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Abstract

Underactuated systems (UaSs) are a type of mechanical systems that the number of ac-
tuators is fewer than the number of degrees of freedom. Due to this property, well-known
methods such as feedback linearization is not usable, and thus, control of UaSs is currently
a challenging problem. UaSs have broad applications such as unmanned aerial vehicles,
marine and submarine systems, cranes, etc. Recently, underactuated cable-driven robots
are the focus of attention of some researchers since they inherit the advantage of both
underactuated and cable-driven systems. This thesis is devoted to controller design for
3-DOF underactuated cable-driven robots. For this purpose, interconnection and damp-
ing assignment passivity-based control (IDA-PBC) is utilized to stabilize the system at a
desired equilibrium point. IDA-PBC is a general method to stabilize the port Hamiltonian
systems by assigning the desired interconnection and damping matrices together with de-
sired Hamiltonian to the closed-loop system. In the cases of underactuated systems, the
applicability of IDA-PBC is restricted to the analytical solution of two partial differential
equations (PDEs) related to shaping the potential and kinetic energy which are called
matching equations. One of the aims of this thesis is to solve the matching equations
arisen in controller design for 3-DOF underactuated cable-driven robots. The correspond-
ing PDEs are transformed to some Pfaffian differential equations, and their solution is
derived by some calculations. Since this method is general, the matching equations of
some benchmark systems are also solved. Furthermore, a systematic method to solve the
nonlinear PDE related to kinetic energy shaping for systems with underactuation degree
one and constant input mapping matrix is proposed. The potential energy shaping of a
general underactuated parallel robot is another contribution of this thesis. Another chal-
lenging problem is ensuring positive tension in cables since cables can only apply tensile
forces. Two different strategy is introduced to address this issue. A method is the analysis
of IDA-PBC’s control law term by term so that the bounds of the controller are derived.
Another method is based on optimization of control law with respect to the free part of
the interconnection matrix to minimize the bounds of the controller in the systems with at
least two actuators. Incorporation of both methods that results in a more robust controller
without conservative gains for a class of UaSs is also proposed. Some other develompents
of IDA-PBC such as adaptive IDA-PBC, IDA-PBC with desired gravity compensation,
etc. are also introduced in this thesis. The proposed methods are verified through some
simulations and experiments on different systems such as some underactuated cable-driven
robots, 2D SpiderCrane, etc.

Keywords: Underactuated mechanical systems, Cable-driven robot, Passivity-based con-
trol, Partial differential equations, Bounded input
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Chapter 1

Introduction

In this section, first, different types of cable-driven robots and their applications are pre-
sented. Then, underactuated mechanical systems and their properties, as the main topic
of this thesis, are introduced. Furthermore, underactuated cable-driven robots as a newly
introduced type of cable-driven robots are discussed. Finally, the aims and contributions
of this thesis are given.

1.1 Cable-Driven Robots

Parallel robots are a closed-loop mechanism that the end-effector is attached to the base
through some kinematic chains. Generally, parallel robots have some advantages com-
pared with serial robots such as high precision, stiffness, and fast speed. Furthermore,
since the end-effector is connected to the base by several limbs, they can carry heavy
loads. Due to these features, parallel robots have different applications such as simulators,
remote handling, medical robots, etc [1]. However, limited workspace is the most essential
disadvantage of parallel robots that restricts their application in industry [2]. Fig. 1.1
shows a typical parallel robot.

In order to rectify this issue, a new version of parallel robots has been introduced such
that the solid limbs are replaced by cables'. By this means, the robot’s workspace is
arbitrarily enlarged such that it is possible to set up the robot in a stadium. Additionally,
the movement of the end-effector is faster compared with parallel and serial robots. Due
to the fact that the robot’s arms are made of cable, the ability to carry a large load
compared to the low weight of the robot is another feature that can be enumerated for
such robots [3]. Fig. 1.2 illustrates a typical cable-driven robots.

The desirable features of cable-driven robots (CDRs) make it possible to use these
robots in various fields. However, CDRs have some stringent limitations such as the
cables can only pull and not push. Hence, the design of the robot should be accomplished
to ensure that tensile forces are applied on the cables for all maneuvers. To comply with
such constraint, most of the CDRs are redundantly actuated. Generally, one may argue
that for a n degree of freedom (DOF) CDR, n + 1 actuators or even more are required to
keep the cables in tension. Cable-driven robots are called fully constrained, if the position
of end-effector is fixed then the length of cables is constant. Under-constraint robots
are another type of CDRs that positive tension is ensured in the presence of an external
passive force such as gravity that can be interpreted as an imaginary cable. In these
robots, it is possible to change the position of the end-effector even though the length of

'Note that serial cable-driven robots are another type of cable-driven robots, but they are out of scope
of this thesis.
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Figure 1.1: A typical parallel robot.

cables are fixed. Note that in contrast to fully-constraint robots, under-constraint robots
are not necessarily redundant. Fig. 1.3 illustrates a typical example of both types of
CDRs. In this thesis, we only concentrate on under-constraint CDRs. A special version
of under-constraint robots has been developed such that the number of cables is fewer
than the number of degrees of freedom which are called underactuated cable-driven robots
(UCDRs). As explained before, cables can only apply tensile forces. Thus, it is common
to use more actuators than the number of degrees of freedom. However, in UCDRs, not
only there are no additional actuators to ensure the cables are stretched, but also by using
fewer actuators, control of the robot is much more difficult. Although several papers have
been reported on the control of benchmark underactuated systems, less attention has been
paid to UCDRs due to the complexity and novelty of the problem.

Figure 1.2: A typical cable-driven robot [4].

It should be noted that some of the under-constraint CDRs used in industry are basi-
cally UCDRs. However, to reduce the complexity in kinematics and dynamics of the robot
and also no requirement to high accuracy, they are modeled as a fully actuated robot. For
example, in under-constraint suspended CDRs, it is common to only model the position
of end-effector and thus, orientation is neglected. On the other hand, implementation of
some tools such as gimbal stabilizer on the end-effector compensate the effects of unmod-
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Fixed Base A:z
¢

(b) under-constraint cable-driven robot
(a) fully-constraint cable-driven robot

Figure 1.3: Typical fully-constraint and under-constrain CDRs [5].

eled terms and reduce the undesirable fluctuations. Since the main focus of this thesis is
underactuated cable-driven robots, in the following, some applications of these robots are
presented.

1.2 Applications of Underactuated Cable-Driven Robots

As explained before, UCDRs are a subset of under-constraint robots. Hence, alteration of
an UCDR to an under-constraint one and vise versa is quite easy by adding or removing
extra cables. For example, one of the most important applications of under-constraint
CDRs is transportation of heavy loads which are mostly used in ports and ships. The ratio
of the load to the moving weight of the robot makes them unrivaled in the transportation
of objects. Fig. 1.4 shows a 6-DOF CDR with six cables during transport of a load. It
is clear that it is possible to increase the number of cables to build a redundant robot.
Additionally, by reducing one, two, or three cables, it is possible to construct an UCDR.
The advantage of the resulted robot is fewer cost of creation with the expense of more
complex control. Hence, development of a new control strategy is a stringent requirement.

Another common application of under-constraint CDRs is aerial imaging. This mech-
anism is called spidercam, and is used in different stadiums. The end-effector of this robot
is equipped with a camera that can cover the whole stadium area due to its very large
workspace. Fig. 1.5 depicts a spidercam. The unique features of this robot have made it a
well-known tool in the aerial imaging industry. The end-effector of this robot is controlled
through four cables connected to actuators. Due to the fact that the cables in this robot
do not necessarily connect to a unique point; therefore, the spidercam has six degrees of
freedom from a theoretical point of view. But since the dimensions of the end-effector are
much smaller than that of the stadium, the spidercam is usually modeled as a three de-
grees of freedom robot. In other words, it is assumed that all the cables are connected to a
unique point and the end-effector has only a transient motion, and its rotational motion is
neglected. Therefore, it seems that control of the robot is simple. However, this simplifica-
tion in practice leads to slight oscillations, especially in fast motions. Researchers usually
ignore studying these oscillations, or try to reduce them by modification of the mechanism
by adding stabilizing gimbals such as reported in [7]. This problem provides the main
incentive of our research to focus on underactuated cable-driven robots. By this means,
by considering the full dynamic model of the robot, we will develop control algorithms in
the field of underactuated systems to reduce undesirable oscillations in the end-effector.
In the following, an introduction of underactuated systems and their control methods is
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Figure 1.4: A CDR during transportation of a load [6].

proposed. Then how to develop these methods and adapt them to the characteristics of
UCDRs will be discussed.

1.3 Underactuated Systems

Underactuated systems (UaSs) are an important and widespread class of mechanical sys-
tems such that the number of actuators is fewer than the number of degrees of freedom.
UaSs are found in a wide range of applications including robotics, aerospace systems, ma-
rine systems, flexible robots, mobile robots, etc [9]. The underactuation property of these
systems is due to four reasons. 1- The dynamics of the systems (e.g. aerial, marine, and
submarine systems). 2- Reduction of the cost (e.g. satellite). 3- Failure in actuator(s).
4- Intentionally designing a low-order UaS to obtain insights on how to control a high-
order UaS (e.g. Pendubot). Thus, research on efficient control methods for these systems,
which are found in many applications, has received much attention from researchers in
the last two decades. However, control of UaSs is a challenging problem since in contrast
to fully actuated systems, they have fewer actuators than degrees of freedom. Thus, it is
not possible to use the methods developed based on feedback linearization. Furthermore,
several elements such as parameter uncertainties, unmodeled dynamics, external distur-
bance, actuators saturation, etc. make controller design more challenging. Additionally,
UaSs can not track every desired trajectory. However, it is possible to stabilize them in
the equilibrium points [10]. Hence, the control formulation of these systems is mostly in
the form of regulation or point-to-point control.

Although UaSs cannot be linearized, it is possible to linearize only actuated or unactu-
ated configurations which are called collocated feedback linearization and non-collocated
feedback linearization [11]. By this means, the equations of the system are divided into a
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Figure 1.5: A spidercam during imaging [8].

linear and a nonlinear subsystem as follows

61 = f(qu) +g(q7q)u
62 =u,

in which q = [qy, q2]T denotes the configuration variables and w is the control input. The
problem that makes it challenging to design a controller is the presence of a control law in
both of the subsystems. Thus, using merely this method cannot control an UaS, and as a
result, most of the proposed controllers in the literature are innovative and system-based.
Based on the structure and physical nature of UaSs, one of the most common control
methods for such systems is passivity-based control [12]. Ortega et al. developed this
method and further modified to interconnection and damping assignment passivity-based
control (IDA-PBC) [13,14]. The main goal of this method is to transform the dynamical
equations of a system in closed-loop to the following port Hamiltonian (PH) form

& = [Ja(z) - Ra(x)|VHag,

in which Hy denotes total energy of closed-loop, Jgq, Rgq are desired interconnection and
damping matrices respectively, and VH, ia a row vector representing the gradient of Hy.
For this means, the system is represented in PH form which is based on network modeling
of energy-conserving physical systems with lumped parameters and strictly contains the
systems represented by Fuler-Lagrange model. The main advantage of the PH modeling
is its inherent passivity; thus, its stability is guaranteed. Furthermore, the PH structure
of the system is preserved, the storage function is exactly the total energy of the system,
and Jg, Rq are design matrices that may be assigned based on the nature of the system.
IDA-PBC is based on the solution of some partial differential equations (PDEs) without
boundary conditions which shall be solved analytically. For mechanical systems, two sets
of PDEs arise that are related to shaping of the kinetic and potential energy. In the next
chapters this method will be explained in details.
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Figure 1.6: An example of underactuated cable-driven robot.

1.4 Underactuated Cable-Driven Robots

As explained before, there exists a class of cable-driven robots that are basically under-
actuated. A 3-DOF UCDR with two actuators is shown in Fig. 1.6. For example, in
spidercam and similar applications, it is not recommended to use more actuators to con-
trol the robot, due to the high cost of construction and maintenance. So far, these robots
have been modeled as fully actuated ones to avoid computational complexity. These types
of suspended cable-driven robots are very useful because of their potential applications,
but the issue of underactuation is less taken into account. UCDRs have the positive fea-
tures of CDRs and UaSs include agility, high speed, simplicity of mechanism with fewer
actuators, and large workspace [15]. But the expense of these features is complexity of
controller design. On the other hand, the presence of a closed kinematic chain in CDRs
creates unique features that are different from what is seen in the literature of URs. The
combination of these two issues together leads to more complexity in the problem that
has been less addressed. However, recently a number of studies in this field have been
reported in the literature, see for example [16-18].

In this thesis, due to the complexity of the 6-DOF UCDR, we first focus on two 3-DOF
cases with two actuators, and then a simple general method to stabilize underactuated
parallel robots will be proposed. In these robots, since the number of actuators is less than
that of the the degrees of freedom of the robot, an arbitrary desired trajectory may not be
tracked, but instead, movement from any desired point to any other point inside the robot’s
controllable workspace, without determination of the trajectory is accessible. Therefore,
the regulation problem for the UCDRs will be investigated using the generalized passivity-
based method. As mentioned, the applications of UCDRs can be found in the ports
of loading and unloading, construction, warehousing, entertainment, and interaction of
human and robot where due to the ability of point-to-point movement, the most important
application of these robots is pick and place [15].

1.5 Contributions of This Thesis
The goals and achievements of this thesis are as follows:

e In this thesis, the formulation of underactuated cable-driven robots is done in order
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to solve the regulation problem. The main focus is, but not limited to; two 3-DOF
suspended UCDRs with two actuators. One of the robots is planar and can rotate in
a vertical plane while the other has out-of-plane oscillations. However, since some of
the proposed controllers are general, several UaSs such as spidercam will be analyzed.

Design a controller based on IDA-PBC approach for UCDRs. Since IDA-PBC relies
on the solution of some PDEs, we will concentrate on deriving the solution of these
equations. For this purpose, some methods will be introduced. A systematic proce-
dure to solve the PDE of kinetic energy shaping for UaSs with underactuation degree
one is proposed. By this means, a particular structure for the desired inertia matrix
is considered that simplifies the kinetic energy PDE by also using a free sub-block of
desired interconnection matrix. Furthermore, invoking the method proposed in [19],
it is possible to transform a single PDE to a set of Pfaffian differential equations.
Although computing the solution of Pfaffian equations is not trivial, in some cases,
it is much easier than the corresponding PDE. Another method is related to the
potential energy shaping of underactuated parallel robots. It will be shown that
due to the special structure of parallel robots, the solution of potential energy PDE
is derived quite easy. The proposed methods will be applied to several benchmark
UaSs and UCDRs.

Design a bounded input IDA-PBC. Since cable-driven robots can only apply tensile
forces, positiveness of control law should be taken into account in controller design.
Since actuator saturation is a common problem in all practical implementations, in
order to address this issue, two different general methods will be introduced. One
of the methods is based on the term by term analysis of IDA-PBC’s control law.
By suitable definition of desired potential energy and computing the upper bound
of velocity, the upper bound of the control law is derived. In the other method, it is
tried to minimize the control law by the free design matrices in IDA-PBC such that
the limitations of actuators are satisfied. For this purpose, UaSs with at least two
actuators are considered, and a minimization based on the free sub-block of desired
interconnection matrix is solved analytically.

Design an adaptive IDA-PBC. Since the parameters of a system are uncertain, one
suitable approach is to design an adaptive controller to address this issue. However,
since IDA-PBC is based on satisfaction of some PDE, it is not trivial to derive a
general adaptation law to ensure the stability of the system without the assumption
that the parameters are converging. In this thesis, adaptive IDA-PBC for some case
studies is proposed.

Design some developed versions of IDA-PBC. By this means, IDA-PBC with position
feedback, IDA-PBC without non-homogeneous solution of potential energy PDE,
and IDA-PBC with desired gravity compensation are introduced.

Implementation of the controllers. In order to test the performance of the proposed
controllers in practice, they are implemented on some CDR. By this means, it is
shown that the proposed controllers are sufficiently robust to deal with various un-
avoidable challenges in practice such as external disturbance, measurement noise,
unmodeled dynamics, etc.



Chapter 2

Literature Review

Controller design has been a challenging issue for researchers in recent decades. In this
chapter, first, the literature about cable-driven robots and their control methods is re-
viewed. Then, underactuated systems are considered, and the proposed control strategies,
especially interconnection and damping assignment passivity-based control, are investi-
gated. Finally, the research gap in this field is presented.

2.1 Cable-Driven Robots

The published articles about CDRs cover various aspects such as robot design, workspace,
modeling and control. In the sequel, the related works to this thesis are reviewed.

2.1.1 Positive Tension in Cables

One of the most important features of CDRs is cables can only apply tensile forces. Ac-
cording to this constraint, researchers usually calculate the robot’s workspace so that if
the end-effector is placed inside it, all the cables are stretched. By this means, researchers
have proposed four types of workspace for CDRs.

1. Reachable workspace. This workspace is defined based on physical and practical
constraints. These constraints include the maximum and minimum applicable force
to the cables to exert the computed forces to the end-effector. Reachable workspace
is also named as wrench feasible workspace [20] and force feasible workspace [21].
Note that the applicability of this workspace is restricted due to high complexity.

2. Controllable workspace. One of the most common definitions of CDRs’ workspace
is controllable workspace which is also named wrench closure workspace [22] and
force closure workspace [23]. In this workspace, it is possible to apply force to the
end-effector in any direction with any magnitude, while the cables remain stretched.
The important point in examining this type of workspace is redundancy requirement
in the number of cables, so it cannot be defined for an underactuated cable-driven
robot.

3. Statically reachable workspace. To define this type of workspace, gravity is consid-
ered as a constant force. In other words, gravity plays the role of an extra artificial
cable. This type of workspace can be defined for all suspended robots such as UC-
DRs. [24] and [25] have analyzed statically reachable workspace for suspended CDRs.
In the aforementioned papers, static workspace refers to a set of points where, if the
robot is placed, the positive tension is ensured.

8
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4. Dynamic workspace. Linear and angular velocity are used to define this workspace.
In fact, this workspace is a subset of the static workspace that external force is
resulted from the applied accelerations. Researchers have defined this workspace for
planar CDRs in [26]. Furthermore, [27] has examined the robot’s dynamic workspace
for the amount of acceleration applied by the cables.

Therefore, it is clear that a method to ensure cables are stretched is to analyze the
robot’s workspace. The advantage of this method is that it can be performed offline;
thus, it is possible to compute the above workspace for a CDR. But these evaluations are
not sufficient, and the controller should be designed such that the robot stays within the
workspace.

In [28] force distribution in redundant cable-driven robots has been examined. In
redundant robots, infinite force distribution is possible, and thus, positive tension may be
ensured. [29] has proposed a similar approach for planar CDRs. It should be noted that
this method is only applicable for redundant CDRs.

Another method is online trajectory planning. [30] has focused on a 2-DOF suspended
CDR with two actuators. The constraint of cable tension is replaced by a restriction on
the speed and acceleration of the end-effector. The method to move the robot along a
line is to use the dynamic model of the robot and design a trajectory for the length of
the cables in the form of time polynomials. In [31] and [32] for the same robot and in a
similar way, the desired trajectory for the length of cables has been designed as a sum of
some sinusoidal terms by calculating the natural frequency of the system. The problem of
this method is numerical solution of equations of motion. Additionally, stability analysis
has not been reported in this method. It should be noted that this method is applicable
to UCDRs; see section 2.4 for more details. In the following, the proposed controllers for
CDRs are reviewed.

2.2 Control of Cable-Driven Robots

Some papers have proposed controller for CDRs by considering cables as a rigid body, e.g.
PD and adaptive controllers proposed in [33] and [34-36], respectively. By this means,
positive tension in cables has not been considered which may lead to poor performance or
malfunction of the system. In most papers, cables have not been modeled. As an example,
a robust PID for the same system has been proposed in [37]. Babaghassabha et al. in [38]
have proposed an adaptive robust controller for a fully-constraint CDR. Positive tension
in cables has been ensured in the two aforementioned papers simply since the system
is fully-constraint. A robust cascade controller for a deployable under-constraint CDR
has been introduced in [3]. By assigning a suitable value to the null space of the input
mapping matrix when one of the elements of the controller reaches zero, tensile forces
in cables have been considered. An adaptive controller with respect to kinematic and
dynamic uncertainties for parallel robots has been proposed in [39] and positive tension
for the case of CDRs has been considered by projection algorithm for adapted parameters.
Note that the last three mentioned papers are some of the representatives of sliding mode
controllers designed for CDRs. A controller by considering the elasticity of the cables has
been designed in [40].

Passivity-based control has also been utilized for the systems that are based on a
cable-driven part. [41,42] have used PBC to design a controller for a suspended mass from
some cables attached to quadrotors. Caverly et al. in [43-45] have concentrated on exact
modeling of CDRs. Each cable is modeled as a sum of masses, springs and dampers, and
then, using PBC, the desired trajectory is tracked, and the results are verified through
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simulation. In these studies, the robot is a planar CDR such that the gravity is not applied
to the end-effector. [46-49] are representatives of recent works on CDRs.

In most of the aforementioned papers, the robot is redundant, and by force distribu-
tion, the cables are stretched. For fully actuated non-redundant CDRs, the analysis of
robot’s workspace has been used. As a result, ensuring positive tension in UCDRSs requires
innovations.

2.3 Control of Underactuated Systems

As explained before, UaSs have several applications in different aspects. On the other
hand, due to the fewer actuators compared to the degrees of freedom of the robot, control
of UaSs is a challenging problem. Due to this property, most of the proposed papers have
focused on the stabilization of the system. In the following, the existing works in this field
are reviewed.

One of the common methods to stabilize UaSs is using partial feedback linearization
to bring the states near the desired point and then apply a linear controller such as
linear quadratic regulator to stabilize the system. This idea has been applied to Acrobot
in [11]. Energy shaping is another method that is a suitable choice for underactuated
serial robots. In this method, which is based on the passive nature of the system, the
energy of the system at the desired point is firstly derived. Then, by adding energy to the
system, the energy level of the system reaches the energy level of the desired equilibrium
point. Finally, similar to the previous method, by applying a linear controller, the system
is stabilized, see for example [50] and [51]. Poor performance in transient response is the
disadvantage of the two mentioned methods. In general, hybrid control in [52,53] are used
to stabilize an underactuated system. The usual problem of hybrid controllers is that
there is no assurance of convergence to the desired point. In other words, the states of the
system are not necessarily closer to the equilibrium point after switching the control law.
Another method developed by Olfati-Saber in [9] is relied on the classification of systems
based on actuated configuration variables and also the inertia matrix. The variables that
appear in the inertia matrix are called shape variables, and other variables are called
external variables. Depending on which variables are actuated, eight classes are defined,
and a method is proposed for each class. The advantage of this method is the uniqueness
of control law and proof of stability, and its disadvantage is inefficiency in controlling
many robots such as UCDRs. Other methods which are mostly case study include sliding
mode control [54,55], linear matrix inequality control [56], model predictive control [57],
etc. The general method developed by Ortega is a new version of passivity-based method.
Since this method is the basis of this thesis, invoking [58], in the following, it is explained
in details.

Passivity-based control is a general method firstly proposed in [59] to stabilize a sys-
tem. The basic of the method is to show that the system is passive with respect to a
desired storage function and an output. Generally, PBC is categorized into two classes.
In classical PBC, the storage function, which is mainly a quadratic function, is selected
priorly, and then, control law is designed such that the storage function would not in-
crease. This method is suitable to stabilize mechanical systems in which merely potential
energy shaping is required. By this means, the closed-loop system has an Euler-Lagrange
(EL) representation, and the storage function is equal to the difference between the stored
energy and the supplied energy to the system. This method is called energy balancing
in [60]. Furthermore, classical PBC, which is similar to Lyapunov method, has been
successfully applied to many EL systems including mechanical, electrical and electrome-
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chanical systems. The reader is referred to [61] to see several examples. Unfortunately,
for the applications that require total energy shaping, although the closed-loop system is
passive, it does not have an EL representation, and the storage function is not necessarily
equal to the total energy of the system.

The second type of passivity is more general than the classical one and it is applicable
to a larger class of systems through total energy shaping. In this method, the storage
function is not assigned priorly, but instead, the desired structure of the closed-loop system
is chosen and then all storage functions compatible with this structure are derived. These
functions are the solution of some partial differential equations. “Control Lagrangian”
[62,63] and “interconnection and damping assignment” [13,64] are the examples of this
method. Since PH modeling is more general than EL, and Control Lagrangian is a special
form of IDA [65], in this thesis, IDA-PBC is considered. As explained before, IDA-PBC is
designed based on the solution of some PDEs that consists of three parameters including
the interconnection between subsystems, damping matrix and null space of input mapping
matrix. Many interpretations may be presented for these matrices. From a computational
point of view, they can be assigned such that the resulting PDE is simplified. From a
theoretic viewpoint, they may be chosen to enforce the required passivity property, or
from a dynamic viewpoint that may lead to the propagation of dissipation. So far, the
concept and general characteristics of IDA-PBC methodology have been stated. The
reader is referred to [66-69] and references therein to see some of the applications of this
method. In the following, the mathematics of this method will be introduced in details.

2.3.1 IDA-PBC Methodology

IDA-PBC introduces a systematic method to control a system in PH form as follows [13]

z=[J(x)-R(x)]VH + G(x)u

y =G (x)VH, (2.1)

in which @ € R™ denotes the states, u € R™ is the control input, H(x) € R is the open-
loop storage function, VH denotes gradient of H, G(x) € R™™ is input mapping matrix,
J(x) = -J7(x) e R and 0 < R(z) = RT(x) e R are interconnection and damping
matrices, respectively, and y € R™ is the passive output. Although PH modeling includes
most of the physical systems, in some cases representation of a system in PH form is
difficult. In the following, a general form is considered and then IDA-PBC is applied to
it.

Proposition (Proposition 1 of [58]). Consider the following system
z=f(x)+g(x)u. (2.2)

Assume that there exist the matrices g*(z), Jg(x) = ~Jg(z), Rg(x) = R4’ () > 0 and
the function Hy(x) that satisfy the following PDE

g f(z) = g'[Ja(x) - Ra(x)]VHu(z), (2.3)
where g* is the left annihilator of g (i.e. g*tg =0), and Hy satisfies
x” =arg min Hy(x), (2.4)

with * as the desired equilibrium point. Then system (2.2) with the following control
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law

u=[g"g] " g" {[Ja- Ra]VH, - f} (2.5)
takes the following form

& = [Ja(x) - Ra(x)]VHa, (2.6)

such that * is (locally) stable. If * is a separated minimum of H,; and also the largest
invariant set of

{x e R"|(VHy)" Rq(z)VHy] =0}, (2.7)

is equal to x*, then it is asymptotic stable. An estimate of region of attraction is the
largest bounded level set of & € R"|Hy(x) < ¢ for an arbitrary positive c.

