is a positively invariant set for (3.34). The positive
invariance property of s = Oy_; implies that once the solutions of (3.34) reach
the sliding manifold, they cannot leave it and the motion of the joints will be
restricted to this manifold. To show that the solutions of (3.34) reach the sliding
manifold in finite time we use the comparison lemma, see e.g. [99]. In particular,
we take W = V"2V, = SV 's;|. The upper right derivative DTW =
SV V,%VL satisfies the differential inequality

D*W < —(N — 1), (3.42)

2Note that s; sgn(s;) = |s;|.
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Using the comparison lemma we have that
W(s(t)) < W(s(0)) = (N = 1) (3.43)

which implies that W = S \/2V; = 0 must reach V; = 0 in finite time. Ac-
cordingly, the solutions of (3.34) starting off the positively invariant manifold
s = On_; will reach it in finite time.

We summarize the results of the foregoing arguments in the following theo-
rem.

Theorem 3.1 With the robust joint tracking control law (3.37), the solutions of (3.34)
reach the sliding manifold s = Oy_, in finite time. The positive invariance of this
manifold, which is shown by (3.41), implies that these solutions will remain on the
sliding manifold for all future time. Moreover, exponential stability of the origin of the

joint tracking error dynamics & = — K ® on the sliding manifold, implies that the joint
tracking errors converge exponentially to zero during the sliding phase, see [99], and
the control objective (3.2) will be achieved.

Remark 3.1 The discontinuous sgn(-) function in the sliding mode controller may lead
to issues related to existence and uniqueness of solutions, issues related to the validity
of the Lyapunov analysis, and chattering (see [99]). To avoid these issues, a common
approach is to approximate the (discontinuous) sgn(s) function with a high slope (con-
tinuous) saturation function sat(s/e). However, with this approximation the best we
can achieve is ultimate boundedness of the tracking errors with an ultimate bound that
can be controlled by the design parameter € [99]. Also note that in the case that the
nonlinear terms arising due to parametric modelling uncertainties G,(q, ) are non-
vanishing in the origin (®,®) = (Ox_1,0y_1), then the origin is not an equilibrium
point that can be made asymptotically stable.

3.3.2 Underactuated Tracking Control via Sliding Mode
Design

In this section, we design a head angle controller for the snake robot in order
to achieve the second control objective (3.4). In particular, we analytically show
that robust tracking control of the head angle can be achieved by using ¢, as
an additional control term for the underactuated head angle of the robot. To
this end, we use éo as a dynamic compensator which adds a similar extra off-
set angle to the sinusoidal parts of the reference joint trajectories such that the
position of the CM of the robot converges to the desired path. Furthermore, we
use sliding mode techniques to design the dynamic compensator in a way that
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this convergence will be achieved even in the presence of parametric modelling
uncertainties which are due to friction changes.

Sliding Mode Control of the Head Angle

With the gait pattern lateral undulation (3.11), the reference joint trajectories are
composed of non-identical sinusoidal parts, and an identical offset term. Let us
denote S; = asin(wt + (i — 1)d). Thus, the reference trajectory of the i-th joint
can be denoted as

¢ref,i - Sl, + ¢o (344)

In (2.78), the head angle dynamics subject to nonlinear terms arising due to the
parametric modelling uncertainties was given by

N-1
On = fon(2:9) + > Bilga)V; + Goy (4, 4) (3.45)
=1
The head angle dynamics in closed-loop form can be obtained by substituting
the joint control law (3.37) into the head angle dynamics (3.45), which gives
(arguments are excluded for notational convenience)

N-1
On =fox + Gox + Y Bithi =
= (3.46)

N-1
Jox + Goy + Z Bi (Sz + kiSi — ki + Go + kidho — i sgn(si))
i=1

The goal of the control design is to make the head angle exponentially converge
to a reference head angle. In the following, we show that this convergence can
be achieved by using the additional control input ¢,. To this end, we first de-
fine the error variable for the head angle of the robot as 0 = Oy — 0., where
0:er denotes the reference head angle of the robot which was defined by a LOS
guidance law in (3.12). Moreover, we define the sliding mode variable for the
head angle in the form

so=0+ MG (3.47)
where A > 01is a constant gain. The time-derivative of the sliding mode variable
(3.47) is given by

so=0+ A0 (3.48)
To stabilize the sliding manifold sy = 0, we select a Lyapunov function candi-

date for (3.48) as
1
Vy = 553 (3.49)
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The time-derivative of Vj along the solutions of (3.48) gives
% = SySp = Sy (é-l— Aé) = Sy (HN — ércf + Aé) (350)
By inserting 0y from (3.46) into (3.50), we obtain

Vo =
N-1

Jox + Goy + > B; (Sz + kilS; — kidi + 0o + kido — i Sgn(&)) — s+ AD
i=1

B (3.51)
In order to stabilize the sliding manifold sy = 0 we define the dynamic compen-
sator as
d;o =
_
Yt

S0

N-1

_f0N - Z 61 <S1 + k'7Sz - k1¢1 + k‘7¢0 + i Sgn(si)> + ércf - Aé — 70 SgIl(Sg):|
=1

(3.52)
where vy > 0 is a constant gain. Since 3; is a negative-valued function for all
it e {l,...,N — 1}, (3.52) is globally well-defined. For the controller of this
section, through numerical simulations we show that the states of the dynamic
compensator (3.52), i.e. (¢, éo), remain bounded, however, a formal proof of
this boundedness will be presented in the following section. We define v, =
~o, + on(g, ) for some 5, > 0. Note that on(q,4) € R-( denotes the upper-
bound on Gy, (¢, ¢) € R. Inserting (3.52) into (3.51) yields

Vo = 50 (=70 520(50)+Gay) < — (3, + on(¢,4)) so.520(50)+| 56| (2 4) < —7s, |54

‘ (3.53)
The negative-definiteness of V; implies the positive invariance of the sliding
manifold sy = 0 for the dynamical system (3.48). This implies that once solu-
tions of (3.48) reach sy = 0, they will remain there for all future time.

The results of the foregoing arguments is summarized in the following theorem.

Theorem 3.2 Inequality (3.53) along with the comparison lemma, imply that all solu-
tions of (3.48) starting off the manifold sy = 0, will reach it in finite time, and solutions
on the manifold cannot leave it. Moreover, the exponential stability of the origin of the

head angle error dynamics § = —Af on the sliding manifold, implies that during the
sliding phase, the head angle error converges exponentially to zero, and the control de-
sign objective (3.4) will be achieved.
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We conjecture that the proposed guidance-based sliding mode path following
control strategy, steers the position of the CM of the robot towards the desired
path, and drives it along the path even in the presence of parametric modelling
uncertainties. In Section 3.5 we present simulation results which support this
conjecture. However, a formal proof of this conjecture remains a topic of next
chapters.

3.4 Stability Analysis of the Controlled Systems

So far in this chapter, based on the complex dynamic model of the snake robot
locomotion, we have derived two body shape and orientation controllers which
exponentially stabilize a desired gait pattern and a reference orientation angle
for the robot. However, the major drawback of the proposed controllers was
the absence of an analytical proof for the boundedness of the solutions of the
dynamic compensator which was used in order to control the orientation of the
robot. In this section, we propose a controller which guarantees the bounded-
ness of the solutions of the controlled system. In particular, using an input-
output stability analysis we will show that the solutions of the dynamic com-
pensator which controls the head angle of the robot remain uniformly bounded.

Remark 3.2 In Section 3.2, using the method of VHC we derived a body shape and
orientation controller which led to a strong stability result. In particular, by (3.27) we
showed that the orientation controller (3.26) globally exponentially stabilizes O — 0,.y.
However, this strong stability result for the orientation was obtained using the dynamic
compensator (3.26) which has a drawback. The drawback is that there is no term in
(3.26) to control the solutions of the dynamic compensator so that it guarantees the
uniform boundedness of these solutions. In this section, however, we change the control
design in the way that we add a term to the dynamic compensator which ensures the
boundedness of its solutions. However, this term acts as a non-vanishing perturbing
term for the orientation error dynamics, and consequently we will obtain a weaker sta-
bility result for the orientation angle. Instead, we guarantee that the solutions of the
controlled system remain uniformly bounded.

To perform control design, we first present two realistic assumptions regard-
ing the dynamics of the robot, and then we state a new control design objective
for the head angle of the robot. Subsequently, we design a new guidance-based
control strategy for the snake robot which ensures the boundedness of the so-
lutions of the closed-loop system. In particular, we employ design and analysis
tools from finite-gain £ stability which enable us to analytically show that the
body shape variables achieve perfect tracking, the orientation error converges
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to an arbitrarily small neighbourhood of the origin, and the states of the dy-
namic compensator remain bounded.

Assumption 3.1 We assume that Zf\i | B: is a negative constant.

Remark 3.2 Both through numerical simulations and experiments, see e.g. Figures
3.2 and 3.15, it can be verified that ;(q,) is negative-valued forall i € {1,...,N — 1}
in any configuration of the robot. This follows from the uniform positive-definiteness of
the inertia matrix of the robot. Moreover, Y~ " ; shows oscillations with a very small
magnitude about a negative constant. This negative constant depends on the inertial
parameters of the robot.

We denote the vector of friction forces acting on the underactuated degrees of
freedom of the robot by f = [foy, [z, f,] € R?, which is used in the following
assumption.

Assumption 3.2 Throughout this section we assume that sup; || f (q(t), 4(t))|| < oo.

Remark 3.3 Assumption 3.2 is a realistic assumption, since snake robots often move
very slowly, and the external forces due to friction acting on the system will be bounded.

New Control Design Objective for the Head Angle

In order to control the orientation of the robot, we then need to control the head
angle of the robot. Please note that the head angle 0y, together with the joint
angles that give the orientation of the links, (6;,...,60y_1), give the orientation
of the snake robot through (2.6). We define the tracking error variable for the
head angle of the robot as

0 =0n — Ores (3.54)

where 0,.; denotes the reference head angle defined by (3.12). Since we only
have (N — 1) independent control inputs, which will be used to control the joint
angles, stabilizing the passive degree of freedom (3.54) is challenging. We aim
to achieve practical stability® (see e.g. [18]) for this degree of freedom. Thus, the
new control objective for the head angle of the robot is to practically stabilize
On — B¢ such that

tlgglo sup Hé(t)” <€ (3.55)

3Practical stability means that we can drive the error (3.54) to any arbitrary small neighbour-
hood of zero.
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where ¢ € R is any positive constant. We also require that all the states
of the controlled system, i.e. including the solutions (¢,, ¢,) of the dynamic
compensator, remain bounded.

3.4.1 Guidance-based Control Strategy for the Snake Robot

In the following, we will present a guidance-based control strategy in order
to control the CM of the snake robot to a desired path through controlling the
head angle of the robot to the reference angle defined by the LOS path following
guidance law. Furthermore, using an input-output stability analysis, we show
the uniform boundedness of the solutions of the controlled system. Moreover,
we use a perturbation analysis to show that the orientation error is ultimately
bounded by an arbitrarily small bound containing the origin.

Body Shape Control

In this subsection, we define a dynamic tracking control law for the joint angles
of the robot. To this end, we define the tracking error for the i-th joint as

Gi = Qi — Preti (3.56)
where the reference i-joint trajectory ¢y ; is defined based on the work of Hirose
[1] as

Grer; = asin(wt + (1 — 1)0) + ¢, (3.57)

For the i-th joint we define the tracking control law

192' = Q.Sref.,i - deEz - kpéz (358)

where k,, k; > 0 denote the joint controller gains. By inserting (3.58) into (2.39)%,
the tracking error dynamics for the i-th joint takes the following exponentially
stable form

¢~51 + k‘dé/;i + ki =0 (3.59)

which implies that the joint tracking errors converges exponentially to zero from
any initial conditions.

4Note that the partially feedback linearized dynamics of the i-th joint angle in (2.39) was
presented as ¢; = ;.
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Head Angle Control

For the head angle control design, we will use the idea that we presented before;
using ¢, in the form of a dynamic compensator which reorients the robot in the
plane through adding an appropriately defined offset angle to each link of the
robot. In particular, we design this term to practically stabilize a reference head
angle for the robot, and thereby achieve the control objective (3.55).

For simplicity, by taking S; = asin(wt + (i — 1)J), the reference trajectory of
the i-th joint can be denoted as

¢ref,i = Sz + ¢o (360)

The closed-loop dynamics of the head angle can be obtained by inserting the
control law (3.58) into the head angle dynamics (2.40) which gives (arguments
are excluded for notational convenience)

N-1

On =fon + Z B =
=1
N-1

fox + 3 B (S5 RaSi + J s — Ry — uad) + (3.61)

i=1

N-1
7 Bi (b0 + kado + hy)
i=1

We choose g%i,,, utilizing that this can be used as an additional control input, in
the form

(50:
1

N-1
SV <_f6N - Z Bi (Sz + kaSi + kpSi — kpti — kati + 2k + 2kacho + U))

i=1

(3.62)
where ¢ is a new control input which will be defined later in this section. Note
that j; is negative-valued for all i € {1,..., N — 1}, which implies that (3.62)
is globally well-defined. The global exponential stability of the origin of the
joint angle error dynamics in (3.59) implies that the joint tracking errors (¢;, ¢;)
converge exponentially fast to zero. Consequently, the reduced form of (3.62)
to the invariant manifold where (¢;, ¢;) = (0,0) foralli € {1,...,N — 1}, i.e.
where (¢, $;) = (S; + ¢, S; + ¢,), can be written as

éo + kd(éo + ]fp¢0 - f¢' (363)
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where the right-hand side function is of the form

3 1 Nl
j@(u&&)::gxwfﬁi<—ﬁN——;;ﬁﬁ)+a> (3.64)

We denote (3.64) as the ®—subsystem. Note that the tracking control law (3.58)
then is a dynamic feedback law, in the sense that it depends on the time evolu-
tion of (¢,, &), which are the solutions of the dynamical system (3.63).

In order to control the head angle of the robot, we define the control term o
in (3.62) as .

0 = Orer — kg0 — kpoy0 (3.65)
where k¢, > 0 and kqg, > 0 are the head angle controller gains. By inserting
(3.65) into (3.62), and then the resulting equation into (3.61), the reduced form
of the error dynamics equation for the head angle of the robot evaluated on the

invariant manifold where (¢;, ¢;) = (0,0), can be written as

0 + ko0 + kpoy0 = fo (3.66)

We denote (3.66) as the ©—subsystem, where the perturbing term on the right-
hand side is of the form

fe (¢oa ¢o) = —kydo — kabo (3.67)

For the aim of analysis, we divide the input to the ®-subsystem f5 given by
(3.64), into two parts. In particular, one part depends on the solutions of the
©-subsystem, which are the head angle tracking errors, and the other part in-
cludes uniformly bounded friction forces and time-dependent reference signals.
Consequently, we divide it into

Jo = fo, + fa, (3.68)
where
1 - ~
fin = S (~oab — ko)
) N (3.69)
fo, = m <—f9N - ; BiSi + 9ref>

Since the input to the ®—subsystem depends on the solutions of the ©—subsystem
and vice versa, one may verify that the (? — ©)-subsystems are feedback con-
nected. This interconnection is illustrated in Figure 3.1, and can be represented
as
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fo,

0O-subsystem

f® ®-subsystem e ftbz

Figure 3.1: Illustration of the feedback connection (3.70)

0 = —kaigyl — ko0 + fo (00 b0
Eim{ RO 9<- ) (3.70)

b0 = —kato — kpio+ fo (t,é, é)

The feedback connected system X, is the dynamical system which governs
the interconnection between the actuated and underactuated dynamics of the
robot in closed-loop. In particular, for the ®-subsystem the objective is to keep
the solutions bounded, while for the ©-subsystem the objective is to drive the
solutions to a small neighbourhood of the origin, i.e. to make the head angle
error arbitrarily small. To achieve these objectives, in the following we analyze
the conditions under which the feedback connection remains stable.

Input-Output Stability of the Feedback Connected System

The feedback connected system ;,; is composed of two subsystems given by

d 0 0 1 0 0
dt [ 51 N [—kpﬁN ~kagy ] le] + l f@‘| (3.71)

d | %o 0 1 bo 0
alal-[5 B e e

To investigate the input-output stability of 3, we introduce the augmented

state vector & = [é, b0, 0, ngO]T € R*, and the following augmented linear time-
invariant system

>

-

&+ Bu (3.73)
i (3.74)

Q> Y
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where A denotes the following matrix

0 0 1 0

) 0 0 0 1

e T ) . (3.75)
SR ok S —h

and the input v is given by the following uniformly bounded scalar-valued
function

u=fa, (3.76)
The input matrix B and the output matrix C are, respectively, given by

B =1[0001] (3.77)

¢ =[1111] (3.78)

The following theorem investigates the input-output stability of the augmented
dynamical system (3.73), with the output function (3.74).

Theorem 3.3 The augmented dynamical system (3.73)—(3.74), i.e. the feedback con-
nected system ¥, is finite-gain Lo stable.

Proof: Tt can be verified that all the eigenvalues of matrix A have negative real
parts, i.e. that matrix A is Hurwitz, when k,, kq, kpoy, ka9, > 0. Consequently,
by [99, Corollary 5.2], we conclude that (3.73)—(3.74) is finite-gain £, stable, for
each p € [1, o0, and the finite-gain is given by

* max

)\min(P)

_ 25uP)IBIIIC] (3.79)

where A, and Ani, denote, respectively, the maximum and minimum eigen-
values of P € R?*? which is the symmetric positive definite matrix solution of
the Lyapunov equation

ATP 4+ PA=—1 (3.80)

where I € R?**? denotes the identity matrix. B

Remark 3.4 Based on the finite-gain Lo stability of ¥, and uniform boundedness
of the exogenous input fg,, we can conclude that the solutions of ¥,,: are uniformly
bounded by

1yl < 7" lul@®)ll, (3.81)
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Thus, if we denote the upper-bound on the exogenous input fg, as ¢* = sup,so{ fa,(t)},

then we can derive the upper-bound on the solutions ®; = [¢,, ¢,)7 € R? of the dy-
namic compensator, i.e. the ®-subsystem, as

¢ =[12:(@)]l, <7°C" € Rso (3.82)

This upper-bound will be used in the stability analysis presented in the next subsection.

Theorem 3.3 guarantees the boundedness of the solutions of the feedback con-
nected system ¥,;, and thus the requirement for the boundedness of the states
of the dynamic compensator is fulfilled. It remains to show that under the
controllers (3.58) and (3.62) the head angle error can be made arbitrarily small,
which is the subject of the next subsection.

Practical Stability of the Head Angle Error Dynamics

We denote the state vector of (3.71) by ©, = [0,0]” € R?, and the state vector of
(3.72) by @, = [¢o, éo]T € R% The dynamical system (3.71) with fe¢ = 0 denotes
the nominal part of the ©-subsystem, and the dynamical system (3.72) with
fa = 0 denotes the nominal part of the ®-subsystem. The nominal part of the ©-
subsystem (3.71), which characterizes the dynamics of the head angle tracking

error, has a globally exponentially stable equilibrium at the origin (4,6) = (0,0)
because the following matrix is Hurwitz

A= (3.83)

0 1
- k‘PﬁN - kdﬂN

However, this nominal part is perturbed by the bounded non-vanishing per-
turbation term fo. Through the following theorem, we investigate the practical
stability of the origin of (3.71) in the presence of fo.

Theorem 3.4 Given the feedback connected system (3.70), the head angle error (0, 67) is
uniformly ultimately bounded. Furthermore, it is possible to make the ultimate bound
arbitrarily small by choosing sufficiently large gains (ko , kaoy )-
Proof: We select a quadratic Lyapunov function in the form
1
V= 5@{13@5 (3.84)
where P € R?*? is the solution of the Lyapunov equation

ATP 4+ PA=-Q (3.85)
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Since the matrix A in (3.83) is Hurwitz, there will always be a unique, symmetric
and positive definite solution P to (3.85) for any positive definite matrix @) [99,
Th. 4.6]. In order to reflect that the convergence rate of the linear system given
by (3.83) will depend on the chosen gain parameters, we choose the following
Q € R**2 positive definite matrix

kpoy O
Q—[ ) ] (3.86)

kaoy

We denote the minimum eigenvalue of @ by A\, (Q), which is characterized by
the choice of the head angle controller gains (k,,,kq40y). By a Converse Lya-
punov Theorem [99], exponential stability of the nominal part of (3.71) implies
that (3.84) satisfies the following inequalities [99, Ch. 9.1]

0V (O,
10 46, < (@013 (3.5%)
ov(o,)
< i .
H S|, < 2mlPIIO (3.89)

where \yin(P) and Ayax(P) denote the minimum and maximum eigenvalues of
P, respectively. Furthermore, we select V' as a Lyapunov function candidate for
the perturbed system (3.71). Taking the time-derivative of V' along the solutions
of (3.71), and utilizing the properties (3.87)—(3.89), gives

ov ov

A©,
FERRIPER
The first right-hand side term in (3.90) denotes the time-derivative of V' along
the solutions of the nominal part of (3.71), and the second right-hand side term
is the effect of the perturbing term fo. Using the inequalities in (3.87)-(3.89), we
obtain

V= fo (3.90)

V < _/\min(Q)||98||§+2/\1naX(P)H@sHQHf@H? (3-91)

Moreover, from the definition of fg in (3.67) and using Cauchy-Schwartz in-
equality, see e.g. [99], we have that

ol (/82 + 2) ]2 (3.9

To simplify the analysis, we choose the controller gains as

k* k*
ky=—2" kg = ! :
" Do (P) T D (P) (3.93)
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where k; > 0 and kj; > 0. With this choice of the controller gains, and also based
on the upper-bound on the solutions of the dynamic compensator ( € R in
(3.82), inequality (3.91) takes the form

V < Auin @03+ 104l12 (/122 + k72 ¢ (3.99

For the second term in the right-hand side of (3.94), we use Young's inequality
where we have that

ab< T+ — (3.95)

2y
where a,b € R, and v > 0 is any positive constant [101]. In particular, by taking

= ||®5||2(./k;2+k;2>, b= (3.96)

one can write (3.94) in the form

va?  b?
2

. 2
V< (= Auin(@) + 7 [K7 + £5]) 1045+ Cy (3.97)

With any choice of v, k;, and £}, we can choose the elements of ), i.e. (k0 , kaoy ),
sufficiently large, so that

o* = (—Aan(Q) + v [k}* + K7]) (3.98)

is negative. In this case, for a sufficiently small positive constant A the following
inequality holds

<2

V < —a*||0,|3+ % (3.99)

CQ
= _/\ (/\max(P)HGng) +
2y
Based on the inequality in (3.87), we can also derive the following inequality
—AV > =X (Anax(P)]04]13) (3.100)
and using this in (3.99) yields

2
V<AV + % (3.101)

Consequently, a straightforward application of the comparison lemma yields

V(t) < e MV(0) + 222/\ (3.102)
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From (3.102) we conclude the ultimate boundedness of the head angle error, be-
cause the first term on the right-hand side of (3.102) vanishes as ¢t — oo, and the
second term is uniformly bounded. However, boundedness of the head angle
error is not sufficient to achieve the control objective (3.55). We also need to
show that the ultimate bound can be made arbitrarily small. To this end, we no-
tice that based on (3.102) V converges to a ball of radius (*/2y). Consequently,
based on the inequality Ay (P)[|O;]|5< V in (3.87), we conclude that ||O;||; also
converges to a ball of radius

SO S (3.103)

2Amin (P) YA

Moreover, we can drive ||O;]|» to any arbitrary small neighbourhood of the ori-
gin ¢, by choosing
C2

2 min(P) )\63
which can be seen by inserting (3.104) into (3.103). Furthermore, from (3.98) it
can be seen that for any value of v in (3.104), it is always possible to make a*
negative by making A, (@) large enough, i.e. by choosing (k, g, , ka4, ) suffi-
ciently large. Consequently, an arbitrarily small ultimate bound for the head
angle error can be achieved by properly choosing the gains (k, g, , ka.0,), and
the control objective (3.55) is achieved. This completes the proof of Theorem
34. 1

N = (3.104)

Remark 3.5 By the result of Theorem 3.3, the feedback connection (3.70) is finite-gain
Lo stable when k,, kg, kpgy, kapy > 0. Furthermore, from (3.93) we see that we need
to choose the gains of the orientation controller (k, o, , ka0, ) sufficiently larger than the
gains of the dynamic compensator (k,, kq), in order to guarantee that the head angle
error converges to a small neighbourhood of the origin. This can also be interpreted
based on the fact that (k,, kq) increase the strength of the perturbing term fo on the
right-hand side of (3.71). In other words, by decreasing the strength of feo and increas-
ing (kpoy, kaoy ), any small ultimate bound on the head angle error can be achieved.

Such as previous controllers of this chapter, through numerical simulations
for this controller we will show that the proposed guidance-based control strat-
egy of this section, successfully make the snake robot converge to the desired
path and then drives it along the path.
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3.5 Simulation and Experimental Results

3.5.1 Simulation and Experimental Results for the VHC based
Body Shape and Orientation Controller

In this section, we present simulation and experimental results which illustrate
the performance of the proposed path following controller in Section 3.2. We
considered a snake robot with N = 11 links, m = 1 kg, [ = 0.07m, and J =
0.0016 kgm?. The friction coefficients were ¢, = 10, ¢; = 1. The parameters of
the joint constraint functions (3.11) were o = 7/6 rad, n = 707t/180 rad, and
d = 36m/180 rad. The controller gains in (3.20) and (3.26) were tuned as k, = 10,
ka=15,kpgy =20, ka9, =1,and A = 1.4m. In order to calculate y and Dy, we
employed the approach taken in [89] by passing ¢y through a low-pass filter of

the form
Dy 0 1 Dy 0 ©
Dy | | w2 205w, Dy - w2 | TN (3.105)

with natural frequency w, = 7/2 rad, damping ratio vy = 1, and zero initial
conditions. As seen from the simulation results which are presented in Figures
3.2-3.7, the snake robot successfully converges to and follows the desired path.
In particular, Figure 3.2 shows that the quantity .!°, §; is uniformly bounded
away from zero, which implies that (3.26) is globally well-defined. Figure 3.3
shows that the solutions of the dynamic compensator (3.26) remain bounded.
Figure 3.4 shows that the joint angles track the reference angles provided by
the constraint functions (3.11), while the tracking errors converge exponentially
to zero. Figure 3.5 shows that the head angle tracks the reference head angle
provided by the constraint function (3.12), while the tracking error converges to
zero exponentially. Figure 3.6 shows that the CM of the robot converges to and
follows the desired straight path. Moreover, in order to show the performance
of the proposed tracking control law (3.20) in the presence of angular position
measurement noise, we subjected every i-th joint angle ¢; to an additive noise
by using Matlab function randn() which generates normally distributed pseu-
dorandom numbers that can be considered as measurement noise for the joint
angles. In particular, we added randn(1) to each joint angle ¢; in each integra-
tion step. The result of simulation is presented in Figure 3.7, which shows that
the joint tracking errors converge to a very small neighbourhood of zero in the
presence of measurement noise.

d

dt
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Experimental Setup

The experiment was carried out using the snake robot Wheeko, see [11]. The
robot, which is shown in Figure 3.8, has 10 identical joint modules, i.e. N = 11
links. Each joint module is equipped with a set of passive wheels which give
the robot anisotropic ground friction properties during motion on flat surfaces.
The wheels are able to slip sideways, and thus do not introduce nonholonomic
velocity constraints in the system. Each joint is driven by a Hitec servo mo-
tor (HS-5955TG), and the joint angles are measured using magnetic rotary en-
coders. The motion of the snake robot was measured using a camera-based
motion capture system from Optitrack of type Flex 13. The system consists of 16
cameras which are sampled at 120 frames per second and which allow reflec-
tive markers to be tracked on a sub-millimeter level. During the experiment,
reflective markers were mounted on the head link of the snake robot in order
to measure the position (zy, yn) and orientation (6y) of the head. These mea-
surements were combined with the measured joint angles (¢1, ..., ¢n—_1) of the
snake robot in order to measure the absolute link angles (2.5) and the position
of the CM (p,, p,) of the robot. In order to obtain the derivatives of the reference
head angle (3.12), we used the same technique as in the simulations, i.e. passing
@y through a low-pass filter of the form (3.105). The parameters of the low-pass
filter were set to w,, = 7/2 and ¢y = 1.

In the following, we elaborate on a few adjustments that were made in the
implemented path following controller in order to comply with the particular
properties and capabilities of the physical snake robot employed in the experi-
ment. We conjecture that these adjustments only marginally affected the over-
all motion of the robot. The successful path following behaviour of the robot
demonstrated below supports this claim. Since the experimental setup only
provided measurements of the joint angles and the position and orientation of
the head link, we chose to implement the joint controller in (3.20) as

9; = —kyy; (3.106)

where i € {1,...,10}. We conjecture that eliminating the joint angular velocity
terms from (3.20) did not significantly change the dynamic behaviour of the sys-
tem since the joint motion was relatively slow during the experiment. The main
consequence of excluding the velocity terms from (3.20) is that we potentially
introduce a steady-state error in the tracking of the joint angles. Consequently,
since with the joint control law (3.106) the derivative terms in (3.20) are iden-
tically zero, they need not to be linearized in the head angle dynamics by the
dynamic compensator. As the result, we implemented the dynamic compen-
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sator of the form

N-1 -1
bo = (Z Bi) (= foy + &On — kpoyyn — kaoyin) — kpdo — kado  (3.107)
=1

where the controller gains were k,9, = 20, kg9, = 1, k, = 10, and kg = 5.
We saturated the joint angle offset ¢, according to ¢, € [—n/6,7/6], in order
to keep the joint reference angles within reasonable bounds with respect to the
maximum allowable joint angles of the physical snake robot. Moreover, from
Figure 3.8, it can be seen that the head link of the snake robot does not touch the
ground since the ground contact points occur at the location of the joints. As
a results, we implemented (3.107) with fy,, = 0. The solutions of the dynamic
compensator (3.107) were obtained by numerical integration in LabVIEW which
was used as the development environment. We chose the look-ahead-distance
of the path following controller as A = 1.4 m. The initial values for the config-
uration variables of the snake robot were ¢; = 0 rad, fy = —7/2 rad, p, = 0.3
m and p, = 1.7 m, i.e. the snake robot was initially headed towards the desired
path (the x-axis), and the initial distance from the CM to the desired path was 1.7
m. Furthermore, the parameters of the constraint functions for the joint angles
(3.11), were o« = 7/6, n = 707t/180, and 6 = 367/180, and the ground friction
coefficients were ¢, = 1 and ¢, = 10, identical to the simulation parameters.

Experimental Results

The results of the experiments are illustrated in Figures 3.9-3.14. In particular,
Figure 3.9 shows screen shots of the experiments. Figure 3.10 shows that the
solution of the dynamic compensator remained bounded. Figure 3.11 shows
that the joints of the robot tracked the sinusoidal reference angles provided by
the constraint functions (3.11), and that the tracking error converged to a neigh-
bourhood of the origin. As discussed above, this is probably due to the modifi-
cation of the joint controller (3.106) due to the lack of velocity measurements in
the lab. Figure 3.12 shows that the head angle of the robot tracked the reference
head angle defined by the constraint function (3.12), and that the tracking error
converged to a neighbourhood of the origin. Figure 3.13 shows the motion of
the CM of the robot in the x — y plane, which converged to and followed the
desired path. Figure 3.14 compares the motion of the CM during the simulation
and the experiment, which were performed using the same controller parame-
ters in order to obtain comparable results. In particular, from Figure 3.14 it can
be seen that the physical snake and the simulated snake follow almost the same
path. However, due to precise measurement and a more accurate joint control
law for the simulated snake, the path following error converges to a smaller
neighbourhood of the origin.
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Figure 3.3: The solutions of the dynamic compensator remain bounded, and converge
to a neighbourhood of the origin after compensating for the head angle error.
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Figure 3.4: The joint angles track the reference joint angles provided by constraint
functions (3.11) (above). The tracking error converges exponentially to zero (below).
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Figure 3.5: The head angle tracks the reference head angle provided by (3.12) (above),
while the tracking error converges exponentially to zero (below).
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Figure 3.6: The simulations verify that the position of the CM of the robot (blue) con-
verges to and follows the desired path (dashed black).

......... |.........|.........|..._(bl
1 ol
__ 05 )
"% ] [
A 0 -
-0.5+ o
""""" LI L L L B DL B B AL L B B B R
0 5 10 15 20
Time [s]
1 P 1 | T S S T P
i N-1 L
3 |— 0 il
3 2 L
<
M L
O_
T T T T T
0 1 2 4 5
Time [s]

Figure 3.7: The joint angles track the reference joint angles (3.11) in the presence of
measurement noise (above), the tracking error converges to a neighbourhood of zero
(below).
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Figure 3.9: Screen-shots of the motion of the robot during the experiments, which
shows that the robot converges to and follows the desired path.
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Figure 3.11: The joints of the robot track the sinusoidal references provided by the
constraint functions (3.11) (above), the tracking error converges to a neighbourhood of
zero (below).
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Figure 3.12: The head angle tracks the reference head angle defined by the LOS guid-
ance law (3.12) (above), the tracking error converges to a neighbourhood of zero (be-
low).
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Figure 3.13: The position of the CM of the robot (blue) converges to and follows the
desired path (dashed black) during the experiments.
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Figure 3.14: Comparison between the motion of the CM of the robot during the simu-
lations (red) and the experiments (blue).

3.5.2 Simulation Results for the Sliding Mode Controller

In this subsection, the simulations results for the sliding mode controller are
presented. For the simulations, the inertial parameters of the N = 11 links
robot were m = 0.5 kg, [ = 0.1 m, and J = 0.0016 kgmg. The parameters of the
joint reference trajectory in (3.11) were @ = 7/6 rad, A = 80tw/180 rad/s, and
§ = 2r/3 rad. The sliding mode controller gains were tuned as K = diag{2};_,,
v = diag{15}?_;, A = 4, 7y = 10, and A = 2 m. All the initial conditions were
set to zero, except p, = 5 meters initial cross-track error. In order to show the
robustness of the proposed feedback control law with respect to the modelling
uncertainties due to friction forces, we assumed that the identified ground fric-
tion coefficients were ¢, = 10, and ¢; = 1, while the actual coefficients were
¢, = 20, and ¢; = 2. This implies that exact linearization will not be performed
by the nominal part ¥,om of the sliding mode tracking feedback control law
(3.37). Consequently, the dynamic model will be subject to nonlinear terms
which arise due to this parameter uncertainties. Throughout the simulation
study, we aim to show that the body shape and orientation controller derived
in Section 3.3 will successfully achieve the control objectives (3.2), (3.4), and
(3.6) in the presence of these nonlinear terms. In particular, Figure 3.16 shows
that the states of the dynamic compensator (3.52) remain bounded. Figure 3.17
shows that the joint angles track the reference trajectories (3.11). Figure 3.18
shows that the CM of the robot converges to and follows the desired straight
path, and Figure 3.19 shows the convergence of the head angle error to zero.
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Figure 3.15: The term Ef\i Il ; is uniformly bounded away from zero, which implies
that the dynamic equation (3.52) is globally well-defined.
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Figure 3.16: The solutions of the dynamic compensator converge to a neighbourhood
of the origin, after compensating for the head angle error



95 Simulation and Experimental Results

0.1

-0.4 1

Time (s)

Figure 3.17: Thejoints of the robot track the serpentine motions while the joint tracking
errors converge to zero exponentially.
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Figure 3.18: The position of the CM of the robot (blue) follows the desired straight line
path (dash-dotted red).
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Figure 3.19: The head angle tracking error converges to zero exponentially

3.5.3 Simulation Results for the Dynamic Feedback Controller
with Analysis of the Controlled System

In this subsection, we present the results of numerical simulations which illus-
trate the performance of the proposed control design. We considered a snake
robot with NV = 4 links and with inertial link parameters m = 0.3 kg, 2l = 0.14
m, and J = 0.0016 kgm?. The friction coefficients were ¢, = 10, and ¢, = 1.
The parameters of the reference joint trajectories were o = 307/180 rad, w = 7
rad/s, and 6 = 1207/180 rad. The dynamic feedback controller gains were
tuned as k, = 5, ky = 5, k, 9, = 500, and k4, = 500. Note that we have chosen
the gains in accordance with Remark 3.5, such that the system is finite-gain £,
stable, and the orientation error goes to a small neighbourhood of the origin.
The look-ahead-distance was A = 3 m.

As seen from the simulation results, the snake robot successfully tracks the
reference body shape and orientation, and thereby converges to and follows
the desired path. In particular, Figure 3.20 shows that the states of the dy-
namic compensator remain bounded. Figure 3.21 shows that perfect tracking
is achieved for the body shape of the robot, and Figure 3.22 shows the time
evolution of the link angles. Moreover, in Figure 3.22 the head angle tracks the
LOS guidance law, while the tracking error converges to a neighbourhood of
zero as shown in Figure 3.23. Finally, Figure 3.24 shows how the snake robot
successfully converges to and follows the desired path.
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Figure 3.20: The solutions of the ®-subsystem converge to a neighbourhood of the
origin after compensating for the head angle error.
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Figure 3.21: The joints track the sinusoidal motions (above), the tracking errors con-
verge exponentially to zero (below).
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Figure 3.22: Oscillations in the links of the robot which are induced by sinusoidal joint
motions. The head angle (cyan) tracks the guidance law, and thus does not oscillate.
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Figure 3.23: The head angle tracks the reference head angle (above), the tracking error
converges to a neighbourhood of the origin (below).
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Figure 3.24: The robot is initially headed away from the desired path. The position of
the CM of the robot (blue) converges to and follows the desired straight line path (the
z-axis).

Chapter Summary

e We considered body shape and orientation control of planar snake robots
by use of VHC. In particular, we introduced VHC that defined a constraint
manifold for the robot. We designed an input-output feedback linearizing
control law to exponentially stabilize the constraint manifold for the sys-
tem.

e Using sliding mode techniques, and based on the dynamic model which
was subject to nonlinearities that were due to parametric modelling un-
certainties, we designed a robust body shape and orientation controller,
which induced path following on the robot. In particular, we designed a
dynamic compensator to control the head angle of the robot to an angle
defined by a LOS Guidance law.

e We used an input-output stability analysis to show that the solutions of
the dynamic compensator which was used in order to control the head
angle of the robot remain uniformly bounded.
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o A formal proof of the convergence of the position of the CM of the robot
to the desired path remains a topic of subsequent chapters. However, we
presented simulation and experimental results which validated the the-
oretical approach for the controllers in this chapter. In particular, these
results showed that the robot successfully converged to and followed a
desired straight path.



CHAPTER

Model-based Locomotion Control
Approaches for Snake Robots
Part |: The Simplified Model

In this chapter, we present various control methods for the position of the CM
of the snake robot in the plane. In particular, we use the simplified kinematic
and dynamic model of the snake robot which was presented in Chapter 2, in or-
der to solve two locomotion control problems. These control problems consist
of direction following and maneuvering control of snake robots. In particular,
to address these problems we need to control the body shape, orientation, and
velocity of the snake robot to given references. Note that the orientation and
position of the CM of the snake robot are underactuated degrees of freedom
for which the control design is challenging. For instance, it is often difficult
or even impossible for underactuated systems to find an appropriate feedback
transform along with a change of coordinates in order to write the governing
dynamics of the passive degrees of freedom in a linear format [103]. As a result,
for snake robots which have at least three degrees of underactuation, there are
very few model-based feedback control approaches which rely on formal stabil-
ity proofs. However, in this chapter we utilize the simplified model of the snake
robot locomotion in order to present formal stability proofs for the closed-loop
dynamics of the underactuated position variables of the robot. In particular, we
use the method of virtual holonomic constraints (VHC) to address the direction
following and maneuvering control problems for the snake robot. To this end,
we first stabilize a constraint manifold for the fully-actuated body shape vari-
ables of the robot. The definition of the constraint manifold is inspired by the
well-known reference joint angle trajectories which induce lateral undulatory
motion on snake robots. Moreover, we then will show that the dynamical sys-
tem evaluated on the invariant constraint manifold can effectively be controlled
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using dynamic and static compensators. In particular, we will use the design
freedom that the parameters of the desired gait patterns give, and choose these
parameters by using dynamic and static compensators, which control the ori-
entation and planar position of the robot. Furthermore, we will show that the
solutions of these compensators remain uniformly bounded.

In this chapter, we will investigate two locomotion control problems for
snake robots which move on a horizontal and flat surface. These control prob-
lems consist of direction following, and maneuvering control of snake robots.
The general definitions of these control problems are given below.

e Direction Following: In the direction following problem, the goal is to
regulate the orientation and the forward velocity of the robot to a constant
value, while guaranteeing the boundedness of the states of the controlled
system.

e Maneuvering: The maneuvering problem consists of two tasks (see e.g.
[104]). The first task, which is called the geometric task, is to converge to
and follow a desired geometric path. The second task, which is is called
the dynamic task, consists of satisfying dynamical constraints, e.g. a de-
sired velocity profile, along the desired path.

In the subsequent sections, we will state the mathematical formulations for the
above control problems, and we use nonlinear control theory in order to derive
the controllers. Furthermore, we present formal stability proofs for the con-
trolled systems.

Contributions of this chapter: Using the simplified model, this chapter makes
three contributions to snake robot locomotion control. The first contribution of
this chapter is to propose a direction following controller for the snake robot.
The second contribution of this chapter is to propose a maneuvering controller
for the snake robot along straight paths. In particular, by solving the maneu-
vering problem, we control the body shape, orientation, and planar position of
the robot. The third contribution of this chapter is to propose a maneuvering
controller for the snake robot along general curved paths.

In particular, in this chapter we aim to control the orientation and the for-
ward velocity of the robot to given references (either constant or time-varying),
while guaranteeing the boundedness of all the states of the controlled system.
To this end, we first stabilize a constraint manifold for the fully-actuated body
shape variables of the robot. The definition of the constraint manifold is in-
spired by the well-known reference joint angle trajectories which induce lateral
undulatory motion for snake robots. Subsequently, we reduce the dynamics of
the system to the invariant constraint manifold. Furthermore, we design two
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dynamic compensators which control the orientation and velocity of the robot
on this manifold. Using numerical analysis and a formal stability proof, we
show that the solutions of the compensators remain bounded.

To our best knowledge, similar control problems have never been consid-
ered for snake robots. However, both in terms of theoretical developments and
practical aspects, this is an important step forward for locomotion control of
snake robots. In particular, theoretical control challenges which arise due to the
complicated dynamic model of snake robots, which have at least three degrees
of underactuation, can help to an increased understanding of motion control of
underactuated mechanical systems. Furthermore, for real-time applications of
snake robots, it is crucial to automate the locomotion of the robot in the environ-
ments where the human presence is unsafe or impossible, and also to remove
the necessary communication system with a human operator which can reduce
the cost and sensor equipments.

Using the simplified model, a guidance-based straight line path following
control strategy for the snake robot is previously presented in [44] using a cas-
caded systems theory. However, [44] does not provide any results regarding
the forward velocity v; of the robot, and only assumes that the velocity of the
robot is inside a positive constant range, i.e. v; € [Umax, Umin] Where vy, and
Umin denote the maximum and minimum of the forward velocity, respectively.
However, this is a restricting assumption since the velocity can change sign or
go unstable. Furthermore, in order to solve the direction following and the ma-
neuvering control problems, we need to control the velocity and position of the
robot along the general curved paths. In this work, using the method of VHC
we achieve these goals. Moreover, using numerical analysis and formal stabil-
ity proofs we show that all the states of the controlled system remain bounded.

Organization of this chapter: This chapter is organized as follows. In Section
4.1, we solve the direction following control problem for the snake robot us-
ing the method of VHC. In Section 4.2, we will solve the maneuvering control
problem along straight paths using the VHC approach. In Section 4.3, a control
strategy for maneuvering along general curved paths is presented. Finally, in
Section 4.4, simulation results for the proposed controllers of this chapter are
presented which validate the theoretical approaches.

Publications: The results of this chapter are based on the conference papers
[81], and [82].
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Preliminary Theory: Reduction Problem for Asymptotic Stability

Throughout Chapters 4 and 5, we use the reduction theorems for stability of
closed sets given in [98]. In this part, we present for completeness the version
of the reduction theorem that we use in the thesis. This theorem may be used
in applications in which the designer must simultaneously meet control spec-
ifications that can be formulated hierarchically [98]. Consider the dynamical
system

Y = f(x,u) (4.1)

with the state space X C R", where f is locally Lipschitz on X, with the solution
¢(t, zo) at time ¢t and initial condition x(0) = z,, and u(z) is a locally Lipschitz
feedback which makes the sets I'; C I'; positively invariant for the closed-loop
system. This invariance property implies that for all zp € I';, ¢ = 1,2, and for
allt > 0, ¢(t,x¢) € I';. Furthermore, we say that the set I'y is (globally) asymp-
totically stable relative to I'; for ¥, provided that whenever z, € I's then I'; is
(globally) asymptotically stable. In particular [98, Definition 4] states the defi-
nition of the stability of two sets relative to each other as follows.

Definition 4.1 Let I'y and I'y, I'y C T'y C X, be closed positively invariant sets.
We say that Ty is stable relative to I's for ¥ if, for any € > 0, there exists a neighbour-
hood N (Ty) such that (R, N'(I'y) NTy) C B(Ty).

Note that in the above definition, . denotes the e-ball given by the set B, =
{z € X : ||z||r, < €}, where ||z|r, denotes the point-to-set distance, see [98].

Now suppose thatI'y C 'y C ... C I'; is a nested sequence of closed subsets
of X which represent hierarchical control specifications. According to [98], we
say that specification 1, ..., specification / are met when = € I';, i.e. the states
enter the corresponding set which represents the specification. The property
that I'; C I';41 induces a hierarchy of control specifications, where specification
i is met only if specification ¢ + 1 is met, and thus specification ¢ + 1 has higher
priority than specification ¢ [98].

We state Part a of [98, Proposition 14], and we will use this to carry out parts
of the control design in Chapter 4 and 5 of this thesis.