Note that by considering H; as a Lyapunov candidate, its derivative is
Hd(a:) = —(VHd)TRd(:B)VHd <0. (2.8)

Hence, x* is stable.

As it turns out, the advantage of this method is that the Lyapunov function is apparent,
so unlike Lyapunov method, there is no need to search to find a suitable candidate. Notice
that since PDE (2.3) equalize system (2.2) with (2.6), it is also called matching equation.
Note that if the open-loop system itself has a PH structure, it has been shown in [13] that
IDA-PBC generates all the stabilizing controllers.

In order to solve the PDE (2.3), three different methods may be utilized.

e Non-Parameterized IDA. In this method the matrices Jg, Rq and g* are priory
selected. Then PDE (2.3) is solved respect to Hy.

e Algebraic IDA. In this method Hy is priory selected and (2.3) is solved respect to
J4, Rg and g*. An example of this method has been proposed in [70].

e Parameterized IDA. In some special cases, it is possible to consider a special form
for Hy. For example, in mechanical systems, it is equal to the summation of de-
sired kinetic and potential energies. Furthermore, the matrices Jg, Rq may also be
determined based on the structure of the system.

In the following, IDA-PBC for (simple) mechanical systems is reviewed.

2.3.2 IDA-PBC for Mechanical Systems

Here, stabilization of underactuated mechanical systems using parameterized IDA-PBC is
discussed [14]. The equations of an UaS without modeling natural damping terms in PH
form is as follows

q 0 I,||{VqH 0
.| = + u, 2.9
[P] [‘In 0 ] [VpH G(q) (2.9)
in which q,p € R" are generalized position and momentum, respectively, H(q,p) =
%pTM_1 (q)p+V (q) is the summation of kinetic and potential energy, M (q) = M* (g) >0
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is inertia matrix, and rank G(q) € R™™ is equal to m. The desired Hamiltonian is con-
sidered in the following form

Ha(a.p) = 39" My (@)p+ Vala). (210)

in which Mg4(q) and V; are desired inertia matrix and potential function, respectively and
Vg should satisfy

q" =arg minVy(q). (2.11)

By considering Hy in the form of (2.10), the desired interconnection matrix is in the
following form

0 M (q)Ma(q)

Ja(q,p) = [_Md(q)M‘l(q) J2(a,p)

]=nhn%p% (2.12)

where Js is a skew-symmetric matrix. Additionally, the desired damping matrix is

Rale)= [8 G(q)KgGT(q)] ’ (2.13)

with 0 < K, € R™". Therefore, the desired structure of closed-loop system is

[i]] _ [ 0 M (q)Mau(q) ] [Vqu] (2.14)
p| |-Ma(q)M'(q) J2(q,p) - G(@)K.G" (q)||VpHa '

By setting (2.9) equal to (2.14), and multiplying to GT, the control law is derived as
follows

U = Ues(q,P) + ugi(q,p)
Ues = (GTG)'G" (VgH - MgM 'V gHy+ J2 My 'p) (2.15)
Ugi = —KvGTvada

where ues and ug; are energy shaping and damping injection parts, respectively. By
multiplying to G* and separating p dependent and independent equations, the following
PDEs are resulted

GH{Vq(p" M 'p) - MyM ™ 'vy(p" My 'p) +2J2 My 'p} =0, (2.16)

GH{VqV - MgM v, V) =0. (2.17)

The PDE (2.16) and (2.17) are related to kinetic and potential energy shaping, respectively.
First the kinetic energy PDE shall be solved and then using My, the potential energy PDE
is solved. The following points are related to the matching equations (2.16) and (2.17).

e The dimensions of G*(q) is the most important point in the matching equations. If
n=m+1 (ie. the system is underactuation degree one), G*(q) is a vector results
in a nonlinear PDE in (2.16) and a linear PDE in (2.17). Otherwise, both equations
are a set of PDEs that they are very difficult to solve.

e Solving the equation (2.16) is very complicated in the general case, since it is a
set of nonlinear PDEs that its solution should be positive definite. However, if
Gl(q)vq(pTM_l(q)p) =0, then it is possible to solve (2.16) by a constant My.
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e My(q) = M(q) is a trivial solution of (2.16). By this means, the PDE (2.17) is
G*{VqV -VqVy} = 0. However, it has been shown in [71] and Remark 4.3.18 in [72]
that if ¢* is unstable equilibrium point, then total energy shaping is required (i.e.
Mgy + M)

e Unfortunately, it is not possible to solve them numerically because the numerical
solution requires a boundary condition, but there is no boundary condition here.
Furthermore, the condition ¢* = arg minV,;(q) should be satisfied. Therefore, homo-
geneous and non-homogeneous solutions should be derived separately.

In the above formulation, IDA-PBC for mechanical systems without modeling natural
damping terms was proposed. However, in some applications, they should be considered.
In the following, invoking [73], IDA-PBC for mechanical systems with natural damping
terms is proposed. Note that in this thesis, unless indicated, the model (2.9) is used.

The equations of an UaS with natural damping such as friction is as follows

' 0 I, |[veH 0
[g]:[—fn _R(Q)][VZH]+[G(q)]u’ (2.18)

where R(q) € R™" is positive semi-definite physical damping matrix. The structure of
closed-loop system is

q 0 M 'My|[v,Hy
L= 1 (2.19)
P —MdM Jz - Rz VpHd

with the closed-loop damping matrix
1
Ry = i(RM‘lMd + MygM™'R) + GK,G". (2.20)

The control law and matching equations are similar to previous case. However, R is
positive definite under the following constraint

G*(RM ™My + MyM'R)(GHT > 0. (2.21)

This property is useful in the boundedness of inputs that will be discussed in the next
chapters.
In the sequel, the previous works on IDA-PBC for UaSs are reviewed.

Solution of matching equations

In [74] an analytic solution of the matching equations is proposed for the systems with
underactuation degree one. Six assumptions are considered, and the matching equations
of systems that satisfy these assumptions are reformulated by ordinary differential equa-
tions (ODEs). Practically, only a few UaSs satisfy these assumptions. Since these PDEs
are challenging, a number of researchers have looked for an alternative method instead of
directly solve them. Astolfi et al. in [75] replaced the PDEs by the problem of finding an
appropriate Lyapunov candidate. Actually, it has been shown that the classical PBC is re-
lated to this formulation. Unfortunately, finding a suitable Lyapunov candidate is as hard
as solving a PDE. A similar method by replacing the PDEs with algebraic inequalities has
been introduced in [76]. Simplification of kinetic energy PDE via coordinate change has
been proposed in [77]. [78] has proposed a method for 2-DOF underactuated systems to
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solve potential energy PDE. References [79-82] have proposed a similar method to over-
come solving the matching equations under some restrictive assumptions on the dynamical
parameters of the system. [83-85] are other papers in this area, that focus on a specific
system.

Notice that simultaneous interconnection and damping assignment passivity-based con-
trol (SIDA-PBC) is another method proposed to simplify the matching equations. In the
general form of IDA-PBC proposed in section 2.3.1, it is common to select Rg in the
range space of G. This point is clearly verified in mechanical systems as indicated in
section 2.3.2. However, in [86] it has been shown that this procedure is not applicable to
induction machine since the PDEs are not involutive (i.e. they are not integrable). How-
ever, by simultaneously shaping the energy and damping injection, it is possible to design
an IDA-PBC for that system. This idea was considered in [87] for mechanical systems
and it has been shown that the kinetic energy PDE can be replaced by some algebraic
equations for large scale systems. However, this idea was argued in [88] and it is proved
that the number of PDEs of kinetic energy shaping that should be solved is s(s+1)(s+2)/6
for both IDA-PBC and SIDA-PBC with s = n — m being the degree of underactuation.
In [89] it has been asserted that although the number of PDEs are equal in both methods,
SIDA-PBC simplifies the resulted matching equations. A claim that has not been proven.

Based on the reviewed literature, the proposed methods may be categorized into two
classes. Some methods provide a general method to solve the matching equations. How-
ever, fining their solution is as hard as solving the corresponding PDE. Other methods
target a particular class of systems in which the matching equations can be easily solved.
Unfortunately, it seems that none of the reviewed methods are not capable to solve the
matching equations of UCDRs. This gap in the literature, is examined in detail, and
properly filled in this thesis.

Other challenging problems in IDA-PBC

Actuator saturation is a common limitation in all the practical systems that should be
taken into consideration during the controller design. Otherwise, poor performance or
even instability may be resulted [90]. For this purpose, several researchers have focused
on controller design with bounded inputs. For fully actuated serial robots, it has been
proved that if the actuators are capable to compensate for the gravity in the workspace,
see for example [91-93]. Furthermore, different controllers for stabilization of UaSs with
input constraints have been reported in literature. However, less attention has been paid
to design IDA-PBC for mechanical systems with bounded inputs. This is due to the
fact that the desired potential energy cannot be selected arbitrarily, and also the kinetic
energy shaping terms are quadratic with respect to velocity. To the best of authors knowl-
edge, [94] is the only bounded input IDA-PBC reported in literature, which is specifically
designing controller for Inertia wheel pendulum. This case study does not suffer from two
aforementioned problems since the solution of potential energy PDE (2.17) is sinusoid-
like functions and also M, My are constant matrices results in vanishing kinetic energy
shaping terms in the control law. On the other hand, in our specific application, namely
UCDRs, the robot can merely apply tensile forces, and therefore, designing bounded input
IDA-PBC for mechanical systems is the other aim in this thesis.

Robust IDA-PBC with respect to external disturbance is another topic of recent re-
search works. Invoking [95], in [96] a robust IDA-PBC for mechanical systems subject
to matched disturbance has been proposed. In these works, three different controllers
based on nontrivial change of coordinate has been designed such that the constant dis-
turbance is rejected. In [97] a general method for rejection of matched disturbance for
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a PH system with constant input mapping matrix has been introduced. The idea is to
design an adaptation law to estimate the external disturbance and add a nonlinear PI
term to the control law. The results of this paper are generalized in [98] to a PH system
with state-dependent input mapping matrix. Robust IDA-PBC with respect to matched
and unmatched disturbance has been given attention in [99]. However, the mathematical
proofs of the mentioned paper have been totally rejected in [100]. [101,102] are other robust
IDA-PBC papers that are based on [99] and thus, they are technically not correct. as it
can be seen, robust IDA-PBC with respect to matched disturbance is sufficiently studied
in the literature. However, as indicated in [100], it seems that unmatched disturbance
rejection is very complex and less worked out.

Parameter uncertainties is another common problem in applied mechanical systems.
Researchers mostly design adaptive controllers to tackle this problem. However, adaptive
IDA-PBC is not routine since the matching equations should be satisfied. To the best of
our knowledge, [103,104] are the only published works that design adaptation law with
respect to friction coefficients in this field. Hence, adaptation of dynamical parameters
(i.e. the parameters in the inertia matrix and potential energy) is an open problem. Due
to the gap in the literature in this field and also difficulty of the subject, design of adaptive
IDA-PBC for some case studies of our interest, is another aim of this thesis.

Another practical problem in the implementation of controllers on mechanical systems
is inaccurate velocity measurement. Several observers have been designed in literature to
facilitate the implementation of a controller without requirement of velocity measurement.
Although asymptotic trajectory tracking of fully actuated robots has not been proved
in most cases, it is easy to ensure stability for the regulation problem. The positive
characteristics of some observers, such as the observer proposed in [105] which is called
dirty derivative of velocity, is its applicability in a class of UaSs. By this means, IDA-
PBC with position feedback has been designed for Inertia wheel pendulum using the
dirty derivative observer. Immersion and invariance (I&I) observer is an intense observer
designed by introducing an attractive invariant manifold [106]. In [74], IDA-PBC with
1&I observer has been designed for a class of mechanical systems with a constant inertia
matrix. Generalization of this method has been studied in [107] where two sets of PDEs
should be solved to design the observer. In this thesis, some of the proposed controllers
are designed with an observer in order to simplify its implementation process.

In the following, we will review the previous works on UCDRs and identify the gap of
research in this field.

2.4 Underactuated Cable-Driven Robots

Recently, a number of researchers have concentrated on the analysis and control of UCDRs.
In [108] point-to-point trajectory planning for a serial UCDR using natural frequency
analysis of the system by considering sinusoidal functions for the desired length of the
cables has been performed. Design and stabilization of another serial UCDR by feedback
linearization has been studied in [109]. Similar to [108], the method has been implemented
on a 3-DOF planar UCDR in [15]. Trajectory planning for the same robot has been studied
in [16] by considering time polynomial for the length of the cables. The results of the
mentioned paper have been generalized in [17] for a general UCDR shown in Fig. 2.1, and
rest to rest trajectory planning has been performed by numerical solving of a boundary
value problem. Other papers based on trajectory planning of UCDRs can be seen in
[110-114]. The advantage of controller design in joint space is that cables’ tension can
be verified simply. However, the common problem of the proposed works is that the
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Figure 2.1: The underactuated cable driven robot reported in [17].

controller is designed in the joint space. Since forward kinematic in UCDRs has infinite
solution, stability of desired equilibrium point is not ensured. Furthermore, generally,
design a controller for the length of the cables leads to the oscillatory performance of the
end-effector.

In [115], analysis, classification, and design of mechanisms that are designed by cables
have been studied. In [116], static and dynamic analysis of an UDCR has been performed.
The human’s leg in which the lower joint is unactuated has been modeled in [117] by cable
and pulley. In [18] design and optimal control of a micro-macro robot consisting of a fully
actuated CDR attached to an underactuated serial robot has been considered. Since the
underactuated part of the robot is in the serial structure, the main focus of the mentioned
paper is on the serial robot. Out-of-plane oscillation control of a fully-constraint CDR
has been considered in [118]. The studied robot generally has five degrees of freedom and
two actuators. However, it is assumed that the lengths of the cables are constant, and
only the out-of-plane motion of end-effector is controlled by two operators connected to it.
Hence, similar to the previous case, this case is not an underactuated cable-driven robot.
It should be noted that some papers have focused on other issues of UCDRs, for example
geometrico-static problem in [119,120], stability analysis in [121], self-calibration in [122],
etc.

As it was shown, some papers have analyzed, designed and controlled UCDRs. The
papers focused on the regulation problem of UCDRs are based on trajectory planning in
joint space which requires accurate system equations, powerful software, and numerical
forward solution of system’s equations. Furthermore, in these papers, only desired length of
cables are designed and control law is not proposed. Hence, in this thesis, some controllers
based on IDA-PBC method with bounded inputs will be designed and implemented to
cover the gap of research in the literature.

2.5 Conclusion

In this chapter, the literature on cable-driven robots, the types of workspace, and the
various control methods was reviewed. After this, the control methods provided for un-
deractuated systems and their disadvantages were discussed. Then, IDA-PBC method
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(b) The end-effector
(a) Overall view of the robot

Figure 2.2: Planar underactuated cable-driven robot with two actuators on the end-effector [118].
The length of cables are fixed and out-of-plane oscillations are controlled.

as a general version of classical PBC was introduced and its formulation together with
the open problems of this method, was proposed. Finally, the literature of underactuated
cable-driven robot was reviewed. Due to the gap in controller design for UCDRs, in the
next chapters, we will concentrate on this topic.



Chapter 3

Systems Models

In this chapter, the equations of UCDRs that are the subject of this thesis are given.
The systems include a 3-DOF planar UCDR with two actuators, a 3-DOF spatial UCDR
suspended from two cables, and a 6-DOF robot with four actuators. For each robot,
inverse kinematic, Jacobian matrix, and dynamic equations neglecting the cable dynamics
are given. Furthermore, the equilibrium points of the robots are also derived.

3.1 Planar Robot

This mechanism, which has been considered in [15, 16], consists of a payload suspended
from two cables. The schematic of the robot is depicted in Fig. 3.1. The mechanism has
two translational and one rotational motion in a vertical plane. The motion of the end-
effector is provided via the length of the cables controlled by the actuators. As indicated
in Fig. 3.1, the center of coordinate is located on one of the anchor points such that the
X axis is in the direction of the two anchor points with the distance b, while the Y axis
is upward (in the opposite direction of gravity). The position of the center of mass of the
end-effector is denoted by p = [2,]7, and the angle of its rotation relative to the horizon
is denoted by 6. The length and the direction of the cables are denoted by 1, [ and 31, S,
respectively. a; and ag denote the angles of the cables with the horizon.

3.1.1 Kinematic Analysis

The loop-closure equation may be written in the following form
p:l1§1—E1 =B+l2§2—E2, (3.1)

in which F; and FE5 are the vectors from the center of mass of end-effector to the connection
point of cables to the end-effector, and B = [b,0]7. Equation (3.1) may be rewritten in
the following form

x =11 cos(ar) +acos(f) =b+lscos(az) —acos(h) (3.2)
y =lysin(aq) +asin(f) = Iy sin(as) — asin(h), '

with 2a as the length of the end-effector. From this equation, the inverse kinematics can
be easily solved. In other words, if z,y,6 are specified, the cables’ length can be easily

19



3.1. PLANAR ROBOT 20

Figure 3.1: The schematic of the planar UCDR. The mechanism has two translational and one
rotational motion. The center of mass is on the middle of the end-effector

calculated as follows

I = \/(x - 0LCOS(¢9))2 +(y- asin(@))2

(3.3)
Iy = \/(a: -b+ acos(¢9))2 + (y + asin(@))2
Furthermore, the other parameters are derived as follows
cos(ar) = x - acos(@)7 sin(ay) = Y- asm(&)’ 4 = I:Cf)S(Oél)] 7
h L sin(av) (3.4)
_x—b+acos() ) _ y+asin(0) . |cos(az) '
cos(ag) = B — sin(ag) = B 8y = sin(as) |

In order to solve the forward kinematic problem, it is clear that two variables (I1,l2)
are known and three variables (z,y,6) should be determined. This problem has infinite
solution since, as indicated in (3.3), the number of unknown variables is more than the
number of equations. Actually, the reason why the robot is underactuated is due to this
point, since it may seem that the robot has two actuators with two cables and thus, it is
possible to control the cables’ length and guide the end-effector to the desired position.
However, since forward kinematic has infinite solution, it is not possible to guarantee
convergence to the desired position, and an oscillating response may be achieved. This is
the fact reported in [121] and can be seen in the results of [17].

3.1.2 Jacobian and Dynamic Analysis

In CDRs, the relation between the velocity of end-effector and joints is expressed by
L = J,(X)X in which J,(X) is the Jacobian matrix of the robot, and L = [I1,...,1;,]T
denotes the cables’ length. To compute the Jacobian matrix, we should differentiate the
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inverse kinematic with respect to time. Dynamic equations are simply derived via Newton-
Euler formula by this assumption that the cables are mass-less infinite stiff.
Time derivative of (3.1) is

p:’l):ll.él +Z1.§1—E1 =l2.§2+i2.§2—E2, (35)

in which 3 sl is proportional to ¢; with the direction k =[0,0,1]7. Similarly, 8; is propor-
tional to 6 with the direction k x E;. Thus, (3.5) is rewritten in the following form

l.lgl =V - lldlk + 9(’% X El)

. " oA (3.6)
lg§2 =v - lldgk + H(k X Eg)

Now dot product the above equations in §; and 8s, respectively. it yields
lilzv'éﬁél%‘(ElXél) (3.7)
lg :’U~§2+9k-(E2 X§2)

This equation can be represented in the following form

i . -

|:‘1:|:Ja(X)X7 X = AR
lo 0

5 (X) . m—a;:fs(&) y— a?in(e) COS(Q)y asin(0) +sm(9)m a;:os(@) (3 8)
a = z—b+al,2cos(9) y+a?1n(9) cos(e)w sm(e)Lj"S“) :

Dynamic equations of parallel robots in Euler-Lagrange formulation are as follows [2]
M(X)X +C(X, X)X +G(X)=F=-J'(X)r (3.9)

Invoking [15], the dynamic parameters are

m 0 0 0
M=|0 m O0f, C =0, G=|mg|, (3.10)
0 0 I 0

in which C denotes the Coriolis and Centrifugal terms, G = V4V is the gravity force/torque,
and m and I are mass and moment of inertia of the end-effector!. Furthermore, it is
possible to represent the dynamic equations in PH form (2.9) with the following parameters

1 )
H:EpTM71p+mgy, G:—JaT, g=X, p=MX. (3.11)

3.1.3 Equilibrium Points

First, the method of calculating equilibrium points is explained. Then, the equilibrium
points of the system are calculated.
For a general system with the equations

& = f(z) +g(x)u,

!Note that in this thesis the input mapping matrix and gravity force/torque are shown by G and G,
respectively.
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Figure 3.2: Feasible equilibrium points of the planar UCDR with a = 0.25,b = 8.

the equilibrium points are derived from g*(z)f(x) = 0 with g* as the left annihilator of
g. Note that f(x) = 0 denotes equilibrium points with w = 0. The other points required
a constant input.

In mechanical systems, f(x) includes position and velocity-dependent terms. Velocity
is equal to zero in equilibrium points. Based on this explanations, equilibrium points of a
mechanical system with dynamic equations (2.9) and (3.9) are derived from the following
equation

G'VgH=G'V4V=G'G=0 (3.12)

Since in CDRs the gravity force G is constant, they have not an equilibrium point with
u = 0. This is compatible with the nature of CDRs since the robot falls without the input
due to gravity.

Now the equilibrium points of the robot with dynamic parameters (3.11) are calculated.
Since the dimension of G is 3x2, G* is a vector computed by cross product of the columns
of G as follows

. 2cos(0)y? - 2sin(#)xy + by sin(f) — absin?(0)
Gt =|-2zycos(0) + by cos(f) + absin(8) cos(8) + 222 sin() — 2bx sin(h) (3.13)
2az sin(0) — 2ay cos(0) + by — absin(6)

The equilibrium points based on G(X') given in (3.10) are on the following manifold
~2xy cos() + by cos(0) + absin(0) cos(#) + 2z? sin(#) — 2bx sin(h) = 0. (3.14)

This manifold is shown in Fig. 3.2 with a = 0.25,b = 8. Note that all of the points in (3.14)
are not feasible since due to the nature of the system, the static workspace of the robot is
restricted to 0 <z <8,y <0 and -5 <0 < 5. Thus, Fig. 3.2 shows the feasible workspace
of the robot which is equivalent with static workspace of the robot. As indicated in this
figure, if the robot is close to the anchor points (i.e. x ~ 0 or x ~ b), 6 is also close to its
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Figure 3.3: Schematic of the spatial underactuated cable-driven robot.

boundary values (i.e. 6 ~ —F or 0 ~ g) Furthermore, if x = %, then @ is equal to zero and y

is arbitrary. These are verified through a physical point of view to the system. Note that
in [123] the equilibrium points of the robot are computed based on a geometric point of
view that coincides with (3.14).

3.2 Spatial Robot

Similar to the previous case, the robot consists of a mass suspended from two cables.
However, the cables are attached to a unique point of the end-effector; thus, its rotation
is negligible. But instead, the end-effector has out-of-plane motion. Hence, the robot
is underactuated with three translational degrees of freedom and two actuators. The
schematic of the mechanism is depicted in Fig. 3.3. The center of coordinate is located
on one of the anchor points, X axis is in the direction of the anchor points, and Y axis
is upward. [z,y,0]7 denotes the position of end-effector, and I; and I are the cables’
length. It is common in planar suspended CDRs to use a vertical platform to prevent
out-of-plane motions. Therefore, prevention from this oscillations by controller design is
the aim. Furthermore, the proposed controller is suitable for a 3-DOF spatial CDR to
stabilize it when a failure occurs in an actuator, or one of the cables is torn out.

3.2.1 Kinematic Analysis

The loop-closure equation is

X = l1§1 = b;, + 1252, (3.15)
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in which X = [z,y,2]7, 8 and &, denote the direction of the cables, and i= [1,0,0]T.
Inverse kinematic is derived from (3.15) as follows

I =\a? +y?+22, lo=+/(z-b)2+y2+ 22, (3.16)

and the direction of cables are

T z—=b
o1y |8 o lox ol B
81 = EX =17 S2 = E(X i) =| 4 | (3.17)

o~
=
o~

N

with b as the distance between anchor points. Forward kinematic has infinite solution due
to fewer number of equations than the number of unknowns.

3.2.2 Jacobian and Dynamic Analysis
In order to derive the Jacobian matrix, it is required to differentiate (3.15) respect to time
X =181+ 1181 = [289 + 1959 (3.18)
Dot product (3.18) in §; and 82, yields
h=58-X, lo=58,-X, (3.19)

where §1.81 = §9.59 = 0 was used. Therefore, the Jacobian matrix is

Z ¥y =z
JJ(X) = [é b l_l] . (3.20)
lo la g

Dynamic equations of the robot is in the form (3.9) with the following parameters

m 0 0 0
M=]10 m O C=0 G=|mg], (3.21)
0 0 m 0

with m as the mass of end-effector. Note that it is also possible to represent it in PH form
(2.9) with the following parameters

1
H:§pTM’1p+mgy, G=-J., ¢

o

., p=MX. (3.22)

3.2.3 Equilibrium Points

Based on the explanations in section 3.1.3, we should calculate G*G = 0. Since the
dimension of G is 3 x 2, G* is derived easily as follows

G (X)=[0 -bz by] (3.23)
The equilibrium points of the robot are a subset of the following manifold
GG = -mgbz. (3.24)

Therefore, the feasible equilibrium points are in the plate z = 0 with 0 < z <b and y <0
which is equivalent to static workspace of the robot. This coincides with the nature of the
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Figure 3.4: Schematic of a 6-DOF underactuated cable-driven robot with four actuators.
robot since a mass is suspended from two anchor points.

3.3 Spidercam

As explained in detail in chapter 1, spidercam is an UCDR with four actuators and 6-DOF.
The robot consists of a suspended mass from four cables that the position and orientation
of the end-effector are controlled via the cables’ length. Fig. 3.4 shows a schematic of a
spidercam. In addition to the fixed frame, a frame is attached to the center of mass of
the end-effector. P 4;s and Pp;s denote the position of anchor points and attachment of
cables to the end-effector represented in fixed frame and moving frame, respectively. By
this means, the position of B;s are constant in the moving frame and can be represented
in the fixed frame using rotation matrix R,,.

3.3.1 Kinematic Analysis
The loop-closure equation of this robot is
PZPAi+lZ‘.§i—RmBi, forizl,...,4 (3.25)

in which P = [z,%, 2] denotes the position of center of mass of the end-effector, ;s are
the cables’ length and §;s are unit vectors denoting the direction of the cables. In order
to compute inverse kinematic, (3.25) is rewritten in the following form

l;8i=P - Py, + R, B;, fori=1,...,4 (3.26)
Now by multiplying both sides to its transpose, the following equation is derived

?s7s;=1?=(P-Py, + R, Pp) (P-Py, +R,Pp)=P ' P-2P P,
+2P"R,,Pp, + Py P, - Py R,,Pp, + P} Pp,, fori=1,..,4
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Therefore, inverse kinematic is

li = \/PTP -2P"P,, +2P"R,, Py, + P, Py, - P}, R,,Pp, + P}, P, fori=1,..,4
(3.27)

in which the relation R? = R, was used. Note that the rotation matrix can be represented
based on different methods such as Euler angles, screw axis, etc. [2]. Similar to previous
cases, forward kinematic is not solvable due to fewer number of equations than unknowns.

3.3.2 Jacobian and Dynamic Analysis

In order to derive the Jacobian matrix, we should differentiate (3.26) with respect to time.
It yields

[;8,+1;8; = P+ R,,B;, fori=1,...4 (3.28)
Dot product of (3.28) to §; yields
li=8 -P+3 w.R,B;, fori=1,...4 (3.29)

in which w denotes angular velocity and wx is matrix representation of the vector w as
follows

0 —w3 w2

T

wyx =| w3 0 -wil, w = [wy,wa,ws]" .
—W?2 w1 0

Finally, the Jacobian matrix is derived as follows

31 ED 33 EN

Ja(X) = [RmBl x$ RpByx3 RpB3yx3; RnBix3 (3:30)

where we used this fact that a.(bxc) =b.(c x a).
Invoking [124], dynamic parameters of the robot are easily derived in PH form (2.9)
as follows

mI3 03x3

M= [03x3 I

], V=mgy, G=-J., q=X, p=MX, (331)
with m and I as the mass and moment of inertia of the end-effector, respectively.

3.3.3 Equilibrium Points

The dimension of G is 6 x 4. Hence, computing G* is not straightforward. Therefore, it
may be derived for a particular case. Here, it should be noted that as explained in [121],
the equilibrium points of an UCDR are natural. In other words, they are open-loop stable
and the robot has a oscillatory response around them.

3.4 ARAS Cable-Driven Robot

Since in this thesis, the proposed controllers are implemented on some CDRs, the robots
are introduced here.
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Figure 3.5: Different components of ARAS underactuated cable-driven robot

3.4.1 ARAS Underactuated Cable-Driven Robot

Fig. 3.5 illustrates ARAS planar UCDR. A safety cable is used to confine the workspace
of the robot to prevent from dangerous problems. Furthermore, two cameras are used
to detect the position of the end-effector. Additionally, the cables’ length are measured
through incremental encoders and knowing the initial lengths. Using z,y and [y,l2, the
value of # should be calculated analytically. For this purpose, define the following auxiliary
variables

’yl=x2+y2+a2—l%, 72=l%—m2—b2—y2—a2+2bx,

a1 = Qg = 2ay, b1 = 2az, B2 = 2ax — 2ab,
Ay =at+ B, B = -2a171, Cy =11 - B3,
Ay = a% +,8%, By = -2a979, Cy = 7% - /3%-

0 is derived from

o= arcsin ((-By ++/B? - 44,C1)/(241)) +arcsin ((-Ba — /B2 - 445C5) [ (242))
2

(3.32)

The distance between anchor points is b = 1.49, the length of end-effector is 2a = 0.48 and
its mass is 1.6 K g. Implementation results on this robot are proposed in Section 7.2.

3.4.2 ARAS Cam

ARAS cam is generally a 6-DOF CDR with four cables. Since the attachment point of the
cables to end-effector is a point, usually it is modeled as a 3-DOF robot by neglecting the
rotational variables. In this thesis, we merely utilize three cables of the robot that leads
to a fully actuated CRD. The schematic of the setup is shown in Fig. 3.6. Furthermore, a
picture of the robot is depicted in Fig. 3.7.
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Figure 3.6: Schematic of a 3-DOF suspended CDR.

Dynamic formulation of the robot is represented by equation (2.9) with [125],

ZLal—T Ya1~Y Zal—Z T
A I l1

— — _ T _ | Ta2=x  Ya2=Y  2q2-2
M_mI?n V—’I’)’ng, q= [l‘,y,Z] ; G = al2 al2 alz
La3—x Ya3~Y Za3—%
l3 l3 l3

Here, g denotes the position of end-effector and ;s are the length of the cables given by

= \/(*'L' = 201)% + (Y = Ya1)? + (2 = 2a1)?
Iy = /(2 = 2a2)? + (y = Ya2)? + (2 — 202)?
I3 = \/(90 —243)% + (Y = Ya3)? + (2 — 243)?

Kinematic parameters of this robot are

Tql = a2 = —Tq3 = b)2 = 3.56/2
Yal = ~Ya2 = ~Ya3 = CL/2 = 7.05/2

Zal = 22 = Zq3 = h = 4.26,

Mass of end-effector payload is m = 4.5Kg. The readers are referred to [39] for further
details.

Figure 3.7: ARAS cable driven robot.
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3.5 Conclusion

In this chapter, the kinematic, Jacobian, and dynamic equations of three UCDRs were
proposed. It should be noted that although the main focus of this thesis is UCDRs, espe-
cially the planar and spatial robots, in the following chapters, other benchmark systems
are also considered.



Chapter 4

Solution of Matching Equations

In this chapter, we focus on the PDEs arisen from IDA-PBC approach. Three different
methods are proposed to solve them. The first method is based on transforming a PDE to
some Pfaffian differential equations. By this means, the matching equations of several sys-
tems will be solved. Furthermore, the potential energy shaping of underactuated parallel
robots will be accomplished. By this means, it is possible to stabilize all of the UCDRs and
natural equilibrium points of underactuated parallel robots. Another method is specified
to solve kinetic energy PDE of UaSs with underactuation degree one and constant input
mapping matrix. Finally, a comment on simultaneous IDA-PBC for mechanical systems
is proposed. It will be shown that SIDA-PBC does not simplify the matching equations.

4.1 Pfaffian Differential Equations

Solving the PDEs is the challenging part of IDA-PBC approach that restricts its applica-
tions. Although different numerical methods have been proposed to derive an approximate
solution of a PDE with boundary condition, here, the matching equations do not have a
boundary condition. Furthermore, due to the satisfaction of constraint (2.4) and the fact
that an approximate solution may destroy the proof of stability, an exact general solution
of the PDEs is required. A method that can derive the general solution of a nonlinear PDE
has been proposed in [19]. In this method, a PDE is replaced by some Pfaffian differential
equations. Generally, a Pfaffian differential equation is in the following form

> fi(z, ., zn)dx; = 0.
i=1

It has been shown that if ¢;(x1,...,2p, 2) = ¢;,i € {1,...,n} are independent solutions of the
following equations

doy _dvy _drn_dz (4.1)

PP P, R
then ®(¢1, ..., ¢,) with ® an arbitrary function forms the general solution of the following
(nonlinear) PDE

0z 0z 0z
PP—+P,—+---+P,— =R, 4.2
! o1 2 0x9 " oxy, (4.2)

where P;s and R are function of independent variables z1,...,z, and z. Note that since
the PDE (4.2) is generally nonlinear, the solution is implicit.

30
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Solving the Pfaffian equations (4.1) is still a cumbersome task while it is easier than
that of the corresponding PDE. However, for a Pfaffian differential equation with n = 3,
ie.

Pdxqy + le’g + Rdxg = 0, (43)
it has been shown that if the following condition holds
XTeurl(X) =0, (4.4)

with X = [P,Q, R]”, then the problem turns to an exact differential equation which may
be easily solved by direct integration. By this means, in order to solve (4.2) with n = 3,
one may derive a Pfaffian differential equation such that condition (4.4) holds. Several
methods have been proposed to solve a Pfaffian differential equation satisfying (4.4). One
of these methods which is proposed in [19, Ch. 1] is summarized here.

Assume that Pfaffian equation (4.3) satisfy condition (4.4).
Stage 1: Assume that x3 is constant. The solution of

PdiL‘l + deg =0

is U(x1,x2,23) = C. Define

_lou_tou
R P o~ Qo
Stage 2: Define
oU
K:=uR-—
a a$3

Stage 3: Parameterize K such that K = K (U, z3).
Stage 4: Solve dU + Kdzxsz = 0.
Stage 5: Then the solution is

o(U,23) = ¢(U (21, 22,23),23) = C.

In the following, this method will be used to solve the matching equations of planar and
spatial UCDR proposed in the previous chapter. More examples on several benchmark
system are presented in Appendix A. Note that since this method is applicable only to a
single PDE; it is not possible to solve the matching equations of spidercam. Before solving
the PDEs, let us propose the following corollary.

Corollary 1. Consider PDE (4.2) and presume that P;js and R are merely functions of
independent variables z;s. Then,

a) The functions z — ¢;(x1,...,2n) = ¢;yi € {1,...,n — 1} are the homogeneous solutions
of this PDE if ¢;s are solutions of the first n — 1 equations (4.1).

b) Non-homogeneous solution is derived by setting the last term in (4.1) equal to other
terms.

Proof. a) Presume that ¢;(q1,...,qn) = ¢; are the solutions of the first n — 1 equations in
(2.1). Since this equations are independent of z; thus, z — ¢;(q1,...,qn) = ¢; are also the
solutions of Pfaffian differential equations. Notice that they are homogeneous solutions of
the PDE, because they satisfy the following equations which are related to homogeneous
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part of PDE
dz dz, dz

Pl(xlv 7xn) S Pn(xlv 7qxn) B F
b) The proof of this part is clear. Non-homogeneous solution of PDE (2.2) corresponds
to its special solution that depends on both the left and right—hand sides of (2.2). Hence,
this is derived based on the last term of (4.1). O

Notice that the results of this section have been published in [126].

4.1.1 Solution of Matching Equations of UCDRs

Here, first, the matching equations of the robots are computed. After this, they will be
solved using Pfaffian differential equations. Note that as indicated in [127], to stabilize a
natural equilibrium point of a robot, it is sufficient to solve the potential energy PDE.

Planar robot

Since the input mapping matrix G proposed in (3.11) is a function of all the configuration
variables, the available methods in the literature are not applicable to this system. Hence,
another approach is required to derive the solution of the PDEs. First, consider kinetic
energy PDE (2.16.) The first this PDE is equal to zero due to M is constant. Thus, it is
possible to solve it by considering a constant matrix M. For simplicity, M is considered
equal to M i.e., only potential energy is shaped. This does not limit the stability of the
closed-loop system since, as indicated in [121,123] the equilibrium points of the robot are
natural and can be stabilized by only potential shaping. By this means, the potential
energy PDE (2.17) yields

(- 2zycos(0) + by cos(0) + absin(f) cos(0) + 222 sin(0) - 2bx sin(6) )mga

=a(2 cos(0)y? - 2sin(0)xy + by sin(h) — ab sinz(ﬁ))%
x
+a( — 22y cos() + by cos() + absin(0) cos(6) + 222 sin(6) — 2bx sin(@))%
Yy
. , oVy
+ (2az sin(0) - 2ay cos(0) + by — ab sm(@))%. (4.5)

PDE (4.5) is a stumbling block. In order to solve it, the proposed method based on Pfaffian
differential equation is used. Hence, the corresponding Pfaffian equations are
de dy do  dVy

@_ G2 _a_mggw with GL:[ ivGJQ_’Gﬁ]' (4'6)
1 2 3 2

The solution of linear PDE (4.5) can be separated into homogeneous and non-homogeneous
parts. Invoking Corollary 1, the non-homogeneous solution Vg, is derived from the second
and forth terms in (2.13) as Vg, = mgy. For the homogeneous solution we should solve
the following equations

dr dy do

dr _ dy _ dv (4.7)
Gy Gy G

First, it is tried to find a Pfaffian differential equation in the following form:

Py(0)dz + Py(0)dy + Ps(x,y,0)dd =0, (4.8)
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such that the condition (2.12) holds. For this purpose, the following simple properties are
used.
Assume that a;/b; = as/be. Then:

e For arbitrary values «a, 8 € R we have:
a1 az  aap+fag
b1 - b2 - abl+5b2'
e If o and B are chosen such that aby + 8by = 0, then aaq + Sas = 0.

In order to derive a Pfaffian differential equation in the form of (4.8), let us build a
new fraction with the aim that the terms 2acos(6)y? and 222sin(f) are omitted in the
denominator. This can be achieved by defining: cos(#)Gy + cos(0)yGy and sin(6)G3 -
sin(0)xGsz, respectively. Therefore

G _dr _dy do_ dVy

m Gf G Gi mgG}
with

¢1 = cos()dx +sin(0)dy + (- sin(0)x + cos()y)df,
m = cos(0)Gy +sin(0)G3 + (- sin(0)z + cos(0)y)G3
= beos(0)y? - bsin(0)zy — abx sin®(0) + aby sin(0) cos(h).

To omit bcos(6)y? the following expression is defined

@ _G _dr _dy _df _ dVyg_
m T Gf TG T 6T meo
ng—%dcv+gl

Mg = —%G{ +mp = —%y sin(0) + % sin?() — abx sin(6) + aby sin(6) cos(h).

Finally, by defining new terms 73 = %sin (0)G3 +m2 =0, and (3 = gsin (0)dO + (2, the

following Pfaffian equation is obtained
(3 = (cos(f) - Qi)d:c +sin(0)dy + ( - sin(0)z + cos(0)y + gsin(ﬁ))de =0. (4.9)
a

By substituting (4.9) in (4.4), it is clear that this equation is integrable. The solution of
(4.9) is derived easily as follows

qb((2a cos(0) —b)x + 2asin(f)y — abcos(@)) =c.

Although solving the Pfaffian equation (4.9) is not hard, let us apply the procedure
proposed at the beginning of this chapter, to find the solution in a systematic manner.
Note that for simplicity, (4.9) is multiplied in 4a.

U((4acos(f) - 2b)x +4asin(f)y) = C, p=1

K is derived as
K = R+4asin(f)x — 4acos(0)y = 2absin(6).
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Finally, by using Lemma 1, the solution is given by
Va = qb(U - 2ab cos(9)) = ¢((4a cos(0) - 2b)x + 4asin(6)y — 2ab cos(@)).

To derive the other solution of (4.5), it is sufficient to derive a Pfaffian equation in the
form:

Py(z)dzx + Py(y)dy + P3(0)df =0,

which is clearly integrable. For this purpose, Consider the following term

& _de _dy _ db _ _dVy
3 = G TG T 6E e
&1 = xzdx + ydy,
A1 = —abzysin(f) - a®bx sin2(0) + aby? cos() + a®by sin(#) cos(0).

Two terms in A\; can be eliminated by defining
AT M TG Gy Gy omgGy
&= -Ldw + &,
2 2
Ag = —%G{ + A1 = —a®bxsin®(0) + a®by sin(6) cos(h) — %y sin(0) + % sin?(6)

& _ & _dx _dy _ df _ _dVy
A1

Finally, by defining, A3 = %b sin (0)G3 + A2 = 0, the following Pfaffian differential equation
is resulted

&= (z - g)daz +ydy + %bsin(e)de =0.

It is a simple equation with the following solution
¢(2* +y* —bx —abcos(9)) = c.

Thus, the solution of PDE (4.5) is

Va = Vi + Vap = mgy + ¢((2a cos(0) — b)x + 2asin(f)y — abcos(h),

22 +y? —bx —ab COS(G)), (4.10)

where ¢ is an arbitrary function.

Remark 1. The PDE (4.5) at the first look is seriously a challenging problem. The
situation is more crucial when it is seen that neither it is matched with the conditions
proposed in the literature in this field nor solvable with the available software. However,
by transforming it to the corresponding Pfaffian differential equations, the general solution
was derived. Note that although it is not straightforward to derive an equation satisfying
(4.4), the structure of equations helps us to facilitate solving this problem.

Spatial robot

The structure of equations of this robot is similar to planar robot since matrix G is a
function of all of the configuration variables. Therefore, the proposed methods in literature
are not directly usable. In order to design an IDA-PBC controller, it is possible to shape
only the potential energy. By this means, the potential energy PDE (2.17) with the
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dynamical parameters (3.22) is in the following form

This is a simple PDE with the following solution
Vi = mgy + d(z, y* + 2%). (4.11)

Unfortunately, as indicated in the simulation results in chapter 7, the response of this
controller is prolonged in z direction. In order to rectify this issue, total energy shaping
is required. In the following, two controllers based on total energy shaping are presented.

Since the inertia matrix of this robot is constant, a trivial solution of kinetic energy
PDE (2.16) is a constant desired inertia matrix. Hence, the structure of My is in the
following form

m

0
My=|0 m (4.12)
0 0

B © O

with m being an arbitrary positive constant. The reason why this structure is considered
is improving the response in z direction. Replacing (4.12) in potential energy PDE (2.17)
yields

Vg 0Vy
-Mmgz = —2— +Y——

Ay 0z
The solution of this PDE is

m
Vg=mgy+ d)(az,yQ + HzQ). (4.13)

Although the response of this controller is better than the previous one, in the sequel
IDA-PBC with state-dependent My is proposed. The general form of kinetic energy PDE
introduced in (2.16) for this system is

GH{-m ' MV, (p" My 'p) +2JoMy'p} =0,  G*=[0,-bz,by].

As explained in [74], the general solution of kinetic energy PDE is derived from the fol-
lowing equation

& dMy™! T T
> 7i(q) da -[T(@)A" (q) + A(q)T " (q)]
=1 2
in which
~T ~T ~T
~g P& ?Tza PT n-1%
Jp=| P ° 0 P na P an-5%, (4.14)
-p', _ja -p', Lo ... 0

i) _ Mdflp, j — [1a§2a§...5n0a] € Rnxn()’ ~ = GlMdM717
A=-[Wi(GHT,... W, (GHT]eR™™  ng=n(n-1)/2.
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To define W s, first define the (7,j)th element of the matrices F* e R with k.1 €
{1,...,n} as follows

(13 j>ii=kandj=1
F ij = .
0 otherwise
and set WH = FM — (FF)T | The matrices Ws are defined as follows
Wi=W2 w,=wb _ w, =whb" (4.15)

Hence, the following PDE should be solved

8Md 8]\4d
(_ZMd22 + deZB)a—y + (_ZMdZS + dess)W
2(—z 01 +yo0) * *
=m|-2zq01 +y(y02 +301) 2y 3z * )

Yoz + 2(3001 —ja3)  Ysaz+ 2302 22503

where ;a; denotes jth element of the vector .a and the up-diagonal elements were not
indicated due to symmetry of the matrix. By setting the left and right—hand sides element
by element equal to each other, it is clear that My, ,, Mg,,, Mg,, are defined arbitrarily due
to free terms «;;. The other terms should satisfy the following equations

oM, oM,
(—zMg,, + yMa,,) 8y22 + (—2Mgy, +yMa,,) (9222 =2my sz,
8Md a-7Wd
(_ZMdzz + dezg) ay23 + (—ZMd23 + de33) 82’23 =My 33 + Mz 30,
oM, oM,
(—zMg,, + yMa,,) 8y33 + (Mg, + yMys,,) 8,233 =2mz 5a3. (4.16)

It is a set of PDEs with two arbitrary functions. Thus, it is possible to convert it to a
single PDE. However, there is no simple analytical solution tp solve it. In the following,
the proposed method is used to find the solution of (4.16). With the purpose of converting
(4.16) to Pfaffian differential equations, substitute first and third equations of (4.16) in
the second equation. This yields to the following equation

dy _dz _ dMay, (4.17)
P P R '
with

P1 = —ZMd22 + de23,
P2 = —ZMd23 + de33,
gaMd&% " 2_28Md22 _ y_QGMd% EaMdzz

R=- - M,
(2 0z 2y 0z 2z Oy 2 Oy ) Moz,
y OMg,, OMg,, z OMy,, OMy,,
Y amy, sy, 2 (M L yM,
2z( ZiVlday By YMdzs 92 ) 2y( 2V dgy ay YMdzs 92 ),

in which My,, and M,, are set arbitrarily by suitably defining ;o0 and ;3. Equation
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(4.17) is equivalent to the following equation

zdy + ydz _ dMg,,
—Zsz22 + yQMd33 - R

(4.18)

Note that the left-hand side is independent of Mjg,,, while R is summation of two terms
including a linear term and an independent term with respect to Mjg,,. Pfaffian equation
(4.18) is easier to solve if R is independent of Myg,,. Notice that the second term in R is
fractional and may lead to non-definite M, since z is in the denominator of the fraction
and z = 0 is equilibrium point of the system. Hence, a suitable choice for My,, and Mg,

18
2 2

Yy ¥4
Md22 = E + kl? Md33 = 3 + k?)

with ki, k2 > 0 to address the above issues and reduce the complexity of (4.18). Substitute
these values in (4.18) yields

zdy+ydz  dMg,,

k2y2 - k1Z2 N k2y2 - k122

The solution to this simplified equation is Mg,, = %yz, hence, the matrix My is in the
following form

* * *
2
Md =\|* % + k‘l 2%yz (419)
* %yz 5tk
in which undefined elements are designed arbitrarily. Note that these elements do not

affect on potential energy PDE.
Potential energy PDE (2.17) for this robot is in the following form

_ oV, _ vV,
~bmgz = bm ™ (=2 Mg, + de23)8—yd +bm ™ (—zMg,, + deBS)a—Zd.

Replacing (4.19) in this equation, yields

aV, aV,
2 d d
- =—kiz— + koy—
m-gz 12 dy 2Y 92
This is a simple PDE, that can be solved easily by Corollary 1. The corresponding Pfaffian
equations are
dr _ dy _dr Vi
0 -kiz koy -m2gz

It is clear that = = ¢; and k2y2 + k122 = ¢9 are the solutions of the first two equalities.
Hence, homogeneous solution of the PDE is

Van = ¢(, koy® + k1 7).
From second and forth terms, non-homogeneous solution is derived as follows

2

m-g
[/ = —1Y.
dn kly
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Hence, Vg = Vap + Van = ¢(, kay® + k12%) + mk_jgy'

Remark 2. In this example, total energy shaping for the spatial UCDR has been ac-
complished by a configuration-dependent desired inertia matrix. Note that none of the
proposed articles on this topic, e.g. [74,77,79-81] can be utilized to derive a configuration-
dependent solution.

4.2 Potential Energy Shaping of Underactuated Parallel Robots

In this section, we focus on the PDE of potential energy in parallel robots. A particular
structure of parallel robots is considered to shape the potential energy in a general form.
It should be noted that potential energy shaping is sufficient to stabilize a system if the
equilibrium point is natural, i.e., similar to downward equilibrium point of a pendulum,
it is oscillatory.

As indicated in chapter 3, the input mapping matrix G in parallel robots is equal to the
transpose of the Jacobian matrix. The Jacobian matrix is derived from time derivative of
inverse kinematic. Let us consider the inverse kinematic formulation of a general parallel
manipulator as

llzfl(X)7 lm:fm(X)’ (4'20)

then its derivative is

. & Ofi o T
l; = — X X =[X1,...,.X,]".
j;an J [ 1 ]

Therefore, J,(X) is in the following form

lefl Vanl
Jux)=| o (4.21)

Vx,fm - Vx,fm

in which Vx f; denotes the row vector of gradient of f;. This structure is a fundamental
role in the potential energy shaping of these robots. Although it seems that the equilib-
rium points of underactuated parallel robots similar to UCDRs are stabilizable by merely
potential energy shaping, the following assumption is presented to exclude any particular
system.

Assumptiom 1. The equilibrium point ¢* is a natural equilibrium point of the system.
In other words, it is possible to stabilize it by shaping only the potential energy. O

Theorem 1. Consider an underactuated parallel robot satisfying Assumption 1. The
solution of potential energy PDE (2.17) with Mg = M is

Vd:¢(f1,...,fm)+V, (422)

in which f;s are introduced in (4.20) and V is potential energy of the system.
(]

Proof. Invoking Corollary 1, it is clear that the non-homogeneous solution of (2.17) is
Vin = V. The homogeneous solution is derived from the following equation

G*'v,Vy=0, G=JT,
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in which g = X. This means that the vector V4V, should be perpendicular to the rows of
G*. Since the columns of G are gradient of the f;s, they are perpendicular to G*. Hence,
the functions f;s are the homogeneous solutions of the PDE. O

One of the most important properties of Theorem 1 is that it is possible to apply IDA-
PBC to the systems with any degree of underactuation. In the following, the solution of
potential energy PDE of the robots presented in chapter 3 is proposed.

Planar robot

Invoking Theorem 1, the solution of potential energy PDE of planar robot with Mg =M
is as follows

Vi=mgy + (;5(l1()()7 lg(X)) = mgy + qb(\/(az - acos(@))2 + (y - asin(9))2,

\/(m—b+acos(9))2 + (y+asin(9))2). (4.23)

At the first look, it may seem that the solution (4.10) is different from (4.23). However,
after some manipulations, it is shown that a solution can be derived as before by

(2acos(0) - b)z + 2asin(f)y — abcos(0) = (15 - 12)/2,
2+ y? —bx —abcos(0) = (12 +13)/2.
Note that although Theorem 1 simplifies solving PDE (4.5), it is not applicable if total

energy shaping is required.

Spatial robot

In this case, Vj is derived using Theorem 1 as follows

vd=mgy+¢(zl<x>,z2<x>)=mgy+¢(¢x2+y2+z2,¢<x—b>2+y2+z2). (4.24)

Similar to previous case, it is possible to show that (4.11) is equivalent to (4.24) in the
following form

x=(12-12+0b%)/20, Y+ 22 = (B + 13- 227 + b - b?) )2,

where = in the second equation should be replaced from the first equation.

Spidercam

Ax explained before, the advantage of Theorem 1 is its applicability to the systems with
underactuation degree of two or even more. Therefore, stabilization of spidercam via
potential energy shaping is possible. By this means, the desired potential energy is derived
using Theorem 1 as follows

Vi =mgy + ¢(11(X),12(X),15(X), (X)) (4.25)

where [;s are proposed in (3.27). Note that to the best of authors knowledge, this is the
first IDA-PBC designed for a system with underactuation degree two.
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4.3 Solution to Kinetic Energy PDE

In this section a constructive method to solve the kinetic energy PDE of the UaSs with
underactuation degree one is introduced. For this purpose, let us present a necessary
condition on the design of My as stated in the following proposition. Note that as ex-

plained before, ¢ is a stable equilibrium point if %L; =0 and also the Hessian matrix
q=q"
%2;? should be positive definite. Notice that the results of this section are published
a=q*
in [128].
Proposition 1. Consider PDE (2.17) and assume that s = n —m = 1. The following
inequality is a necessary condition for 882—‘;/2‘1 to be positive definite
q=q*
I(G*VV
(GlMdle) > 0. (4.26)
8q q=q*
|
Proof. Differentiating the PDE (2.7) with respect to q yields
o(G*VV) L OPVNT (G MgM ™)
- = (G*MzM + V. 4.27
Jq ( a 0q? ) Jq ¢ (4.27)

Note that VVq|,_g« = 0. Thus, (4.27) at g =q" is

I(G*VV)
0q

132VE)T

2
g2 :(a‘;d

dq

- (GlMdM—
q=q*

(GLMdM—l)T)

q=q* q=q*

By multiplying the above equation from left side to (GlMdM _1)|q=q*, the proof is com-

pleted by noticing that an arbitrary matrix A is positive definite if €L A¢ > 0 for any
£+0. O

In the sequel, with a minor loss of generality, assume that
G =PI, 0mxn-m]’, (4.28)

with P a permutation matrix that leads to G* = ef, ke{l,...,n} (e; is ith Euclidean basis
vector). Now we will Simplify the kinetic energy PDE (2.16) term by term. The first term
is:

oM™ oM™ oM™
3 3 p]" =p" p.