Proposition 4.1 [98] Consider system (4.1), and assume that there exists a locally
Lipschitz feedback w(x) making the sets I'y C T'y C ... C T, positively invariant for
the closed-loop system. Let I'iy = X. If, fori = 1,...,1, I; is asymptotically stable
relative to I'; 1 for the closed-loop system, and T’y is compact, then T'y is asymptotically
stable for the closed-loop system & = f(x,u(x)).
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Remark 4.1 For the case of a snake robot, the highest priority is the body shape control
which induces the forward motion on the robot based on a desired gait pattern, and then
the second priority is the orientation control which can drive the robot towards a target
in the plane, and the third priority is the position control which makes the robot move
along the desired path with a desired velocity profile. We will develop a hierarchical
control approach based on these control objective priorities for the snake robot.

Review of the Simplified Model

In this part, we recall the simplified kinematic and dynamic models derived in
[11] that were presented in Section 2.3. In this chapter, this model will be used
for direction following and maneuvering control design for the snake robot.
In particular, using the chosen generalized coordinates which were given as
q =11, ., On-1,0, Dz, py]T € RN*2, where ¢; denotes the i-th joint coordinate,
6 denotes the orientation, and (p,, p,) denotes the planar position of the CM of
the robot, the dynamic model of the robot is given as

gf} = v (4.2)

0 = (] (43)
pr = wvpcos(0) — v, sin(6) (4.4)
Py = vsin(f) + v, cos(6) (4.5)
Vg = —Mvg+ A2 'UtéT¢ (47)

N —

. Ct 2c _ C —

vy = _E’Ut + N—;vneT(ﬁ — N72L¢TADU¢ (4 8)
. Cn 2¢,
Un = _EU” + ﬁvteT¢ (49)

The simplified model (4.2)-(4.9) includes the essential components of the com-
plex model of the snake robot. Furthermore, due to the approximation of the
many of the nonlinear terms of the complex model with simpler linear terms,
the simplified model is more amenable to the model-based locomotion control
design which will be presented in the following sections.
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4.1 Direction Following Control of Snake Robots
based on a Simplified Model

4.1.1 Control Design Objectives

In this subsection, we present the control design objectives for the direction
following controller which will be derived in this section. In direction following
control (DFC), the objective is to regulate the linear velocity of the snake robot to
a constant reference, while guaranteeing the boundedness of the system states.
According to this definition, we define the following control objectives for the
snake robot.

The first control objective concerns the body shape of the robot. Given the
desired periodic body motions, i.e., a desired gait pattern, which we denote by
bret(t) : Rug — RV~1, we aim to asymptotically stabilize ¢ — ¢,¢f such that

Furthermore, we aim to regulate the orientation of the robot to a constant
reference orientation which we denote by 6,.r € R. Thus, the second control ob-
jective is to asymptotically stabilize the orientation of the robot to the reference

orientation such that
tlim 16(t) — Oret|| = 0 (4.11)

The third control objective concerns the velocity of the robot. In particular,
we aim to practically stabilize (see e.g. [100]) the forward velocity of the robot
to a constant reference forward velocity such that

tllm sup [|ve(t) — veret|| < € (4.12)

where ¢, € R, is any arbitrary positive constant. Meanwhile, we aim to drive
the normal velocity to a small neighbourhood of the origin such that

Jim (0] < e, (4.13)

where €, € R, is a constant. Finally, we require that all the solutions of the
controlled system remain bounded.

Remark 4.2 Note that because of the oscillations that are necessary in order to con-
trol snake robots [11], the forward velocity of the CM will typically not be constant
but will instead oscillate, and this is the reason why we instead of stabilization aim to
practically stabilize it around the desired forward velocity.
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4.1.2 Body Shape Control

In this subsection, we propose a feedback control law for the body shape of the
snake robot. In particular, we stabilize a desired gait pattern for the body shape
variables, which induces lateral undulatory locomotion on the robot.

As we discussed in Chapter 3, it is well-known [1] that the gait pattern lateral
undulation for an N-link snake robot will be achieved if every i-th joint of the
robot moves in accordance with the reference joint trajectory given by

Greri(t) = asin(wt + (i — 1)d) + ¢, (4.14)

where o denotes the amplitude of the sinusoidal joint motion, w denotes the
frequency of the joint oscillations, and ¢ denotes a phase shift which is used to
keep the joints out of phase. Furthermore, ¢, is an offset term which can be used
for controlling the orientation of the robot in the plane.

In [11], based on analytical investigations using the averaging theory, it was
shown that the forward velocity of a snake robot which moves based on the
lateral undulatory gait induced by (4.14), is affected by the gait parameters
(e, w,0). Consequently, inspired by the work of [1] and [11], we introduce the
following reference for the joint angles of the snake robot,

Oreti( A, Po) = asin (A + (i — 1)d) + ¢, (4.15)

where A and ¢, are the solutions of two compensators which will be defined
later in this chapter. In particular, we will use these compensators in order to
control the forward velocity and orientation of the robot, respectively.

Inspired by the idea of VHC that has effectively been used for motion control
of mechanical systems (see e.g. [92]-[96] for various examples), we consider
(4.15) as a VHC for the body shape variables of the snake robot. Furthermore,
these VHC will be enforced through the control input % in (4.6). In particular,
(4.15) is a dynamic VHC in that it depends on the state-evolution of dynamic
compensators.

Associated with constraint functions (4.15), is the following constraint man-
ifold

. ) \ \ astref i ] 8¢ref i

_ 2N+8 ., — . _ , ,

r= {(q7q,¢o,¢mA,A) ERMITL 91 = Grara(\, 8o), v, = A5+ G5 }
(4.16)

where i € {1,..., N — 1}. Our direction following control design approach for

the snake robot is given in the following two steps:

1. In the first step, we use the control input @ in (4.6) to stabilize the solu-
tions of the joint angle dynamics to the constraint manifold (4.16). This
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stabilizes a lateral undulatory gait pattern among the shape variables of
the robot. Consequently, this induces a forward motion based on the gait
pattern lateral undulation for the robot.

2. In the second step, we restrict the dynamics of the system to the invariant
constraint manifold (4.16), where we use A\ and ¢, as two additional con-
trol terms, which will be used to control the velocity and orientation of the
robot, respectively, cf. Figure 4.1.

4.1.3 Enforcing the VHC for the Shape Variables of the Robot

In order to stabilize the shape variables ¢ to the constraint manifold, we define
the following controlled output vector

6 =[P1 — Gretr, - N1 — Grerna] ERVT (4.17)
The controlled output vector (4.17) yields a well-defined vector relative degree
{2,...,2} everywhere on the configuration space. Consequently, we can stabi-

lize the constraint manifold using an input-output linearizing feedback control
law [93]. We define this control law as

U= Gret — Kudo — K (4.18)

where K, = diag{k,,};-;' and K, = diag{ks, } X' denote the positive definite
diagonal matrices of the joint proportional and derivative controller gains, re-
spectively. By inserting (4.18) into (4.6), the error dynamics equation for the
joint angles of the robot takes the form

6+ Kap+ Ky =0 (4.19)
which clearly has a globally exponentially stable equilibrium at the origin, i.e.

(¢,6) = (On_1,05_1). This implies that joint angle errors converge exponen-
tially to zero, i.e. the constraint manifold is a globally exponentially stable man-
ifold for the dynamical system (4.2)—-(4.9), and the control objective (4.10) will
be achieved.

4.1.4 Orientation Control

In this subsection, we control the orientation of the robot by using ¢, as an
additional control input on the exponentially stable constraint manifold. To
this end, we define the orientation error as

0 =0 — b (4.20)
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Figure 4.1: The Structure of the direction following controller.

where 0..; € R denotes the constant reference orientation for the robot. Fur-
thermore, we derive the orientation error dynamics of the robot evaluated on
the constraint manifold. This can be done by writing (4.3) and (4.7) in the error
coordinates (<Z:1, ol (E N—1, 5), and then restricting it to the invariant manifold

where (é, (/5) = (On—1,0n_1). The resulting error dynamics has the form

0= —)\19 +

A2 1vteTS + Avi @, (4.21)

where S € RY~! denotes a vector-valued function which is composed of the
sinusoidal parts of the reference joint angles (4.15):

S = [asin(\),...,asin(A+ (i — 1)8)]" e RN (4.22)

Motivated by the work of [11], where ¢, is used as the control input for the
orientation dynamics of the snake robot, we use ¢, as a dynamic compensator
which controls the orientation of the robot. In particular, since ¢, is needed for
the joint control law (4.18), then it is more suitable to use this term rather than ¢,
as the control input for the orientation. Note that if we choose ¢, as the control
input, then we need to compute ((ﬁo, <bo) which are very complex functions of
time, numerically. We take the derivatives of (4.21) until the control input bo
appears. The resulting dynamics is of the form

é(4) = *)\15(3) + </Ut7 ¢0) d;o + 9y (Ut~, Un,y o5 Q.soa A, }‘7 )‘) (423)

where ¥1(-) € R and 9»(-) € R are two scalar-valued functions. Note that it is
straightforward to derive ¢+ (-) and ¢ (-) by taking the time-derivatives of (4.21),
however, for clarity of presentation, we write them in the symbolic form. We
define the input-output linearizing control law

b= o L (09— s+ o) (4.24)
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where o € Ris a new control input which we define as
g = —k’gé(d) - k’2§<2) — k’lg(l) - koé (425)

where ko, k1, k2, k3 > 0 denote the orientation controller gains. It can be numer-
ically verified that ¢; is bounded away from zero except for very small values
of the forward velocity v;, and this agrees well with the fact that the orienta-
tion is not controllable if the forward velocity of the snake robot is zero [45].
We stabilize the origin, i.e. 6®) = 0 for all i € {0,...,4}, of the orientation er-
ror dynamics (4.21) by properly choosing the gains £;, for instance according to
the Routh-Hurwitz stability criterion. Furthermore, we show the boundedness
of the solutions of the dynamic compensator (4.24) for the direction following
controller through numerical simulations. We denote this bound by

[[¢0:6.]

where € € R is a constant. In particular, we denote the upper-bound on each
i-th reference joint angle, which is composed of a bounded sinusoidal part and
the offset term ¢,, as

<e (4.26)

| Pretill < e (4.27)

where ¢* € R is a constant. We will employ these bounds for the stability
analysis of the velocity controller in the next subsection.

Remark 4.3 A formal proof for the boundedness of the solutions of the dynamic com-
pensators which are used in order to control the orientation of the robot and are derived
based on the simplified model of the snake robot remains as a theoretical gap in this the-
sis. However, at the end of this chapter we derive a static compensator for orientation
control of the robot for which we analytically show that the solutions remain bounded.
Moreover, in the subsequent chapter we derive dynamic compensators based on the com-
plex model of the snake robot and we present formal proofs for the boundedness of the
solutions of the dynamic compensator which controls the orientation of the robot.

4.1.5 Velocity Regulation

In this subsection, we use the frequency of the joint oscillations as an additional
control term to regulate the forward velocity v; of the robot to a constant refer-
ence. Furthermore, we show that the normal velocity v,, of the robot converges
to a small neighbourhood of the origin. To this end, we define the velocity er-
rors for the normal and tangential components of the velocity of the CM of the
robot as

U = — Ut ref (428)

1771 Un — Un,ref (429
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where vy, € Rug and vy, ef = 0 denote the reference tangential and normal
velocities, respectively. Furthermore, we derive the velocity error dynamics of
the robot evaluated on the constraint manifold by writing (4.8)—(4.9) in the error
coordinates, i.e. ((;31, ol qBN,l, 0y, Up,), and then restricting them to the invariant

constraint manifold, i.e. where (é, (;NS) = (On—1,0n_1), which yields

L Ct /. 2Cp ~ ST \ )

vy = _E (’Ut + Ut,ref) + vaTLe cI)ref + n <)\C + (boe) (430)
i3 Cn C - _

Uy = _E'Un + TZL (Ut + Ut,ref) eTq)ref (431)

where 1, C, and @, denote the following vector-valued functions,

n = —Ni;n T AD € RV (4.32)
C = [acos()),...,acos(A+ (i —1)0)]F ¢ RN! (4.33)
q)ref = [(bref,la ceey (/J)ref,Nfl]T € RN_I (434)

In the following, we use i
Uy = A (4.35)

as a control input to regulate the linear velocities of the robot [v, v,]T € R? to
the constant reference vector vye = [vy4er, 07 € R2. In particular, we take

. 1 /c 2¢, _ -
A= a (;tlvt,ref - ﬁvneT@ref - k)xvt> (436)
where c
51(do, \) = ——2-T ADC = nC 4.37
1(¢ ) ) ]Vm ref n ( )

and where k5 > 0 denotes the proportional forward velocity controller gain.
It can be numerically verified that ¢;(-) is uniformly bounded away from zero,
and this is because of the phase shift between the link references in (4.15). The
following theorem investigates the stability of the origin of (4.30)—(4.31).

Theorem 4.1 Stability characteristics of the origin of (4.30)—(4.31) are as follows:

(a) The origin of the system (4.30)—(4.31) with A given by the dynamic compen-
sator (4.35)—(4.37) is stabilized provided that ky > 0 is chosen sufficiently
high. Furthermore, X remains uniformly bounded.

(b) The practical stability of the origin v, = 0 of (4.30), and convergence of the
normal velocity error U, which is governed by the dynamical system (4.31),
to a neighbourhood of the origin is achieved with the dynamic compensator
(4.35)—(4.37), provided that ky > 0 is chosen sufficiently high. Further-
more, \ remains uniformly bounded.
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Proof of part (a): In order to prove the arguments of part (a), we iteratively in-
troduce control-Lyapunov functions (CLF) borrowing from the techniques of
backstepping (see e.g. [99]), and in addition including a dynamic compensator.
In particular, we select the first CLF as

1
Vi = 563 (4.38)

Taking the time-derivative of (4.38) along the solutions of (4.30)—(4.31) yields

Vi =0yt
(4.39)

c c 2¢, . _ . .
:f}t 77tvt,ref - lf))‘ + P /DneT@ref + n <AC + ¢06):|
m m Nm

We take A defined in (4.36) as a virtual control input that we use to make (4.39)
negative. For simplicity, we denote

1 2¢,
62 (>‘7 ¢07 ﬁn» ’Dt) = 57 (%vt,ref - Nicr;ﬂnéT(I)ref - k)\/[)t) (440)
1

For backstepping, we introduce the error variable
2= XN=03(\, G0, U, ) (4.41)

which we would like to drive to zero. The dynamic equation of the error vari-
able (4.41) is given by

&=y — 85 (A A, Go, Go O, ) (4.42)

Note that it is straightforward to derive an analytical expression for 52(-), how-
ever, for the clarity of presentation we write it in the symbolic form. Further-
more, inserting A = z + d,(-) into (4.39) yields

Vi = —ki? — %@f + 20,01 + Bingoe (4.43)
T
We introduce an augmented CLF of the form

1 1
Va=Vi+ 522 + 5@2 (4.44)

Taking the time-derivative of V; along the solutions of (4.30)-(4.31) gives
Vo = Vi + 22 + i,

. . . 4.45
=—mﬁ—%ﬁ+mwg+4m—®+MM+mm 44)
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We define the control input u, in (4.45) as
uy = 0y — 0,01 — k2 (4.46)
where k, > 0 is a constant gain. Inserting (4.46) into (4.45) yields

Va = kb = 07 — ko2® + ol + Bt (4.47)

The last two terms in (4.47) have indefinite signs. In particular, @,7, is of the
form

UnUn = Up <_Cl@n + Cp (Ut + Ut rcf) € (I)rcf>
. ., \m (4.48)
= *En{)i + ﬁ (Unvt + @nvt,ref) éT(I)ref
Using the upper-bound (4.27), we can write (4.48) as
Cp . 2c *
Tpp < — 0 o2 + N—p (19n]19¢] + 0] Verer) (N — 1) (4.49)
In (4.49), we apply Young’s inequality [101] where we have that
2 2
ya b
L " 4.50
ab < 5 + % ( )

where a,b > 0, and v € R is any positive constant. Using this inequality, we
can write (4.49) as

c 2, (02 0 A0 vl

<fl 2 P by Ty e ) e 451
Ty < o N ( + 2 + 5 + 2y ( )e (4.51)
Moreover, using the Young’s inequality for the term (,7¢,¢€) in (4.47) we have

that ~2
Tnhoe < ‘ ]\?;n e' ADe| ec* (;}; + g) (4.52)

For simplicity we denote

‘ 2T ADe| = ¢ (4.53)

where ¢ > 0is a constant. Using the inequalities (4.51)—(4.52) in (4.47), we obtain

. (N —1a ¢ ~ Cn YN — 1)e")

Vo < — |k i_Pi_i il 05 P [ S b A YL

2= ( A Nmy 2758 )Ut : m Nm tnte
(4.54)
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where e denotes the following constant

cp(N — 1)e*v?
€= —p( Nm)7 bref | yCee* (4.55)

In order to make the coefficient of o2 in (4.54) negative, we need to choose
cn N

v < oN-pe- For this choice of 7, we can always choose a sufficiently large

ky such that the coefficient of #7 in (4.54) will be negative as well. In this case
we conclude that there exist a sufficiently small positive constant 5 € R, such
that the following inequality holds

Vo< —BVate (4.56)

Consequently, a straightforward application of the Comparison Lemma gives

B

From (4.57) we conclude that 9, 0, and z remain bounded. This implies that
the solution exists globally. Moreover, according to (4.41) A remains uniformly
bounded, i.e. since z and §; are bounded. Furthermore, V> converges to a ball
of radius /5. Because of the quadratic form of (4.44), ||0,,|| and ||?;|| converge to

a ball of radius
r=1/2¢/8 (4.58)

Consequently, by choosing k) sufficiently high, we can drive ||7,|| and ||%;|| to a
neighbourhood of the origin. This completes the proof of part (a) of Theorem
4.1.

Va(t) < Va(0)e ™ + (4.57)

So far we have shown that the origin (9;, 9,,) = (0,0) of (4.30)-(4.31) is stable.
However, this is not enough to prove part (b) of Theorem 4.1. To prove part (b),
in the following we will show that not only (%, 7,,) = (0, 0) is stable, but also it is
possible to make ||7;|| converge to any arbitrary small neighbourhood of the ori-
gin, i.e. to be practically stable, and to make ||7,, || converge to a neighbourhood
of the origin. We will show that this can be achieved by choosing k) sufficiently
large.

Proof of part (b): Using the Comparison Lemma, in (4.57) we have shown that
U, Ut, and z are bounded. We denote these bounds by

100 < 00, [|Te[< G [[2]]< 62 (4.59)
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where §,,, d,, and 0, are positive constants. Using these bounds, the time-
derivative of V] in (4.43) can be rewritten as

Vi S =kt = 15 4 0. inler + 5o (4.60)

where ¢, is a positive constant which denotes the upper-bound on 4,. Using
Young’s inequality for (4.60) we have that

. ¢ 5,€1)? 2 02
Vi < —ky0; — évf + ( 270 + % + Cee* (2; + g) (4.61)

By collecting the coefficients of ¢7, (4.61) can be written as

. * 5. 2 *
V1§<kx+;§7<68>'z73+( @)’ | 76ee

2 2 2 2
i cee ' (462
__ px zC1
=N+ 2 M
where
ﬁ*—2<kA+Z;C§i> (4.63)

is a positive constant. Consequently, a straightforward application of the Com-
parison Lemma yields

(6:61)* | yCee”

Vi(t) < Vi(0)e 7 = 4.64
() < )+ G0+ I (4.64)
From (4.64), it can be seen that V; converges to a ball of radius (‘;;2;22 + ngi*.
Because of (4.38), ||7:]| converges to a ball of the radius
6,2 2 *
py =S e (4.65)

e
Furthermore, we can choose k) sufficiently large to drive ||%;]| to any arbitrary
small neighbourhood of the origin ¢, > 0, i.e. by making * sufficiently large.
This completes the proof of part (b) of Theorem 4.1, and the control objectives
(4.12)—(4.13) will be achieved. W

Remark 4.4 It is interesting to note from (4.54) that it is the friction, given by the
parameter c,, that stabilizes the velocity in the normal direction v,,. We have no direct
control over v, as the snake robot is underactuated, and the oscillations (4.15) that are
induced by the (N — 1) actuators, create a sideways velocity v,. Thus, (4.54) indicates
that the friction coefficient c,, needs to be sufficiently large for the system to be stable.
This complies with the results concerning controllability of snake robots presented in
[45].
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4.2 Maneuvering Control of Snake Robots along
Straight Paths

In this section, we address the maneuvering control of planar snake robots
based on the simplified dynamic model (4.2)-(4.9). In particular, we aim to
make the robot converge to and follow a desired straight line path, and to reg-
ulate the forward velocity of the robot along the path to a constant reference
velocity. In order to address this problem, we first stabilize the desired lateral
undulatory gait pattern given by (4.15) for the fully-actuated body shape vari-
ables of the robot. Furthermore, we choose the gait parameters (A, ¢,) using
two dynamic compensators which control the orientation and the position of
the robot in the plane. In particular, by solving the maneuvering problem, we
control the body shape, orientation, and planar position of the robot along a
straight path.

Model Transformation

For the maneuvering control design, we use the transformed form of the dy-
namics of the CM of the robot which was presented in Section 2.4. In particular,
we use the following coordinate transformation [11]

p, = py+esin(9) (4.66)
T, = U, -+ evg (4.67)
where AN 1)
—1)e,
== 4.
€ N (4.68)

is a negative constant. This change of coordinates transforms the dynamics of
the position of the CM of the system into the form

p, = wvesin(@)+ v, cos(f) (4.69)
én = Xvy—Y7, (470)
where
X = E<C£—A1) (4.71)
m

c
y = =2 4.72
- (4.72)

This change of coordinates removes the joint angle coupling from the dynamic
model, and the resulting model is suitable for model-based maneuvering con-
trol design which is the subject of the subsequent subsections.
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4.2.1 Control Design Objectives

In this subsection, we formulate the maneuvering control objectives for the pro-
posed controllers in the following subsections. In general, the maneuvering
problem consists of two tasks (see e.g. [104]). The first task is to converge to
and follow a desired geometric path. This task is called the geometric task. The
second task, which is called the dynamic task, consists of satisfying dynamical
constraints, e.g. a desired velocity profile, along the desired path. In order to
solve the maneuvering problem for the snake robot, we need to control the body
shape, orientation, position, and velocity of the robot in the plane.

We start the control design formulation by defining a desired gait pattern,
which is given by the vector function ¢..(t) : R — RN, among the fully-
actuated body shape variables of the robot. In particular, we aim to asymptoti-
cally stabilize ¢ — ¢ Such that

Tim [[6(6) — duer(t)]| = 0 (4.73)

which is equivalent to body shape control of the robot.

The second control objective concerns the orientation of the robot in the
plane. In particular, given a reference orientation 6,.¢(t) : R>y — R, we aim
to asymptotically stabilize # — 6,¢¢ such that

Jimn [62) — Bur(1)] = 0 (4.74)
which is equivalent to orientation control of the robot.