G*Vqe(p" M (q)p) =G*[p D, .., D
ol (9)p) [ oq, oq,, oq,

The following matrices are used in the sequel of this section

1 oM™ 1
m =
det a9 Dqe  (det M)2

M (q) = M(q) (4.29)

where M € R™™ is adjugate matrix of M and M e R™" is a matrix determining the

numerator elements of 8"8\4:. Notice that although the most previously works on this

topic have presumed that M (q) is a function of only some specified elements of g, here
M (q) is an arbitrary matrix. Note that in [88] it has been shown that for the UaSs with
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s =1, (2.16) is reduced to a single PDE utilizing free matrix Jz. By this means and with
regard to second term of (2.16), the following structure for Mg~!(q) is considered

ap 0 ... b 0 0
0 as ... b2 0 0
P : 0
Md_l = b1 b2 N a(q) bk bn,1 (4.30)
0 0 e bk ag 0
_0 0 ... bn—l 0o ... an-1 |

in which except diagonal elements, and the kth row and column, the other elements are all
zero. Note that a(q) is the only configuration-dependent element. a;s and b;s are designed
to be constant since our aim is to solve the kinetic energy PDE as simple as possible. By
calculation adjugate of My, it is inferred that kth row of adjugate matrix of Mg is
constant. This is one of the advantage of the proposed structure of (4.30). To streamline
second term of (2.16), G* MgM ™! is rewritten in the following form

1

G *MyM™ = 4.31
a det M det Mdfl’y ( )

where v € R" is a row vector independent of a(q). This point is another advantage of the
structure (4.30). The determinant of Mg ™' is

det Mg™" = ¢ra(q) + oo,

with ¢1, @2 being constant parameters that are function of a;s and b;s. By this means, the
second term of (2.16) is given by

n aM -1
T ) d
p i;(% 90 )p

det M det My~

G M M 'Vq(p" My ' (q)p) = (4.32)

where the only non-zero element of

is (k, k)th element. Note that if similar to some

8Md_1
0q;
of the previous papers such as [74,129], the matrix My is only a function of g, then

(4.32) is simplified to the following form

TOMg ™!
WP 5P

det M det Mz~

Invoking [74], we know that Ja is linear with respect to p. Hence, With the purpose of
simplifying the last term of (2.16), J2 is represented as follows

. 0 pTla(q) pTTn_la(q)
1 P na(q) 0 N 10’}
J2(q.p) = -7 " : a2 (4.33)
an2—2n+2a(q) an2—2n+3a(q) e 0

with ,a e R" i€ {1,...,n(n-1)}. This is not necessarily the structure of a skew-symmetric
matrix. However, in the sequel we will consider only the kth row of this matrix. Hence,
the kth column can be determined such that Jo = —J2T. Note that other elements of



4.3. SOLUTION TO KINETIC ENERGY PDE 42

this matrix can be determined arbitrarily. It is possible to express (4.33) in the following
compact form

1 & 7
Jo = RSV ;p oW, no =n(n-1),

where W ;s are defined as follows
W =W2 Wy,=wb . W, =W w,=w?' . w, =wml

where W7 is matrix of zeros except (i,7) element which is equal to 1. Notice that this
structure is general version of (4.15). Furthermore, G*J2 can be expressed as follows

1 T TLXN,
G (q)J2(p.q) = detMp J(@)A, J-= [1a noa] e R""0,
A=[(GW)T ... (GW,)T] e R
Thus, J A is in the following form
TA=[(-tynre2® 5 (1-1)n® O (octyna1 @+ k@] = B(@) e R (4.34)

It is clear that only one of the rows of Js appears in this equation.
Finally, third term in PDE (2.6) is

G*J2(q,p)Ma™ (q)p = p' BMy 'p, (4.35)

det M

with B(q) defined in (4.34). All terms in (2.16) are quadratic with respect to p and
shall be symmetric. Substituting (4.29), (4.32) and (4.35) in (2.16) leads to the following
equation

nOMy!
M Z%‘ '
i=1 i -1 1T
- +(BMg "+ Mg B')=0. 4.36
detd  dernryt T (BMa a B (4.36)
By considering the diagonal and up-diagonal elements, there are @ equations and

n(n—1) design parameters. For n > 3, the number of design parameters are more than the
number of unknowns. Hence, it may seem that it is possible to satisfy it without solving
a PDE. However, based on Lemma2 of [74], the rank of (BMy ' + My 'B”) is always
n — 1. Note that as explained before, we should solve s = 1 PDE [88]. Hence, (4.36) is
replaced by w -1 algebraic equations and a PDE with respect to a(q). Note that due
to the proposed structure of My~t, (k, k)th element of (4.36) lead to a PDE. By setting
the other elements equal to other elements-wise, some algebraic equations in the following

form shall be solved

1
det M

= _‘Il[(k—l)n—k+2a17 (b=1)n—k+2%2 + - 5 (b=1)n—k+2%1 (k-1)n—k+3%¥1> -+ +»

[Mir, Mig, ..., My, Maa, ... Myginys -, Man]”

T
(k=1)n-k+30n5 -+ > kn-kQLs -+ knkn] " (4.37)
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with
n(n+1)-2 _
v = ['l,bl cee d)n(n—l)] eR 2 xn(n-1)
T T T T T T
Py = [2a170k—27b170n(n+1)7k71] ) hy = [07a170n+k—47blvon(n+1)7n7k] )
2 2
T T T T T T
n+l = V32, Yk 3,91, Unniy y e n(n-1) = LYVk@n-k-1) .+»9n-1,Yn(nt1)-k(@n-k-1) ,
W [0,a2,07_4,b1,0 ] Vn_1) = [0 1,0 ]
2 2 2

in which,  a; denotes jth element of ;cv, and 0y, is a column vector of zeros with n elements.
The matrix ¥ is generally full rank; thus, equation (4.37) has at least one solution. The
remaining PDE is in the following form

i Oal(q)

Yi
= Ou M =
i=1 ? kk
det Myt detM 2 Z_l bi (1-1)n-k+14i% = 0. (4.38)

Notice that a;s and b;s should be designed such that Proposition 1 is satisfied, the inertia
matrix (or equivalently its inverse) should be positive definite, and the matrix ¥ has right
pseudo-inverse. The PDE (4.38) has the following cases.

casel: If similar to [129], the inertia matrix M merely depends on unactuated coordinate
oMyt

gk, then the first term of (4.38) is equal to Zket%. Hence, (4.38) is replaced by the
following ODE
da(qx)
k4 M A .
¢>1a(%;k+ b2 T detM 2 Z1 b1 (koyneri@h = £ (a0) (439

whose solution is

e®1F (@) — ¢,

5 (4.40)

a(qr) =

in which, X is an arbitrary constant and F = [ %qu. Notice that the proposed
method is more applicable than the one in [129] where a set of ODEs are derived
that are analytically solvable only if n = 2. The systems satisfy this case are not
restricted, but include ball and beam system [14], cart-pole [74], pendubot [84] and
some types of cranes [130,131].

case2: If Myy is zero, the second term of (4.38) is also zero. By this means, it is trivial to
design a(q) with respect to parameters in the last term. A particular state of this
case is reported in [74], where a(q) is designed analytically under this assumption
that it is a function of only one of the configurations. Here, since our goal is deriving
the simplest solution, a constant Mg with respect to Proposition 1 is considered.
By this means, we get rid of solving (4.38). Note that if M is constant; this case
is satisfied without paying attention to the structure of G(q). Hence, UCDRs are
one of the subjects of this case. The proposed controller for acrobot in [83] , VTOL
aircraft in [74] and inertia wheel pendulum in [14,94] are other application examples
within this case..

cased: In this case, a PDE shall be solved. It is possible to use the methods in the literature
to solve it. Furthermore, the proposed method in section 4.1 based on Pfaffian



4.3. SOLUTION TO KINETIC ENERGY PDE 44

Compute | ‘ ‘
inverse of M and Farm Mgl and : :
its partial | ydefinedin C?f:)::,(c: S]Q)
derivativeas ‘ (4.30) and (4.31) ‘ 2 ‘
(4.29)

| The remaining ‘ |

PDE (4.38) is Compute ;a; s ‘ Form equation
solved based on | from algebraic | (4.36)
the proposed ‘ equations(4.37) ‘ :
cases.

Figure 4.1: The procedure of solving the kinetic energy PDE based on the proposed method.

differential equations is another powerful tool. By this means, the PDE (4.38) is
equivalent to

det My'dgy ~ det My 'dg, da

1
Al Tn M E
e 2 bi (k-1)n—k+1+i %
i-1

For ease of readers, the design steps of My are summarized in Fig. 4.1. As seen in this
diagram, firstm invers of M and its partial derivative should be computed. Then, the
matrix My~ and the vector 4 are formulated as (4.30) and (4.31), respectively. The
matrix B(q) is computed from (4.34). After this, equation (4.36) is fomulated and ;o
is derived from (4.37). At last, the PDE (4.38) should be solved based on the proposed
cases. Some examples of this procedure are presented in Appendix B.

During this section, some of the advantages of the structure (4.30) were reported. In
the following remark, the motivation why this structure was considered, is presented.

Remark 3. The matching equation (2.16) related to kinetic energy shaping is a nonlinear
PDE. Moreover, its solution should be positive definite. According to this condition, a
novel structure for My~' was proposed that not only reduces the complexity of kinetic
energy PDE but also eases up verification of the positive definiteness of this matrix.
Additionally, this structure results in the vector « defined in (4.31) to be independent of
a(q) that reduces the nonlinearity of the PDE, and verification of Proposition 1 is quite
simple.
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4.4 Comparison of IDA-PBC to Simultaneous IDA-PBC

In this section, IDA-PBC and SIDA-PBC are compared. For this purpose, first, SIDA-
PBC is reviewed. Then we focus on the results of [89], where it has been asserted that
SIDA-PBC simplify the kinetic energy PDE, and show that practically SIDA-PBC is
equivalent to IDA-PBC.

4.4.1 Simultaneous IDA-PBC

In IDA-PBC, we use gyroscopic (workless) forces to simplify the kinetic energy PDE.
However, it seems that what is presented in the literature looses the generality of the
problem. Considering dissipative forces instead of gyroscopic forces is more general. A
typical example has been shown in [132] that the system

()0
Yy= !E%fﬂz
2

is conservative by considering H = 1/2z3z3. However, there is not a smooth skew-
symmetric matrix J(X) such that

ool
T2 T1T2

However, note that considering F = [z, -22]"

as a dissipative force that
(VATF = [z122, 2225 [21, -22]" = 0.

It should be noted that it is possible to represent a conservative system using dissipative
force, but it may not be possible with gyroscopic forces.
According to this fact, in [87,89], the target dynamic (2.14) is replaced by

[q] _ [ 0 Ml(q)Md(q)] [vqﬂd] . [ 0 ] (4.42)
p| |-Ma(g)M ' (q) 0 VpHa| |€(q,p) '

in which the vector €(g,p) denotes dissipative forces and will be determined later. Based
on stability criteria, this vector should satisfy

P'M;'e<0 (4.43)

Note that a particular choice of this vector is € = (Jo — GK,G' )Mz 'p which coincides
with IDA-PBC. This shows that SIDA-PBC is a general version of IDA-PBC.

By setting (4.42) equal to open-loop dynamic (2.9), the kinetic energy PDE (2.16) is
replaced by

G*(9){Vq(p" M (q)p) - MaM v 4(p" M4 ' (q)p) +2¢} =0, (4.44)

while the potential energy PDE (2.17) does not change. By considering the structure of
(4.44), it is inferred that the structure of € is in the following form

¢(q,p) = Alg,p)Ma'p (4.45)
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in which the matrix A is a free matrix such that its elements should be linear with respect to
p since the other terms in (4.44) are quadratic with respect to p (note that this constraint
is not necessarily applied to the part of € which is in range space of G). By this means,
the closed-loop dynamic (4.42) is in the following form

i 0 M (q)Ma(q)|[VqH.
[Z] ) [_Md(Q)M_l(Q) qA o vaHﬂv (4.46)

and (4.43) yields to

p My 'AM; 7 pT <.
A sufficient condition to ensure this inequality is

A+AT <o. (4.47)
By this means, the control law is derived easily as follows

u=(G'G) 'G"(VqH - MgM ' VqH,+ AMy 'p)

Note that in comparison with IDA-PBC that energy shaping and damping injection are
performed separately; here it is accomplished simultaneously. In [89], some examples of
solving the kinetic energy PDE using this method have been proposed.

4.4.2 Comment on SIDA-PBC

In the previous section, SIDA-PBC was introduced. At first sight, it seems that the
kinetic energy PDE is much easier in SIDA-PBC method. In the following, we show that
SIDA-PBC is practically equivalent to IDA-PBC.

The first point is the possibility of negative definiteness of A. Since the elements of
this matrix are linear with respect to p, it is impossible to derive a definite matrix. Hence,
the damping term should be added to the system through inputs. By which, the matrix
A should be in the following form

A=A, -GK,GT, (4.48)

in which the first term is lossless part of A appears in the PDE (4.42) and the second
term is damping injection, which clearly does not affect on (4.42). Note that if similar
to (2.18) the natural damping terms are modeled, the first term in (2.20) is added to
(4.48). By comparing SIDA-PBC with IDA-PBC, it is inferred that the damping term is
equal in both methods. The difference is limited to the skew-symmetric matrix Ja and
lossless matrix A,,. Note that both matrices are multiplied to Mg 'p from the right side.
Although it is clear that the number of free parameters in A,, is more than Ja, it seems
that the reported applications of SIDA-PBC are representable with IDA-PBC. In other
words, it is possible to replace A, with the skew-symmetric matrix Jo. In the following,
it is shown that the examples of SIDA-PBC are equivalent to IDA-PBC.

Cart-pole

In [79] a controller for a class of underactuated mechanical systems based on energy shaping
without solving the matching equations that is different from IDA-PBC has been reported.
In [89] it is asserted that this controller is in the form of SIDA-PBC with A in the following
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form
0 —Zkehubi gin(go)po
A = M
¢ [kak“k’“ sin(qg2)p2 kam?Bkk sin(q2)p1
1
B [ml COS((D)] ky[1 micos(g2)]. A

Other matrices have been proposed in [79,89]. Note that to design this controller, first a
partial feedback linearization has been used which results in a system in the form (2.9)
with the following new input mapping matrix

1
G- [ml cos(qg)] '

by this means, the second term of (4.49) is in the form GK,G”. Hence, (4.49) is in the
form of (4.48). As explained before, the matrix A is multiplied to M, 'p from right side.
Thus, we should find Jg such that

1 0 2k2 k‘ k:k Sln 9 9 ~
Md[kakukk Tl (22)p _ .My 'p
2 Lt sin(ge)pe 4t sin(ge)p1 p2

Considering this equation, it is inferred that a suitable choice is Jo = MgJa,, .., Mg with

Ja,. ! ==Ja,..,. One can easily verify that
B 0 —2asin(q2)p2
Jznew - [2a Sin(q2)p2 0 (450)

Hence, the proposed controller is exactly an IDA-PBC.

Ball and beam

The second example is ball and beam system (see Section 7.1.4 for more details). In [133]
a controller based on direct Lyapunov method has been design. In [89] it has been asserted
that that controller is a SIDA-PBC. The matrix A is in the following

0 __qip + \V 2€+Q%Q1p2
A:—lMd \/e+q% E‘HI% Md—é \/2€+q% \/E+q%
2 ap \2erdape 0 el Ve+ra 2e+q?

P)
\e+a? €+qy

53]

The first term is apparently skew-symmetric. Furthermore, the last term is in the form
GK,G" with G = [1,0]7. The second term is arisen from modeling the natural damp-
ing term of the system (i.e., —=dp1) as discussed in (2.20). Therefore, this case is also
representable with IDA-PBC methodology.

At the end of this section, it is necessary to disclose two points. The first one is that
the motivator example (4.41) is representable with a skew-symmetric matrix as follows

. 1
| _ 01 s m%x% . 0
T2 T 0 TiT2 1
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Although this matrix is not smooth, it is merely a representation on the paper that may
give us some insights into the system. By this means, one may argue that SIDA-PBC
prevents this non-smooth structure. The other point is that although we showed the
current literature of SIDA-PBC does not differ from IDA-PBC, it may find some cases
that it is not representable with IDA-PBC.

4.5 Conclusion

In this section, we concentrated on the matching equations arisen in IDA-PBC method.
One method was based on Pfaffian differential equations in which a nonlinear PDE was
replaced by some Pfaffian equations. This powerful method has successfully been applied
to several systems, such as planar and spatial underactuated cable-driven robots. Potential
energy shaping of underactuated parallel robots with application to stabilization of UCDRs
was another subject of this chapter. Furthermore, a systematic approach to solve the
kinetic energy PDE of UaSs with underactuation degree one. In the end, a comparison
between SIDA-PBC and IDA-PBC was performed and it was shown that the current state
of SIDA-PBC is not different from IDA-PBC for mechanical systems.



Chapter 5

IDA-PBC with Bounded Input

In this chapter, we concentrate on designing IDA-PBC with bounded inputs. For this
purpose, two different methodologies is introduced. The first one is based on analyzing
the control law of IDA-PBC term by term. By this means, the upper bound of velocity is
calculated, and then the upper bound of all terms is derived. Another method is based on a
suitable definition of the free part of the interconnection matrix. An optimization problem
with respect to this matrix is formulated and solved analytically for the mechanical systems
with at least two actuators.

5.1 Bounded Input IDA-PBC for Mechanical Systems

In this section, the upper bound of IDA-PBC’s control law is derived. First, we focus
on the terms related to potential energy shaping. A suitable form for the homogeneous
solution of potential energy PDE is considered such that limits its derivative. However, the
difficulty of computing the upper bound of control law is velocity-dependent terms. Since
the upper bound of velocity is generally unknown, computation of the upper bound of
velocity-dependent terms is challenging. Here, the upper bound of velocity is analytically
computed, and then using this value, the upper bound of velocity-dependent terms are
derived. Notice that the results of this section are published in [134].

First, assume that the elements of input mapping matrix G are only 0 or 1. As indi-
cated in Corollary 1, the solution of potential energy PDE (2.16) is divided to homogeneous
(Van) and non-homogeneous (Vg,) parts. The homogeneous solution is computed from the
following PDE

G* MM 'y, Vy, =0,

as follows
Van = ¢(Vany , Vang, - - - ),

in which ¢ is an arbitrary function and Vs are the homogeneous solutions. Note that ¢
is chiefly defined in quadratic form to satisfy (2.11). This form leads to very large or even
unbounded control law. Hence, the function ¢ should be defined such that the inputs are
confined. Invoking [91], it seems that it is possible to confine the homogeneous solution
by designing Vg, as follows

Van = 3 ki f S(Van, = Van, )dVan, (5.1)

where, V= Van,|4-q+ and S(z) shall be designed based on the following items

49
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1. §(0) =0,
2. S is an increasing function which is bounded with the upper bound |S|< 1,

d>S(x)
3. dz?

#0, Va #0.

For example, S(x) = tanh(z) is a suitable choice. Note that in contrast to fully actuated
robots, suitable definition of S(x) does not guarantee boundedness of homogeneous so-
lution of all the UaSs. This problem is related to the physical property of the systems
and is confirmed by Brockett’s theorem [135]. For example, consider the cart-pole system.
it is clear that if the position of the pendulum is close to the horizon, an immense force
is required to prevent it from falling. In this cases, irrespective of S(z), the functions
Van and Vg, may be non-smooth, resulting in unbounded control law. Hence, we consider
the following assumption to foster the rest of this section. Note that we will relax this
assumption by Remark 6.

Assumptiom 2. Consider a mechanical system with natural damping represented by
the model (2.18). Presume that the input mapping matrix is constant as (4.28). The
coefficients k;s in (5.1) are chosen sufficiently small. Similar to bounded input controllers
that have been designed for fully actuated serial robots, the actuators should be capable
to compensate the terms related to potential energy shaping. In IDA-PBC, these terms
are

uy = VgV — MgM v,V (5.2)
Hence, it is necessary that the following inequality is satisfied
(VqV = MgM 'YVl < un,, (5.3)

with upz, being the upper bound of actuators. This means that the actuators can com-
pensate the effects of gravitational force in the workspace. Note that in (5.3), (-); denotes
the ith element of () while 7 is related to only actuated joints. Based on (5.3), it is also
assumed that there exist the constants cy;s and cy;, such that

(VaV)il<cvi,  [VgVal < v (5.4)
O

Note that this assumption is not restrictive since V4V is bounded for all the systems
in workspace and also it is always possible to find cy,, see Remark 6 for more details.
Now consider the terms related to kinetic energy shaping which are as follows

VoK - MgM ™'V K,. (5.5)

Note that it is possible to add the term Jo Mg 'p to (5.5) since it is used to simplify the
kinetic energy PDE. Since K = 1/2p” M'p and K4 = 1/2p” Mz 'p, it is obvious that the
terms in (5.5) are quadratic with respect of p. Thus, confining the velocity may lead to
limitation of the terms related to kinetic energy shaping. The results are proposed in the
following theorem. Before that, the following required assumption is stated.

Assumptiom 3. There exist constants cy;s, cy,, ¢y and cp,s such that

(VaK)i <enrlpl?, [1VeKal < ealpl?, [J2(ap)| <cslBl, Al <en,  (5.6)
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where p= Mg 'p and A := MgM ™. O

Notice that this assumption is satisfied mathematically for CDRs and the robots with
revolute joint, and practically for all the systems in the workspace.

The upper bound of the control law is derived in the following theorem. Note that the
particular structure G = P [Ty, 04.m]” will be relaxed in Remark 5.

Theorem 2. Consider a mechanical system represented with the model (2.18) and control
law (2.15). Assume that condition (2.21), Assumption 2 and Assumption 3 are satisfied.
The the following items are inferred:

a) The upper bounds of |p|| and |p| are

Hy(to) . Hy(to)
pgy‘—_éc, Bl < | ) . 5.7

b) The ultimate bounds of |p|| and ||p| are derived as follows

Amaz{ Mg ' }\1/2 VyAmaz{Ma "} .
Ip| < (QmartMa Y2 Vadmas (5.83)
5 )\max{Md} 1/2 cv,
< 2 oo, 5.8b
7 (Amm{Md}) MR} -7 (5.80)

where A\pin{-} and A\pe.{-} denote the maximum and the minimum eigenvalue of
{-}, respectively, and p is an small positive scalar.

c¢) The upper bound of |u| is
cy, + e cy, + (CMZ. + cAich)cI% + chZ% + Amaz { Kv } 5, (5.9)

in which ¢, and ¢; are the upper bounds of |p| and |p||, respectively. In general,
¢p = ¢p1 and ¢ = cpp,unless [p(to)]| < cp2 and Pp(to)| < cpe, then

cp =min{cp, cp2}, ¢y = min{cp, co b
|

Proof. a) Consider H; as a Lyapunov candidate. The trajectory of the system with initial
value H,(tp) descends to lower level sets because Hy is negative semi-definite. Thus, the
following inequality is inferred

1 5 1 _
§>\mm{Md}Hp||2 & §>\mm{Md Yp|? < Kq < Hq < Hy(to).

Hence, the upper bounds of ||p| and ||p| are derived easily as indicated in (5.7).
b) Consider the desired kinetic energy K as a Lyapunov candidate. Since Hy = K +Vj,
we have the following equation

K;=H;-Vy (5.10)
Using this equation, time derivative of Ky is

Kg=-p" Mg 'RaMy'p- (VqVa) My 'p
<= [pIPAnin{Ma P Amin{ R2} + | VgVl Amae {Ma "} p|. (5.11)
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Due to the satisfaction of (2.21) that means Ry is negative definite, this inequality ensures
that |p| is bounded since the first term which is negative is proportional to |p|? while
the other term is proportional to |p||. Note that the Lyapunov function (5.10) has the
following upper and lower bounds

1 _ 1 _
5)\min{Md 1}Hp”2 < Kd < EAmax{Md 1}Hp”2'

On the other hands, the right hand side of (5.11) is less than —u|p|? if:

ol > i AmatMa )
A IMaT A i { Ra} — 1

where € R > 0 is an arbitrary value such that the denominator be positive, while the
upper bound of V4Vj is replaced by cy, based on Assumption 3. Invoking Theorem 4.18
of [136], the ultimate bound of |p|| is derived as (5.8a). Similarly, the ultimate bound of
p is derived as (5.8b). Notice that one may compute the upper bound of p using (5.8a).
However, it is more conservative than (5.8b). Note that by considering (5.8a) and (5.8b),
it is obvious that these ultimate bounds are reduced by increasing Apin{Rz2}. It should
be noted that these ultimate bounds are also the upper bounds, if the initial condition of
p and p are less than c,o and cp2, respectively.

¢) Considering Assumption 3, the upper bound of ith element of the kinetic energy
shaping terms proposed in (5.5) is

(cMi + c,\i,t:]\/[d)cfO (5.12)

with the parameters defined in the Assumption 3. Notice that as explained in previous
chapter, the elements of Ja are linear with respect to velocity. Thus, similar to (4.14), it
is given as
no
J2(q,p) = Z;i)T,-a(q)Wi
iz

in which ng = @, and W;s were introduced in (4.15). Since a;s are determined based

on PDE (2.16), it is inferred that

|J2(q, p)[ < cslpl- (5.13)

Therefore, Jop has also an upper bound proportional to |p|?. The remaining term in
control law is the damping term which has the following upper bound

| KoGTD| < Aoz { Ky }cp. (5.14)

Finally, the upper bound of ith element of control law (2.15) is derived through summation
of the above terms given in (5.4), (5.6), (5.12), (5.13) and (5.14) as (5.9). O

Remark 4. The natural damping of a system represented by R does not depend on
whether a configuration is actuated or unactuated. Therefore, it is possible to R be a
positive definite matrix. If all the friction-like terms of a system are modeled, condition
(2.21) is certainly satisfied. However, if they are not modeled, or if (2.21) is not satisfied,
part b of the Theorem 2 is not applicable. Hence, for a system without natural damping
terms, the upper bound of the velocity is derived from part a of Theorem 2. Furthermore,
if the natural damping is included in the model and Rs is positive definite, the upper
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bound of the velocity will be the minimum of the two upper bounds obtained in parts a
and b of the Theorem 2. |

In some UaSs like parallel robots [137] and VTOL aircraft [74], the input mapping
matrix G(q) is configuration-dependent. Additionally, in some cases, the bound of the
control law is not necessarily symmetric (i.e., @y, # —uy; with u,, and uy; being the lower
and upper bounds of actuators, respectively), e.g., in cable-driven robots, the control law
shall be positive since cables can only push [138]. In the following remark, these issues are
investigated.

Remark 5. Consider G(q) as a full rank matrix that maps the actuator torques/forces
to configuration space torques/forces of the system. Based on a physical and energy-based
point of view, it is bounded in the entire workspace. Thus, presume that,

I(G"&) G| < G, |G < G

In this case, the upper bound of the control law is derived based on the results of Theorem 2
as follows

GM(CV +ep, ey, + (CM + cAich)cf, + CJCI%)) + G Amaz { Ky } 5, (5.15)

with || V4 V| < ¢y, which is more conservative than that of (5.9). For the cases in which the
bounds of the controller are non-symmetric, the lower bound of the actuators should be
calculated separately. In this case, presume that ¢ denotes the minimum of all elements
of the following expression in the workspace of the robot

(GTG)—laT(qu - MdM-lqud).

Hence, using (5.15) the lower bound of the control law (2.15) is derived as
- GM((CMz + CAich)Cf; + CJCE) - Gm)\maa:{Kv}Cﬁ‘ (5.16)

By this means, if this value is positive, tensile forces in CDRs are ensured. Note that
the aforementioned upper and lower bounds are general, but they are very conservative.
Hence, for a specific system, one may derive less conservative bounds. O

One of the main features of the IDA-PBC is that the stability of desired equilibrium is
ensured without a switching in the control law. However, it may require high control effort
in some cases. This fact is in confirmation of Brockett’s theorem [135]. The reason is when
the generalized positions of the system are close to a singular region, the control effort will
get enormous values. As an example, for the cart-pole system [74], when the pendulum
is close to the horizontal configuration, the control effort should get very enormous values
to prevent the pendulum from falling. The following remarks are given on this issue.

Remark 6. In the Assumption 2, V4V, is presumed to be bounded. However, in some
UaSs, V4Vy is non-smooth. By considering Hy as a Lyapunov candidate, the system
trajectory starts on the level set Hy(to) and goes to lower level sets. The maximum value
of ¢; —q;, is found by setting p =0 and ¢; = q; forj=1,..,i—1,i+1,....n in Hy and set it
equal to Hy(to) = Vy(to) since

Va(to) < Hq < Hy(to)-
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By this means, the upper bound of each element of V,V; is derived. Therefore, Assump-
tion 2 is always satisfied. This will be used in the VTOL aircraft example explained in
Chapter 7. O

Remark 7. The maximum torque/force of actuators is practically limited, and it may
be lower than the computed upper bound proposed in (5.9), which maybe leads to ac-
tuator saturation. Poor performance or even instability are the results of this situation.
Furthermore, this may lead to a divergence of the configuration variables from the region
of attraction of the controller. As explained in Remark 6, large control efforts might be
due to the initial configuration of the system in the vicinity of the singular regions. In
order to rectify this problem; it is possible to design a two-phase controller, such that the
goal of the first phase is to bring the system into a configuration away from the singular
points, and then IDA-PBC, as the second phase, will be applied. The design of the first
controller is case-dependent and might be done by prior knowledge of the system and the
reported methods in literature such as [139,140], but usually not a prohibitive task. We
assume that the first phase controller is designed suitably such that the closed-loop system
is stable and the configuration variables reach to a new configuration far from singular
points. The stability of the system is ensured under this assumption since the first phase
which is applied in a period of time, brings the system into a new configuration, and then
the IDA-PBC, which has a precise stability proof, is applied. Furthermore, since from
Theorem 2 and Remark 6, it is inferred that the upper bound of IDA-PBC depends on
the initial condition of the system, the first phase aims to bring the system into a new
configuration such that in this situation, the upper bound (5.9) is less than the upper
bound of actuators (note that the new configuration is the initial condition of IDA-PBC).
0O

5.1.1 Discussion

Here, we discuss how the derived upper bound can be used to design a suitable controller to
keep the control effort within the actuator’s limit. Furthermore, a comparison with similar
works in the literature is accomplished to validate the proposed method. Additionally, the
applicability of the method to fully actuated systems is also described.

In (5.9), except the upper bound of the gravity (i.e., c¢y), the other parameters are
either derived from the matching equations or the free gains of the controller (i.e., K, and
k;s defined in (5.1)). Thus, derivation of a suitable solution of the PDEs and appropriate
selection of the gains lead to a suitable controller with respect to the practical limitation
of the actuators. Smaller values for k;s result to lower control efforts and its bound,
with the expense of a slow rate of convergence. On the other hand, the effects of K,
can be considered twofold. With a larger value of K, it is expected that the control
law is augmented. However, it may reduce the upper bound of the velocity. Hence, it
is possible to decrease the upper bound of control law by enlarging K,. In order to
analyze the relation between K, and control law, first, its effect on the fully actuated
systems is investigated. After this, UaSs are categorized into two classes, and each case
is analyzed in detail. Notice that the proposed upper bound may also be extended to the
fully actuated systems without either solving the PDEs or requirement to the condition
(2.21). Furthermore, note that in most cases ¢y < ¢p2 and it may be inferred that cpy is
not useful. However, in total energy shaping of fully actuated systems, it is conceivable
to decrease cpp arbitrarily by increasing K. It is due to the fact that in a fully actuated
system, enlarging K, leads to increasing A, {R2}, while this is not necessarily held in
UaSs. Therefore, with K, = kI,, and a large k € R > 0, the upper bound of the fully
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actuated systems is approximated by the following expression:

Amaz{Ma} )1/2'

Cy; +cpcyy t+ Cvd(
‘ ‘ Amzn{Md}

In UaSs, suitable selection of K, is more complex. If ¢; = ¢jo, the right hand side of (5.14)
is as follows

)\mal‘{Md} )1/2 CVdAmaz{Kv}
Amzn{]\Jd} /\mzn{R2} - K

By setting p to be infinitesimal (p ~ 0), and replacing Rg from (2.20), the following
equation is derived

)\max{Kv} _ )\max{Kv}
Amin{R2}  Apin{3(RM ' M4+ MM 'R) + GK,G"}

)\mam{Kv}Cﬁ = (

(5.17)

Hence, in order to decrease the upper bound of the damping term, if RM ' My+MsM 'R
is positive definite, K, ~ 0 is a suitable choice. Otherwise, K, should be sufficiently large
such that Rg > 0 is satisfied. From (5.8a), it is also inferred that the upper bound of
the velocity is reduced by having a larger value for A\, {R2}. In the cases in which
RM 'My+MsM 'R >0 and Amin{R2} depends on K,,, analytical design of K, is not
facile, and it can be chosen case by case. However, under RM ™ 'My+MsM 'R >0, and
Amin{R2} is independent of K,G”p, K, =0 is the best choice for minimizing (5.9).

In Theorem 2, the upper bound of the control law was computed. Since the control
law of IDA-PBC was not modified, the domain of attraction depends on the solutions of
potential and kinetic energy PDEs [74]. However, in the cases that the upper bound (5.9)
is larger than the upper bound of actuators, Remark 7 is a suitable way to get rid of
this problem. Otherwise, the domain of attraction of the controller is shrunk. This is the
expense of using a bounded input controller with prescribed bounds.

Another method to address this issue is the modification of IDA-PBC approach. It
should be accomplished such that the stability of the closed-loop system is not endangered.
This is the main concentration of the next section.

5.2 IDA-PBC with Prescribed Bounds

In this section, we concentrate on the problem of designing an IDA-PBC for a mechanical
system such that saturation of the actuators is prevented. Presume that Assumption 2
with Vj defined as (5.1) is satisfied. By virtue of Assumption 2, define u,, and uys as the
lower and upper bounds of actuators

Uy <UL Uy (5.18)

In order to satisfy this inequality, the matrix Jy, is added to the target dynamic (2.14) as
follows

al_[ © M My [ Valla (5.19)
p| |-MgM™" Jy-GK,G" +J,||VpHa| '

where J, € R™" is a design parameter. Note that adding extra parameters to other
elements of the matrix in (5.19) is not straightforward since q = M, 'p should be held in
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closed-loop. By this means, the kinetic energy PDE (2.16) is replaced by
G {Vq(p"M'p) - MyM v 4(p" My 'p) +2(J2 + J) My 'p} = 0, (5.20)

the potential energy PDE (2.16) does not changed, and the control law is
w=G(VqH - MgM 'VoHy+ (J2 - GK,G" + J,)VpHy), (5.21)

in which G = (GTG)™'GT. Furthermore, the stability condition is in the following form
Hy = (VpHa)" (-GKG" + Jn)Vp Hy, (5.22)

which should be negative (semi) definite. Considering PDE (5.20), it is clear that the
obtained solution of (2.16) does not satisfy (5.20) in general. Therefore, it seems that the
proposed solutions for specific systems are not usable here. Additionally, the stability of
the closed-loop system is not ensured. With the purpose of remedy these problems, it is
reasonable to design J,, such that it is in range space of input mapping matrix and it is
skew-symmetric. This structure leads to vanishing J, in PDE (5.20) and its ineffectiveness
on stability criteria (5.22). Hence, J,, is in the following form

Jn = GJ,GT, (5.23)

with Jy = —Jy ! € R™M™ a9 a design parameter. Since a skew-symmetric matrix has at
least two rows, the following assumption is required.

Assumptiom 4. The mechanical system has at least two actuators, i.e., m > 2. O

The control law (5.21) may be decomposed as follows

u=u;+uy (5.24)
ug = c(qu - MgM 'V Hy+ (Jo - GKUGT)VpHd)
uj = GJnvad,

in which u; represent the normal IDA-PBC control law and wj; is the added design pa-
rameter with respect to actuators’ bound. Replacing (5.23) in (5.24) results in u; =
JuGTVpHd = Juyaq with yq as follows

ya:= G VpH,. (5.25)
Incorporation of (5.18) and (5.24) yields
Uy <UT+Uy < UYL (5.26)

Adding —*m31 t0 all sides of (5.26), results in

Um,; + UM, | < UM, — Um;

, fori=1,...,m (5.27)
2 2

|uIi RO
in which the index ¢ denotes the ith element of a vector. With a minor loss of generality,
replace (5.27) by the following inequality

M}’ (5.28)

futs = bl < o= in
i 2
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with
b=-u;+———. (5.29)
Note that (5.28) is derived by calculating the largest and the lowest values of the left and

right-hand side of (5.27), respectively. It is clear that if (5.28) is satisfied then (5.27) is
satisfied. See the following lemma for more details.

Lemma 1. A sufficient condition for equivalence of the inequality (5.27) to (5.28) is
satisfaction of one of the following conditions.

a) upr — U = K[1,--,1]7 with an arbitrary scalar &,

b) Uy, = k[1,-+,1]7 and uys = &'[1,--,1]7 with arbitrary scalars x and ',
C) Up = —Upy.
|

Proof. Notice that inequality (5.28) is the worst case of (5.27) in which the maximum
value of the left hand side, and the minimum value of the right hand side of (5.27) are
replaced. If all elements of the right hand side of (5.27) are equal, i.e.,

UM, — Um,  UM; — Um;
2 2

for every i, € {1,...,m}. (5.30)

then it is required to prove that the inequality (5.28) holds. Now the condition (5.30) is
verified for the above cases.

a) It is the simplest case that apparently satisfies (5.30).

b) It is clear that if all components of u,, and wys are the same, then (5.30) is held.
Note that this case is very fit for parallel robots.

¢) If u,, = —uyy, it is possible to form the new control inputs as tnpew, = wi/upr,. In this
case, the upper and lower bounds of all components of w,e, are 1 and -1, respectively.
Hence, this coincide with case b) and thus, (5.30) is satisfied. This case is fit for serial
robots in practice. O

In [125] the inequality (2.18) was replaced by a 2-norm and this conservative problem
was solved for the case of fully actuated CDRs. In the following, we focus on the problem
(2.18). Since the design parameters are in the matrix J,,, the inequality (5.28) should be
reformulated. Hence, uy = Jy,yq is represented as follows

V3 = Juya, (5-31)

m(m-1) m(m-1)

where Y(g,p) € R™ ™2 is matrix representation of y4 and J € R™ 2 contains the
components of J,, as

T=urar- s Jurms Jusgs oo 17,

?» “Um-1,m
with J,, represented in the following form

0 Juyy oo Jupm

Juo| e O el

“Jurm  ~Jugm - 0
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The structure of the matrix ) is defined as follows. Denote the ith column of ) by
Y(:,i) and (i,7)th element of Jy, as J,, ;. Presume that J; is (j, k)th element of matrix
Ju, ie., Ji = Ju;, with k > j. Due to skew-symmetric feature of the matrix Jy, J; is
multiplied to two elements of yg with different sign since J,, , = —Jy, ;. Therefore, in the
new representation )J, every column of matrix ) has only two nonzero elements with
different sign. In Y(:,7), the non-zero elements );; and Yy ; are derived as follows

Vii = Ydy, Vii = =Yd;-

For example, for m = 2 and m = 3 the matrix ) is in the following form

y yd2 ydg 0
m=2: Y= [_5; :| , m=3: Y= ~Yd, 0 Yds (532)
! 0 “Ydi  ~Yd,

The problem is now designing the vector J with respect to

V3 = bl < p, (5.33)

with p as(5.28). As it will be described in the latter theorem, the rank of the matrix )
has a critical role in solving (5.33). In the following lemma, the rank is computed.

Lemma 2. Under Assumption 4,
rank()) =m - 1.
|

Proof. Since Jy, is skew-symmetric, (VpHg)? J,(VpHg) = 0, from (5.23) and (5.31) it is
inferred that (G7 VpHy) T Ju(GTVpHy) = ya V3 = 0. Due to satisfaction of this term for
every J, the following equation is deduced

yq' Y =0. (5.34)

Based on this equation, the structure of ) and also the dimension of Y which is mx m(mT_l),
it is inferred that

rank()) = min(m, @) -1

Clearly, for m > 3, it shows that rank()’) = m — 1. The remaining case is m = 2 that from

(5.32) it is apparent its rank is one. Thus, generally it is argued that rank()) =m-1. O

Due to rank deficiency of ), we should find the best value of 7. The main results of
this section are gathered in the next theorem where the following optimization problem is
solved

min V3 - bl (5.35)

Theorem 3. Consider the optimization problem (5.35) and presume that the optimal
solution is denoted by J*.
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1. Define

. . w!’b

g = maln—m (536)

T
w'b

4. ————>0,

3 wlv(a)

in which

v(a) =[(-1)™, ... (-1)*=]", (5.37)
with a; € {0,1} for i e {1,...,m} and zo denotes left kernel of

A=Yyt (5.38)
such that ? A =0. Then, ¢* is the minimum value of (5.35).

2. In order to derive the optimal J, consider ¢ such that the matrix A (¢, /) is full rank
where A, (i, j) is obtained by elimination of the ith row and jth column of A. Then,
J* as the optimal J is

3 =)y"Tx", (5.39)
where

x*=[01,...,00-1,0,0p,...,0m]"

0 := A (£,0)(be(0) + 0" v (0)) (5.40)

in which v* = v(a*) and b(i) means ith element of b is omitted.

Invoking Theorem 3, the control law is
w=ur+uy =G(VoH - MgM'VoHy + (J2 - GK,GT)VpHy) + V3" (5.41)

Proof. 1. Since range{)Y} = range{ny}, for simplicity J = YTz is set with o € R™ as the
new design parameter. By this means, the problem (5.35) is in the following form

min [ Az - b« (5.42)

with A introduced in (5.38). In order to prove this part, the problem is separated into
two cases.

a) Suppose that for any 7 € {1,...,m}, the matrix A.(i) which is derived from elimi-
nation of ith row of A, is full rank. Then, it is shown by contradiction that the absolute
value of all components of Ax* — b, with x* as optimal solution, are equal. Define the
residual vector r = Ax — b and presume that the absolute value of one of the components
of r* = Ax* - b is smaller than the others, where with out loss of generality, the last
element is considered as the smallest value. Hence, The problem (5.42) is reformulated in

the following form
[Ae(no]m* ) [be(m)] _ [ré(m)]
A(m,:) bm e |
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in which A(m,:) denotes the mth row of A. Since A.(m) is full rank, it is possible to
reduce r;(m) and acquire a new optimal residual vector denoted by r** such that the
largest absolute value of r’*(m) is equal to |r;*|. Thus, a smaller value for (5.42) is
derived and this is a contradiction.

b) Suppose that 4 and b are decomposed as follows

o) el
Ay bo
in which rank of the matrix A; € R™”™ is r — 1 and Ay € R™ ™™ g full rank. Then
absolute value of all components of A;x* — by are equal. This claim is easily proven by
referring to the case a) because the matrix Ajg is full rank and the minimization is limited
by [A12 — b1 |« that from the prior case, the absolute value of its components in & = x*
are equal. Notice that in this case, it is feasible to set the last m —r components of the
residual vector r* equal to zero. However, to derive a general solution for x*, it is set
equal to || A1x* - b1|e. Thus, it is asserted that the absolute value of all components of
Azx* - b are equal.

According to above statement, the optimal residual vector is in the following form

in which the components of the vector v are in {-1,1} as determined in (5.37). From
Az - b = ov, it is deduced that —w’b = o(ww?v) in which w belongs to the left kernel
of A. The optimal ¢ is derived by selecting the optimal sequences of 1 and -1 in v, as
indicated in (5.36).

2. Based on previous part, using ¢* and v*, the optimal x is computed from Ax* -b =
o*v*. A method is removing the /th equation and also £th column of A such that A.(¢,¢)
is full rank. By this means, the special solution x* is derived directly as (5.40) and then,
3 =YTx*. Note that due to rank deficiency of A, x* is not unique.

O

Theorem 3 proposes the best solution of the optimal problem (5.35). However, it
does not necessarily satisfy the input constraint (5.33). Therefore, although the results of
Theorem 3 minimize the actuators’ efforts with respect to Jy, it is not possible to ensure
boundedness of inputs with prescribed bounds using merely a skew-symmetric matrix.

5.2.1 Satisfaction of Prescribed Input Bounds for a Particular Class of
Systems

In some cases, such as potential energy shaping of fully actuated serial robots [92] and
total energy shaping of inertia wheel pendulum (where the inertia and desired inertia
matrices are constant results in vanishing kinetic energy shaping terms) [94], by defining
Vg as (5.1) and selection of conservative gains, the desired equilibrium point is stabilized
while preventing the actuators from saturation. In this case, full power of the actuators
are not used. Here, a methodology is designed for a class of mechanical systems to ensure
stability with bounded input.

Assumptiom 5. Suppose that one of the following states holds.

1. The desired equilibrium point q
shaped.

is natural such that merely potential energy is
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2. The term Vq(pTM 71p) is zero. Thus, total energy shaping is accomplished with a
constant M.

O

Notice that a large number of systems such as VITOL aircraft [74], inertia wheel pen-
dulum [94], UCDRs [17,123] and cranes [141] satisfy Assumption 5. For the case of fully
actuated systems, the control law is modified to

U=Uyg+ug+uy

up = -kG(VqVa+ GK,G" vV, Hy)
uy = GJnvad = yﬁ, (543)

in which k > 0 is a design parameter determined later, and in this case G = G™*. For the
case of underactuated systems, the control law is modified as follows

U=Ug+ug+uy
up =G(VyV - MgM™'vVy)
up = ~kG(MgM 'VoVy, + GK,G" VpHy)
uy=GInVpHg=YJ, (5.44)

in which from first case of Assumption 5, Mg = M is selected if ¢* is the natural equilib-
rium point. Under satisfaction of second condition in Assumption 5, My will be a constant
matrix. Note that ua contains some of the terms of controller related to potential energy
shaping and wp includes all the terms that depends on the gains, i.e., K, and k;s in (5.1).

Theorem 4. Consider a mechanical system represented as (2.9) with control law (5.43) if
it is fully actuated, or (5.44) if it is underactuated. Suppose that Assumptions 2, 4, 5 and
Lemma 1 are satisfied. ¢* denotes the solution of (5.35) derived from applying Theorem
1 with b = —up with k = 1. Define k as

1 if o*<p
k= (5.45)
% otherwise
with
U, + UNT
pli=p=ua - == . (5.46)
Then, q* is stable while prescribed bounds of actuators are met.
|

The interpretation of this theorem is that at first, Theorem 3 is used. If the control
law is not within the prescribed bounds, then k is modified as (5.45) such that the input
constraints are held. Notice that under Assumption 5, it is feasible to guarantee stabiliza-
tion with bounded inputs via only modification of the gains in up. However, using Jy, a
better response with less conservative inputs may be achieved.
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Proof. Invoking [142], the system is stable by considering the following Lyapunov function
candidate,
44" OVan(r) dr,

or
whose time derivative is equal to (2.8). The left hand side of (5.27) in this case is in the
following form

1
V= 5pTMaflp Vg, + fo

Um +UN Uy + UN

2

|ua+up+u;- loo < up +uyfoo + |ua - oo
where triangle inequality was used. By virtue of Assumption 2 and Lemma 1, it is simply

deduced that p’ > 0. Now we should prove that |up +u | < p’, or equivalently,
Y3 -0l <,

with b = —up and k = 1. After applying Theorem 1, if o* < p’ with ¢* as the solution
of (5.35), this control law is within the actuators’ bound. Otherwise, consider equations
(5.36), (5.39) and (5.40). Clearly, J* is linear with respect to b, which itself is linearly
dependent on k. Thus, J* is linear with respect to k. Hence, J* and b are both linear
with respect to k results in linearity of o* to k. By this means, k should be reduced such
that 0* = |VJ* - b||e < p' is satisfied. From linearity of J* and b to k, the control law is
modified based on (5.45). Therefore, the control law is within the prescribed bounds of
actuators. O

At the end of this chapter and based on the above theorem, it is possible to propose
a simple practical method to confine the control law. The results are presented in the
following proposition.

Proposition 2. Consider a mechanical system with dynamic formulation (2.9) under
Assumptions 2, 5 with the following control law

= sat(G(VqV — MMV, V- GK,,GTvad)) (5.47)

in which the function sat(-) is the standard saturation function as follows

Umazx; Ui > Umaz;
sat(u;) =4 u; Umin; < Ui < Umaz, (5.48)
Umin; U; < Umin,

in which ., and ;e should be chosen such that
U, < Uming s UM, > Umag, - (5.49)

Then g* is stable with bounded inputs.
|

Proof. The boundedness of the inputs in the prescribed bounds is immediately derived
from (5.47). Furthermore, the stability proof is similar to the proof of Theorem 4. In
other words, we claim that the control law (5.47) is equal to the controller of Theorem 4
with w; = 0. Note that the terms in control law which are independent of the gains
are necessarily inside the bounds of actuators. Hence, if control law is out of the range
[Wimin, Wmaz |, it is possible to choose the gains such that w coincides with the edge of the
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[Wmin, Wmaz |- This means that saturation of the control law is equivalence to a controller
with varying gains. This completes the proof since Theorem 4 ensures the stability of a
controller with varying gain. O

5.3 Conclusion

In this section, we focused on the bounded input IDA-PBC for mechanical systems. The
problem was examined from two different perspectives. The first approach was based on
the calculation of the upper bound of each term in the control law. Based on the suitable
definition of Vg, and computation of the upper bound of velocity, the upper bound of
controller was derived. The effect of non-smooth terms in potential shaping was analyzed,
and a two-phase controller was designed to prevent enormous control law. The second
method was devised with the purpose of satisfying the prescribed bounds of actuators.
Using the free part of the interconnection matrix, the problem was reformulated in an
infinite norm optimization, and the analytic solution was computed. Modification of IDA-
PBC for a class of mechanical systems such that the control law is within the prescribed
bounds was another achievement of this section.



Chapter 6

Other Developments of IDA-PBC

This chapter presents a number of advanced methods of IDA-PBC. First, IDA-PBC with
position feedback for a class of underactuated manipulators is designed. Then, we concen-
trate on the problem of stabilization of UaSs in the presence of parameter uncertainties. It
will be shown that generally, this problem does not seem to obviate using an adaptive con-
troller without the requirement of correct estimation of parameters. However, for a class
of mechanical systems, it is possible to design an adaptive IDA-PBC such that stability
of desired equilibrium point is ensured while the parameters are not necessarily estimated
correctly. Another achievement of this chapter is a simplification of potential energy PDE
for stabilization of natural equilibrium points such that the non-homogeneous solution is
not required. Finally, gravity compensation of actuated joints in the entire workspace is
replaced by desired gravity compensation. By this means, only the gravity term in the
desired pose is needed.

6.1 IDA-PBC with Position Feedback

As explained in chapter 2, using immersion and invariance (I&I) observer, it is possible
to design IDA-PBC by merely position feedback [107]. However, I&I is designed based on
the solution of two sets of PDEs that restrict its applicability. Here, a simple well-known
velocity observer in mechanical systems which is usually called “dirty derivative” is used
to implement IDA-PBC with position feedback on a class of systems including UCDRs.
Let us first introduce this observer. Consider a fully actuated serial robot with dynamic
formulation

M(q)Gg+C(q,9)a+6(q) =u,

in which M (q) is inertia matrix, C(q,q) denotes the centrifugal and Coriolis matrix,
G(q) = V4V is the vector of gravity terms. The control law for regulation problem is
designed as follows [105,143]

u=0G(q)-Kp(g-q") - Kqv (6.1a)
U=-Av+ Bgq, (6.1b)

with Kp, K4, A, B € R"*" being arbitrary positive definite matrix. Note that the control
law is the well-known PD with gravity compensation, but g is replaced by its estimate

64
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denoted by v. Notice that the observer (6.1b) may be represented as follows

q.=-A(g.+B(g-q"))
V:qc+B(q_q*)7 (62)

with g, being an auxiliary variable. Asymptotic stability of closed-loop system is easily
proved by considering

V= 3d M@+ 5(a-a) Kpla-a") + v KaB v
as a Lyapunov candidate. Note that by integrating (6.1b), it is inferred that v is a function
of q.

Now consider IDA-PBC methodology. Since the controller (6.1a) is a particular form
of potential energy shaping, it seems that the observer (6.1b) is applicable to IDA-PBC
when potential energy is shaped, or M and My are constant. The results are presented
in the following proposition.