The third control objective concerns the planar position and linear velocity
of the CM of the robot, i.e. the maneuvering control. In particular, we aim to
solve the geometric task, i.e. to stabilize the position of the CM of the robot
to a desired planar path. In order to formulate the maneuvering control objec-
tives, we first define a desired straight line path, as a one dimensional manifold
P C R?, with coordinates in the x — y plane given by the pair (p,4, pya). These
coordinates are parametrized by a time-dependent variable ©(t) : R>o — Rxo.
Consequently, the desired path is defined as

P = {(p:(©),p,a(©)) € R? : © > 0} (4.75)
Furthermore, without loss of generality, we assume that the global x-axis is al-

ways aligned with the desired straight line path, ie. p,(©) = 0. Thus, the
geometric task is formulated as the convergence to the desired path such that

lim [p, (9)]] = 0 (4.76)
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To formulate the dynamic task, i.e. to regulate the linear velocity of the robot
along the desired path to a desired positive constant velocity profile v; ;e € R,
we define a reference position along the desired path p; ,ef(t) € R with py,er =
Ut ref- The dynamic task is defined as

Tim [[pe(t) — praes(t)]| = 0. (4.77)

Achieving (4.76)—(4.77) is equivalent to position and velocity control for the
robot. This can also be regarded as an output trajectory tracking objective, but
since we focus on controlling the motion along the path we think that maneuver-
ing control is the most adequate term. Finally, we require that all the solutions
of the controlled system remain uniformly bounded.

Solution Methodology

The blueprint of the maneuvering control design approach for the snake robot
is given in the following four steps:

1. In the first step, we use the control input 7 in (4.6) to stabilize the solutions
of the dynamics of the body shape variables ¢ to the constraint manifold
(4.16). This induces a forward motion based on the gait pattern lateral
undulation on the robot.

2. In the second step, we reduce the dynamics of the system to the glob-
ally invariant constraint manifold (4.16), where we use ¢, as an additional
control term, which will be used to control the orientation of the robot.

3. In the third step, we use the frequency of the periodic body motion, i.e.
the gait pattern, as an additional control term to control forward velocity
of the robot. This solves the dynamic task.

4. In the fourth step, we use the reference orientation such that the conver-
gence of the position of the robot to the desired path is guaranteed. This
solves the geometric task.

4.2.2 Body Shape and Orientaion Control
Body Shape Control

For the body shape control of the snake robot, we use the same control law that
we derived in (4.18). In particular, we consider the VHC defined in (4.15) as the
reference joint angles for the robot. Associated with these VHC is the constraint
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manifold (4.16) which we aim to exponentially stabilize for the solutions of the
joint dynamics (4.6).

Using the control law (4.18), the error dynamics equation for the joint angles
of the robot takes the exponentially stable form (4.19). This implies that joint
angle errors exponentially converge to zero, i.e. the constraint manifold is a
globally exponentially stable manifold for (4.6), and the control objective (4.73)
will be achieved.

Orientation Control

In the following, we control the orientation of the robot to a reference angle
defined a path following guidance law. To this end, we use ¢, as an additional
control term on the exponentially stable constraint manifold. In particular, we
use the following LOS guidance law to define the reference orientation for the
robot

Orer = — atan?2 <%> (4.78)

where A > 0 is a design parameter that is called the look-ahead-distance. The
idea of the guidance law (4.78) is presented in Figure 4.2. A similar guidance
law for snake robots is previously used in [44] where the path following control
of snake robots is considered. In contrast, here we relax a restricting assumption
in [44] on the forward velocity of the robot by regulating the forward velocity
of the robot by using a dynamic compensator, and we solve the maneuvering
control problem.

In order to control the orientation of the robot to the reference orientation
defined by the LOS guidance law (4.78) we define the orientation error as

0=0— 0, (4.79)

Furthermore, we derive the orientation error dynamics of the robot evaluated
on the constraint manifold. This can be done by writing (4.3) and (4.7) in the
error coordinates, i.e. (¢1,...,dn—1,0), and then reducing them to the invariant

manifold where (¢, ¢) = (Oy_1,0x_1). The resulting error dynamics has the
form

= f3 . A
0= -M0~ Mot + 2 lvtéTS + Aoviho — Breg (4.80)

where S € RY~! denotes the following vector which is composed of the sinu-
soidal parts of the reference joint angles (4.15):

S = [asin(N), ..., asin(A+ (i — 1)8)]" e RN (4.81)

In order to control the orientation of the robot, we use (jSO as a dynamic compen-
sator. To this end, we take the time-derivatives of (4.80) until the control input
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Figure 4.2: The LOS guidance law

¢, appears. The resulting dynamics is of the form

§(4) - _Alg(g) + ¢1 (Uh (bo) éo + ¢2 (Uta Un, ¢07 leoa )\7 ).‘a A) (482)

Note that it is straightforward to derive 9;(-) and ,(-) by taking the time-
derivatives of (4.80), but for clarity of presentation, we write them in the sym-
bolic form. We define the input-output linearizing control law

0o = i ()\19(3) — s + 0') (4.83)

where o € R is a new control input which we define as
g = *kgé(g) - kgé(Q) - klé(l) - koé (484)

where ko, k1, k2, k3 > 0 denote the orientation controller gains. It can be numeri-
cally verified that ¢ (-) is bounded away from zero except for very small values
of the forward velocity v;, and this agrees well with the fact that the orientation
is not controllable if the forward velocity of the snake robot is zero [45]. We
stabilize the origin, i.e. 6% = 0 for all i € {0,...,4}, of the orientation error
dynamics by properly choosing the gains ;. Furthermore, we show the bound-
edness of the solutions of the dynamic compensator (4.83) through numerical
simulations. We denote this bound by

[[¢0:6.]

where ¢ € R . In particular, we denote the upper-bound on each i-th reference
joint angle, which is composed of a bounded sinusoidal part and the offset term

<e (4.85)
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¢, as
| Pretill < e (4.86)

where ¢* € R, is a constant.

4.2.3 Maneuvering Control

In this section, we perform the dynamic task of the maneuvering problem by
utilizing the idea of velocity control given in [83]. To this end, we derive a dy-
namic compensator which controls the velocity and position of the robot along
the desired path by using the frequency of the joint oscillations as an extra free-
dom in the control design. Moreover, following [44], we perform the geometric
task by using the look-ahead-distance A in (4.78) as a control term. However,
using our velocity controller we relax the restricting assumption in [44] on the
forward velocity of the robot.

As a preliminary condition for the stability analysis of the maneuvering
controller, we need to show that the normal velocity of the robot is uniformly
bounded, which is the subject of the next theorem.

Theorem 4.2. Under the joint controller (4.18) and the orientation controller (4.83),
the normal velocity v,, of the robot is uniformly bounded.

Proof: In order to show the boundedness of normal velocity v, we select the

Lyapunov function

1
V=3 (4.87)

Using (4.70), the time-derivative of (4.87) is given by
V = T0,0, =0, (Xvg — YT,) = XTpvp — YT (4.88)

For the first right-hand side term we apply Young’s inequality which yields

_92 2 2

- _ V05 | Vs YNXTN o | [X]vg

V<Y +|X )=y - 4.89
< v+ (2 +27> ( 5 v, + 5 (4.89)

From the stability result of the previous subsection, and assuming that v, has no
finite escape time (we will clarify this assumption in Remark 4.5) we conclude
that the second term in right-hand side of (4.89) is uniformly bounded. We
denote this bound by

X 2
Xl 5 weso (4.90)
2y
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where 3, € R is a constant. By (4.72) Y is positive. Suppose now that we
choose 7 sufficiently small so that the coefficient of 7?2 is negative. In this case
we conclude that there is a positive constant 3, such that

V< =BV + B (4.91)
Therefore, it is straightforward to conclude from the Comparison Lemma that

B
B,

From (4.92) we conclude that 7,, remains bounded, and converges to a ball of

V(t) < e 'V (0) + (4.92)

radius ,/2%. Since v,, = U, + €vy, and vy is bounded, this also implies that v,
remains bounded. We denote this bound by ||v,||< €,. B

We will use this fact in the stability analysis of the forward velocity error in
the following.

Dynamic Task along Straight Paths

In this subsection, we solve the dynamic task by controlling the position and
velocity of the robot along the path. In particular, we use the frequency of the
joint angle oscillations as an additional control term in order to regulate the
forward velocity of the robot to a constant reference. To this end, we define the
tangential position and velocity errors as

Dy = Pt — Dtref, (4-93)
Uy = — Ut,ref (494)

Using (4.93)—(4.94), we derive the position and velocity error dynamics evalu-
ated on the constraint manifold (4.16) as

. G 2, . .
Uy = _Et(vt + Ut,ref) + ﬁvneTq)ref + n ()‘C + Qboe) (495b)

where 1, C, and @, are defined in (4.32)—(4.34). In the following, we use
uy = A (4.96)

as a control input to stabilize the origin (p;, 7;) = (0, 0) of (4.95a)—-(4.95b). In the
following, we use the techniques of backstepping by selecting the first CLF of

the form 1
Vi= 5]5? (4.97)
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Taking the time-derivative of (4.97) along the solutions of (4.95a)—(4.95b) yields
Vi = piiy (4.98)

We take o, as a virtual control input which we utilize to make (4.98) negative. In
particular, we define
171 - _kzlﬁt (499)

where k., > 0is a constant gain. We define the error variable
2 = Uy + ke, (4.100)
that we aim to drive to zero. Thus, we can rewrite (4.98) as
Vi = —k..p; + 21bt (4.101)

To perform backstepping for z;, we write the error dynamics for the error vari-
able which has the form .
21 = f}t + kzlﬁt (4102)

We choose an augmented CLF of the form
1
%:%+§ﬁ (4.103)
Taking the time-derivative of V5 along the solutions of (4.95a)-(4.95b) yields
Vo = — ke + 21 (P + B + by 00
2¢p
- kmﬁ? + 21 (pt - ﬁzl + &kzlﬁt “ — U, ;ref + Uneq)ref + 'f]C)\ <4104)
_ m m m Nm
+ nép, + k., ;)

We denote
31(¢o, A) = nC (4.105)

It can be numerically verified that ¢,(-) is uniformly bounded away from zero,
and this is because of the phase shift between the link references in (4.15). We
take A as a virtual control input that we use to make (4.104) negative:

. 1 c 5 2c _ -
A= (51 ( pt + Ut ;ref — wtlkzlpt - TT;UTL6¢Ief - kzlvt - kzzle) (4106)

where k., > 0 is a constant gain. For simplicity, we denote

.o 2¢p _ ~
mkzlpt - ’Unecbrcf - kzlvt - kzzzl

52(¢07)\7pt7vt) - NTTY
(4.107)

1 ( +
v re.
51 Dt tref —
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We define the second error variable as
Zp=A\—0, (4.108)
which we aim to drive to zero. Inserting A\ = 2z, + 0, into (4.104) yields
Vo= —k, p? — (% + kz2> 22 4 212501 + 21med, (4.109)
To perform backstepping for z,, we write the error dynamics for the error vari-

able 2, which has the form .
7;’2 = Uy — (52 (4110)

We choose the augmented CLF in the form
Vs =V2+%z§ (4.111)
The time-derivative of V3 along the solutions of (4.95a)—(4.95b) is of the form
Vs = —kzlﬁf — (% + k22> 224 2 <z1(51 4+ uy — (52) + zmééo (4.112)
We define the control input u, as
Uy = —2101 + by — Ky 29 (4.113)
where k., > 0 is a constant gain. Inserting (4.113) into (4.112) yields
Vo= kit = (2 4+ beu) 2 = ey o+ 2006, (4.114)
Only the last term in (4.114) has indefinite sign. For this term, we apply Young’s

inequality and we can write

z 1 6(250 + 4 l lO

where v; > 0 is a constant, and

(= ‘—%ETAﬁé

ee* (4.116)

is a positive constant. Consequently, (4.114) will be of the form

Vo <~k — (W . ) SR B (4117)
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From (4.117) we conclude that there exists a sufficiently small positive constant
B € Ry such that

Vs < —BVs + %C (4.118)
Consequently, a straightforward application of the Comparison Lemma implies
that

1

Va(t) < V3(0)e Pt + 25 (4.119)
From (4.119) we conclude that V3 converges to a ball of radius
7€
== 4.12
r=% (4.120)

Furthermore, because of (4.111), z,, 21, and p, converge to a ball of radius V2r.
Moreover, because of the boundedness of z; and d,(-) in (4.107), \ remains
bounded. In addition, we can drive the position and velocity errors to any arbi-
trarily small neighbourhood of the origin ¢* € R by taking

n= 2/3;*2 (4.121)

along with choosing a sufficiently large k.,, i.e. such that the coefficient of z{ in
(4.117) will be negative. This implies that the origin (p:, 9:) = (0,0) of (4.95a)—
(4.95b) is practically stable, and the control objective (4.77), i.e. the dynamic
task, will be achieved.

Remark 4.5 Under the the controllers (4.18), (4.83), and (4.113), with the augmented
state vector

€r = |:pt7vt7pn7vn>¢07¢m)‘7)q € Rz (4122)

the closed-loop tangential and normal position dynamics along with the dynamics of the
compensators take the form @ = f(x). Since all the functions in the closed-loop were
shown to remain bounded, then it can be verified that

(@) < K1+ ||=|) (4.123)
where K € Ry is a constant. This linear growth condition implies that any of the

components of the state vector (4.122) have no finite escape time, which validates the
results presented in this section which were derived based on this assumption.
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Geometric Task for Straight Paths

In this subsection, we use the look-ahead distance A as an additional control
term to address the geometric task, i.e. to stabilize the position of the CM of the
robot to the desired path P such that (p,, 7,) — (0, 0). To this end we define
the position and velocity cross-track errors

by = Dy (4.124)
b, = Tp (4.125)

which we would like to drive to zero and thereby achieve control objective
(4.76). This will imply that the robot will converge to the global x-axis which
we defined as the desired straight line path. A similar approach is used in
[44], where cascaded systems theory is used to show that for a properly cho-
sen look-ahead distance A, the desired path is globally asymptotically stable
for (4.69)—(4.70). However, [44] does not provide any results regarding the for-
ward velocity of the robot, and only assumes that the tangential velocity of the
robot is inside a positive constant range, i.e. v; € [Umax; Umin] Where vyax and vp,
denote the maximum and minimum of the forward velocity, respectively. In the
previous subsection, we designed a dynamic compensator which enables us to
control the forward velocity of the robot, and thus we relax this assumption.
The following theorem is a reformed version of the theorem given in [44].

Theorem 4.3 The controller defined by (4.18), (4.83), and (4.113) globally asymp-
totically and locally exponentially stabilizes the desired straight path P (4.75) for the
dynamical system (4.2)—(4.9), provided that the look-ahead distance A satisfies

X /maX
A>||Y(1+Z _ ) (4.126)

Proof: The proof of Theorem 4.3 follows from the proof of [11, Th. 8.2], together
with the proof of stabilization of 7, given in the previous subsection. W

4.3 Maneuvering Control of Snake Robots along
Curved Paths

The principal goal of this section is to design a feedback control law for a snake
robots to converge to and follow a desired continuously differentiable curved
path while satisfying a desired speed profile. To this end, we use the dynamic
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feedback control law (4.18) which controls the body shape of the robot to the
desired gait pattern provided by (4.15). Furthermore, we define the parameters
of this gait pattern using a static and a dynamic compensator which will be used
for controlling the orientation and position of the robot in the plane. In order to
solve the maneuvering control problem along curved line paths, in this section
we use the reduction theory for asymptotic stability of the closed sets from [98]
that we reviewed in the beginning of this chapter.

4.3.1 Control Design Objectives

We start the control objectives formulation by defining a desired gait pattern
given by the vector function ¢.¢(t) : R — RY~!, for the fully-actuated body
shape variables of the robot. In particular, we aim to asymptotically stabilize
¢ — ¢ref such that

lim [[9(8) — drer(8)]|= 0 (4.127)

Achieving (4.127) is equivalent to body shape control of the robot.

The second control objective concerns the orientation of the robot in the
plane. In particular, given a reference orientation 0, (t) : R>g — R, we aim
to asymptotically stabilize § — 6., such that

lim (1) — Buc(8)]| = 0 (4.128)

Achieving (4.128) is equivalent to orientation control of the robot.

The third control objective concerns the planar position and linear velocity
of the CM of the robot, i.e. the maneuvering control. In particular, we aim to
solve the geometric task, i.e. to stabilize a desired planar path, for the position
of the robot. In order to formulate the maneuvering control objectives, we first
define a desired path, as a one-dimensional manifold P C R?, with coordinates
in the x — y plane given by the pair £ = (p.4, pya) € R?. These coordinates are
parametrized by a time-dependent variable O(t) : R>, — R>(. Consequently,
the desired path is defined as

P = {(p+a(0),p,a(©)) ER*: © >0} (4.129)

where © > 0, i.e. forward motion along the path. Thus, the geometric task is
formulated as practical convergence to the desired path such that

7,(t) = P,a(®)]| < & (4.130)

where p,; = pyq + €sin 0 is the projection of the desired path, which implies that
the normal distance of the position of the CM of the robot with the desired path
is zero.

lim sup
t—o00
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Furthermore, we aim to control the velocity of the robot along the path. To
regulate the forward velocity of the robot along the desired path to a desired
velocity profile v, ,er(t) : R>o — Rxo, we define a reference position along the
desired path p;,ef(t) : Ryg — Rsg with pyrer(t) = virer(t). The dynamic task is
defined as

lim [[pe(t) — pras(t)]| = 0 (4.131)

Achieving (4.128), (4.130) and (4.131) all together is equivalent to position and
velocity control for the robot. Note that because of (4.128) the robot is aligned
with the path, and because of (4.130) the normal distance of the robot with the
path is zero, and because of (4.131) the robot will move along the path based
on a desired velocity profile, i.e. the tangential position and velocity errors
converge to zero.

Finally, we require that all the solutions of the controlled system remain uni-
formly bounded.

4.3.2 Body Shape and Orientation Control

In this subsection, we control the body shape of the robot to the desired gait
pattern provided by the reference joint angle (4.15). Furthermore, we use the
gait parameter ¢, as an additional input which will be designed in the form of a
static compensator in order to control the orientation of the robot to a reference
orientation angle defined by a path following guidance law. A similar orienta-
tion controller is used in [11]. However, in contrast with [11], here we present
a stability proof in order to show that the solution of this compensator remains
bounded.

Body Shape Control

In order to control the body shape of the robot to the desired lateral undulatory
gait pattern provided by (4.15), we utilize the exponentially stabilizing joint
control law (4.18). In particular, using this control law, we exponentially stabi-
lize the closed-loop solutions of the joint angles dynamics (4.6) to the constraint
manifold which is defined as

T, = {(q7 G, Gor Gos A, A) € RPNTE 6y = Greg (N, B, v, = Aa‘gj“ + ¢3§¢f}

(4.132)
wherei € {1,..., N—1}. Exponential stability of the constraint manifold (4.132)
implies that the robot moves based on the gait pattern lateral undulation, and
the control objective (4.127) will be achieved.
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The Path Following Guidance Law

In this part, we define a reference orientation for the robot by using a LOS guid-
ance law. A guidance-based path following control strategy for snake robots is
previously presented in [11] which is valid for straight line paths. The approach
presented in this section is motivated by [11], but in contrast we here solve the
path following problem, i.e. the geometric task, for general curved line paths.
Moreover, we relax a restricting assumption in [11] on the forward velocity of
the robot by controlling the forward velocity by using a dynamic compensator,
and we extend the path following approach to solve the maneuvering control
problem.

To define the LOS path following guidance law, we take the normal distance
between the CM of the robot along the y-axis with the desired path, which is
defined as

We then define the LOS path following guidance law, giving the reference ori-
entation for the robot, as a function of the cross-track error as

aﬁ—amm<%> (4.134)

where A > 0 is a design parameter that will be used as a control term for the
position of the robot in this section.

Stabilizing the Reference Orientation using a Static Compensator

In this part, we control the orientation of the robot by using ¢, as an additional
control input on the exponentially stable constraint manifold. To this end, we
define the orientation error as

0=0— 0, (4.135)

Furthermore, we derive the orientation error dynamics of the robot evaluated
on the constraint manifold which has the form

2 !

b X . /\
ez—he—h&d+ﬁt7%JS+Mmm—aﬁ (4.136)

where S € RY™! denotes the following vector which is composed of the sinu-
soidal parts of the reference joint angles (4.15):

S = [asin(N),...,asin(A+ (i — 1)8)]" € RN (4.137)
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We define the following orientation control manifold, which we aim to exponen-
tially stabilize relative to I'y,

[0 0]

I'y= {(9,vg7¢o,¢o7vt, /\) ely: (é, 9~> =(0,0), < e¢} (4.138)
where ¢, > 01is a positive constant. Note that stabilizing I'; relative to I'y implies
that the orientation error converges exponentially to zero on the constraint man-
ifold, and our control goal with the second priority will be achieved. Further-
more, we will show that the solutions of the static compensator which controls
the orientation of the robot remain uniformly bounded.

In order to stabilize the origin (4,) = (0,0) of (4.136), we define the addi-
tional control input ¢, as

0o = %@t (— NAE 1UtéTS + Alércf + émf — k’@é) (4139)
where ky > 0 denotes the proportional orientation controller gain. Note that
on the constraint manifold, where a lateral undulatory gait is stabilized, the
tangential velocity v; is a positive constant and consequently (4.137) is well-
defined. By inserting (4.139) into (4.136), the controlled orientation error dy-
namics of the robot evaluated on the constraint manifold takes the form

0+ M0+ kel =0 (4.140)

which clearly has a globally exponentially stable equilibrium at the origin (6, 5) =
(0,0). This implies that the control objective (4.126) will be achieved.

Remark 4.6 Following the approach presented in [89], in order to compute the deriva-
tives (Orer, Orer) Of the reference orientation (4.134) we use the low-pass filtering refer-
ence model given by

d Oret 0 1 Oref 0 )
% éref - *Wi 721/1]((0” éref + wi ref (4 141)

with natural frequency w,,, and damping ratio ;. This filter is an input-to-state sta-
ble (ISS) system. Since 0, is uniformly bounded, this ISS property implies that the

outputs (éref, Oyct) are bounded. We denote this bound by H {éref, éref]
er € Ry is a positive constant.

‘ < ¢,, where
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Remark 4.7 Assuming that v; has no finite-escape time, see Remark 4.9, and since

the variables (Ot byer) are bounded, the solutions of the static compensator (4.139) will
be uniformly ultimately bounded by the following ultimate bound

[o]l< o + € (4.142)
where o denotes the amplitude of the reference joint angles (4.15).

Remark 4.8 The second order time-derivative of the control input ¢, is needed for the
joint control law (4.18). However, ¢, and ¢, are complex functions of time that cannot
be easily computed analytically, see [11]. In order to compute this term, we take the
approach given in [89], by using a second order low-pass filtering reference model. In
particular, we compute these time-derivatives by passing ¢, through a low-pass filter of

the form
d (bo 0 1 ¢o 0
dt [ %o ] B [ —? —24u, ] { b ] + [w; ] $o (4.143)

This filter is an ISS system, see e.g. [99]. This implies that the output ¢, remains
bounded. Consequently, for the two other dynamical subsystems which govern the dy-
namics of the position of the CM of the robot, i.e. (4.8)—(4.9), we take ¢, as a bounded
exogenous signal which will cancelled through the action of a dynamic compensator
given by (4.148) which will be designed to control the position of the robot in the next
subsection.

We collect the results of the arguments presented in this subsection in the fol-
lowing theorem.

Theorem 4.4 The control law governed by the solution of the static compensator (4.139),
asymptotically stabilizes I's relative to I'y. Furthermore, provided that v, has no finite-
escape time, see Remark 4.9, the solutions of the static compensator (4.139) remain
uniformly ultimately bounded by the ultimate bound (4.142).

4.3.3 Maneuvering Control along Curved Paths:
The Dynamic Task

In this part, we perform the dynamic task of the maneuvering problem by uti-
lizing the idea of velocity control for snake robots given in [83]. To this end, we
derive a dynamic compensator which controls the velocity and position of the
robot along the desired path by using the frequency of the joint oscillations as
an additional control term.
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In particular, we define a velocity control manifold which we aim to exponen-
tially stabilize relative to the constraint manifold I'y for the closed-loop system
as

FQ = { (97é7pt7vtvvn7¢07¢07 )\7 )\> € P4 :
<év é) = (070)7 (ﬁtvqjt) = (070)’ ”vnHS €n

(60, 0]

A< e
(4.144)

where ¢, > 0, ¢4 > 0, and €y, > 0 are positive constants. Thus, stabilizing
I’y relative to the constraint manifold I'y implies that the robot will follow the
reference orientation defined by (4.134), and a reference velocity which will be
defined below. Furthermore, the solutions of the static compensator which con-
trols the orientation of the robot remain bounded. Moreover, the solutions of
the dynamic compensator which will be designed in this section to control the
forward velocity of the robot will remain bounded.

Using the same approach as presented in Theorem 4.2, it can be shown that
under the controllers (4.18) and (4.139), the normal velocity of the robot remains
bounded. We denote this bound by ||v,||< €.

< €,

Performing the Dynamic Task

In this part, we address the dynamic task by controlling the position and veloc-
ity of the robot along the desired path. In particular, we use the frequency of
the joint angle oscillations as an additional control term in order to control the
forward velocity of the robot to a reference velocity. To this end, we define the
tangential position and velocity errors as

ﬁt = Pt — Dtref (4145)
Up = Up — Upref (4.146)

Furthermore, we derive the position and velocity error dynamics evaluated on
the constraint manifold (4.132) as

P =0y
. 2, o (4.147)
{}t = 772&(7725 + 7)t,ref) + P UneTq)ref + n (AC + (2506) - 7.)t,ref

m Nm

where 1, C, and ®,, are given by (4.32)—(4.34). In the following, we use
uy = A (4.148)
as the control input to stabilize the origin (5, o) = (0, 0) of (4.147). In order to
use the backstepping techniques, we select the first CLF of the form
1

Vi= 5]5? (4.149)
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Taking the time-derivative of (4.149) along the solutions of (4.147) yields
Vi = Pyl (4.150)

We take #; as a virtual control input which we utilize to make (4.150) negative.
In particular, we define
Oy = kPt (4.151)

where k., > 0is a constant gain. We define the error variable
2 = O + ks Py (4.152)
that we aim to drive to zero. Thus, we can rewrite (4.150) as
Vi = =k} + 215 (4.153)

To perform backstepping for z;, we write the error dynamics for the error vari-
able which has the form
2 = Uy + ko By (4.154)

We choose an augmented CLF of the form
1

Vo =V1+ §zf (4.155)

Taking the time-derivative of V; along the solutions of (4.147) yields
Vo = — ko + 21 (Pr+ B + by 02
2 . .
= - kzoﬁf + 2 (1315 - &21 - &vt,ref + &kzoﬁt + ﬁvnéq)ref + TIC)\ + 77é¢o
m m m Nm
- /Dt,ref + kzgf}t)
(4.156)

We denote

d1(¢o, A) = nC (4.157)
It can be numerically verified that ¢;(-) is uniformly bounded away from zero,

and this is because of the phase shift between the link references in (4.15). We
take A as a virtual control input that we use to make (4.156) negative:

. 1 5 c c 5 2c _ _ . -
A= (571 <7pt + Etvt,ref - ;tlkzgpt - ﬁvne@ref - n€¢n + Vg ref — kzovt - kzl 21
(4.158)
where k., > 0is a constant gain. For simplicity, we denote
52 (¢07 ém Aapty Ut) =

1 5 c c 5 2c _ _ . -
NE <_pt + lvt,rcf - ikzopt - 7pvne(1)rcf - 7]€¢o + Ut,ref — kzgvt - kzl Zl)
01 m m Nm

(4.159)
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We could have chosen A to be given by the compensator in (4.158). However,
since (4.158) represents the frequency of the lateral undulation motion given in
(4.15) it is desirable from a practical implementation point of view to smooth
the frequency function. We thus introduce an extra step of backstepping, and
define the second error variable as

= A—0, (4.160)

which we aim to drive to zero. Inserting A\ = 2, + d,(-) into (4.156) yields
%:f@ﬁ7<%+mdﬁ+a@& (4.161)

To perform backstepping for z,, we write the error dynamics for the error vari-
able 2, which has the form .
7;’2 = Uy — (52 (4162)

We choose an augmented CLF in the form
1 2
Va=Va+ 3% (4.163)
The time-derivative of V3 along the solutions of (4.147) is
. 9 Ct 2 .
‘/3 = _kzopt — (E + kll) 21 + 29 (2151 + uy — 52) (4164)
We define the control input u, as
Uy = 72’1(51 + 52 — kZQZQ (4165)
where k., > 0is a constant gain. Inserting (4.165) into (4.164) yields
Vo= b = (% ) 2~ b (4.166)
m
From (4.166) it can be shown that
Vs < —B5V3 (4.167)

where 3 € R is a small enough positive constant. This implies that the
origin (p;,7;) = (0,0) of (4.147) is exponentially stable, i.e. since we have a
guaranteed rate of convergence to zero, and the control objective (4.131) will
be achieved. Furthermore, since in (4.160) z, converges to zero and d,(-) is uni-
formly bounded, then \ remains uniformly bounded. We denote the bound on

the solutions of the dynamic compensator (4.165) by H [)\7 )\} H < €.
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Remark 4.9 Under the the controllers (4.18), (4.139), and (4.165), with the augmented
state vector . .
xr = [pnUt,pmvm%,(ﬁo,)v)\} S Rz (4168)

the closed-loop tangential and normal position dynamics along with the dynamics of the
compensators take the form & = f(x). Since throughout our stability proof we showed
that all the functions in the closed-loop remain bounded, then it can be shown that

1 (@)} < K (14 [|=[]) (4.169)

where K € R is a constant. This linear growth condition implies that any of the
components of the state vector (4.165) have no finite escape time.

We collect the results of the arguments presented in this subsetion in the fol-
lowing theorem.

Theorem 4.5 Under the controllers (4.18), (4.139), and (4.165), the velocity control
manifold T'y is asymptotically stable relative to the constraint manifold T .

4.3.4 Maneuvering Control along Curved Paths:
The Geometric Task

So far we have controlled the body shape, orientation, and the position of the
robot along the tangential axis of the ¢ — n frame. The last step of our maneu-
vering control design is to stabilize the normal position p, of the robot to the
desired path. Note that this will imply the convergence of the cross-track error
to zero. Also note that we have already proved the boundedness of the normal
velocity 7,, of the robot in the previous section. For clarity of presentation, we
summarize the stability results that we have established so far in the following;:

e Under the joint control law (4.18), the constraint manifold I'; is globally
exponentially stable for the solutions of (4.6), i.e. which implies that ¢ —

¢ref .

e Under the joint control law (4.18) and the static compensator (4.139), the
orientation control manifold I'; is asymptotically stable relative to the con-
straint manifold I'y, which implies that 6 — 0..;.

e The solution of the static compensator (4.139) remains uniformly ultimately
bounded. The ultimate bound on the solutions is given by ||¢,||< « + ¢,
where o denotes the amplitude of the joint angle oscillations, and ¢, > 0
is a constant.
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o Under the controllers (4.18) and (4.139), the normal velocity 7, of the robot
remains uniformly bounded. We denoted this bound by ||v,||< €, where
€, € Ry is a constant.

¢ Using the dynamic compensator (4.165), the velocity control manifold I
is asymptotically stable relative to the constraint manifold I'y, which im-
plies that the tangential position and tangential velocity of the robot con-
verge asymptotically to the reference tangential position and velocity, re-
spectively, i.e. which implies that (p:, v:) = (Ptrefs Ve ret)-

e The solutions (), A) of the dynamic compensator (4.165) remain uniformly
ultimately bounded. We denoted this ultimate bound by ||[A, A]||< ey
where ¢, > 0 is a constant.

Using the stability results above, we solve the geometric task and we ensure
that the normal position of the robot p, converges to the desired path. Also we
define the path following manifold, i.e. the manifold on which the geometric
task is achieved, as

I = {(9,9,pt,vt,py,vn,¢o,q5o, )\,)\) ely: p, < ep} (4.170)

where ¢, € R is any positive constant.
In order to stabilize p, — p,4, we define the position and velocity cross track
errors as

Py =Py — Py (4.171)
B =Ty, (4.172)

which we would like to drive to zero and thereby achieve the control objective
(4.130). From (4.69)—(4.70), the dynamics of the position of the robot is given by

p, = wvesin(@) + v, cos(h) (4.173)

which in the error coordinates can be written as

3 ] j : a
ﬁy - (f}t + Ut,ref) Sin(9 + gref) + Un COS(Q + Href) -0 apéd

(4.174)

The reduced dynamics of the position of the CM evaluated on the exponentially
stable manifold Iy, is of the form

2 . _ ) a
py = Ut ref Sln(9r0f> + v, COS(9r0f> e apé/)d

(4.175)
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where p yd is associated with the curvature of the desired path. By using the

relatlons
. j2 5
sin [ —atan2 [ =2 =D 4.176
( < A ) ) \/BatA? ( )

D
cos | —atan2 y)) =4 4.177
( <A \/Pora? ( )

we can rewrite (4.175) as

< re: p A - a
P, = it — P (4.178)

VB + A2 \/ +A2 09
We select a Lyapunov function candidate of the form

1.
V= 5@2/ (4.179)

Taking the time-derivative of (4.179) along the solutions of (4.178), and utilizing
the stability results above, yields

4 :ﬁyﬁy
_= ( Ut,rcfﬁy A i @apyd)
VB + A2 \/p +A2 08

Ut ref ~2 ap d
S—(t“)py+en|p1||+||@|H )

VD, + A2
Umin ~2 72:91 1 VP, ap d
< | mn y o - y Yy
i ( FQ+A2>Py+en(2 +27>+eo<2 + 5 Ha@ )
Y

where we used Young'’s inequality, and where v,,;, denotes the minimum de-
sired forward velocity of the robot. Note that according to the results of [45], a

snake robot with zero forward velocity is not controllable, and (4.180) concurs
with this result. Finally, we have that

(4.180)

2,

V S (_ f;min + En’y + m) +77 (4181)
/ﬁy + A2 2 2
where
€ €o || Opya 2
=4 — 4.182
" 27y 00 ( )

We investigate two possible scenarios for the time-derivative of the Lyapunov
function candidate given in (4.181).
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1. In the first scenario, it can be seen that for given parameters (v, A, €,, €5),
we can always choose a sufficiently small v such that the coefficient of ﬁz in
(4.181) is negative. In this case, we conclude that there exist a sufficiently
small positive constant 3 € R, such that

V< BV 49 (4.183)

Using the Comparison Lemma, we have that

V(t) < V(0)e Pt + % (4.184)

This implies that V' converges to a ball of radius §. Furthermore, because
of (4.179), we can conclude that ﬁy converges to a ball of the radius \/% .

2. In the second scenario, we assume that we would like to drive the cross-
track error 7, to an arbitrary small neighbourhood of zero which we de-
note by ¢, € R, for any positive constant ¢, i.e. we seek practical stability
for the origin of (4.178). In this case, we choose

[ ) apyd 2 é
Tz o0 | e (4.185)
Substituting (4.185) into (4.182) and then (4.184) yields
V(t) < V(0)e ™ + e (4.186)

which implies that p, converges to a ball of the radius ,. In this case we
must have the following conditions on the parameters (vmin, A, €5, €9) such
that the coefficient of 7, is negative.

(a) The minimum tangential velocity v, should be sufficiently large.
(b) The look-ahead distance A should be sufficiently small.

(c) The upper-bound on the normal velocity v, should be sufficiently
small. From (4.89) and (4.72), this implies that the friction coefficient
in the normal direction of motion ¢, must be sufficiently large, i.e. in
order to damp the sideways velocity.

(d) The upper-bound on the curvature of the path should be sufficiently
small. This implies that the desired path is sufficiently smooth.

The above conditions guarantee that the path following error p, converges
to an arbitrarily small neighbourhood of the origin, which readily implies that
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Figure 4.3: The structure of the maneuvering controller

we will solve the geometric task. Note that due to the oscillatory motion of the
snake robot, that is necessary in order to achieve forward motion, we cannot
expect the path following error to converge to zero, but rather to a neighbour-
hood of the origin. Figure 4.3 shows the structure of the proposed maneuvering
controller.

Remark 4.10 The path following set I'y is a compact set. This is due to the fact that
all the variables (0, 0, pr, vr, Py» Uns Do Go, A, )\) used to define this set were proved to be
bounded, which implies the compactness of the set.

Finally, we collect all the established stability results in the following theorem,
which states that the proposed maneuvering controller solves the dynamic and
geometric tasks.

Theorem 4.6 (Main Result) Consider the positively invariants sets I'y, I's, and T'y
and T'y in (4.132), (4.138), (4.144), and (4.170), respectively. Note that I'y C T'y C
I's ¢ I'y € Q. The set I'y is a compact set. Fori = 1...3, the set I; was asymp-
totically stable relative to I'; 1. Consequently, according to Proposition 4.1, the set Ty
is asymptotically stable for the controlled system. This implies that all the control ob-
jectives (4.127)—(4.131) will be achieved, and all the solutions of the controlled system
remain uniformly bounded.
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4.4 Simulation Results

Simulation Results for the Direction Following Controller

In this section, we present simulation results for the proposed direction follow-
ing control approach. We considered a snake robot with N = 10 links of length
[ =0.14 m, and mass m = 1 kg. The ground friction coefficients were ¢, = 1 and
¢, = 3, and the rotation parameters were A\; = 0.5 and A = 20. The rotation
parameters are chosen such that the simplified model quantitatively behaves
similar to the complex model derived in many previous works such as [1] and
[11]. We chose o = 4.5 cm, and 0 = 407/180. Employing the Routh-Hurwitz
stability criterion, the gains of the exponentially stabilizing joint controller in
(4.18) were set to k, = 20, and k; = 5. The orientation controller gain in (4.24)
were tuned as kg = 5, ki = 26, k; = 39, and k3 = 20. The gains of the dy-
namic compensator which was used to control the velocity (4.46) were tuned as
kx =20 and k, = 0.5. The tangential reference velocity was v;,ef = 0.2 m/s, and
the orientation reference angle was 6, = 7/4. Since on the constraint manifold,
where a lateral undulatory gait is stabilized, v; is positive [11], the initial tan-
gential velocity was chosen as v:(0) = 0.1 m/s, see the arguments after (4.25),
yet all other states are set initially to zero.

The simulation results are shown in Figures 4.4-4.10. In Figure 4.4 the so-
lutions A and ¢, of the dynamic compensators are shown. In particular, the
frequency of the joint oscillations converges to a positive constant, which ac-
cording to the work of [1] implies a forward motion for the robot, and ¢, which
is the state of the dynamic compensator (4.24) which controls the orientation of
the robot, remain uniformly bounded. Figure 4.5 illustrates the motion of the
snake robot in the x — y plane, and how the snake robot follows a path heading
in the direction given by the reference. Figure 4.6 shows the forward velocity
vy converges to the constant reference velocity v ;. Figure 4.7 shows that the
normal velocity converges to a small neighbourhood of the origin. In Figure
4.8 it can be seen that the body shape variables follow the reference joint angles
provided by (4.15), while the norm of the error converges exponentially to zero.
Figure 4.9 shows that the proposed orientation controller (4.24) successfully re-
orients the robot in accordance with 6..;. Finally, Figure 4.10 shows that the
coefficients of the virtual control inputs in (4.24) and (4.36) are bounded away
from zero and consequently the control inputs are globally well-defined.
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Simulation Results for the Maneuvering Controllers

To illustrate the performance of the proposed maneuvering controllers, in this
section we present simulation results for a snake robot which moves along a
straight line path. Note that any shape of path which fulfils the condition (d)
on curvature of the path which was presented in Subsection 4.3.4, can be used
for the proposed maneuvering controller. We considered a snake robot with
N = 10 links of length { = 0.14 m, mass m = 1 kg, and anisotropic ground
friction coefficients ¢; = 1 and ¢, = 3. We chose the rotation parameters such
that the simplified model qualitatively and quantitatively behaves similar to the
complex model. In particular, we defined A; = 0.5 and A, = 20. The gait pa-
rameters were o = 4.5 cm and § = 407 /180, and the joint controller gains were
k, = 20 and kq = 5. To stabilize the orientation error dynamics we chose the
orientation controller gain in (4.83) as ko = 5, k1 = 26, ks = 39, and k3 = 20. The
gains of the position tracking controller were tuned to k., = 0.5, k., = 0.5 and
k., = 0.1. The reference forward velocity was v, = 0.2 m/s, and the position
reference was p; ot = [ vt rerdt. The look ahead distance was chosen as twice the
length of the robot A = 2.8 m. To avoid singularities the the initial tangential
velocity was set to v,(0) = 0.1 m/s, see the arguments after (4.83). All the other
states were set initially to zero.

The results of the simulation are shown in Figures 4.11-4.15. In particular,
Figure 4.11 illustrates the exponential stability of the joint error, hence the joints
move in accordance with the lateral undulatory gait provided by (4.15). The
convergence of the orientation to the reference orientation and the correspond-
ing error can be seen in Figure 4.12. Figure 4.13 shows that the controller reg-
ulates the tangential velocity to the desired constant forward velocity, and the
normal velocity to zero. Figure 4.14 shows that the joint oscillation frequency A
converges to a positive constant and the solution of the orientation controller ¢,
is bounded and becomes zero when the robot is on the path. Finally, Figure 4.15
illustrates that the snake robot converges to and follows the desired path based
on the desired velocity profile.
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Chapter Summary

o We considered direction following control of planar snake robots using the
method of virtual holonomic constraints, based on a simplified dynamic
model developed for control design and analysis purposes in [11]. We en-
forced virtual holonomic constraints for the body shape variables of the
robot. These constraints were inspired by the well-known reference joint
angle trajectories which induce a lateral undulatory gait pattern on snake
robots. Furthermore, we removed the explicit time-dependence of the ref-
erence joint angles, and rather made them a function of the solutions of
two dynamic compensators. Subsequently, we reduced the dynamics of
the system to the invariant constraint manifold, where we used the dy-
namic compensators to control the velocity and orientation of the robot.

e We considered maneuvering control of planar snake robots along straight
and curved paths. We started the hierarchical control design by enforcing
virtual holonomic constraints for the body shape variables of the robot
which induced lateral undulatory gait pattern on snake robot. Moreover,
we derived the reduced dynamics of the system evaluated on the con-
straint manifold associated with virtual holonomic constraints. Further-
more, we used choose the frequency of the desired gait pattern through
a dynamic compensator which controlled the velocity of the robot, and
we introduced an offset angle through a static compensator to control the
orientation of the robot on this manifold.

o We presented extensive simulation results which showed the performance
of the proposed controllers.



CHAPTER

Model-based Locomaotion Control
Approaches for Snake Robots
Part ll: The Complex Model

At the beginning of this thesis, we mentioned the main objective of this work as
bridging the gap between the theory and practice for snake robots by proposing
model-based control approaches which are derived based on formal stability
proofs. These analytical control approaches can rarely be found in the previous
snake robot literature. Actually, underactuation, complex dynamical behaviour,
and strong nonlinearities present in the dynamic model are among the main
reasons of the lack of analytical control approaches for snake robots.

In this chapter, we address locomotion control problems for the snake robot
based on the complex model of the robot which we derived in an Euler-Lagrange
framework in Chapter 2. In particular, we will solve the direction following and
maneuvering control problems for the snake robot. It is noteworthy to men-
tion that similar problems have never been addressed for the snake robot in
the previous literature. This is due to the fact that many challenges arise for
the model-based control design based on the complex model, that make the ap-
plication of analytical control approaches and formal stability proofs for these
robots challenging. However, in this chapter we will provide formal stability
proofs throughout the derivations of control laws based on the complex model,
and we solve the direction following and maneuvering control problems.

In particular, in this chapter we will propose hierarchical control design ap-
proaches, which solve these control problems using the following steps.

1. In the first step, we will stabilize a desired gait pattern for the robot. Con-
sequently, the robot starts locomotion based on the desired gait pattern.

2. Inthe second step, we use the gait parameters in order to control the orien-
tation and planar position of the robot which leads to solving the direction
following and maneuvering control problems.
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We will provide formal stability proofs for all the arguments given in the forego-
ing two steps, and will show the performance of the proposed control strategies
by using extensive numerical simulations.

We believe that this is an important step forward in locomotion control of
snake robots, which can help to realize the ultimate objectives regarding the
extensive application of these robots in real-time operations. Furthermore, here
we will present the core of the control design approach, and since the arguments
here are derived using mathematical analysis based on the complex model, then
it is straightforward to extend these results to various other control frameworks,
such as robust and adaptive control design approaches.

Contributions of this chapter: The first contribution of this chapter is to solve
the direction following control problem for the snake robot based on the com-
plex model. In particular, we regulate the orientation and forward velocity of
the robot to constant references. To this end, we stabilize a desired lateral un-
dulatory gait pattern among the body shape variables of the robot. Moreover,
we choose the gait parameters using two dynamic compensators which will be
employed to control the orientation and forward velocity of the robot. Further-
more, we show that the solutions of the controlled system remain uniformly
ultimately bounded.

The second contribution of this chapter is to solve the path following control
problem for the snake robot based on the complex model. To this end, after
controlling the body shape, orientation, and the forward velocity of the robot
according to the design steps given above, we will define the reference veloc-
ity for the robot in a way that enables us to practically stabilize general curved
line paths for the position of the CM of the robot. To our best knowledge, path
following control along general curved paths has never been considered for the
snake robots before based on the complex model of the snake robot locomotion.

Organization of this chapter: This chapter is organized as follows. In Section
5.1, we propose a direction following controller for the robot. In Section 5.2, we
solve the path following problem for the snake robot. In Section 5.3 we present
the results of simulations for the controllers proposed in this chapter.