Proposition 3. Consider a mechanical system with dynamic formulation (2.9) (or (2.18))
under satisfaction of Assumption 5. Then, the equilibrium q* is stable with the following
control law

u=(G"G)'G"(VqV - MgM 'V,Vy) - K,G'v
v =-Av+GK,GT M, 'p, (6.3)

in which Vj; satisfy PDE (2.17).

|
Recall that Assumption 5 contains a number of UaSs including UCDRs.
Proof. Replacing (6.3) in (2.9), the closed-loop system has a PH structure as follows
q 0 MM, 0 VaHa,..
pl=|-MgM™! 0 -GK,GT ||VpH,,,, (6.4)
U 0 GK,GT -A V,Hy. . .
with
L
Hdnew = Hd + 51/ v. (65)

Consider Hy . as Lyapunov function. Its derivative is

new
H; =-vTAv.
new

Hence, v converges to zero. Replacing v = 0 in the dynamic of observer, it is inferred that
GK,GTv,H,,, , converges to zero. Hence, q* is stable.
O

Remark 8. In Proposition 3, it was possible to represent the closed-loop equations with
control law (6.3) as PH form (6.4) since VqHg,,,, = VqVq or Mg = M. In other words, if
the kinetic energy shaping terms in control law (2.15) are not omitted, it is not possible
to use the dirty derivative observer. In this case, we may design an I&I observer with the
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expense of solving two sets of PDEs. Note that although designing 1&I observer for the
cases satisfy Assumption 5 is straightforward, it is not possible to represent the closed-loop
system in PH form. O

6.2 Adaptive IDA-PBC

In the IDA-PBC approach, it is assumed that the dynamic parameters of the system are
known. However, the exact value of the parameters is usually uncertain in practice. Fur-
thermore, in some cases that the input mapping matrix is state-dependent, such as VT OL
aircraft and UCDRs, some parameters in G may be uncertain. A powerful method to
address this issue is adaptive control. This method categorizes to some classes, including
model reference adaptive system, (MRAS) such that stability is ensured without necessar-
ily correct estimation of parameters. Indirect adaptive control is another method that the
parameters are estimated online. Here, the aim is to develop MRAS for IDA-PBC method-
ology that stability of desired equilibrium point is ensured in the presence of uncertain
parameters. In the following, we show that this problem is generally hard to solve.

Due to uncertain parameters in M and V', presume that we have the following regres-
SOTS:

Vq(pTM_lp) - MdM_1Vq(pTMd_1p) +2JoMy'p=[Y11,Y12][071,05]" = Y16,

(6.6a)
VgV = MgM ™ 'V,Vy=[Y2,Y9][05,05]" = Y205, (6.6b)
where
Y1011 = Vq(pTMflp), Y2012 = —Mdelvq(PTMdflp) +2J2My ' p, 6.7)
Y 21021 = V4V, Y 22022 = ~-MgM 'V, V. .
It seems that if the following matching equations are satisfied
GH(Y160,) =0, G*(Y305) =0, (6.8)
then by applying the following control law
uw=(GTG)'GT (Y10, +Y20,) = (GTG) 'GT (Y16, + Y 10,)
+ (GTG)_lGT(Ylél + Ygég), (69)

the following equations are derived for the closed-loop system
q|_ 0 MMy |[VeHqa 0
| = 1 T + ~ ~ |, (6.10)
p —MdM J2 - GKvG VpHd Y101 + Y202
By considering V = Hy + %éTI‘é as a Lyapunov function with Y = [Y'1,Y5], 8 = [67,0277
and I' a free positive definite matrix, its derivative is

V= p' My \GK,G My 'p+p' My 'Y +8 T6. (6.11)

By defining the adaptation law 8 = -I"'Y” My~ p, under satisfaction of (6.8), the deriva-
tive of Lyapunov function (6.11) is -p” My 'GK,GT M4 'p. It is clear that a sufficient
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condition for satisfaction of (6.8), is that 61 =0 and 6, = 0. Generally, we should have
6; € null space{G*Y 1}, 65 € null space{G*Y,},

such that (6.8) is held. This is the major problem of designing adaptive IDA-PBC such
that ensuring stability of system depends on some conditions on estimated parameters.
Furthermore, the proposed adaptation law is not well-defined since it is a function of My
which is unknown. Additionally, the expression of the terms in (6.6) in regressor form is
doubtful due to the fractional terms. Hence, based on the above shortcoming issues, it is
clear why an adaptive IDA-PBC with respect to dynamical parameters has not yet been
reported in the literature. In the following, we try to design adaptive IDA-PBC for a class
of UaSs. A particular form of the following theorem has been designed for spatial CDR
in [144].

6.2.1 Adaptive Potential Energy Shaping of UCDRs

Before presenting the results, we need to the following assumption.

Assumptiom 6. The natural damping matrix of the robot is positive definite, i.e., there
exists the constant o such that

0<o<min{ry,....r,} with R =diag[ri,..., ] (6.12)
where R was defined in (2.18). O

Note that not only this assumption is not restrictive due to several elements such as
air resistance, but also it lead to a better simulation of real world.

Theorem 5. Consider a general n-DOF UCDR with potential energy V = mgy and the
solution of potential energy PDE is derived as (4.22). The control law is designed as
follows

u=(GTG) G (VyV - VqVy) - K,G* tanh(q) (6.13)

where

V =gy, Vi =gy + > 1heiIncosh(f;) + ki Incosh(fi — f7),
=1

m denotes the number of cables (actuators), m is the estimated value of the mass, and
q = X denotes position and orientation of the end-effector. The constants ¢;s are derived
from the condition V4Vy| a=q*> and positive gains k;s are chosen such that Vng‘qzq* > 0.
The adaptation law of m is

0 if u>0& m=m
m=1{0 if p<0&m=m (6.14)
Y else
wi=—qt > ¢;VqIncosh(f;) - Rtanh(y - yd)( > ¢ Vyln cosh(fi))
i=1 i=1

in which « > 0 is a free gain, m and m are the upper and lower bounds of m, and R is an
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arbitrary value satisfying

m , 2 ¢
0<R <min{\l ; ((1 +tanh2(fi*)) (E;—J;)Q o + tanh(f") (ZyJ;Z q:q*) /m,
o2 dno” } (6.15)
mnA2 AK,} M o(o+v/mnAme{Ky})?% +omn)? , {K,}
Then q* is asymptotically stable with bounded inputs.
[ ]
Proof. Replacing the control law (6.13) in (2.18), yields
q 0 I,||VqHy 0 | m 0
[p] ) [—In —R] [vad] B [GKUGT tanh(q)] Ty CiVqln cosh( f;) (6.16)
Consider the following Lyapunov candidate
V= %pTM71p+Vd+ Rtanh(y — yq)p2 + %y*lm? (6.17)

First it should be shown that the above function is a suitable Lyapunov candidate. For
this purpose, the third term in (6.17) together with %mgf may be expressed as follows

2 mRr?

..

§m(y + Ntanh(y—yd)) tanhQ(y—yd).

Hence, all the terms in (6.17) are clearly non-negative except the terms related to y. For
this purpose, define

mNQ m
tanh?(y — yq) + mgy + > mec;Incosh(f;)
i=1

h:=-

It is simple to show that V4 = 0. Furthermore,

o
Oy?

% f;
0y?

=—mr? + rzn; ((1 +tanh?(f;")) (25)2

+ tanh(f;")

q=q

)
qq*)

which is positive definite with respect to (6.15). Thus, (6.17) is a suitable Lyapunov
candidate. Its derivative is

q=q*

V=-4g"Rq-4¢"GK,G" tanh(q) + mg’ Z ¢iVgqIncosh(f;) - Rtanh(y - yd)(mg
i=1

+ > me; tanh(f;)Vy f; + ki tanh(f; — £7)Vy fi + 29 + (GEK,G” tanh(g))2
=1

i=1
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Replacing adaptation law (6.14) in the above equation, yields
V=-¢"Rg-¢"GK,GT tanh(g) — X tanh(y — yd)(mg + Z me; tanh(f;)Vy fi
i-1
+ kitanh(f; — f")Vy fi+ro2y + (GKvGT tanh((;))g) + mR(l - tanhQ(y - yd))y'2
<-q" Rq—Rrtanh®(y - yq) + Rro| tanh(y — ya)|[§] + RmnApee { Ky }| tanh (y - yg)|
| tanh(g) | +mxg?,

in which |G|z < |G|F < v/mn [145], and based on the structure of f;s, the following
inequality was used

mg + Y me; tanh(f;)Vy f; + ki tanh(f; - f7)Vy fi > ktanh(y - yq), K< 22
i=1 mg

Hence, by defining ¢q, ¢ R™! as a part of the velocity vector by omitting ¢, V may be
represented as follows

| tanh(y _ yd)| T o mn)\m;z{Kv} r2+mn)\ng{Ku} |tanh(y B yd)|
Vx| ltanh(a, )l | | mPeEe 0 Jtanh(q,, )|
T mn max v
4 B 0 2/ m 191
(6.18)

which is negative definite under (6.15). Hence, using Lasalle theorem, g* is asymptotic
stable. Furthermore, based on Remark 5 and projection algorithm defined in (6.14), the
control law is bounded. Positive tension is ensured by suitable selection of the gains with
respect to (5.16), or using Proposition 2.

O

The semi-strict Lyapunov candidate (6.17) has a significant role in suitable designing
of adaptation law and, as a result, stability analysis. This fact is explained in the following
remark.

Remark 9. Consider a general UCDR, with control law (6.13) and the following adapta-
tion law

. m
m=-q" Y ¢;Vqlncosh(f;).
=1

By considering
1 1
V= §pTM_1p + Vg + 57—%2
as Lyapunov candidate, it is simple to verify that p — 0. This means that all of the

configuration variables of the robot converge to desired values. However, convergence of
y to y* depends on correct estimation of m since the remaining dynamic is

mg+m Y. ¢;Vylncosh(f;) + Y k;iVyIncosh(f;),
=1 =1
which is zero in y = y* if m =m. 0

In addition to the uncertainty in the dynamic parameters, the parameters in the input
mapping matrix may also be unknown. However, as discussed at the beginning of this
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section, since in general, these parameters appear in the PDEs, it is difficult to design
a suitable adaptive IDA-PBC controller. However, in some cases, the structure of G is
such that G* is independent of the parameters of G. Thus, it seems that it is possible to
design an adaptive IDA-PBC concerning unknown parameters in G. Invoking the novel
idea developed in our articles [39,146], in the following proposition, an adaptive IDA-PBC
with respect to kinematics and dynamics parameters is designed for 3-DOF spatial UCDR.

Proposition 4. Consider the spatial UCDR with dynamic formulation (3.22) satisfying
Assumption 6. The control law is designed based on (4.13) as

w= (G G) G (VgV - VoVi) - KoG' tanh(v) (6.19)
b = —~Atanh(v) + GK,G [4,9, 82]7,

with
k1 tanh(x — z4) T z ¥ oz
VqVia = | 2imckoytanh (ka(y? + 822)) |, G :[I@E " lzl]7
2incko Bz tanh (ko (y* + B2?)) I

where ki, ko are positive gains and it is presumed that the length of cables are known.
The constants ¢ and 3 are

m -g
= — = . 6.20
o ¢ 2kayq tanh(koy?) (6:20)

The adaptation laws are

0 if u>0& m=m
m=10 if n<0&m=m (6.21)
Y1t else
pi= =g, B2][2ckay tanh (ka(y* + B2%) ), 2cka Bz tanh (k2 (y” + 52%))]"
— 2ckoRy tanh(y — y4) tanh (kzg(y2 + Bz2)),
(0 if 6 >0&b=b
b=10 if i€y <0&b=b (6.22)
fyg:irll‘—; else

with 77, m,b,b being the bounds of 77, B, while R should be chosen with respect to the
following inequality

R < min {\/—g/yd +4mck3y?/ Cosh2(k:2y§), 4ko | (4KTT - 0?),

FXmin {AH (9N (Ko} + T2 Amin {A}) }, (6.23)

with 0 < k < =4, Then q* is asymptotic stable with bounded inputs.
mg
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Proof. The closed-loop dynamic of the robot is

ql 0 M Mg|[VeHa| 0 L0, 500
[p]_[—MdM_l Ry :||:V;1)Hd:| [GKvGTtanh(V)] [51]+b[€2] (6.24)

with the following parameters

0 #
&, = 2ckaytanh (k:g(g2 + ,6’22)) €9 = 6 , Ry = diag[r1, 72, r_3]7 My = diag[m, m,m].
2cky Bz tanh (ko (y? + 822)) 0 B

Note that (6.24) is derived by replacing G = G - G in the dynamic of the system. Now,
consider the following Lyapunov candidate

1 1 1 _1sg ¢
Y= 5pTMd_lp + Vg + Rtanh(y — yq)p2 + 57;17%2 + 572_1172 + > Incosh(v;).  (6.25)
i=1

Similar to Theorem 5, one may verify that under (6.23), it is a suitable Lyapunov function.
Its derivative is

V= —r1i? - a5 - %32.2 ~[#,5, B2]GEK LG tanh(v) +m[y, B2][&, &) + by

- Rtanh(y - yd)(mg + 2mckoy tanh (kg(yQ + 62’2))) - Rrgtanh(y — yq)y

—Rtanh(y - yd)(GKvGT taunh(l/))2 +Rm tanh(y — yq)2ckay tanh (kzg(y2 + Bzz))

Rmyg? T3 .9

m - b = 3 3
T+ —m+ —b+ Y tanh(y) i < —r @ - ro? - =2
cosh*(y —yq) M V2 ; o B
+ Rro| tanh(y — yq)||y] + Nmyf + mnR A ez { Ky } tanh(y — y4)|| tanh(v) ||

- Rk|tanh(y - y4)|* - tanh(v)” A tanh(v),

hence, V is rewritten in the following form

. . r3 .o
V< —r1x2 -—=Z
B
T A'rrula: K‘U
| tanh(y - ya)| K po el tanh(y - yg)|
-R 9] Z T-m 0 9] :
| tanh(v)| %ﬁf{v} 0 AWMT{A} | tanh(v)|

(6.26)

which is negative definite due to (6.23). Boundedness of inputs is derived from Remark 5,
or Proposition 2. ]

6.3 Robust IDA-PBC

as discussed in Chapter 2, designing robust IDA-PBC with matched disturbance has at-
tracted more attention from researchers rather than adaptive IDA-PBC. In [96], nonlinear
PI and nonlinear PID terms have been added to IDA-PBC to design a robust controller
with respect to constant matched disturbance. The method, which is applicable to the
mechanical systems with constant input mapping matrix is based on non-trivial change of
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coordinate. A robust IDA-PBC controller for PH systems with constant G has been re-
ported in [97] where the matched disturbance, which is derived from another PH structure,
is rejected. The results of the last-mentioned paper were generalized in [98] to include the
systems with configuration-dependent input mapping matrix. [99,101,102] are the works
that design robust IDA-PBC with respect to unmatched disturbance. Unfortunately, as
indicated in [100], the results of these papers are not correct. Thus, it is inferred that
rejection of matched disturbance is well studied. Furthermore, robust IDA-PBC with
respect to unmatched disturbance is still an open problem due to the following reasons:

1) The damping term GK,G" is not negative definite. In other words, it is not
possible to inject damping to unactuated coordinates.

2) The unmatched disturbance appears in the matching equations.
Due to these problems, It is very challenging to design a robust IDA-PBC with respect to
unmatched disturbance. In the following, we analyze some particular cases. Let us first
introduce the following simple but practical proposition in which has been published for
a particular case in [147].

Proposition 5. Consider a mechanical system subject to matched disturbance as follows

[?’] ) [—(}n ﬂ [giff] * [G?q)] (u+d), (6.27)

1) The equilibrium q* is stable with the following control law
U= Ues + Ugj — Ksign(GTMd_lp), (6.28)

in the presence of bounded disturbance |d|| < @ where ues + ug; was defined in (2.15) and
K e R™™ is such that A\, {K} > w.
2) The equilibrium g* is stable with © = ws + ug; as (2.15) if

[0 |d|2dt < oo, (6.29)

Proof. 1) By considering H, as a Lyapunov function, its derivative is

Hy=-p" M 'GK,G" My 'p+p' My 'Gd - p" My 'GKsign(GT My 'p)
<-p"My 'GK,G" My 'p+ |p" Ma ' G| |d] - Amin{ K }|p" M4 G|
< —)\min{KU}||pTMd_1GH2a

which prove that q* is stable.
2) Similar to previous part, time derivative of Lyapunov function Hy is
Hd = —pTMd_lGKvGTMd_Ip + pTMd_IGd
< -Amin{K,}|p" Mg G| + |[p" Mg G||d|

Using the young inequality:

2
xyska:2+i—k, r,yeR keR >0,

H, is as follows

. B B B dl?
Hy < Ddmin{ K} p! Mg G| + k|p" My G| + |p" Mg G|? + %.
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Integrating both sides of above inequality yields

¢ ~ t ~ t|d|?
Hd(t)—Hd(to)s—ft Amin{ Ko} p" My IG”zd“ft klp" M 1G”2dt+ft ”4lﬂ dt-
0 0 0

Rearranging the terms yields

t A t|d|?
[ Qunin{ Ko} = )" Ma Gt < Halto) + [ 1.
to to 4k
The left hand side is positive if k is chosen such that A\, { Ky} > k. By limiting ¢ - oo
and considering the constraint (6.29), it is inferred that integral of a positive value is
bounded. Hence, based on Barbalat’s lemma [136], |p” My 'G| converges to zero. Thus,
it is deduced that g is stable. O

Notice that the term Ksign(G? My 'p) may lead to chattering phenomena [137] that
degrade the performance in practice. Replacing “sign” function with a smooth function
like “tanh” may rectify this problem with the expense of an ultimate bound for the error.

As explained before, the solution of potential energy PDE is separated to homogeneous
and non-homogeneous parts. In some cases, derivation of non-homogeneous solution is
difficult. Furthermore, in potential energy shaping of underactuated parallel robots, it is
desirable to set V; = Vg, since based on Theorem 1, Vg, = ¢(l1,...,lm) and the function ¢
may be defined easily. In other words, satisfaction of ¢* = arg minVy(q) with V; = mgy+Vy,

m
needs some calculations while V; = Vi, = Z ki(l; - ll-d)2 has a nice physical interpretation
i=1
that the minimum value of Vj is the pose that the cables’ length are equal to their desired
values. The results are proposed in the following proposition.

Proposition 6. Consider a mechanical system with IDA-PBC controller such that V; =
Van is designed suitably. Then g is stable if the following inequality is satisfied

9%V,
2
dq q=q*

>0, (6.30)

in which

(G*VV)G* -1
Vi =Vg+ ———— My "Mdgq,
‘ f jGrr e
should be integrable.
[

Proof. By defining V; = Vg, it means that instead of potential energy PDE (2.17), the
following PDE has been solved

G*MzM v,V =0.

this means that the gravity vector V4V has not been compensated in unactuated coordi-
nates. Hence, the closed-loop dynamics of the system is

ql 0 MMy ([veH, o 6.1
p| |-MaM™ Jo-GK,GT||VpHy| % ’ (6:31)
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where the last term indicates the gravity terms related to unactuated coordinates. Now,
if

G'VvV)G*
VZKd+Vd+ f %Md_lqu:Kd-FVn, (632)
is a suitable Lyapunov function, its derivative yields —p’ My 'GK,G* My 'p which
shows that q* is stable. V exists since V), is integrable. Note that V), is merely a function
of q; thus, we should have

9%V,
0q?

oV

= = 2
o =0 )

>0. (6.33)

q:q* q:qx-

Notice that the first condition of (6.33) is trivially satisfied since

oV,

OVul  _ 9Va
dq

= q

(G'VV)G*
IG*[?

_a

My, 'M = B

=0
q=q*

q=q~ q=q* q=q*

Recall that g = ¢* is an equilibrium point if GLVV|Q:q* = 0. Hence, it is sufficient to check
the second condition of (6.33). O

Note that Proposition 6 is related to stability of g* in open-loop. By this means, if it
is stable, then this proposition is certainly applicable.

6.4 IDA-PBC with Desired Gravity Compensation

Proportional derivative with gravity compensation (PD-GC) is a well-known controller
to stabilize fully actuated robotic systems in the desired pose. This controller is based
on compensation of gravity at the current position of the robot. A simpler version of
PD-DG has been introduced that the gravity is compensated merely at desired pose.
This controller which is called PD with desired gravity compensation (PD-DGC) has been
successfully applied to serial robots with revolute joints [148]. The control law of PD-DGC
is as follows

u=G(q")-Kp(qg-q*) - Kqq,

with K, Kq being positive definite matrices. The stability of closed-loop system is guar-
anteed by the following Lyapunov function

Vo H+ §<q—q*>TKp<q—q*> ~(a-4)7G(q"),

under this constraint
)\mzn{Kp} > Kg,

where 4 is a constant satisfies the following inequality

1G(q1) - G(a2)|l < kglay — aal; for everyq,, g;in the workspace of the robot.
(6.34)

In this section, we aim to merge PD-DGC with IDA-PBC to derive a simpler controller.
For simplicity, we focus on the systems with constant input mapping matrix as (4.28).



6.5. CONCLUSION 75

Proposition 7. Consider a mechanical system with input mapping matrix as (4.28) and
the following control law

U = Ues + Ug; — vqa‘/(q) + (vqav(q))| (635)

q=q*’
where V;, My are derived from the matching equations and ¢ = [q,,q,]" with q, ¢ R™
and g, € R"™ denote the actuated and unactuated coordinates, respectively. The gains
of V; should be chosen such that the following inequality is held

82Vd 8vqav(q) )
0q? dq

+ MMy 'G( >0 (6.36)

a=q*
Then, under the integrability condition of the following expression, q* is stable
[ @ MMIGY V)it - [ §T MM (94,V (@), dt
|

Note that the control law (6.35) is similar to IDA-PBC’s control law and merely the
gravity compensation in actuated coordinate is replaced by desired gravity compensation.
Hence, the matching equations do not change.

Proof. Under the itegrability condition, consider the following Lyapunov candidate
V=Hy+ [ T MMG GV, V()dt- [ d"MM'G 94,V (9)),,. dt

Note that it is a suitable Lyapunov function since

oV _ _
h VgVa+ MMy 'GVq,V(a) - MMy ™' G (Vq,V(D)| -
and thus, ?)—V =0 and 22—12] >0 due to (6.36). One may easily verify that
4 lg=q* 9" lg=q*
V=-p"M;'GK,GT M, 'p.
Hence, g* is stable. O

6.5 Conclusion

In this chapter, some developments of IDA-PBC were introduced. First, we concentrated
on IDA-PBC with position feedback, and it was shown that dirty derivative of velocity
might be employed to address this topic for a case of UaSs. Adaptive and robust IDA-PBC
were other subjects of this chapter. By this means, adaptive IDA-PBC for potential energy
shaping of UCDRs with unknown mass and also total energy shaping of spatial UCDR with
kinematic and dynamic uncertainties were proposed. Furthermore, simplification of solving
potential energy PDE that leads to the elimination of non-homogeneous solution was
analyzed. Finally, IDA-PBC with desired gravity compensation for actuated coordinates
of mechanical systems with constant input mapping matrix was designed.



Chapter 7

Simulation and Experimental
Results

In this chapter, the proposed controllers are applied to some different systems to evaluate
the performance. By this means, some simulations and experiments are presented. In
the following, first, simulation results are exhibited and then, experimental results are
introduced.

7.1 Simulation Results

In this section, the results of previous chapters are verified through several simulations.
For this purpose, first, using the solution of matching equations proposed in Chapter 4
together with the results of Chapter 5 and Chapter 6, some controllers are implemented on
the UCDRs. Furthermore, some benchmark systems are utilized to show the effectiveness
of the proposed methods in detail. Note that despite analyzing the controllers via some
experiments, the simulations are also presented to test the performance of the controllers
in accordance with the conditions of the theorems/propositions.

7.1.1 Planar Underactuated Cable-Driven Robot

In this section, some controllers are applied to planar UCDR introduced in Section 3.1.
For this purpose, the results of Section 4.1.1 are utilized to design some controllers based
on potential energy shaping. A common method to define the function ¢ in (4.10) is
quadratic form. Hence,

V= mgy + ax + B + ks (x = xa)* + ka (¢ = va)?, (7.1)
with
x = (2acos(0) - b)x + 2asin()y — abeos(h), P = 22+ % — bz — abcos(h). (7.2)

Defining V; as (7.1) leads to appearance of the terms including y* and z3 in the control
law. A better definition of V; which is proposed in (5.1) is as follows

Va=mgy + ax + B + ks Incosh(x — xq) + k4 Incosh(¢) — 1g). (7.3)

By this means, V4Vy is a function of  and y. The positive gains k3 and k4 should be

. ¢ 2 . .
chosen concerning daq‘gd > 0 while the constants « and § are derived from %—‘;‘1
9=q*

q=q*

76
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as follows

al| |2acos(0g)—b 2x4-b T o (7.4)

Bl | 2asin(fy) 2Y4 -mg|’ '
The gains k3 and k4 together with K, shall be chosen based on Remark 5 such that positive
tension in cables are ensured. Since V4Vj is a function of z3,y% and x,y, respectively, we
should use the method proposed in Remark 2.2 to compute the upper bounds of potential
energy shaping terms in the control law. However, this method leads to conservative gains.
Note that for simplicity, we merely concentrate on assurance of tensile force in cables.

In order to compare the results, the sliding mode controller proposed in [123] is also
simulated. The control law is [123]

—cos(0)(y—asin(0)) n -T

y—asin(0)

. - y—asin{f) ) L
z—acos(0) y—asin(0) s [ sin(0) (z—acos(6))
u = I Iy T I
z-b+acos(0) y+asin(h) 0 ) cos(8) (y+asin(9))
I3 I3 y+asin(0) ] 15
1o sm(@)(a:flbﬂz cos(6))
2

([73 ?]m ["’89] —Ks—msgn(s)) (7.5)

with K,T',v >0 and

' x—acos(6) y—asin(0) -T v
k=[f(X, X)vyi|= |JT(37 ) [w—bﬂilcoS(@) y+agn(9)] [ 0 :| |
Iz Iz
2y%cos(0) - 2zysin(0) + by sin(0) — absin®(0) il
- 2azsin(0) — 2ay cos(0) + by — absin(0) i

and
v=TX, X' =X-X", s=X -v=X'+TX, X'=[y,0]".