Publications: The results of this chapter are based on the journal paper [85],
and the conference paper [83].
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Review of the Complex Model

In this section, we briefly review the complex model of the snake robot which
we derived in Chapter 2. We use this model for the model-based control de-
sign in the subsequent sections. Among the different (and equivalent) repre-
sentations of the complex dynamic model which we presented in Chapter 2, we
choose the dynamic model (2.45a)—(2.45b) for the model-based locomotion con-
trol design in this chapter. This choice is purely due to the notation convenience
in the derivation of the control laws. Consequently, the analytical derivations
and the stability proofs which are derived based on this model can easily be
used for the other models as well. This dynamic model of the N-link robot is
represented as

Myl + Wy — 1SCT fr (9, 4, p) — DT (5.1a)
Nmj = ET fz (e,e‘,p) (5.1b)
where 0 = [0,... ,GN}T € RY denotes the vector of the absolute link angles,

P = [psypy)t € R? denotes the vector of the linear velocities of the CM of the
robot, u € RN~! is the vector of the actuator torques, and fg is the vector of
ground friction forces. The remaining quantities of the dynamic model (5.1a)-
(5.1b) were defined in Chapter 2, through (2.46)—(2.48). Finally, letting

g, = [cos By, sinfy]" (5.2a)
Vgy = |—sinfy, cosOy]" (5.2b)
we define
vp = U, P (5.3a)
Un = Vg P (5.3b)

The scalars v, and v,, defined above are the components of the inertial veloc-
ity of the center of mass parallel and perpendicular to the angle of the head,
respectively.

Lateral Undulation

One of the basic gait patterns through which biological snakes achieve forward
motion is called lateral undulation [11]. During lateral undulation, the snake
undergoes periodic shape changes that resemble a wave traveling backward
along its body, from head to tail. As a result of this motion, the snake body



Direction Following Control of Snake Robots: The Complex Model 152

traces out a periodic curve on the plane, which Hirose [1] mathematically rep-
resented as a serpenoid. Thinking of a snake robot as a discrete approximation
of a biological snake, researchers (see e.g. [1] and [105]) have observed that the
serpenoid curve can be well-approximated by imposing the sinusoidal refer-
ence signal for the i-th joint angle

Grer,i(t) = asin(wt + (i — 1)0) + o, (5.4)

where « denotes the amplitude of the sinusoid, w denotes the frequency of the
joint oscillations, § denotes the phase shift between two consecutive joints, and
¢, is a joint offset used to control the direction of locomotion.

5.1 Direction Following Control of Snake Robots

This section investigates the problem of direction following for planar snake
robots. The control objective is to regulate the linear velocity vector of the snake
robot to a constant reference while guaranteeing boundedness of the system
states. The proposed feedback control strategy enforces virtual constraints en-
coding a lateral undulatory gait pattern. This gait parametrized by states of
dynamic compensators which are used to regulate the orientation and forward
speed of the snake robot.

5.1.1 Control Design Objectives

In this section, we present the blueprint of our control design. We begin by stat-
ing the control specifications.

Direction Following Problem (DFP): Given a desired constant velocity vec-
tor pre¢ with polar representation (r,0) = (vyer, brer), design a smooth feedback
controller achieving the following specifications:

(i) Practical stabilization® of the head angle 0y to Oyet.
(ii) Practical stabilization of the tangential velocity v; = ugTN P tO Vyet.

(iif) Uniform ultimate boundedness of the normal velocity v, = 119TNp with a
small ultimate bound, and ultimate boundedness of the joint dynamics
and all controller states of the controlled system.

Practical stabilization of a variable means that by a suitable choice of controller parameters
the variable is made to converge to an arbitrarily small neighborhood of its desired value.
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Figure 5.1: The structure of the direction following controller.

The above problem formulation relies on the observation that if 0 = 6., then
making p — Py is equivalent to making (v, v5,) — (Vret; 0).

Solution Methodology:

In order to solve the DFP, we stabilize a lateral undulatory gait for the shape
variables of the robot. Our control design approach is given in three stages.

Stage 1: Body Shape Control. We use the controls v in (5.1a) to stabilize a
virtual constraint encoding a lateral undulatory gait similar to (5.4), in which
wt is replaced by a state A, and ¢, affects only the head angle 0. The evolution
of \, ¢, is governed by two compensators, ¢, = 1, and A = .

Stage 2: Head Angle Control. Inspired by the biological observation that
snakes keep their head pointed towards a target while their body undulates
behind the head, we design u,, to practically stabilize 6 — 6, while guaran-
teeing that (¢, gzbo) is uniformly ultimately bounded.

Stage 3: Velocity Regulation. We design u, to practically stabilize v; — vyt
while guaranteeing that v, converges to a small neighborhood of the origin
and A remains uniformly ultimately bounded.

Figure 5.1 depicts the structure of the proposed direction following con-
troller.
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5.1.2 Body Shape Control

In this section, we stabilize the lateral undulatory gait for the shape variables of
the robot by using the joint control inputs « in (5.1a). In particular, inspired by
the lateral undulatory gait, we stabilize the relations:

Hi—GiH I(ISin(/\+(i— 1)(5)7 1= 1,...,N—2, (55&)
On_1—On = asin(/\ + (N - 2)5) + @0 (55b)

where («, 0) are positive constants referred to as the gait parameters and (), ¢,) €
S* x R are the states of two dynamic compensators

A= uy, qfﬁo = Uy, , (5.6)

which will be designed later in order to control the forward velocity and the
head angle of the robot, respectively. The relations (5.5a)-(5.5b) are referred to
as virtual holonomic constraints (VHC), see e.g. [92]-[96], and they have the
property that they can be made invariant through feedback control. These VHC
are dynamic, since they are parametrized by the states of the dynamic compen-
sators (5.6). Note that the difference between the reference joint angles given
in (5.5a)—(5.5b) with the reference joint angles given in the previous chapters is
that here we add the offset term ¢, only to the last joint’s reference. This im-
plies that the overall motion of the robot will be smoother, since the transient
behaviour of ¢, does not affect all the joints.
In continue, we denote

O;(N\) =asin(A+ (i —1)§), i=1,...,.N—-1 (5.7)
and
BN) = [D1(N), ..., Py (V)] e RN! (5.8)

Since § = H DO+ efy, the relations in (5.5a)—(5.5b) can be expressed in the vector
form as:

0 =ely + HP(N) + Hbo,. (5.9)
The relations (5.9) can also be written as h(, ¢,, ) = 0, where
(X, ¢0,0) = DO — D(N) — b, (5.10)

If we view h(\, ¢,,6) as an controlled output vector function for system (5.1a)-
(5.1b) augmented with compensators (5.5), then this output vector yields a vec-
tor relative degree {2, .. ., 2} everywhere on the configuration space because we
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have that rank(DM, ' DT) = N — 1. Consequently, the zero dynamics manifold
associated with output (5.10) is the set

D= {(0.0.0.5, A A, 00,6,) € RZ*S: DO = @(A) + b6, D = @ (A)A + b3, }
(5.11)
We refer to I as the constraint manifold associated with the VHC (5.5a)—(5.5b).
Stabilizing the VHC (5.5a)—(5.5b) corresponds to stabilizing the set I'. Further-
more, the vector relative degree {2,...,2} implies that we can stabilize I" by
using the input-output linearizing control law

u= (DM, DT { DM, W,yh*

—IDM; ' SCL fr+ @ (M)A + @' (Vuy

+bug, — Kp[DO — ©(X) — b,

—Kp[D — &' (M) —bo,)}, (5.12)

where Kp, Kp are positive definite diagonal matrices containing the joint con-
troller gains.

After asymptotically stabilizing I', we are left with two control inputs, (uy, us, )
to solve the direction following problem. In particular, we use the dynamic
compensators to regulate the head angle and the velocity of the robot to desired
values. To this end, we first derive the reduced dynamics of the robot, i.e., we
reduce the system to the invariant manifold I'. By left multiplying both sides
of (5.1a) by e’ , which is a left annihilator of the control input matrix D”, and
evaluating the result on the virtual constraint manifold I', the dynamics of the
snake robot on the virtual constraint manifold I' read as

Oy = Uy (On, O, A A, o, (ngp,p) +
Ua(On, A, do)un + Us(On, A, do)tig, (5.13a)
P= WalOn, X Go)p+ Us(On, A, 60)by +
U6(On, A, Go) A+ Ur(On, N, Bo) o (5.13h)
o= Ugy, (5.13¢)

A= uy, (5.13d)
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where

Ui() = —eTAjile[f;</\) \? — eTJIV[(,e {(We0” — 1SC] fr},

Wy(-) = —W (5.14a)
Us(-) = —ﬁ\%? (5.14Db)
Uy(-) = ﬁETQeE., (5.14c)
Us() = ﬁETQGSC(,@ (5.14d)
We(-) = ﬁETQeSC’gHCD/()\), (5.14c)
Uq() = NLmETQQSCQHb. (5.14f)

In the above, each function V,(+) is evaluated on the constraint manifold I'. The
equations in (5.13a)—(5.13d) describe a control system with two inputs, (ug,, ).
This system completely describes the motion of the snake once the VHC (5.5)
have been enforced. The control objective for system (5.12) is to stabilize 6y to
an arbitrarily small neighborhood of 6,.; to stabilize v, = ueTN p to an arbitrarily
small neighborhood of v,; and finally, to guarantee that v,, = veTN p converges to
a neighborhood of the origin. Meanwhile, we also require that the solutions of
the dynamic compensators ()\., Do, qSO) remain uniformly bounded.

In the process of developing controllers for the reduced dynamics system,
we will require some knowledge of each ¥,(-) which is summarized in the fol-
lowing remark.

Remark 5.1 We make some numerical observations that are important in the subse-
quent development of our control laws. It can be numerically verified that for all gait
parameters (o, J):

(a) W3(-) = —eT MyHb/e™ Mye is bounded away from zero and negative for all O, X, ¢,;
(b) v(,TN\IJ4(-)v9N ~ —cp/m forall Oy, N, ¢o;

(c) There exists v > 0 such that —uZN Ue(-) < — for all On, A and small values of
¢o and for ¢, > ¢y,

(d) There exists ey > 0 such that we have |vj, Ve (-)|< e for all On, X, ¢, where o
denotes the amplitude of sinusoidal joint motion in (5.5a)—(5.5b);
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(e) |Ta()|I< en/m for all On, N, do;
(f) There exists v; > 0 such that ||U7(-)||< 7 for all On, X, ¢o;
(8) vy, Wal-)ugy|< ci/m for all O, X, b,

Note that the above observations are independent of the parameters N, m, 1, J.

5.1.3 Head Angle Control

In this section, we consider the head angle control for the snake robot. In par-
ticular, using the control input u4,, we control the head angle of the robot by
controlling the states (6, On, do, (;50) of the constrained system (5.12a)-(5.12d).
In order to do so, we design a high-gain feedback of the form u, (6, Oy, Do, gbo)
that makes (Oy — 6y, 0 ) converge to an arbitrarily small neighborhood of the
origin and (¢,, ¢,) uniformly ultimately bounded. We make this analysis inde-
pendent of the choice of the input u,, by using time scale separation.

Through (5.13a) and (5.13c), the dynamic equations which govern the states
(O, On, do, ¢o) of the constrained system can be written as

éN = fl (eNa éNa )‘7 }‘7 ¢07 d)oa u)\) + \1’3(')’&(%7

¢0 = Ug,-

(5.15)

Proposition 5.1 Consider the following head angle control law for system (5.15)
17, .
g, = = [eN +ky (O — emf)} P (5.16)

Also, assume that uy(t), \(t) are defined for all t > 0. Then for any ky, ki, ks > 0,
there exist €, k > 0 such that for all € € (0, €")

lim sup [On(t) — O] = ke (5.17)
t—+o00

lim sup |0y (t)|= ke. (5.18)
t—+o00

Moreover, the states (¢,, ¢,) are uniformly ultimately bounded.

Remark 5.2 Under the control law (5.15), the head angle error can be made arbitrarily
small provided that € is chosen to be sufficiently small.
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Remark 5.3 In the next section we define a feedback controller uy guaranteeing that
for any initial condition, the closed-loop system has no finite escape time (see Remark
5.4). This will guarantee that the above proposition is applicable.

Proof: Viewing the states A(t), A(t), and the input u,(t) as exogenous signals,
the control system (5.15) can be viewed as a time-varying system with states
(On, On, bo, ¢0) Under the control input (5.16), the closed-loop dynamics of sys-
tem (5.15) in the standard singular perturbation form become

™

N =WN (5.19a)
on = €1 (1 G0 bos O, O ) = 160 — ko] + W) (@n + kb)) (5.19b)

where Oy = 0y — 0,o; denotes the head angle error, and where

0 (t,¢07¢o,9N79N) =f (QN,éN,)\(t), A(t), o, Q%,W(ﬂ) . (5.20)

Here we use time-scale separation to make the analysis independent of the
choice of uy. Note that (5.19a)-(5.19b) is a singularly perturbed system with
reduced dynamics

Oy = —knby (5.21)

and the boundary-layer dynamics is given by

Wy (522)

where y = &y + knOy. The origin is an exponentially stable equilibrium point
of the reduced system. Also, the origin is an exponentially stable equilibrium
point of the boundary-layer system because, by Remark 5.1, for some v, > 0,
U3(-) < —v < 0 uniformly in ¢t. According to the singular perturbation the-
orem on an infinite interval (see Th. 11.2 in [99]), for all Ay(t,), y(to) € R and
to > 0, the singularly perturbed system (5.19a)—(5.19b) has a unique solution

(éN(t, €), wn (t, e)) such that
_ 0E6)7 (5.23a)

)
t/e
—exp (/t \113(-)617) y(te) = O(e), (5.23b)
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for all t € [ty,00). This proves the first part of the proposition. For the second
part, note that the closed-loop dynamics governing the states (¢,, ¢,) become

Bot Rad + bad, =~ (On(1,0) + habi(t,0)) (5.24)

f(te)
From (5.23a)—(5.23b), it can be seen that fN(t? €) is uniformly bounded and of
order O(1). Since the unforced system ¢, + ka¢, + k1, = 0is an LTI system and
has a globally exponentially stable equilibrium point at the origin (¢,,¢,) =

(0,0), the system (5.24) is input-to-state stable. This proves the second part of
the proposition. W

5.1.4 Velocity Regulation

Consider the reduced dynamics (5.13a)—(5.13d). In the previous section, we con-
trolled the states (0, Oy, do, (;50) Now, we are left with the states (p, p, A, )\). The
map p +— (vy,vy,) is a diffeomorphism so for velocity control we may consider
the subsystem with states (7, v, A, }\), where 0; = v; — v¢ denotes the forward
velocity error. In order to obtain the tangential and normal velocity dynam-
ics, we take the time derivatives of equations (5.3a)—(5.3b), which using (5.13b)
yields

U = ugN\Il4( Yugy v + uGV\I&;( Yoy Un + Onv, +

u(,N Us(-)0n + u(,N\IIG( A+ uGTN‘I/7(-)(éO (5.25a)
U = UQN Uy (Jugyve + veN\I/4(~)vngn — Oy +

g Us()0n + v, Ue()A + vg. Tz (). (5.25b)

Thus, the velocity error dynamics have the form

U= fo (9N59N>>\7).\7¢07 (éoaﬁt-,q}n) +

ug We()A (5.26a)
Un= f3 (91\7, Oy Ay A, By Go, T, ’Un) +

Vg Wa(-) Ve, Un (5.26b)
A= uy (5.26¢)

In order to stabilize the solutions of (5.26a)—(5.26b) to a neighborhood of the ori-
gin (¥, v,) = (0,0), we iteratively introduce control-Lyapunov functions (CLF)
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using the techniques of backstepping [99]. To this end, we start by defining the

first CLF in the form )
Vi =5k, (5.27)

and taking its time derivative along the solutions of (5.26a)—(5.26¢) to obtain
Wz@@=@@@¢dﬂ+ﬁ®) (5.28)

We use A as a virtual control input which we employ to make (5.28) negative.
In particular, we define
A= —ky\Uy (5.29)

where k) > 0is a constant. We introduce the error variable

z= A+ kyiy, (5.30)

that we would like to drive to zero, and rewrite (5.28) as
‘71 = —]{/’)\ugN\Ifg()f)tQ + ﬁtugN\Dg(')Z + ﬁtfg() (531)

To perform backstepping for z, we define a composite CLF of the form
1 2 1 2
Vo=V + 52’ + 51/”- (5.32)

Taking the time derivative of (5.32) along the solutions of (5.26a)—(5.26c), we

have . .
Vo = —1L§N\If6(~)k,\@? +z (m 4 kv + ﬁtugN\Ilﬁ(-))

0, a2+ v () — o Ba()A) (5.33)
+ vnveTN\IJG(-) (z — k\0y) .

In order to achieve the velocity control objective, we define the feedback con-
troller

uy = —ky {fg() + uGTN\IIG(-)}\} K,z

(5.34)

- ﬁt’u;qv\lfﬁ(-) — ”nUGTN We(-).

where K, > 0is a constant gain. The following remark investigates the bound-
edness of the solutions of the controlled system.
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Remark 5.4 Consider the state vector x = [vg, Uy, A, \, Bo. Q.SO]T. Under the control
laws (5.34) and (5.16), we have & = f(x) for the closed-loop system. Because of the
uniform bounds on V;,i = 2,...,7, it can be seen that

1@ < B (1 +[|[) (5.35)

for some constant B. Because of this linear growth condition, there is no finite escape
time and the signals A(t), u,(t) are defined for all t > 0 as required by Proposition 5.1.

We have the following proposition regarding the velocity control system.
Proposition 5.2 Consider the control system (5.26a)—(5.26¢) under the controller (5.34).
If the ultimate bound on ¢, from Proposition 5.1 is small enough such that wj V() is

bounded away from zero, then for all € > 0, there exists a controller gain ky > 0 and
positive constants o, ¢* such that, for all o € (0, «*) and all ¢, — ¢, > ¢, the set

F’:{(A,)\mt,vn) | |f)t|<e} (5.36)

is asymptotically stable. Moreover, \ and v,, are uniformly ultimately bounded.

Remark 5.5 Under (5.34), the velocity error ¥, can be made arbitrarily small provided
that the gain k is chosen to be sufficiently large.

Proof: Substituting (5.34) into (5.33) yields

Vy = —u(,TN\IJ(;(-)k,\ﬁtz - K22+ UQTN‘IQ(-)UGNDEL

o (fo() = i, Wo()A) = hvat, () (5.37)
Therefore, by parts (b) and (c) of Remark 5.1, for small enough ¢,, we have

. c
-9 2 )
Vo < —vkav; — K 27 — —mvn

+ vy (UgN\D4(')u9N6t + UgTN\IJ7(')¢.50 + (Ung\I’lll(')uGeref) (538)

fs(‘)—véPN‘l’s(‘)}\

— kwnvaTN\Ilg(-)f)t

By Proposition 5.1, ¢, is uniformly ultimately bounded by a positive constant
d4, > 0. By parts (d), (e), (f), (g) of Remark 5.1, we have ||Wy[|< ¢, /m, [|¥7]|< 77,
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[ug Wauay|< ci/m, and |vj W (-)|< aep, and thus

. c
~9 2 n 2
Vo < —v6kat; — K,2° — —mvn

C ~ .
+ =T +7] V| o]+
m

Cp, -
av,.cf|vn|+k)eooz|vn||vt\. (5.39)

Using the fact that, for any v > 0, ab < (v/2)a* + (1/27)b?, we have

. 1/c
Vo < — [k‘,\’yﬁ - = (ﬁ + k)\ozeoﬂ 173 — K.2*
2 \m
Cn c L vy &Y 2, 7
B Y S S ),_7_ 2 4 72 (5.40)

[m (m+ A¥0) 5T 2m}”"+27 %o
Cn o
2m~/vref’

where y and +/ are arbitrary positive numbers. Pick o < 75/¢p and ky > ¢;/(me).
Then, the coefficient pre-multiplying ¢7 in (5.40) is negative. Moreover, if ¢, >
(¢1/2)+mkyvs, then for sufficiently small v, > 0, the coefficient of v?2 in (5.40) is
also negative. Consequently, for sufficiently large c,, — ¢; and k), and sufficiently
small «, there exists 8 > 0 such that

y Y7 2 Cp 2
Vo < —pBVo 4+ —67 5.41
2 = /6 2 + 2/}/ bo + 2nl7,Uref7 ( )

from which it follows, by the Comparison Lemma [99], that

2y " g0 2mey’ “ref

B

ﬂ62 + Cn UZ)

Va(t) < Va(0) exp (~B1) + ( (5.42)

This implies that the solutions of (5.26a)—(5.26¢), i.e., U, vy, )\, remain bounded,
V, converges to a ball of radius

7 2 Cn 2
(2w 6450 T my Ufef)

5 (5.43)

To =

and therefore ||[7, v,,, A]|| converges to a neighborhood of the origin given by

7 52 Cn 2
r— (2’;5<i>0 + 2mey’ Uref) (5 44)
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Moreover, we can use the first CLF, ie., V; = 1/202, to show the practical
stability of the tangential velocity. Taking its time derivative along the solu-
tions of (5.26a)—(5.26c) given in (5.28) and using the fact that ueTN g is uniformly
bounded we have

Vi < —kayed? + Yol0| 2] +|0:] | f2 ()] (5.45)

By the previous argument, |z| is ultimately bounded. We denote the ultimate
bound by ¢, > 0. Also, there exists d, > 0 such that || f2(-)||< ds, so that

: Te 1 T 1
Vi < — (mﬁ = 76 - 2)@3 + 7653 + 555. (5.46)
N——————’

d

For sufficiently large k), there exists 5 > 0 such that
Vi < =28V, +d, (5.47)

from which we get

Vi(t) < exp(=26t)V4(0) + %d, t>0. (5.48)

Therefore, ¥, converges to a ball of radius , / %d. Since 8 = kyve — % - %, choos-

ing k) large enough makes the ultimate bound of 7, less than e for any desired
e > 0. This completes the proof for practical stability of the origin ¢ = 0 of the
tangential velocity error dynamics (5.26a) under the control law (5.34) with a
sufficiently large controller gain k,. W

Remark 5.6 Note that ¢, /m must be sufficiently large to dominate the positive term.
The physical interpretation of this inequality is that it is only the friction that damps
out the normal velocity component. No active control is used here. And this normal
friction coefficient must be large enough (w.r.t. the mass m) in order to dominate the
velocity increasing contribution that comes from the excitation that the sinusoidal gait
pattern gives.
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5.2 Maneuvering Control of Snake Robots

This section investigates the problem of maneuvering control for planar snake
robots. The control objective is to make the CM of the snake robot converge to a
desired path and traverse the path with a desired velocity. The proposed feed-
back control strategy enforces virtual constraints encoding a lateral undulatory
gait, parametrized by states of dynamic compensators which are employed to
regulate the orientation and position of the snake robot.

5.2.1 Control Design Objectives

In this subsection, we present the blueprint of our maneuvering control design
for the snake robot. We begin by stating the control specifications which we aim
to achieve throughout the control design.

Velocity Control Problem (VCP): Given a desired velocity vector p(p) with po-
lar representation (r,0) = (vwet(p), bret(p)), design a smooth feedback controller
achieving the following specifications:

(i) Practical stabilization of the head angle y to f,e(p).
(ii) Practical stabilization of the tangential velocity v, = ugTN D 0 Vyer(P).

(iii) Uniform ultimate boundedness of the normal velocity v, = 'ueTNp with a
small ultimate bound, and ultimate boundedness of the solutions of the
joint dynamics and all controller states.

The above problem formulation relies on the observation that if Oy = 8..¢(p),
then making p — p(p) is equivalent to making (v, v,) — (vrer(p), 0).

Path Following Problem (PFP): Given a desired continuously differentiable
planar curve v C R? with implicit representation {p € R? : h(p) = 0} with
dh, # 0 on v, design a smooth feedback controller achieving the following spec-
ifications:

(i) Path stabilization: make p(t) — ~.

(if) Velocity control: make ||p||= v on -y, where v is the desired velocity on the
path .

The first control specification, i.e., the VCP, will be used to achieve the sec-
ond control specification, i.e., the PFP.
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Figure 5.2: The structure of the path following controller.

Solution Methodology:
In order to solve VCP and PFP, we create a hierarchy of three control speci-
fications, and therefore our control design unfolds in three stages.

Stage 1: Body Shape Control. We use the controls « in (5.1a) to stabilize VHC
encoding a lateral undulatory gait similar to the well-known reference joint tra-
jectories (5.4), in which (wt) is replaced by a state A, and ¢, affects only the head
angle 5. The evolution of ), ¢, is governed by two dynamic compensators,
éo = uy, and \ = uy, which will be used to control the orientation and position
of the robot, respectively.

Stage 2: Velocity Control. This stage unfolds in two substages:

e Head Angle Control. Inspired by the biological observation that snakes
keep their head pointed towards a target while their body undulates be-
hind the head, we design u,, to practically stabilize 6y — 0.(p) while
guaranteeing that (¢,, &,) is uniformly ultimately bounded.

e Speed Control. We design u, to practically stabilize v; — vyt(p) while
guaranteeing that v, converges into a small neighborhood of the origin
and A is uniformly ultimately bounded.

Stage 3: Path Following Control. We design u(p) such that making |p — u(p)|
sufficiently small solves the PFP.

Remark 5.7 Achieving shape control, head angle control, and velocity regulation solves
the DEP, making |p — p(p)| sufficiently small.

Figure 5.2 depicts the structure of the proposed path following controller.
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Remark 5.8 As discussed at the beginning of this chapter, snake robots move forwards
by tracing out a periodic curve. Because of this oscillatory motion, the head angle and
velocity tangential and normal to the snake motion will not be constant, but rather
oscillate around their steady state values. This is the reason why practical stability is
sought, as opposed to asymptotic stability of constant values which is not a feasible
control objective for the snake robot locomotion.

5.2.2 Body Shape Control

As we discussed above, the first stage of our path following control design ap-
proach is to control the body shape of the snake robot by controlling the joint
angles to given references given by the following VHC

Gi—HiH zasin()\—l—(i— 1)6)7 1= 17...,N—2, (549&)
On_1 —On = ozsin(/\ + (N — 2)5) + @0 (549b)

Associated with the given VHC is the constraint manifold

Dy = {(6.0.p.5. A A 00 60) € R2V4 2 DO = @(N) + by, DI = @' (NA+ b |
(5.50)
Stabilizing the VHC (5.49a)—(5.49b) corresponds to stabilizing I's. To this end,
we use the input-output linearizing control law (5.12), which asymptotically
stabilizes the constraint manifold I'; for the dynamical system (5.1a)—(5.1b).

Reduced Dynamics on the Constraint Manifold

After asymptotically stabilizing I';, we are left with two control inputs, (uy, u,)
to solve the VCP. As described in Section 5.1, we will use the dynamic compen-
sators to regulate the head angle and the velocity of the robot to desired values.
To this end, we first derive the reduced dynamics of the robot, i.e. we reduce
the system to the invariant manifold I';. By left multiplying both sides of (5.1a)
by e, which is a left annihilator of the control input matrix D, and evaluating
the result on the virtual constraint manifold I';, the dynamics of the snake robot
on the virtual constraint manifold I'; read as

Oy= W (HN-,éNa)V )'"(bo’éo’p’p) "

Uy (On, A, &o) un + U3 (On, A, do) Ug,, (5.51a)
P= Wa(On, N\ 0o)p+ Us(On, A, o) On +

Tg (O, X, 0o) A + U7 (O, A, bo) o, (5.51Db)
bo = Ug,, (5.51c)

A= oy, (5.51d)
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where the scalar-valued functions ¥;(-) for all ¢ € {1,...,7} were defined in
(5.14a)—(5.14f). Note that each V,(-) is evaluated on the constraint manifold T';.
In the process of developing controllers for the reduced dynamics system, we
use the knowledge of each ¥, (-) that we described in Remark 5.1. The equations
in (5.51a)—(5.51d) describe a control system with two inputs, (ug,, u,). This sys-
tem completely describes the motion of the snake once the VHC (5.49a)—(5.49b)
have been enforced. For system (5.51a)—(5.51d), the control objective is to stabi-
lize O to an arbitrarily small neighborhood of 6,.; to stabilize v, = ugTN p to an
arbitrarily small neighborhood of v,.; and finally, to guarantee that v, = v(,TNp
converges to a neighborhood of the origin. Meanwhile, we also require that the
solutions of the dynamic compensators (}\, Do, gzbo) remain bounded.

5.2.3 Velocity Control

According to the solution methodology given above, we solve the velocity con-
trol problem in two steps. In the first step, we control the head angle of the
robot to a reference head angle which points towards the target point on the
path. In the second step, we use the frequency of the periodic body motions, i.e.
the gait pattern, as an additional control term in order to control the velocity of
the robot to a reference velocity.

Head Angle Control

In this section, we consider the head angle control for the snake robot. Using the
control input u,,, we control the head angle of the snake robot by controlling
the states (A, x, ¢o, ¢,) of the constrained system (5.51a)—(5.51d). To this end,
we design a high-gain feedback u, (O, On, o, qﬁo) that makes (0y — O,e(p), Oy —
éref(p)) converge to an arbitrarily small neighborhood of the origin and (¢,, ¢0)
uniformly ultimately bounded. This analysis is made independent of the choice

of u,, using time scale separation.

By (5.51a) and (5.51c), the dynamic equations governing the states (6, Oy, do, ¢O)

of the constrained system can be written as

éN = fl (9N39.N7)‘7}\7¢07¢.507u)\> + \Ij3(')u¢o7

¢o - ud)o-

(5.52)

In the next proposition, we consider the head angle control for the robot using
a high-gain feedback control law.
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Proposition 5.3 Consider the head angle control law for the system (5.52) defined as

B 1
© ()

{1 (éN n kNéN)} — k1B — ahy. (5.53)

Ug

where O = Ox—0,¢4(p) denotes the head angle error. Also, assume that uy(t), A(t), A(t)
are defined for all t > 0. Then for any ki, ko, €1 > 0, there exist €, ky,e2 > 0and a
positive definite function V (¢, ¢,) such that the set

0 = { (6w, 00.80) | || (O, B + kb ) | < 0V (60.6,) <@} (5.5

is asymptotically stable. Then for any ky, k1, ko > 0, there exist €*, k > 0 such that for
all e € (0,€")

lim sup ’éN(t)‘ = ke (5.55)
t—+o00

lim sup ’éN(t)‘ = ke. (5.56)
t—+o0

Moreover, the states of the dynamic compensator (¢, ¢,) are uniformly ultimately
bounded.

Remark 5.9 In the next section we define a feedback controller w, guaranteeing that
for any initial condition, the closed-loop system has no finite escape time (see Remark
5.11). This will guarantee that the above proposition is applicable.

Remark 5.10 The result of Proposition 5.3 can be interpreted as follows. Under (5.53),
the head angle error can be made arbitrarily small provided that e is chosen to be suffi-
ciently small. Also, ¢, and ¢, remain uniformly ultimately bounded.

Proof: Viewing the states A(t), A(t), and the input u,(t) as exogenous signals,
the control system (5.52) can be viewed as a time-varying system with states
(0w, On, bo, gbo) Under the control input (5.53), the closed-loop dynamics of the
system (5.52) in the standard singular perturbation form become

Oy = ion, (5.57a)
€Wy =€ {éref + 0 (TZ Por Do, 6N79N) + W3(+) (kl(bo + k‘zéo” - ((:/N + k’NéN) ;
(5.57b)
where

91 (10010, 0x, O ) = f1 (0, B0, N0 AD), 000 r(D)) . (5:58)
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Here we use time-scale separation to make the analysis independent of the
choice of uy. Note that (5.57a)-(5.57b) is a singularly perturbed system with
reduced dynamics

On = —knOy (5.59)
and boundary-layer dynamics
i
= (5.60)

where § = Oy + knfy. The origin is an exponentially stable equilibrium point
of the reduced system. Also, the origin is an exponentially stable equilibrium
point of the boundary-layer system. According to the singular perturbation the-
orem on an infinite interval (see Theorem 11.2 in [99]), for all initial conditions
On(to), §(to) € Rand t, > 0, the singularly perturbed system (5.57a)~(5.57b) has
a unique solution (fy(t, €), Oy (t, €)) such that

On(t,€) — exp (—kn(t — to)) On(t0)

) (5.61a)
C:)N(t7 E) -+ kN exp(—kN(t — to))éN(t())
—exp <—:> i(te) = O(e), (5.61b)

for all t € [tp,00). Note that the closed-loop dynamics governing the states
(¢, 9o) become

Bo + Koty + K1y = %() {1 (0 + ki) } . (5.62)

I (te)

From (5.61a)—(5.61b), it can be seen that fy(t, €) is uniformly bounded and of or-
der O(1). Since the unforced system Go+kapo+k1¢, = 0isan LTI system and has
a globally exponentially stable equilibrium point at the origin (¢,, ¢,) = (0,0),
the system (5.62) is input-to-state stable. Therefore, there exists an ISS Lya-
punov function V() and €, such that the set {V(¢,, d,) < €} is asymptotically
stable. Now, we consider the change of variable §y = oy +k ~Oy. The closed-loop
dynamics become

Ox = — knby, (5.63a)

ey =¢ |:9ref + a0 (t7 Dos Dos O, 9N) + Ws(+) (lﬁ(l)o + k2¢o) +kn (Z) - kNéN)} -,
(5.63b)
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Next, we consider the Lyapunov function candidate

1~ 1
= 0% + =7 64
Vi 9N + oY (5.64)
Taking the time-derivative of V; along the trajectories of (5.63a)—(5.63b) yields
Vi = Ois — kbR + 3y (5.65)

It can be shown that there exists L > 0 such that §j < —(1/2¢)j® 4+ Lsj (see
proof of Th. 11.1 in [99]). We have

o 1

Vi < Oni — kntiy — %Zﬁ + L3y (5.66)
Completing the square, we get

. 1
V< — <kN - ) 0% — (2 - 1) ) + L2 (5.67)
€
For ky > (1/2)(L3/4€? + 1) and € < 1/(L3/4€? + 2) we have

W < L§V+1L2 (5.68)

1 - — L .
4" 1278

By the comparison lemma, we get

L?
Vi(t) < Vi(0) exp (—4%1&) + 268 (5.69)
This implies that ||[, g}]NT|| converges to a neighborhood of the origin given by
€. Therefore, the set {||[0n, 9] ||< €} is asymptotically stable. Note that ¢; is a
design parameter that we can choose arbitrarily. This completes the proof. W

Speed Control

Consider the reduced dynarmcs (5.51a)—(5.51d). In the previous section, we
controlled the states (0, On, bo, gbo) Now, we are left with the states (p, p, A )\)
The map p — (v;,v,) is a diffeomorphism so for velocity control we may con-
sider the subsystem with states (7, v, A, )K), with 9, = v, — veet(p) denotes the
tangential velocity error. In order to obtain the tangential and normal velocity
dynamics evaluated on the constraint manifold, we take the time derivatives of
Equations (5.3a)—-(5.3b), which using (5.51b) yields

Uy = uZN\m( Yugy v + ugTN\I/4(~)v@an + Oyvy, +
Ws(-)0n + ug, Ue(-)A + ug, Ur(-)do (5.70a)

Uy = UGN\IJ4( Yugy vy + UGN\I/4(~)vngn — Oy, +
gy Ws()0y + vg We()A + vg, Wz (-) o (5.70b)
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Thus, the velocity error dynamics have the form

= fo <9N,9N7A7¢o,¢075tavn) +

ug We( )X — (dveer) b, (5.71a)

7.]71 = f?) (9N59N>)‘7).‘7¢07d.7076t7”n) +
Vg Va(-) Vg, U, (5.71b)
A= uy (5.71c)

In order to stabilize the solutions of (5.71a)—(5.71b) to a neighborhood of the
origin, we use the following control input

uy = —K, ()\ + K)\’INJt>

, (5.72)
— K [ () + uf, o)A — (dver) )]

where K, > 0 and K, > 0 are positive constant controller gains. Note that
ug V() is bounded away from zero by part (c) of Remark 5.1 provided that the
ultimate bound on ¢, from Proposition 5.1 is small enough.

Remark 5.11 Consider the state vector © = [vy, U, A, \, do, qBO]T. Under the control
laws (5.53) and (5.72), we have & = f(x) for the closed-loop system. Because of the
uniform bounds on V;,i = 2,...,7, it can be seen that

1@< B (1 +[|=[) (5.73)

for some constant B. Because of this linear growth condition, there is no finite escape
time and the signals \(t), ux(t) are defined for all t > 0 as required by Proposition 5.3.

We have the following proposition regarding the forward velocity control sys-
tem.

Proposition 5.4 Consider the control system (5.71a)—(5.71c) under the controller (5.72)
with ¢, > ¢. If the ultimate bound on ¢, from Proposition 5.3 is small enough that
ug We(-) is bounded away from zero, then for all e3 > 0 and for sufficiently large con-
troller gain K > 0, there exists e, > 0 such that the compact set

Al = {<A7>‘>ﬁt7vn> : |ﬁt|§ 637)" = _Kxﬁi'/ ‘U"‘S 64} (574)

is asymptotically stable.
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Remark 5.12 The result of Proposition 5.4 can be interpreted as follows. Under (5.72),
the velocity error ¥, can be made arbitrarily small provided that the gain K is chosen
sufficiently large. Also, the normal velocity v,, remains uniformly ultimately bounded.

Proof: The control law (5.72) is a feedback linearizing controller for system
(5.71a) with output z = A + K, 7;, and it makes the set

Ay = {(A,)\,@,vn) A= —K@} (5.75)
asymptotically stable. On the set A3, the subsystem (5.71a) becomes
O = o) = K, Us(4)Tr = (dveer)pp (5.76)
Now, we find a positively invariant set

0= {()\ A,at,un) 5] < Vi, o< VQ} , (5.77)

such that ‘ fo(On, On, \, bo, o, Tt vp,) | is uniformly bounded on 2. Note that (¢,, gbo)
have been proven to be uniformly ultimately bounded in Proposition 5.3. There-
fore we need to show boundedness of ¥, v,. We pick Vi arbitrary and deter-
mine K3 such that |f3(-)|< K3. Note that K3 depends on V;. Next, we pick
Vy > K3/ K,. Finally, we choose

Ky > w (5.78)
Y6 V1
We claim that (2 is positively invariant. Note that
— K60 — K1 — Koo, |< 0 < —Kyy60; — K1 + Kalvg|, (5.79)
and
Ky, — Ky < 0 < — Ko, + K. (5.80)
On ¢, = V4, we have
U < —K\y6Vi + K1 + Ko |va|< =Koy Vi + Ky + KoV <0 (5.81)
On ¥, = —V;, we have
b > Ky6Vi — Ky — Kolva|> KyyeVi — Ky — KaVa > 0 (5.82)

On v, = V,, we have )
i < — KV + K3 < 0. (5.83)
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On v, = —V,, we have
Uy > K,Vo— K3 >0 (5.84)

The inequalities above prove that on 0€2, the vector field given by (5.71a)—(5.71b)
points inside 2. Therefore, by Nagumo’s theorem [111], the set ) is positively
invariant. For all initial conditions inside the set 2, we have |f2(-)|< 2 = K; +
K,V;, i.e. the function f,(-) isbounded. Now, we employ the Lyapunov function
candidate

Vi =50, (5.85)

1
2

for which we have V; < — K Y602 + Y20;. Therefore we have

1
“A2, (5.86)

. 1\ _
V1<<K/\’y62>vt2+2

Using the Comparison Lemma, we have, for all ¢ > 0

1 1
Vi(t) < — (K v — =)t | V1(0) + ————~2 5.87
1)< e (<690~ 1) O+ e (587)
Therefore, ¢, converges to a ball of radius
7
ry=4/— 5.88
SV (K- b (559

Choosing K, large enough makes the ultimate bound of @, less than e; for any
desired €3 > 0. Letting e3 = /73 /(K\ys — 3), the set

Ay = {()\ A,@t,u") € Ay : |T|< 63} (5.89)

is asymptotically stable relative to A3. On the set A,, the dynamics are described
by subsystem . The function f;(-) is uniformly bounded on A,, namely, there
exists v3 > 0 such that ||f5(-)[|< 73 on As. Employing the Lyapunov function

candidate

1

Vo = 51)2 (5.90)

n

and using part (b) of Remark 5.1 yields

. —c 1
Vy < TL”U?L + Y30, < —v + gvn + 2773?, (5.91)
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where 7 is some positive constant and we have used Young’s inequality, ab <
~v/2)a® 4 (1/27)b%. We conclude that there exists a sufficiently small positive
y p
constant g such that

. 1
Ve < —BVa+ 303 (5.92)
Using the Comparison Lemma, we have, forall ¢ > 0,
1
Va(t) < exp(—pt)V2(0) + 2’76’7‘3 (5.93)

Therefore, v,, converges to a ball of radius

2
73
Th =14 — 5.94
\ 75 (5:94)
Letting €4 = \/73/(703), the set
A= {(x\., /.\,ﬁt,vn) € Ay |u|< 64} (5.95)

is asymptotically stable relative to A,. This set is compact because A € S*, which
is a compact set and on Ay, || < €3, and )\ = —K,0,. In the above analysis, A; C
Ay C As. Also, A; is asymptotically stable relative to A;4; for the closed-loop
system for ¢ = 1,2. On the other hand, A, is a compact set. Using Proposition
4.1, we conclude that the set A, is asymptotically stable. H

5.2.4 Path Following Control of Snake Robots

In this section we study the path following control of snake robots. Thus far we
have developed a velocity controller that asymptotically stabilizes the direction
following manifold

F2 = {(9797pap7 )‘a }‘7 gboaéo) € FS :

(B, O + knOn)||< €1, Vo, d0) < €
‘vt - Uref(p)|§ €3, |Un|g €4, )\ = _Kkﬁt}
(5.96)

We also define the path following manifold as follows
Fl = { (97 97pa p7 >‘a A? ¢o7 QSO) S FQ . |h(p)| S 65} (597)

The following remark investigates the compactness of the path following man-
ifold. According to Proposition 4.1, this compactness property is a necessary
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condition for the reduction theory that we are using to prove the asymptotic
stability of the path following manifold in this section.

Remark 5.13 The set 'y is compact. The reason is that the inequality |h(p)|< €5
implies that p is bounded because h(-) is a continuous function. Since 0,e/(-) and v,(-)
are continuous functions, 8,./(p) and v, (p) are bounded. Therefore, O and v, are
bounded. Since vy and v, are bounded, p is bounded. Since 0y and ¢, are bounded and
0 = eOn-+HD(N)+Hbe, on the set Ty, 0 is bounded. Since 6 = efy+H® (\)A+Hbo,,
and Oy, )\, and qBO are bounded, 6 is bounded.

We let 11 = [vrer CO8(Bref), Vrer SiN(Bef)]T - It can be shown that
= Ra, i+ d (00,0, 0x) (5.98)

where Ry, is the rotation matrix with angle Ay = 0y —6,¢(p) and ||d(-)||< e3+€4.
If we let y = h(p), we want y — 0 to meet specification (i) of the PFP. On the
direction following manifold I';, we have

§ = dhyp = dhyRa, pu + dhyd(-) (5.99)

We propose to use the following control law

dhT 1 v
=——2 K..uh dhl —— 5.100
N R o] A (5100)

where Ki,., is a positive constant. We have the following proposition regarding
the path following controller.

Proposition 5.5 Consider system (5.99) where |A1|< €. For sufficiently small e, the
following property holds: for any e; > 0 there exists K, such that the set {|h(p)|< €5}
is asymptotically stable for (5.99). Moreover, the velocity control specification, i.e.,
1pll= v, is approximately met on : | |[p||—v| < €3 + €s.

Proof: Inserting the control input (5.100) into (5.99), the closed-loop equation
is obtained as follows
dhy,Ra,dhY

Y= —”THQPKmmy + dhpRAl
P

1 v
dhT —— + dh,d(- 5.101
10 ‘| P ||dth + dhyd(-) ( )

Now, we consider the Lyapunov function candidate

V= §y2 (5.102)
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We pick ¢ > 0 and define Q. = {|y|< ¢}. By assumption, on {p : h(p) = 0}
it holds that dh, # [0 0]. Therefore, there exists ¢ > 0 such that dh, # 0 for
allp € {p : [h(P)|< ¢}. Let Q. = {p : |h(p)|< ¢}. We will now show that
for sufficiently large Kiyan, €2 is positively invariant. To this end, it is enough
to show that there exists K* > 0 such that for all K., > K*, V < 0 for all
p € 0Q.. On 0Q,, dh, is bounded. Therefore, |dh,d(-)|< K. By continuity, for
small enough ¢; (note that ¢; can be made arbitrarily small by Proposition 5.3),
there exist a, as > 0 such that

dhpRAlth
_ P < gy, (5.103)
[|dhy||? '
and
0 1 v
dh,R dhT— | < 5.104
wFa| 0] " an, | = %100
We have

V = yy S 7Ktrana1y2 + a2y + dhpd()y S 7Ktra1102 + (12|C|+K|C| (5105)

Thus, if Kqan > “2|+K we get V < 0 on 99,. This means that €, is positively

c 7

invariant. On Q., we have |dh,d(-)|< K. because €2, is compact. Thus, we get
V S _-[(tratna/ly2 + (Kc + a?) |?J|§

1 1
_Ktrany2 + 792 + = (Kc + (12>2 -

2 2
. 1 1
V< (Kmn - 2) y? + 5 (et as)’ (5.106)
Therefore, by the Comparison Lemma, for Kian > %, we have
1 LK.+ az)?
V(1) < exp ( (= Kuan + 2)t ) V(0) + M (5.107)
2 Ktran )
Therefore, y converges to a ball of radius
1 K, + 2
3 (Kot o) (5.108)

Ty = _
y 1
Ktran -3

Choosing Ki;an large enough makes the ultimate bound of y less than e; for
any desired e; > 0. Therefore, the path v is practically stable with domain of
attraction containing €2.. On the path v, h(p) = 0, and we have

)= R
=0t g o [ lany |

0 1
1 dhT Y 4 g (5.109)



177 Maneuvering Control of Snake Robots: The Complex Model

Consequently, we have that
v=ldli< lIpll< v +lldll= [l —v] < lldll< €5 + €4 (5.110)

Thus, we have approximate velocity control on 7. This completes the proof. B

Main Result
For the snake robot model (5.1a)—(5.1b), we proposed the following control law
w= (DM, D7)~ { DM, W,b?
—IDM; SCL fr+ " (M)A2 + @' (Nuy
+bug, — Kp [DO — O(N) — bo,]
—Kp {Dé— @'(A)A—bg&u}}, (5.111)

where ¢,, 6,, \, and \ are the states of the following dynamic compensators
A =uy, ¢ =ug,, (5.112)

and the control input u, is given by

1 (1/: . .
w0 =503 {6 (eN + kNHN)} ~ k1o — kb, (5.113)

where Oy = 0y — Oret(p). Also, the control input u,, is given by
u = —K, (A n Kxﬁt) ~ K\ [ o) + ull e()A — (dvref)pp} , (5.114)

where K, > 0 and K, > 0 are constants. The reference signals 6,.¢(p) and v,e(p)
in (5.113) and (5.114) are defined by the following path following control law

dhT 1 v
o= _Wmmnh(p) 1o 1 dh{”dh ” (5.115)
P P

where K.y is a positive constant. Note that

11(p) = [Vret(P) co8(Oret(P)); Vreet(P) sin(Oret(p))] (5.116)

We have the following theorem regarding the snake robot control system.
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Theorem 5.1 [Main Result] Consider the snake robot model (5.1a)—(5.1b) with feed-
back (5.111), (5.113), (5.114), and (5.115). Suppose that the ultimate bound on ¢,
from Proposition 5.3 is small enough such that ug We(-) is bounded away from zero.
For any e5 > 0, there exist a sufficiently small € in (5.113), a sufficiently large K
in (56.114) and K,y in (5.115) such that the path following manifold 'y in (5.97) is
asymptotically stable and the velocity of the snake robot satisfies the asymptotic bound
limsup | [|p]|—v| < 3 + ex.