The parameters of the robot are a = 0.5m,b = 8m and m = 2Kg. Based on the above
explanations, it is deduced that k3 = k4 = 0.01, K, = Io and k3 = k4 = 0.1, K, = 315
are suitable gains for IDA-PBC with desired potential energy given in (7.1) and (7.3),
respectively. The gains of sliding mode controller are K =T =215 and v = 3. Note that
it is tried to choose the gains of (7.4) such that the settling time is close to settling time
of the other controllers. The results are proposed in Fig. 7.1-7.3. Fig. 7.1 and Fig. 7.2
show the results of IDA-PBC with desired potential energy (7.1) and (7.3), respectively,
while the results of sliding mode controller (7.5) are presented in Fig. 6.4. It is clear
that all the configuration variables converge to their desired values. More precisely, the
best performance is related to the IDA-PBC with V; as (7.3). However, the control
efforts are quite different. The lower value of control effort of the controllers based on
energy shaping is about 5NN while it is less than —5N with sliding mode controller since
positive tension has not been considered in this controller. Clearly, negative control law
leads to poor performance or even instability of the system. Furthermore, a transient
chattering in inputs is apparent due to the “sign” term. Another disadvantage of this
controller in comparison with energy shaping controllers is its dependency on the full
dynamic parameters of the system. In other words, the potential shaping controllers
merely require the mass of the system while the other controller needs mass and inertia
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Figure 7.1: Simulation results of potential energy shaping with V; as (7.1) on planar UCDR.
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Figure 7.2: Simulation results of potential energy shaping with Vj as (7.3) on planar UCDR.

of the end-effector.

In order to examine some of the results of Chapter 6, Proposition 3 and Proposition 6
are also simulated on this robot. Proposition 3 is applied with V; as (7.3) and A =10. In
Proposition 6, V; = Vg, is designed based on Theorem 1 as follows

Vi =kiIncosh(ly - l14) + ko Incosh(ly - lag), (7.6)
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Figure 7.3: Simulation results of sliding mode controller [123] on planar UCDR.

where k1 = ko = 1 are chosen. Simulation results are illustrated in Fig. 7.4 and Fig. 7.5.
Fig. 7.4 shows the results of Proposition 6. It is clear that replacing ¢ with v does not
affect on the stability of the closed-loop system. Comparison of this figure with Fig. 7.2
shows that the performance of this controller is similar to original IDA-PBC with a bit
more oscillation in the initial times of control effort. The results of Proposition 7.5 are
depicted in Fig. 7.5. Although Vy, is eliminated in control law, all the configuration
variables converge to their desired values. Comparison between (7.3) and (5.25) show that
Proposition 7.5 simplify controller design for UCDRs. Additionally, the control efforts
are far from zero in the initial times that is another superiority of this controller since in
regulation, inputs have usually the largest value at the beginning.

7.1.2 Spatial Underactuated Cable-Driven Robot

In this section, the proposed controllers are applied to the spatial UCDR proposed in Sec-
tion 3.2. First, some controllers including potential energy shaping, total energy shaping
and sliding mode are implemented on the robot. For this purpose, a controller relied on
potential energy shaping is designed based on (4.11) with the following desired potential
energy

V= kiIncosh(z — 2*) + ko Incosh(y? + 22 — ) + mgy (7.7)

where ki, ko are free positive gains and the constant « is derived from VVd|q:q* =0 as

follows
l+a mg

1—(1)7 a:_2k2y*'

2
a=y" —0.51In(
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Figure 7.4: Simulation results of Proposition 3 on planar UCDR.
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Figure 7.5: Simulation results of Proposition 6 with V;; as (7.3) on planar UCDR.

The other controller is based on total energy shaping with My as (4.12) and desired
potential energy (4.13) which is designed as follows

Vy = k1 Incosh(z — 2*) + ¢; Incosh(y? + m22) +mgy, (7.8)
m



7.1. SIMULATION RESULTS 81

with k1 € R* a free parameter and the constant ¢y is derived as follows

mg

(q=-—
! 2y* tanh(y*?)

Note that ¢; is a positive constant since y* < 0. Furthermore, we simulate the controller
based on total energy shaping with configuration-dependent M. For this purpose, the
desired inertia matrix given in (4.19) is

m 0 0
2
Mg=|0 % +k Q%yz , (7.9)
0 %yz 5+ ko
s are
kiz k
T T 1 2Y 4T
1O = [0,0,0] ; Q= [0,0,0] , g = [0,—%,%] s (710)
and the desired potential energy is designed as follows
2 2 m’g
Vi =kslncosh(z — ™) + kg Incosh(koy” + k127 — o) + k—(y -y"), (7.11)
1
in which « is )
L2 1+a mog
=k -0.51 ) =
« 2Y Il( 1— a) a 2k1k4yx—

In order to compare the results, we invoke to the controller designed for planar UCDR [123]
and develop it for this case. The control law is as follows

z  z=b7171 : s
_|n - T e | 7sign(2)2
u [zﬁ i ] (ml/ +[0,mg]" - Ks /i51gn(s)) [fysign(z),é (7.12)
1 2
with the following parameters
v=T 33_37* ) S = SU ) K:7|ZZ|+,Y|ZZ|7
Y-y Y h ly
with 0 < K,T € R?? and v > 0 as free parameters.  Simulation results are proposed in

Fig. 7.6-7.10. The gains of the energy shaping controllers are chosen based on the results
of Section 5.1 to ensure positive tension in cables. Note that for simplicity, only the lower
bound of actuators is considered. The parameters of the robot are m = 3K g and b = 3m.
The results of potential energy shaping are proposed in Fig. 7.6. the gains of the controller
are k1 = 2, ko =3 and K, = 5I,. It is clear that z —z* and y -y~ converge to zero while the
inputs are positive. However, the rate of convergence of z is very slow. In order to improve
the results, total energy shaping controllers are designed and simulated. The results of the
controller with constant My as (4.12) and V; as (7.8) are depicted in Fig. 7.7 and Fig. 7.8
withm = 0.1 and m = 0.4, respectively. The convergence rate of z is faster than the potential
energy shaping controller. Lower values of m lead to faster response with the expense of
more oscillations in the control efforts. Fig. 7.9 shows the results of total energy shaping
with My as (7.9) and Vj as (7.11) with the gains kj = 2, kg = 0.5, k3 = 8, k4 = 24. The results
show that the convergence rate of z is suitable while other configuration variables converge
to their desired values in a short time. Note that the initial value of w; is very large in
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Figure 7.6: Simulation results of potential energy shaping on spatial UCDR.
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Figure 7.7: Simulation results of total energy shaping with m = 0.1 on spatial UCDR.

this controller due to the term MgM _1Vqu since at t ~ 0 the velocity is almost zero and
the term related to p are negligible. Thus, invoking the results of Theorem 3 may not
improve the control efforts. Note that it may seem that the control effort is non-smooth
in initial times; however, it is due to long simulation time and w is smooth. The results of
sliding mode controller are depicted in Fig. 7.10 with the gains K = 0.5I5, ' = 31,7y = 2.
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Total energy shaping
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Figure 7.8: Simulation results of total energy shaping with m = 0.4 on spatial UCDR.
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Figure 7.9: Simulation results of total energy shaping with configuration-dependent My on spatial
UCDR.

Although the convergence rate of z is appropriate, the inputs’ oscillations may worsen
the performance in practice. Furthermore, assurance of tensile forces in cables is not
straightforward.

With the purpose of analyzing uncertainty in parameters, Proposition 4 is also simu-
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Figure 7.10: Simulation results of sliding mode controller on spatial UCDR.

lated. For this purpose, the end-effector’s mass and the distance between anchor points
which are m = 2K g and b = 3m, respectively, are perturbed about 10% and 1%, respec-
tively. The gains/parameters of Proposition 4 are

TN =T =T33 = 0.005, m= 0.02, kl = 0.1, kg = 0.01, Y1 =72 = 0.1, R =0.05

The results of simple IDA-PBC and adaptive IDA-PBC are illustrated in Fig. 7.11 and
Fig. 7.12. As it is seen, simple IDA-PBC leads to a steady-state error in y direction
while using adaptive IDA-PBC, all the errors of stabilization converge to zero. This is the
superiority of Proposition 4 that uncertainties in kinematic and dynamic parameters do
not destroy the stability of the closed-loop system.

7.1.3 Spidercam

The robot was introduced in Section 3.3. Since the degrees of underactuation of the robot
is two, calculation of equilibrium points is not straightforward. Furthermore, finding
the solution of matching equations is very complex since a set of PDEs shall be solved.
Fortunately, based on Theorem 1, it is possible to shape the potential energy of the robot.
Furthermore, Proposition 6 simplifies suitable design of V;. Hence, it is possible to propose
a simulation on a spidercam. The parameters of the robot are

3.56/2 ~3.56/2 3.56/2

m=3Kg, I=02I3, A;=|7.052|, A,=|70572]|, As;=|-7.05/2],
4.06 4.06 4.06

~3.56/2 0.2 ~0.2 0.2 -0.2

Ay=[-705/2|, By=|04|, By=|04|, Bsy=|-04|, Bs=|-04].
4.06 0 0 0 0
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Figure 7.11: Simulation results of IDA-PBC in the presence of uncertain parameters.
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Figure 7.12: Simulation results of adaptive IDA-PBC in the presence of uncertain parameters.

Vg given in (4.25) is redesigned based on Proposition 6 as follows

Vd = k‘l In COSh(ll - lld) + /{2 In COSh(lQ - lgd) + k‘3 In COSh(lg - lgd) + k4 In COSh(l4 - l4d).
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Figure 7.13: Simulation results of IDA-PBC on spidercam. All the configuration variables converge

to their desired values.
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Figure 7.14: Control efforts and cables’ length of spidercam.

The gains of the controller are

ky=ko=kg=ky=5, K,

=51.
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Figure 7.15: Ball and beam system.

To choose a desired equilibrium point, a method is calculation of G*V4V = 0. Another
way which is fit to the structure of Vj, is selection of the l;4s and the computation of g*
from four forward kinematic equations and two equations G*V4V = 0. By this means,
presume that

lig =5, log = 4.5, l34 = 5.5, lgq = 5.
Thus, the feasible equilibrium point of the robot is
xqg=-0.51, y;4=0.33, 2z3=0.55, «a=0.17, [£=0.63, ~=0.07

Note that the orientation of the end-effector is displayed by pitch-roll-yaw Euler angles.
By this means, o denotes the rotation about x axis, 5 and = denote the rotation about
y and z axes of fixed frame, respectively. Notice that in this case this representation is
singular free since due to structure of the robot, -7/2 < a, 8,7 < 7/2. Additionally, to
verify Proposition 5, the following matched disturbance is applied to the robot

d=[et1/(t* +1),t/(t? +1),e 2 sin(t)]T.

To ensure tensile forces in cables, Proposition 2 is utilized. The results are depicted in
Fig. 7.13 and Fig. 7.14. It is clear that all the configuration variables and cables’ length
converge to their desired values. This shows the applicability of Theorem 1, Proposition 6
that simplify controller design for a complex UCDR. Additionally, positive tension in
cables are ensured easily using Proposition 2. Note that in this case, the gains are chosen
more than the required values derived from Remark 5 to reduce the convergence rate.

7.1.4 Benchmark Systems

In this section, we verify the results of previous sections on some benchmark systems. The
first two examples are introduced to verify the results of Section 5.1. Third and the last
examples are related to Section 5.2 and Proposition 7, respectively.

Ball and beam system

The system consists of a ball moving along a beam whose angle is controlled. The
schematic of the system is depicted in Fig. 7.15. The position of the ball with respect
to the pivot point of the beam is denoted by ¢;, and the angle of the beam with respect
to the vertical line is given by 6 = g2. The dynamic parameters of the system are chosen
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based on the model given in [14],

1 0 .
M = [0 L2 + q%:| ’ V= gq1 Sln(0)7

where L is the half length of the beam, 6 is the beam angle. For the control law, we utilize

the proposed controller in [14] with the desired parameters of the closed-loop system, given

by:

e VHLE+ )

[P ]

k 1
Va=g[1-cos(q2)] + —p[qg - —arcsinh(%)]2

2t V2
0o 4] . .
s [—j é] i=alp - V2L +a)) " ps],

in which L = 2m, R = diag{0.2,0.1}, and the gains of the controller are k, =5 and k, =5
based on analysis proposed in [73]. The initial condition of the robot is considered to
be [¢7(0),p(0)] = [0.5,-0.1,0.1,0] based on Proposition 5 of [14] and the controller is
supposed to position the ball at the equilibrium point [g”(0),p?(0)] = [0,0,0,0]. With
the given parameters, H;(0) = 0.24 is less than 0.31 derived from Proposition 5 of [14],
which ensures that the ball is always on the beam. Note that we do not modify the
homogeneous solution of V; to utilize the analysis proposed in [14]. The parameters in
Theorem 2 are derived after some calculations as follows:

cv, = 10.4, cv, = 2.4, Cyy = 6, Amaz i M1} =0.82,
e, =0, e, = 0.9, cy =104, Amin{ M} = 0.06

Using (5.7), one can simply compute ¢, = 2 and ¢; = 0.44. Simulation results are depicted
in Fig. 7.16. The control effort is less than 15 which is clearly less that than the upper
bound obtained from (5.9) with the above parameters. The upper bound of ||p| and
|p| are about 1.6 and 0.3 which are less than cp and ¢, respectively. Notice that the
reason of difference between the actual and the computed upper bound is that in (5.9)
we consider the worst-case scenario in obtaining the upper bounds. Note that in this
case, it is possible to confine V4V using (5.1) as by considering Vy, = g[1 - cos(gz2)] and
Vdh = G2 — %arcsinh(%), their partial derivative would be as:

) 1
VqVin = [0, gsin(g2)]", VgVan = [ 177,

e

that are clearly bounded.

VTOL aircraft

In the previous example, the effects of velocity-dependent terms were investigated. Through
this example we aim to analyze the Remarks 5, 6 and 7. Hence, we consider an UaS with
strongly coupled dynamics, referred to as VTOL aircraft, which is introduced in Sec-
tion B.2. First, a non-smooth control law is derived, and the tracking performance of
the system and the magnitude of the control effort is analyzed. Secondly, we propose a
two-phase controller to compensate for the effects of the non-smooth control law. Finally,
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for the comparison purpose, the performance of smooth control law is also investigated.
The dynamic parameters are given in equation (B.6). The purpose is to stabilize the un-
stable equilibrium point [z*,y*,0] with bounded input IDA-PBC controller. In [74], an
IDA-PBC controller with configuration-dependent Mg and smooth V; has been designed.
Here, in order to analyze the effects of non-smooth terms, intentionally a locally stabilizing
controller with constant Mg and non-smooth V4Vj is applied. The controller’s parameters
which are derived in Section B.2 are as follows

202 0 €
Mg=| 0 1 0|, J2=03.3, Vz=kilncosh (e(y -y )+In (ecos(&) - 0.16))
€ 0 0.1

+ ko In cosh (%(a@ - 2*) - 0 - 0.larctanh(1.1055 tan(g)))
€

g+ kietanhIn(0.9¢)
€

- kretanhIn(0.9¢)(y - y*) - In (ecos(6) - 0.1€) - p,

with kq,ks > 0 being the free parameters and the constant p is determined such that
Va(to) = 0. It is clear that the terms arctanh(1.1055 tan(g)) and In (€cos(6)—0.1¢) confine
6 in a region inside the workspace and lead to non-smooth terms in V4V;. Hence, we invoke
the results of Remark 6 and 7. Note that due to the simple structure of G, it is possible
to derive better upper bounds with respect to the conservative upper bound proposed in
(5.15) by the following matrices,

_ —-sin(f) cos(d) O
(GTG) IGT = [ ecos(0) esin(0) 1

1+e 1+e T+e

_ _ ~20€%sin(f) cos(f) —esin(f)
(GTG) 1GTMdM = [ 20€3 cos(6)+e esin(0) €% cos(0)+0.1

1+e 1+e 1+e
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Figure 7.16: Simulation results of the ball and beam system.
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Note that a constant gravity is applied to the y direction of the system. Thus, the bounds
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of controller are in the following form:

lur = gl < maxq{lg ~ ((GTG)'GTVgV) |} + maxg{|(GTG) ' G MaM | }ev, + Anas { Ko},
|ug| < mgx{\((GTG)*laTqu)zu + mgx{ (GTG)Y ' GT MgM ™ | Yey, + Mnax{ Ko},
(7.13)

where the damping term is modified to be K,S(GTp) with S defined in (5.1). The initial
condition of the system is [20,-15, 1.3]T with zero velocity and the desired position is
the equilibrium point of the system at [O,O,O]T. Since the initial value of @ is close to
singularity, it results into high values for the control effort. Invoking Remark 6, one can
compute the upper bound of 6 = 1.33 by considering k1 = 4 and ks = 5. By this means, the
following upper bounds are derived after some calculations,

((GTG)'GTv,V) <10,  [((GTG)'GTv,V),| <2.25,
(GTG)'GT MM ™| <1.75, ¢y, = 170.

Simulation results with K,, = Is and S = tanh is depicted in Fig. 7.17 and Fig. 7.18, denoted
by ‘nonsmooth V;’ in both figures. The simulation results of the two-phase controller and
the smooth control law are also demonstrated in figures identified with the label ‘two-
phase’ and ‘smooth V', respectively. In Fig. 7.17 the performance of the controllers
is shown, and Fig. 7.18 shows the control efforts. As it is clear from the figures, for
the non-smooth control law, the configuration variables converge to zero, but the upper
bound of the control effort is about 200, which is not even close to being applicable. To
rectify this problem, a two-phase controller based on Remark 7 is designed. Additionally,
the controller proposed in [74] is simulated. In the two-phase controller, the primary
controller is used in the first phase to converge 6 to zero. Hence, for a small value of the
#, the dynamic of the system can be represented in the following form:

r~0, yw~u—g,

which is obtained by replacing 6 ~ 0,u2 » 0 in the dynamic of the system. Considering
the simplified dynamic, then a secondary controller is designed using IDA-PBC approach
such that y — y* converges to zero. Although with this controller |z| will increase with a
constant speed, it is possible to reduce H,4(to) arbitrary by increasing My,, or decreasing ks
in which t¢ denotes the initial time of applying the secondary controller. In the two-phase
controller, the primary controller is given by:

ur = g -1 S(k1y + K2y)
U = —1928(/4;39 + H49)

with the following parameters:
191 :192,: 8, K1 :30, K9 = 20, K3 :80, R4 = 30

with this aim that |u;—g| < 10 and |ug| < 10 are satisfied. Referring to the simulation results
in Fig. 7.17 and Fig. 7.18, it is clear that after applying the two-phase controller, the control
efforts are in the bounds, and configuration variables converge to their desired values. This
shows the superiority of this method. Note that one may design a better controller for
the first phase to prevent the increase of |z|, but this is out of the scope of this thesis. We
have also investigated the controller proposed in [74] which is based on a smooth V;. The
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parameters of that controller are P = diag{0.003,0.005} and K, = 0.2Is. It should be
noted that in this case, we have set smaller gains rather than the gains considered in [74]
for the controller such that the calculated upper bound meets the saturation requirement,
with the expense of a slow convergence rate. The simulation results show that as expected,
|u1 — g| and |ug| lie in the predefined range. In other words, the non-smooth two-phase
controller and the smooth one proposed in [74] satisfy the practical constraint of the
actuators while the non-smooth controller has enormous control effort. This study confirms
that the suitable solution for the PDEs is an essential part of the controller design while
considering bounded input control problems. If the derived solution of Vj is not a smooth
function, it is recommended to design a two-phase controller to meet the actuators’ bounds.
Note that as discussed in the paragraph before Remark 6, in some cases, Vj is necessarily
non-smooth. Furthermore, generally, the matching equations are complicated to obtain,
and hence, it may not be possible to derive a smooth solution. Thus, the applicability of a
two-phase controller is prefered while it may also result in a faster response in comparison
with a smooth controller with small conservative gains.

2D SpiderCranr

To examine the proposed method in Section 5.2, consider 2D SpiderCrane introduced
in [127]. The schematic of this system is depicted in Fig. B.2, while its dynamic formulation
are given in Section B.3. [Fj,F,]T are considered as the control inputs. In [131], a
controller based on total energy shaping was proposed while in [127], potential energy
shaping was employed to design the controller. Here, we modify the controller introduced
in [131] through our proposed method in Theorem 3. The reader is referred to [131] for
details of the controller design.

First, by using partial feedback linearization, the system dynamics is transformed into
the normal form. Then, My is designed by

—kilzcos?(0) + ks —kilzcos(f)sin(6) ki cos(0)
My = |-kil3cos(0)sin(0)  kilzcos?(0) + ks kysin(0)
k1 cos(6) k1 sin(0) ko

while, Vj, proposed in [131], is modified to

V= 0.21ncosh 10(3: — iz %(1 - cos(e))) +0.21n cosh 10(y —ya
1 3R2
k‘g + lgk‘l g
_ BB cos(8))) - —L— cos(6).
k1 + lgk‘g( COS( ))) k1 + 13k COS( )

Note that with this control law, Assumption 5 is not satisfied; thus, we will apply the
proposed method based on the optimization given by Theorem 3. The controller gains are
chosen by

k1 =0.05, ko=10, ks=3, K,=6I,,

while the initial and desired positions are set [z,(0),%,(0), 8(0)]* = [-1,3,0.5]7,[4,(0),
7,(0),0(0)]7 =[0.1,0,0]" and [Zry, Yry, 0a]T =[0.5,1,0]7, respectively. The inputs are set
to be bounded by u,, = [-3,22]7 and uys = [3,28]7.

Simulation results are shown in Fig. 7.19 and Fig. 7.20. Fig. 7.19 illustrates system
response using the IDA-PBC’s control law given in (2.15). As it is observed, the input
bounds are not satisfied in both control inputs. Fig. 7.20 illustrates the simulation results
with the control law (5.41) which is based on the optimization proposed in Theorem 3.
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Figure 7.19: Simulation results with total energy shaping without optimization.
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Figure 7.20: Simulation results with total energy shaping and optimized inputs.
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Comparison of these figures shows significant improvement in restricting the control efforts
within the assigned bounds while all the configuration variables converge to their desired
values, in expense of slightly slower convergence.

Pendubot

Here, the aim is analyzing Proposition 7. For this purpose, the proposed controller for
pendubot in Section A.4 is considered. The designed controller in that section with desired
gravity compensation is implemented. Since in q* = [r,0]7 the gravity term is zero,
the term V4V is omitted in control law based on Proposition 7. The parameters of
the robot and the gains of the controller are similar to [84]. The initial condition is
q(0) = [ - 0.7,0.8]7 with zero velocity. The results are depicted in Fig. 7.21. It is clear
that the configuration variables converge to their desired values. This shows that in some
scenarios, it is possible to design a simplified version of IDA-PBC by removing the gravity
compensation term.

IDA-PBC with desired gravity compensation
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Figure 7.21: Simulation results of IDA-PBC with desired gravity compensation on pendubot.

7.2 Experimental Results

Here, some of the proposed controllers are implemented on cable-driven robots to analyze
the performance in practice.

7.2.1 ARAS Underactuated Cable-Driven Robot

The robot was introduced in Section 3.4. Here, some of the results of this thesis are
implemented on the robot. For this purpose, IDA-PBC controller based on potential
energy shaping with V;; as (7.3) is applied to the robot. To ensure positive tension in cables,
we utilize the results of simple Proposition 2 which was simply derived from Theorem 4.
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The gains of the controller are
ky=20  ky=20 Ky =10I. (7.14)
The robot starts from q(0) = [0.73, -1.04,0]7 and moves toward ¢* = [0.58,-0.914, -0.392]7

IDA-PBC

Time(sec)

Figure 7.22: Configuration variables of ARAS UCDR with IDA-PBC.

and then comebacks to the initial position. Note that these points are on the manifold of
equilibrium points. The bounds of actuators are i, = [0.5,0.5]7 and wmqe. = [20,20]7.
The results are illustrated in Fig. 7.22 and Fig. 7.23. As indicated in Fig. 7.22, the con-
figuration variables are settled after about four seconds. The error of x and 6 is negligible
while y — y* is about 4cm. The reason may be arisen from imprecise value of the mass of
the end-effector. The control efforts are depicted in Fig. 7.23. It is clear that the control
efforts are in the predefined bounds while the system is stable. This shows the applicability
of the proposed method in Proposition 2.

In order to improve the results, adaptive IDA-PBC proposed in Theorem 5 is also
implemented on the robot. The results are shown in Fig. 7.24 and Fig. 7.25. It is clear
that using an adaptation law, the error of y is essentially reduced. The reason is this
fact that the gravity force which is proportional to m is directly affects on y. Note that
since equilibrium points of the robot are on a complex manifold and also the matrix G is
configuration-dependent, improvement of y — y* leads to reduction of z —z* and 6 — 6*.

For the sake of comparison, a PD with gravity compensation is executed on the system.
It is designed such that merely x and y are controlled. The results are illustrated in
Fig. 7.26 and Fig. 7.27. It is seen that in the first movement, the configuration variables
converge to their desired values after about 18 second. However, in the latter relocation,
the response is oscillatory with large domain. In this phase, the robot goes out of scope of
the cameras, results in unknown defined value of . Furthermore, as indicated in Fig. 7.26,
although the gains of the controller are selected suitably, they are not always positive.
Note that the results of this controller are oscillatory in simulation, but in practice, due
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Figure 7.23: Control efforts of ARAS UCDR with IDA-PBC.
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Figure 7.24: Configuration variables of ARAS UCDR with adaptive IDA-PBC.

to friction, the oscillations may be damped. By comparing the results, it is deduced that
the performance of IDA-PBC is much better than a traditional controller.

Furthermore, a simple controller in joint space (i.e. the cables’ length) is implemented
on the robot. The results are shown in Fig. 7.28 and Fig. 7.29. As indicated in these
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Figure 7.25: Control efforts of ARAS UCDR with adaptive IDA-PBC.

PD with gravity compensation
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Figure 7.26: Configuration variables of ARAS UCDR with PD controller.

figures, the performance and steady state error is much worse than IDA-PBC controller.
It is in concurrence with the results of [149] in which it is proven that a controller in task
space leads to better response compared to that in the joint space for parallel robots.
Additionally, the performance of a controller in joint space for UCDRs depends hugely
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PD with gravity compensation
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Figure 7.27: Control efforts of ARAS UCDR with PD controller.

to the friction of the system in such a way that asymptotic stability is not achieved in
simulation without modeling natural damping terms.

Joint space controller

Time(sec)

Figure 7.28: Configuration variables of ARAS UCDR with a controller in joint space.
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Figure 7.29: Control efforts of ARAS UCDR with a controller in joint space.

7.2.2 ARAS Cam

The proposed method in Theorem 4 is implemented on the fully actuated 3-DOF cable-
driven robot introduced in Section 3.4. The initial and desired position of the CDR
are [2(0),y(0),2(0)]F =[1.23,-0.6,1.41]7 and [z*,y*, 2*]T =[1.11,-0.72,1.28]F, respec-

tively. Controller parameters and gains are as follows
Myg=M, Vi=(q-q")'Ky(q-q*), Kp=1100I3, K, =1001;.