Proof: Consider the sets I';, I'y, I'; defined in (5.97), (5.96), (5.50) and note that
I'y ¢ I'y C I's. Also, by Proposition 5.5, I'; is asymptotically stable relative to I'
and by Propositions 5.4 and 5.3, I'; is asymptotically stable relative to I'; for the
closed-loop system. On the other hand, I'; is a compact set (see Remark 5.13).
Using Proposition 4.1, we conclude that the set I'; is asymptotically stable.

5.3 Simulation Results

Simulation Results for the Direction Following Controller

In this part, we present the simulation results which illustrate the performance
of the proposed direction following controller. We considered a snake robot
with N = 10 links with 2/ = 0.14m, m = 1kg, and J = 0.0016kg.m?. The
friction coefficients were ¢, = 0.1 and ¢, = 1. The parameters of the VHC
were chosen to be « = 307/180rad, and 6 = 727/180rad. We would like to
regulate the velocity of the CM of the robot to [-0.0354 — 0.0354]7, i.e., the
reference head angle is taken to be —7/4 rad and v,ef = 5 cm/s. The controller
parameters were chosen to be K, = 100, K; = 10 in (6.12), ¢ = 1074 ky =
10,k = 1,k = 1in (5.16), and k), = 1000, K, = 1000 in (5.34). Note that ¢
determines the ultimate bound on heading angle error. Also, ky determines
the rate of convergence of 0y to ,.r. The gains k; and k; have influence on the
ultimate bound of ¢,. Finally, k) and K, determine the rate of convergence and
ultimate bound of 7;. The simulation results show that the snake robot follows
the desired direction while the forward and normal velocities converge to small
neighbourhoods of the desired values. Figure 5.3 depicts the snake robot at
t = 0,30, 60 seconds, respectively. Figure 5.4 depicts the dynamic variable ¢,.
Figure 5.5 depicts the dynamic variable ). Figure 5.6 depicts the shape variable
error. Figure 5.7 depicts the tangential and normal velocities. Finally, Figure 5.8
depicts the head angle of the snake robot. Note that the VHC error in Figure
5.6 and the head angle in Figure 5.8 converge faster to their steady state values
because they are the first control specifications that we enforce.
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Figure 5.3: Plots of the snake robot with 10-links.
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Figure 5.4: The dynamic variable ¢, which controls the head angle of the robot
remains uniformly ultimately bounded.
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Figure 5.5: The dynamic variable A remains uniformly ultimately bounded.
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Figure 5.6: The lateral undulatory gait (5.5a)—(5.5b) is stabilized among the
shape variables of the snake robot.
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Figure 5.8: The head angle of the robot.
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Simulation Results for the Maneuvering Controller

In this part, we present the simulation results which illustrate the performance
of the proposed maneuvering controller. For the simulations, we considered a
snake robot with N = 10 links with length 2/ = 0.14m, mass m = 1kg, and
moment of inertia J = 0.0016 kg.m?. The ground friction coefficients were ¢; =
0.5 and ¢, = 3. The parameters of the VHC (5.49a)—(5.49b) were chosen to be
a = 307/180rad, and § = 727/180rad. We would like to follow a circular path
with radius 2m. The controller parameters were chosen to be &k, = 10, k; = 10
in (5.111), e = 107" ky = 10,k = 1,k» = 1in (5.113), K, = 50 and K, = 50
in (5.114), and K., = 0.6, v = 0.05 in (5.115). We ran the simulation for 600
seconds.

As it can be seen from (5.115), when the path following error ||h(p)|| is large,
the reference speed || 11]|= vier Will be large. Tracking such a large reference speed
will require very fast oscillations of the snake robot and large control torques.
In order to avoid such large initial oscillations and joint control torques, we
set v = 0.05 while the path following error ||h(p)|| was greater than 0.3. For
|h(p)||< 0.3, we let the reference speed v, to be determined by (5.115). Note
that e determines the ultimate bound on head angle error. Also, kx determines
the rate of convergence of 0y to ,..r. The gains k; and k, have influence on the
ultimate bound of ¢,. The gains K, and K, determine the rate of convergence
and ultimate bound of #;. Finally, K\, controls the path following error. In
order to show the performance of the proposed control scheme in the presence
of angular position measurement noise, we subjected every i-th link angle 6, to
an additive noise by using Matlab function randn() which generates normally
distributed pseudorandom numbers that can be considered as measurement
noise for the joint angles.

The simulation results show that the snake robot follows the desired path
in the presence of measurement noise, while the states of the compensators in
(5.112) remain uniformly ultimately bounded. Figure 5.9 depicts the snake robot
and the trajectory of the CM of the robot. Figure 5.10 depicts the path following
error. Figure 5.11 shows the time evolution of the dynamic variable ¢,. Figure
5.12 depicts the time evolution of the dynamic variable ), and thus gives the
frequency of the undulatory motion. Figure 5.13 depicts the shape variable er-
ror. Figure 5.14 depicts the actual and the reference tangential velocities. Figure
5.15 depicts the head angle tracking error. Finally, Figure 5.16 depicts the norm
of the control torque vector, from which we can see that the control torques are
within the physical limitations/saturation values of the existing snake robots at
the NTNU snake robotics laboratory.
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Figure 5.10: The path following error.
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Figure 5.11: The dynamic variable ¢, remains uniformly ultimately bounded.
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Figure 5.12: The dynamic variable A remains uniformly ultimately bounded.
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Figure 5.13: The lateral undulatory gait (5.49a)—(5.49b) is stabilized among the
shape variables of the snake robot.
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Figure 5.14: Reference and actual tangential velocities.
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Figure 5.15: The head angle tracking error.
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Figure 5.16: Norm of the control torque vector.



187 Simulation Results

Chapter Summary

e We addressed the problems of direction following and maneuvering con-
trol for a planar snake robot. We defined N — 1 constraint functions for
directly actuated shape variables of the robot. These constraint functions
were dependent on the variations of the states of dynamic compensators
which were used to control the head angle and the forward velocity of the
robot on the constraint manifold.

e Extensive simulations results were presented which showed the perfor-
mance of the proposed direction following and maneuvering control de-
sign approaches.






Conclusions and Future
Challenges

Motivated by the lack of analytical feedback control approaches relying on for-
mal stability proofs, in this thesis, we proposed various model-based feedback
control strategies for the snake robot. In particular, the main distinguished char-
acteristic of this work with respect to the previous literature on snake robots,
is the derivation of control laws based on the kinematic and dynamic models
along with presenting formal stability proofs for the closed-loop systems. Due
to complexities in the dynamic behaviour of snake robots, and due to the under-
actuation which is characterized by the lack of direct and independent control
inputs for some degrees of freedom of the system, model-based control design
for these robots is a challenging task. We hope that the analytical approaches to
snake robot control which were carried throughout this thesis, can contribute to
further developments of control theory of snake robots.

Our approach to locomotion control of snake robots was primarily based on
some biological observations, along with mathematical descriptions of biologi-
cal snake locomotion. In particular, in this thesis we used the most common gait
pattern (i.e. fixed periodic body motions) used by biological snakes, known as
lateral undulation. In this type of gait pattern, a wave-like motion travels back-
ward along the body of snakes, from head to tail. As a result of this motion, the
snake body traces out a periodic curve on the plane, which Hirose [1] mathemat-
ically represented as a serpenoid. Hirose [1] along with some other researchers
(e.g. [105]) figured out that the serpenoid curve can be well-approximated by
imposing the sinusoidal reference trajectory for the i-th joint angle of the snake
robot as

Gret,i(t) = asin(wt + (i — 1)0) + ¢, (6.1)
where o denotes the amplitude of the sinusoid, w denotes the frequency of the
joint oscillations, J denotes the phase shift between two consecutive joints, and
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¢, is a joint offset used to control the direction of locomotion.

The dynamic model of the snake robot includes strong nonlinear terms which
make the control design challenging. Furthermore, the configuration of a snake
robot can be completely described by the shape variables which define the in-
ternal configuration of the robot, along with the position variables which define
the orientation and planar position of the robot with respect to some inertial
frame. The shape variables are directly and independently actuated by motors
located in the joints of the robot. However, there is no direct and independent
control input for the position variables of a snake robot. In addition, the angle
of the N-th link, or equivalently the orientation of the snake robot, has no direct
control input. This makes the robot underactuated. The motion of the fully-
actuated shape variables can be shaped arbitrarily, as long as the dynamical
constraints of the system are not violated. In turn, the position and orientation
should be indirectly controlled to given references. In particular, the motion of
the joints of the robot can only affect the position of the CM of the robot through
the anisotropic friction forces. This means that in the absence of anisotropic fric-
tion forces, the joints of the snake robot cannot accelerate the CM and the robot
is not controllable. The above challenges are among the main reasons that make
locomotion control of snake robots an interesting and open area of research.

Throughout this thesis, we have dealt with these challenges by employing
various techniques from nonlinear control theory. To this end, we utilize the
dynamic model of the snake robot in order to derive a dynamic feedback control
law which controls the motion of the joints of the snake robot to the following
reference joint angle

Gre,i( A, Do) = asin(A + (1 — 1)d) + ¢, (6.2)

The major difference between the reference joint angles (6.1) and (6.2) is that in
the latter one rather than using a constant frequency w for the periodic body
oscillations, we put a feedback on A which employs this frequency in order to
control the forward velocity of the robot to a given reference forward velocity.

In particular, the relation (6.2) is a virtual holonomic constraint which we
enforce for the joint angles of the robot through the actions of an input-output
linearizing feedback controller. Associated with the virtual constraints defined
by (6.2), is a constraint manifold which we asymptotically stabilize for the sys-
tem. Subsequently, we reduce the dynamics of the system to the globally in-
variant constraint manifold, where we employ the offset term ¢, along with the
frequency of the gait pattern A as two additional control inputs which we use to
control the orientation and velocity of the robot, respectively. In particular, we
employ the following dynamic compensators

Up, = Goy Uy = A (6.3)
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and based on the dynamic model of the snake robot we derive feedback laws
which control the orientation and velocity to given references. In the last stage
of our hierarchical control approach for the snake robot locomotion, we use the
reference orientation and velocity as additional control terms such that the robot
converges to and follows any given contentiously differentiable path. More-
over, by using Lyapunov functions, we show that all the solutions of the con-
trolled system including the states of the dynamic compensators (6.3) remain
uniformly ultimately bounded.
Along with presenting rigorous mathematical proofs, we also have performed

extensive simulation studies and real-time experiments in the snake robots lab
at NTNU, which show the effectiveness of the proposed control strategies.

6.1 Summary of the Chapters

In this part, we present the conclusive remarks on each chapter of the thesis.

Summary of Chapter 1

In Chapter 1, we stated the main objective of the thesis as bridging the gap
between control theory and practice for snake robots. This objective was fol-
lowed throughout the remaining chapters of this thesis. Moreover, we briefly
discussed the locomotion mechanism in biological snakes, and we investigated
various challenges arising in locomotion control of snake robots. Furthermore,
we presented a literature review for snake robot control. In addition, some pre-
liminary mathematical discussions on the constraints of the snake robot were
presented in this chapter.

Summary of Chapter 2

In Chapter 2, we presented several kinematic and dynamic models for snake
robot locomotion. Since the major contribution of this thesis is to present model-
based control approaches for snake robots, then deriving accurate mathematical
descriptions of the behaviour of the system is an important task. In this chapter,
we presented three different models of a snake robot without nonholonomic ve-
locity constraints. The first model was derived in a Lagrangian framework, and
the effects of anisotropic friction forces were integrated into the dynamic model
by using the Jacobian matrices of the CM of the links. The second model that we
presented in this chapter was derived based on the techniques of differential ge-
ometry. Furthermore, we introduced nonlinear terms arising due to parametric
modelling uncertainties in the dynamic equations of motion, that modelled the
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effects of varying friction properties on different surfaces. This model was later
used for robust locomotion control of the snake robot. The third model that we
presented in Chapter 2 was a simplified model of the snake robot locomotion
which was previously derived in [11]. In this simplified model, the motion of
the links were approximated as translational motion rather than rotational joint
motion. Since in general translational motion is less complex than rotational
motion, the resulting model was simpler and more amenable to model-based
control design and analysis.

Summary of Chapter 3

In Chapter 3, we considered model-based body shape and orientation control
for locomotion of snake robots. First, using the method of virtual holonomic
constraints, we defined reference joint angle and head angle trajectories for the
snake robot. In particular, for an N-link snake robot we defined N constraint
functions in the following form

O, = asin(A+(E—-1d)+¢,, i=1,....,N—1 (6.4)
oy = -—atan2 (%) (6.5)

The first N — 1 constraint functions were inspired by the reference joint trajec-
tories (6.1) which induce lateral undulatory locomotion on snake robots. These
virtual constraints were stabilized for the joint angles of the snake robot us-
ing the control torques provided by motors mounted on each joint. The last
constraint function which was stabilized for the head link was inspired by the
Line-of-Sight (LOS) path following guidance law, where p, denotes the shortest
normal distance from the CM of the robot to the desired path, and A denotes the
look-ahead-distance. This constraint function was stabilized using a dynamic
compensator which was defined through ¢,. Using numerical simulations and
real-time experiments we showed that stabilizing the constraint functions (6.4)-
(6.5) induces path following on the snake robot.

In the second part of Chapter 3 we proposed a robust generalization for the
controller derived in the first part. In particular, we assumed that the robot
moves on different surfaces with different friction properties. This makes the
robot subject to parametric modelling uncertainty. Furthermore, we used slid-
ing mode techniques in order to derive robust body shape and orientation con-
trol laws which could make the robot converge to and follow the desired path
in the presence of these modelling uncertainties. The approach for deriving this
robust control laws were similar to the previous case. In particular we defined
the i-th joint angle control law ¥J; in the form

192’ = 19i,nom + ﬂi,add (66)
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where the nominal part ¥; ,om Was defined in an input-output feedback lin-
earizing form, and the additional part ¥, .44 was defined in a discontinuous
form which was used to deal with the model uncertainties. Through the robust
control law (6.6), we stabilized the solutions of the joint angle dynamics to an
appropriately defined sliding manifold. The same approach applies to the dy-
namic compensator ¢, which controls the head angle of the robot to an sliding
manifold in the presence of modelling uncertainties.

Both of the foregoing body shape and orientation control approaches share a
common theoretical gap which was bridged in the third part of this chapter. In
particular, in the third part of Chapter 3 we used an input-output stability anal-
ysis in order to prove the boundedness of the solutions of the dynamic compen-
sator éa which controls the orientation of the robot. Furthermore, we presented
a Lyapunov based stability proof which showed the practical stability of the
origin of the orientation error dynamics.

In the last part of this chapter, we presented simulation results along with
the results of real-time experiments on mechanical snakes which showed the
effectiveness of the proposed guidance-based path following control strategies
in this chapter.

Summary of Chapter 4

In Chapter 4, we employed the simplified model of the snake robot locomotion,
in order to derive model-based direction following and maneuvering control
laws for the robot. In particular, we introduced (6.2) as the reference joint an-
gle for the snake robot. The direction following control objective was defined
as regulating the orientation and forward velocity of the robot to constant ref-
erences, while guaranteeing the boundedness of the solutions of the controlled
system. To achieve these objectives, we followed a hierarchical control design
approach given in the following steps:

1. In the first step, we used the control torques in the joints of the robot to sta-
bilize the solutions of the joint angle dynamics to the constraint manifold.
This stabilizes a lateral undulatory gait pattern among the fully-actuated
shape variables of the robot. Consequently, this induces a forward motion
based on the gait pattern lateral undulation for the robot.

2. In the second step, we evaluated the dynamics of the system on the invari-
ant constraint manifold, where we used )\ and ¢, as two additional control
terms, which were employed to control the velocity and orientation of the
robot, respectively.
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In the second part of this chapter, we tackled the maneuvering control prob-
lem in which the control objective is to stabilize a desired path for the CM of
the snake robot and to control the robot along the path to a desired dynamic
profile. In order to solve the maneuvering control problem we used a similar
hierarchical control approach as in the direction following problem. However,
there were two major differences between these approaches. The first difference
was that we used the dynamic compensator @, to control the orientation of the
robot to a time-varying reference orientation defined by a path following guid-
ance law, rather than a constant orientation angle. This guidance law allowed
the robot to converge to and follow a planar path. The second difference was
that we derived a more complex dynamic compensator ¢, which controlled the
position of the robot along with its forward velocity as in the direction following
control design.

In the third part of this chapter, we considered the maneuvering control
along general curved paths.

In the last part of Chapter 4, we presented the simulation results for the con-
trollers derived in this chapter which showed the performance of the proposed
control approaches.

Summary of Chapter 5

In Chapter 5, we developed model-based feedback control approaches for the
snake robot based on the complex model of the snake robot dynamics. In par-
ticular, we solved the direction following and maneuvering control problems
for the robot using the method of virtual holonomic constraints. The main idea
for locomotion control of snake robot in this chapter is same as the approach
given in Chapter 4; we first stabilize the motion of the joints to the constraint
functions similar to (6.2) which induce lateral undulation motion on the robot,
and then we control the constrained dynamics of the system by using the two
dynamic compensators similar to (6.3).

In order to solve the direction following problem, we first stabilize a con-
straint manifold which is associated with the virtual holonomic constraints (6.2).
Then we use the constrained dynamics of the system in order to control the dy-
namics of the underactuated degrees of freedom of the robot on the invariant
constraint manifold. In particular, we design a high-gain feedback law for ¢,
which regulates the head angle to a constant reference, and we use backstep-
ping in order to design a feedback control law for A which regulates the tan-
gential velocity of the robot to a constant reference through regulating \ to a
required frequency of the body oscillations which provides this velocity for the
robot.
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For solving the maneuvering control problem in Chapter 5, we used sim-
ilar design steps, however, rather than regulating the tangential velocity and
head angle to constant references, we controlled these variables to time-varying
references. In particular, we used these references as additional control terms
which were defined such that the convergence of the path following error to an
arbitrarily small neighbourhood of the origin was guaranteed.

6.2 Future Challenges in Snake Robot Control

In this section, we investigate the future challenges in motion control of snake
robots. Throughout this thesis, we tried to contribute to some of these chal-
lenges by proposing model-based feedback control approaches for these com-
plex robotic structures. However, complexity and variety of snake robot lo-
comotion implies that there still remain many interesting open challenges for
these robots that can be topics of future work. In the following, we list some of
these open challenges:

Experimental Verification of the Presented Control Strategies: Throughout this
thesis, we presented various feedback control approaches which were derived
based on different dynamic models for the snake robot. In particular, we val-
idated all the presented approaches through extensive numerical simulations
which were performed based on realistic parameters for the snake robot. How-
ever, for complex robotic structures such as snake robots, it is very important to
validate theories through experiments. We have already presented experimen-
tal verification for the body shape and orientation controller that we derived in
Chapter 3. Experimental verification of the rest of the proposed control strate-
gies in this thesis, remains as a topic of future work.

From 2D to 3D: All the methods that we presented in this thesis considered
a snake robot moving in 2-dimensional Euclidean space. However, many real-
time applications of snake robots need motion in 3-dimensional space. Conse-
quently, it will be very interesting, and useful, to generalize the proposed strate-
gies to the 3D Euclidean space. A rough explanation of the idea of generalizing
these approaches to 3D space can be given as follows. In order to build a snake
robot which is able to move in 3D space, we need to build two set of modules
for the robots. In one set of these modules, the links oscillate in the x — y plane,
and in the other set, the links oscillate in the x — z plane. Suppose that we sta-
bilize the relations (6.2) for both these sets. Then we can use the corresponding
offset term ¢, and the frequency A of each of these sets in order to stabilize a
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given orientation and velocity for the robot.

Motion in Unstructured Environments: In this thesis, we considered snake robots
which move on a horizontal and flat surface. However, the long term goal for
the snake robotic community is to use the benefits of these interesting robotic
structures for industrial, medical, search and rescue, and other relevant real-
time applications. In the majority of these applications, snake robots are subject
to unstructured environments which are characterized by non-flat and cluttered
surfaces. Consequently, it will be very interesting to generalize the proposed
control strategies to unstructured environments, for which the equations of mo-
tion of the robot should be presented as a hybrid dynamical system. This is
due to the presence of impacts with the obstacles in the workspace of the robot
which make the states of the system discontinuous. However, with a careful
analysis of the stability of the hybrid controlled system, it is possible to gener-
alize the given approaches to hybrid dynamic models of the snake robot.

Swimming Snake Robots: Swimming snake robots are a class of snake robots
which move inside a fluid, see e.g. [106]-[110]. These robots share many simi-
larities, and few differences with on land snake robots. The similarities lie in a
common physical structure, identical motion patterns, and analogous underac-
tuation in the orientation and planar position of the robot. However, since the
robot moves inside a fluid, then there are differences in environmental forces
acting on the robot, e.g. fluid drag rather than friction forces. We believe that
the similarities in the physical structure and also the motion of these robots with
on land snake robots, makes the application of the proposed control strategies
for these robots promising. In particular, since in the proposed control strate-
gies in this thesis, we cancelled the effects of the environmental forces through
the actions of feedback controllers, then if the hydrodynamic coefficients for
swimming snake robots can be precisely determined, then it should be possi-
ble to extend our results to swimming snake robots which are characterized by
similar physical structure and different external forces acting on them.
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