The bounds of actuators are given by w,, = [0.5,0.5,0.5]7 and uy; = [60,60,60]7 to
prevent loosening of the cables and their over stretching.

Fig. 7.30 illustrates the stabilization errors together with the control efforts with their
limits by using Theorem 4. Due to high gains of the controller, if J, and k are not used,
the cable forces become negative, resulting in loosening of the cables. However, with the
proposed method, the cable forces remain within the desired bounds, while the robot end-
effector position converges to the desired value. It is observed that adjustment of k has
been merely done at the beginning of the experiment.
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Figure 7.30: Experimental results based on Theorem 4 on the 3-DOF ARAS CDR. Positive tensions
are achieved with the proposed controller.



Chapter 8

Conclusion and Future Works

In this thesis, controller design for underactuated systems and particularly, 3-DOF under-
actuated cable-driven robots were studied. For this purpose, interconnection and damping
assignment passivity-based control was utilized to stabilize the mechanical system at the
desired equilibrium point. Since IDA-PBC is based on the solution of some partial dif-
ferential equations, it is required to solve these matching equations analytically. In order
to address this stumbling block, three methods were proposed in this thesis. Replacing a
first-order PDE by some Pfaffian differential equations was one of the methods in which
it was shown that under the satisfaction of a condition for a Pfaffian equation with three
variables, it is straightforward to derive its solution. Using this method, the matching
equations of some UaSs, including magnetic levitation system, pendubot, underactuated
planar and spatial cable-driven robots were solved. Another method was proposed to solve
the matching equation of potential energy shaping in underactuated parallel robots. By
this means, it was possible to design IDA-PBC for the systems with underactuation de-
grees of more than one, such as spidercam. Simplification of the nonlinear PDE of kinetic
energy shaping for a class of UaSs was another achievement of this thesis regards to the
matching equations. Furthermore, since the amplitude of actuators is limited in practice,
the design of IDA-PBC with bounded input for mechanical systems was another topic of
interest in this thesis. For this purpose, two strategies were employed. Computing the
upper bound of control law in IDA-PBC approach was accomplished via calculation of
the upper bound of velocity and some of the parameters of the controller. Since, in some
cases, the desired potential energy is non-smooth and thus, it is unbounded, a two-phase
controller was proposed to confine the control efforts while the stability of the desired pose
is guaranteed. Design of IDA-PBC with prescribed bounds of actuators was another aim
of this thesis. For this purpose, the free part of a sub-block of the interconnection matrix
was considered, and an optimization problem based on minimization of control law was
solved analytically. Although it does not necessarily lead to satisfaction of the bounds of
the actuators, a modified version of it for a class of manipulators was presented to ensure
boundedness of inputs inside the prescribed bounds. IDA-PBC with position feedback
for a class of mechanical systems was also introduced to simplify its implementation in
practice. Since parameters’ uncertainty is inevitable in practice, an adaptive version of
IDA-PBC was suggested. It was shown that generally, the parameters should be estimated
correctly to ensure the stability of the closed-loop system. However, in some cases, such
as the potential energy shaping of UCDRs, it is possible to design a suitable adaptive
IDA-PBC for the mass of the end-effector. Additionally, robust IDA-PBC with respect to
matched external disturbance was analyzed. It was shown that the system is stable with
simple IDA-PBC if the disturbance satisfies a condition. IDA-PBC with desired gravity

101



CHAPTER 8. CONCLUSION AND FUTURE WORKS 102

compensation and IDA-PBC with merely homogeneous part of desired potential energy for
a class of manipulators were other simplified versions of IDA-PBC that were introduced
in this thesis. Finally, the proposed controllers are verified through several simulations on
different UCDRs and underactuated benchmark systems. Furthermore, some of the con-
trollers are implemented on ARAS underactuated planar cable-driven robot and ARAS
cam to examine the performance in practice.

In future, several works in compliment of the accomplished studies will be performed.
Some of them are listed as follows:

e Implementation of the controllers to analyze their performance in practice.

Analysis of feasible trajectory tracking with IDA-PBC especially for underactuated
spatial cable-driven robot.

Total energy shaping of UCDRs.

Extension of the results to port-Hamiltonian systems.



Appendix A

Solving the Matching Equations of
Benchmark Systems by Pfaffian
Differential Equations

Here, some examples of finding the solution of matching equations by Pfaffian differential
equations are proposed. First, let us introduce a special form of (2.2-2.7) for PH systems.
Consider a PH system with dynamic formulation of the following form

T = (J(a:) —R(ac))VmH(a:) +g(x)u, (A.1)

where 2 € R” denotes the states of the system, u € R™ denotes the input, J(x) = -J 7 (z) €
R™" and 0 < R(x) = RT(x) € R™™ are the interconnection and damping matrices re-
spectively, H(x) € R denotes the total stored energy in the system and g(x) € R™™ is full
rank input mapping matrix. The IDA-PBC method relies on matching the system (A.1)
with the generalized Hamiltonian structure

& = (Ja(z) - Ra(z))VaHy(z), (A.2)

in which Hy(x) is continuously differentiable desired storage function which is (locally)
minimum at the desired equilibrium point =*, while 0 < Rg(z) = Ry’ (x) € R™™ and
Jg(x) = —Jg(x) € R™™ represent desired interconnection and damping matrices, respec-
tively. Assume that the matrices Jgq, Rq together with H,; are chosen such that the fol-
lowing equation is satisfied

g'(J - R)V,H(z) = g*(Ja— Ra)VaHy(), (A.3)

where matrix g*(z) e R"™" is left annihilator of g(x) such that g*g = 0. This equation
results from matching the systems (A.1) and (A.2). The control law is derived as follows

w(@) = (9"9) 9" ((Ja(2) - Ra(2))VaHy(x) - (J (@) - R(x)) Vo H ().

A.1 Magnetic Levitation System

This system consists of a ferric ball hovered under a magnetic field created by an electro-
magnet. The schematic of the system is illustrated in Fig. A.1. Consider A as the flux
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Figure A.1: Schematic of magnetic levitation system (y = 6).

generated by the magnet and 6 as the distance of the center of mass of the ball to its
nominal position. It is shown in [60] that the system may be represented in PH form as
follows:

-r 0 0 1
H
¢=0018—+0u,
o -1 o9 o

in which, z = [A, H,mé]T and r represents coil resistance while the Hamiltonian function
is given by [60]

1 1
H(x) = ﬂ(l - :Ug):r% + %xg +mgTo,

where k is a constant. Let us consider stabilization of the equilibrium point * = [\/2kmg, x5, 0]%.
It is shown in [60] that without modification of interconnection matrix, it is not possible
to stabilize x*. Hence, the following interconnection matrix is considered

0 0 -«
0O 0 1
-1 0

Furthermore, with R; = R, the matching equation (A.3) yields to
a
Ks(x) =0, aKl(cc)—Kg(a:):—E(l—xg)xl, (A.4)

where it is assumed that H; = H + H, and

_0H, [8Ha OH, 8Ha]T

K1, Ky, K3 := = , ;
[ ! 2 3] 8.7}1 6%’2 8:}53

= (A.5)

The PDE represented by (A.4) shows that H, is independent of x3. If a # 0, using the
proposed method, the PDE (A.4) is equivalent to the following Pfaffian equations

d:Cl _ d.ilfg _ dHa

1 -8 —%(1 - x9)x1 (4.6)
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with 8 = 1/a. Assume that § = —c121 — coxg — ¢3 with ¢;s as arbitrary constants, and
substitute it in (A.6), results in

dxrq dxo dH,
C1T1 + C2X2 + C3 _E(l —I2)$1

First, non-homogeneous solution is calculated by using Corollary 1. The strategy is to
derive a Pfaffian equation satisfying (4.4). With some manipulation one may show that
equation (A.7) is equal to the following equations

T T T
dH, - Zpdxs dHo - pdry — Zrdry

2 = 2
1 _ AT czxa 1 _ C1T7  c3x T2

k cok cok k cok cok cok

In this representation, the term #4*> was omitted in the left-hand side, and then the term

o5 dx1 was added with respect to condition (4.4). In order to eliminate 7% from right—

hand side of this equation, let us add it with ﬁdl’g. One may verify that the denominator
2

of the new expression depends only to z1. Hence, using the first term of (A.7), it is possible
to omit the remaining terms. By this means, the following Pfaffian differential equation
is derived:

) 1 I 37% C3T1 leL‘l
— — — d d ey - 2day = 0.
N T K ek T ok T g 4 k o

This equation satisfies condition (4.4), and is separable in the following form:

(dH,) - (Edm2+c2—kdx1) ( kdzg) (%dm

2
C1T C3T1 C1T1
1 dx 1 + + ——dx Tl — d$1 dﬁl)

+
Cgk’ Cgk %k k

Therefore, one may find the following solution

r1T2 xI9 .7}% 0133? 03.1‘% clx% C3T1

—— + - .
cok k 2k 3cok  2c¢0k 203143 cgk

Furthermore, by using Corollary 1, the homogeneous solution is derived from the following
equation

(811’1 + Coxo + C3)dx1 - dl’g =0. (A8)

This equation need an integration factor p which satisfies the following relation

0
+ (c11 + oo + 03)_,u = —Co/l.
8331 332

Hence, using the proposed method, it is equivalent to

dzry dzo du

1 Cc1x1 + CoTo + C3 —czu'

By considering the first and last terms, the solution may be given as pu = e"“?*1. Hence,

homogeneous solution of (A.7) is derived from multiplying (A.8) to p and then integration
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as follows

c c3 ¢
Ha = (ZS((—l:Ul + T + —3 + —;)6_62331),
C2 C2 62
in which, the function ¢ and the constants ¢;s shall be determined such that x* becomes
stable.

Remark 10. References [60,76], state that 6 shall remain in the interval of (-1, c0) while
this limitation is released in our proposed solution. Note that using the method proposed
in [150] based on control barrier functions, one may define ¢;s such that this constraint is
satisfied. For example, set ¢; = 0 and ¢3 = —cg results in @ = —=1/(coz2 — ¢2) that ensures
0 € (-1, 00). Furthermore, for the solution given in [60] it is assumed that « is a constant.
This limiting assumption is also released in the proposed solution given in this paper.
Therefore, based on the proposed method, a solution with suitable property was derived.

A.2 Micro Electro—Mechanical Optical Switch

Another benchmark example is the optical switching system with the following PH model [80,
151]:

0 1 0 0
e=|-1 -b 0 |vH(z)+|0|u, (A.9)

0 0 -2 1

' '

whose energy function is given by [80]:
L o 1 5 1 4 3

H(z)= —a2+ ~a1z?+ ~agat + — 3 A.10
(@) = 52 @i qaati + 5 T (A.10)

where b,r > 0 are resistive constants, ai,as > 0 are spring terms, cg,c; > 0 are capacitive
elements and m denotes the mass of actuator. The physical constraint to consider is 1 > 0,
while the equilibrium points of the system are [80]

x5 =0, x5=_(co+ x{)\/2clmf (a1 + agz??), (A.11)

The aim of controller design in this example is to stabilize the system in z] > 0. Hence,
let us consider the following desired interconnection matrix

0 1 0
Ja=|-1 0 a(x) |,
0 -a(xz) O

where « is a design parameter and R4 = R. For simplicity and due to physical constraint,

consider a = M By this means, the following Pfaffian differential equations should
be solved
dxy dzs dH,

= = . A12
—T1 ﬁ(l‘l +Co) _Bc_?i ( )
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In the sequel, it is shown that

1
x5 - ixlxg _ P x3 - Eml, (A.13)
2cpcq coC1 2cpcq c1

H, = ¢(6w1 + PeoIn(zy) + :U3,:(:2) -

is the solution of Pfaffian differential equations (A.12). In order to derive non-homogeneous
solution, the following equation is derived

cpcl €0

= Bxs Brix
B(x1 + cop) e Fat 0

das dH, Zdvy+dH, Eedey+dH,+ 22 dn, (414

Unfortunately, the last equation does not satisfy condition (4.4). To rectify this, let us
add the term iiclldxg to it. Finally, one may reach to the following Pfaffian differential
equation

T3+ B p

1 B
drs+dH, + —dx1 + —dx1 + —dx1 =0,
CoC1 CoC1 coC1 C1

which has the following solution

x] — —x. (A.15)

The homogeneous solution of (A.12) is derived easily as follows
H, = ¢(Bxy + Begn(zy) + w3, 22).

Thus, one can suitably define the constants and function ¢ such that x* becomes a stable
equilibrium point while based on definition of «, the constraint z; > 0 is satisfied [150].

A.3 Third Order Food-Chain System

Consider the following model for third order food-chain system based on [76] in PH form
(A.1) with the following values

0 12 0 I 0 0
J=|-r129 0 roxz|, R=10 =z 0
0 —Xox3 0 0 0 I3
g = [anvl]Ta H=ZL‘1+£L‘2+ZI)3, (A16)

where z; denotes the population of i-th species. In [152] it is shown that the PDE (A.3)
is not solvable with J4 =J and R4 > 0 since the span of the first 2 rows of Jg— Ry is not
involutive (i.e., its Lie bracket is not in the span of the first 2 rows of Jg - Rg, see [136]
for more information). The matching equation with the following matrices

0 2 Ry 0 0
Jg=-J1 0 J3|,Rq=|0 R O |,H;j=H+H,,
-Jo —-J3 O 0 0 Rs
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is in the following form

—z1+rwe =-Ri(1+ K1)+ J1(1+ K3) + Jo(1 + K3),
— T2 —X1T2 + T2 +XT3 = —Jl(l +K1) —R2(1 +K2) + Jg(l +I{3)7

in which Kjs are defined in (A.5). If we set Rq = I as the simplest choice, it is inferred
that with Jy = 0,J5 = f(x1), J3 = g(x2) where f,g are arbitrary functions, the PDEs are
involutive. This means that homogeneous part of PDEs has a solution. The overall of
PDEs has also a solution if non-homogeneous solution of a PDE satisfies the other PDE
in above equations. The corresponding Pfaffian differential equations are

dry _dvy  dzs _ dH,
-1 0 f(zy) -—xzp+zize+l-f(zy)
doy _dwy _ dvy dfa
0 -1 _g(xg)  —@o—X1Ta+ Tor3+ 1

The solution of these equations using the explained methods is

1 1
Hy = ¢1 (22, _[ f(z1)dxy +23) + 553% - 590%2 -+ / f(z1)dr,

1 1 1
Ha = q52(331,$2 + [ —dxg) + —.’L‘% + —xlxg )
g(xs3) 2 2

+/ (a(xg,xg)+B(:1;2,:1;3)9(373)), s. to a+fg=-xo13,

where the functions o and § should be defined such that the last term is integrable. Now
we should define f(z1) and g(x2) such that the non-homogeneous solution of a PDE lies
in the homogeneous solution of other PDE. Hence, by defining f(z1) = -1 and g(x3) =0,
the solution of PDEs is

1 1
H,=¢(x1—x3) + ?B% + ixg(xl - x3) — X3. (A.17)

Hence, although the proposed method is based on a PDE, it might be utilized to solve a
set of PDEs.

Figure A.2: Schematic of Pendubot. Merely the first joint is actuated.
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A.4 Pendubot

Here, the IDA-PBC method is applied to pendubot system in which it is not matched to the
proposed papers based on total energy shaping without solving matching equations [79-
82,153]. The robot consists of two revolute joints in which merely the first one is actuated.
The schematic of this system is shown in Fig. A.2. The dynamic model of the robot may
be expressed in the form of (2.9) with the following matrices [84]

Mo latet 2¢3 cos(qz) co + c3cos(qe)
- o + c3cos(qo) ca

G =[1,0]", V=-cgcos(q) - csgcos(qr +q2),
where the constants ¢;s are given as follows

2 2 2
C1 =m1lcl+m2l1+11, (&) =m2l02+I2,

C3 = m2l1l02, Cq = mllcl + m2l1, Cy = mglCQ. (A.18)

In [84], it is shown that the corresponding kinetic energy PDE given in (2.16) is simplified
to the following equation

d
263 Sin((p)()\g + )\3)\4) + A4—d ()\3(62 +C3 COS(qg)) + /\402) = 0, (A.lg)
a2
in which
AL
-1._ 1 2
MyM™" = [ ', AJ .

Note that two other PDEs generated form kinetic energy PDE (2.16) may be solved by
suitable definition of the matrix Jg in (2.14). The potential energy PDE (2.17) for this
system is

A3V, Va+ MV, Vi = csgsin(qr + g2). (A.20)

Since, PDE (A.19) has two unknown variables, for simplicity, assume that Ay = kA3, and
reduce it to the following Pfaffian differential equations:

@ dQQ d)\g

0  kX3(ca+czcos(q) + kep) B —c3\3sin(g2) (2 + k)

Let us define k = -1 to simplify these equations. The non-homogeneous solution is derived
from the following equation

dA
. g tan(g2)dge,
A3

which has the solution A3 = with £ > 0 an arbitrary value since My,, = kc3 should

Kk __
cos(gz)

be positive. Note that the homogeneous solution is trivially found to be ¢(q1). The
corresponding Pfaffian equations to PDE (A.20) are given as follows

dg _ dg> _ Vi

kK -k csgcos(gz)sin(qr +g2)
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The homogeneous solution is V = ¢(q1 + g2). In order to compute the non-homogeneous
solution, we should derive an equation in the form of

filar,g2)dar + f2(q1, q2)dgz + dVy = 0, (A.21)
in which,
kf1 = Kf2+csgcos(ge)sin(qr +g2) = 0,

and the following constraint resulted from (4.4) shall be satisfied

o1 Oq2

Combination of the two above equations yields to the following equation

dfx  0Ofs
I

= —c5gcos(q1 + 2q2).
o1 Ogqo ( )

The solution of this equation is

f2= % sin(q1 + 2g2).
Therefore, the Pfaffian equation (A.21) yields to

(ng sin(q1 + 2¢2) — csg cos(gz) sin(g1 + Q2))dQ1 +csgsin(qr +2g2)dga — kdVy = 0.
In order to derive its solution, rewrite it in the following form

csgsin(qa) cos(qr + q2)dqr + (C5g sin(q2) cos(q1 + q2)

+c59 cos(gz) sin(qy + (JQ))dQ2 - rdVg =0,

whose solution may be found easily as

Vg = % sin(q1 + ¢2) sin(q2). (A.22)
Remark 11. In [84], the simplest solution of (A.19) is reported, in which A3 and A4 are
set to be constant values. Here, a nontrivial solution with enlarged domain of attraction is
derived. In [84], M,, o< —ca + c3cos(qz) that ensures My is positive definite if g2 € (—¢, €)
with € = arccos(i—z). This limitation is also released in the proposed solution, where

Ma,, = kes and My, = kei/ cos(qe) + kez and the condition det(Myg) > 0 confines ¢z inside
a subset of the interval (-7, §) which can be enhanced by enlarging arbitrary value My, ,.



Appendix B

Solving the Matching Equation of
Kinetic Energy Shaping by the
Proposed Procedure in Section 4.3

In the following, three case studies are proposed to apply the proposed method in Sec-
tion 4.3 on them. The first example is Pendubot, in which its matching equation is replaced
by an ODE. The second example is VI'OL aircraft where the corresponding PDE is solved
easily by a constant My. The last example is 2D SpiderCrane in which, its matching
equation is solved by Pffafian differential equations.

B.1 Pendubot

The robot was defined in Section A.4. After some manipulation, the following expressions
are derived

_ 2.2 _ C2 —cg — c3cos(q2)
det M = c1¢; = c5.005°(g2), m = [—02 —cgcos(qz) 1 +co+2c3co8(qa) |’

creaessin(qa) + cg sin(qz) cos?(go)
+QCQC§ sin(gz2) cos(q2)

creaessin(qa) + c§ sin(gz2) cos?(g2) —-2c1c9e38in(qa) — 20% sin(gz) cos?(q2)
+2co¢2 sin(q2) cos(g2) ~2c3(c1 + c) sin(gz) cos(qz)

_ b1 0 pl o
Myt =" L Ja= 14
¢ [b1 a(qz) 27T 0
T _ —coby — c2a1 — c3a1 cos(q2)
7 ajcq + ajcg + bico + bies cos(qe) + 2aq¢3 cos(q2)

~2coc2 sin(g2) cos(g2)

i

(B.1)

Note that in the following ,a will be determined and ;o = -, will be set. Equation

(4.36) for this case is derived as follows

2

Y2 [0 0 ] 1 4 [ 22a1a1 oQx2a1 + 2a1b1] (B.Z)

det Mz |0 5—;‘; Cdet M 9Q2a1 + 501 by 2500001

111
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By solving two algebraic equations, as is obtained as follows

o = - Mun cac3sin(gz) cos(qa)
2 2a1 det M a1(0102 - c2 COSQ((]Q)) ’

g = Mo poabi  cicpcs sin(qa) + 3 sin(ga) cos?(g2) + 2cac3 sin(q2) cos(qa)
2 aydet M ay al (0162 - C% COS2(Q2))

~ blcgcg sin(gz) cos(q2)
a%(clcg - cg cosz(qg)))

(B.3)
Finally, the following ODE should be solved
1 da 1 -2b b2
—2—a = —det M(M22 - 1M21 + 1A;111 ) (B.4)
ara(ge) —bidgz 72 ay aj

This ODE is in the form of (4.39) and its solution is derived from (4.40) with

1 -2 M b2 M

For example, assume that ¢; = 4,¢5 = 1 and ¢3 = 1.5. By some manipulation, a(gz) is
obtained as follows

ajy

a(ge) = cos(gz2)"® + (4= 3cos(g2))*/® - (4 + 3cos(g2)) /2, (B.5)

in which, a; =1,b; = =5, A = 1 are chosen to simplify the ODE (B.4) and also the necessary
condition (4.26) is satisfied.

Figure B.1: VTOL aircraft.
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B.2 VTOL Aircraft

Dynamic model of VTOL in PH form (2.9) is given as follows

—-sin(f) ecos(6) x
G(q) =| cos(f) esin(0) ], M-=1, V =gy, qg=|y (B.6)
0 1 0

in which, z and y denote the position of center of mass, 8 is the roll angle and ¢ models
the effect of the slopped wings. The desired equilibrium point of the system is [z, yx,0]%.
In [74] a controller with state-dependent My by defining new inputs is derived. Notice
that although the matrix G(q) does not have the form P[I,0mxn-m]”, based on case2,
it is possible to solve the PDE of kinetic energy with a constant My, represented by:

a d e
Mg=|d b f
e f c

Necessary condition (4.26) in this case leads to following inequality

(g cos(#)(ecos(f) + fsin(f) — ce))|9 0> 0.

A suitable choice for Mg is
a=ke>, b=1, c¢=rk', d=0, e=¢, f=0,

in which, the constants x, s’ > 0 should be selected such that ks’ > 1. Note that Mg =1
does not satisfy the necessary condition (4.26) which is in line with our prior knowledge
that it is not possible to stabilize the system with merely potential energy shaping. The
solution of potential energy PDE (2.17) with x = 20 and ' = 0.1 is derived easily as follows

V= (e(y —y*) +1In(ecos(f) - 0.16))2 + (2%)6(3: —x*)-(0-60")

g —2€eIn(0.9¢)
€

2
— 0.1larctanh(1.1055 tan(g))) -2¢In(0.9¢)(y - y*) - In (ecos(f) - 0.1¢).

(Xa7ya) N (Xb=Yb)

(x,y)

Figure B.2: Schematic of 2D SpiderCrane system.



B.3. 2D SPIDERCRANE 114

B.3 2D SpiderCrane

This system consists of a load suspended from a ring which is controlled by two cables.
The schematic of this system is depicted in Fig. B.2. The position of the ring and the mass
are denoted by (z,,y,) and (z,y), respectively, and their mass is denoted by m and ma,
respectively. The length of the controlled cables is denoted by I; and Iy, while I3 denotes
the fixed length of the cable between ring and the mass. Dynamic equation of the system
is represented in the form (2.9) with following parameters

T
T, 1 0
q=1Yr|, G=(0 1 ) V= (ml + m?)gyr - m2.gl3 COS(9)7
0 0 0
mi +ma 0 mals cos(0)
M(q) = 0 mi+mgo mglg Sin(@)
mals cos(0) malssin(6) mal3

Two IDA-PBC controllers have been designed for SpiderCrane. In [127] merely the po-
tential energy is shaped while in [131] total energy shaping based on the method proposed
in [74] is performed such that at first a partial feedback linearization is applied to the
system, and then a desired inertia matrix, which is merely a function of 6, is chosen.
Notice that it is possible to derive Mg as a function of # based on the casel presented in
Section 4.3. However, here the aim is to derive a more general solution such that Mg may
be set as a function of z, and y,. Consider Mg ™' in the form of (4.30). One can easily
check that necessary condition (4.26) is satisfied if bymsls + az(my + mg) > 0. In order to
solve matching equation (2.16), the following parameters are derived

det M = (mq +ma)*mal3 — (my +ma)mil3,

(mq +ma)mal2 — m212 sin®(9) m313sin(6) cos(9) —(my + ma)mals cos(0)
M = m3l3 sin(0) cos(9) (m1 +ma)mal3 —mil3cos?(0)  —(my +ma)malzsin(d) |,
—(my + ma)mals cos(0) —(my +ma)malssin(6) (my +mg)?
—2m312 sin(6) cos(6) m313 cos(26) (mq +ma)malzsin(f) ]
M =det M m313 cos(20) m313 sin(20) —(m1 + ma)malscos(9) |,
(ml +m2)m2l3 sin(@) —(m1 +m2)m2l3 COS(G) 0 ]
—asby (M1 +ma)mal3 + azbym3l3 sin®(0) — a1bym313 sin(0) cos(0) — araz(my +ma)mals cos(f) ]
v = —azbymil3 sin(0) cos(0) — a1b2(m1 + mg)mglg + a1bom3l3 cos? (0) — araz(m1 + ma)meals sin(6)
a2b1(m1 + ma)mals cos(0) + a1ba(m1 + ma)malssin(0) + araz(m1 + mg)2 ]

Based on necessary condition and simplifying the corresponding matching equation, we
choose b = by = 0. By this means, the matrix ¥ in equality (4.37) is in the following form

2¢¢ 0 0 0 O

This matrix is full row rank, hence [af, ol ] is determined by right pseudo-inverse of ¥.
The Pfaffian differential equations of PDE (4.38) for this system is given as follows

dx dy df da

—m2l3 COS(@) - —m2l3 sin(9) - mi1+mo - F
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The solutions to these equations are

I
sin(0) = ¢q, Y- 2t cos(0) = ca,
mi+mgy mi+mgo

mal3

with ¢ and ¢y as free parameters. Hence, a(q) is derived as follows
l l
a(q) = ¢+ ——2—sin(9),y - ——=>— cos(0)),
my +mg my +ma

in which, ¢ is an arbitrary function.
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