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Abstract

To design a structurally simple controller for robot manipulators is a challenging task because these
are highly coupled multi input multi output nonlinear dynamic systems. Quite often there happens to
be a compromise between the controller structure and its performance. A strict performance require-
ment normally results in a complex controller design. This thesis focuses on designing a controller
that yields satisfactory performance while maintaining its structural simplicity. The basic methodol-
ogy used in the thesis is the backstepping based sliding mode controller. Since robustness against the
mismatched uncertainty cannot be guaranteed by the conventional sliding mode controller (SMC), it
is integrated with backstepping methodology that transforms the system states in such a way that it
can tackle both matched and mismatched uncertainties. Another drawback of the SMC is the presence
of high frequency chattering in the control input which is highly undesirable especially in the case of
mechanical systems like robot manipulators. To find a solution to this problem, an integral backstep-
ping based SMC (IBSMC) that augments an integrator block to the system is proposed so that the
input to the manipulator is obtained as an integrated smooth signal. Although effective, this method
leads to increased structural complexity of the controller due to the requirement of differentiation of
manipulator dynamics causing explosion of terms. This complexity is minimized using a first order low
pass filter instead of direct differentiation resulting in the integral adaptive dynamic surface control
(IADSC). Chattering mitigation is also attempted by using an adaptively tuned controller gain which
uses a lower input energy to produce similar tracking performance for the manipulator. Stability issues
arising due to the presence of filters motivated to propose a proportional integral derivative (PID)
type sliding surface for using in the adaptive backstepping SMC giving rise to the ABSMC-PID. This
ABSMC-PID method is also used for impedance control of a robot manipulator when encountering
highly stiff surfaces during trajectory tracking in the Cartesian space by the end-effector. A model
free controller is developed next using the time delay estimation and the PID sliding surface in the
backstepping SMC is replaced by a fast terminal sliding surface that can provide finite time conver-
gence of the tracking error. This adaptive backstepping based fast terminal SMC (ABFTSMC) can be
used effectively for higher DoF manipulators or in the cases where determining the manipulator model
is not easy. Detailed Lyapunov based stability analysis is conducted for all the proposed controllers.
Simulation studies are carried out to validate the proposed control methodologies against some existing
control methods. Implementation of dynamic control on a position commanded servomotor actuating
the robot manipulator is next attempted in this thesis. Experiments are conducted on a robot arm
to investigate about the possibility of realizing the proposed dynamic control methods in real time

applications.
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1. Introduction

1.1 Robot manipulator

Only a few decades ago robots were an idea in the pages of science friction but now the technological
advancement has made it a reality. In modern times robots are used in a wide variety of fields starting
from industry, laboratory, space and underwater exploration tools to educational and assitive robotics
where they actually interact with human beings. Such colossal advancements in robots, both in terms
of structure and usability have developed robotics into an extensively researched topic for about more
than half a century. A significant branch of robotics is humanoid robotics involving robot manipulators
or robot arms having similar functions as the human arm which can operate as a single mechanism
or part of a larger, more complex system. These humanlike robot manipulators have been extensively
used in factories, laboratories, bio-hazardous areas like nuclear plants, toxic places, military application
such as bomb diffusion and also in high precision tasks like laser cutting, microsurgery. Further, robots
are successfully employed in inaccessible terrains like underground tunnels, underwater and are also
functioning as assistive technology for specially abled persons in the form of replacement limbs.

Robot manipulators can be vastly classified into rigid and soft manipulators. The early robot
manipulators were mainly developed for industrial use due to which their links were made with rigid
body and hence they were called rigid manipulators. A more recent and bio-inspired approach to
developing manipulators involves using soft, flexible and compliant materials to obtain more life like
grasping and movements. The advantage of the rigid manipulators over soft manipulators is the high
precision in trajectory tracking, whereas soft manipulators can provide a more compliant behaviour.

Rigid manipulators can have two types of joints, viz. revolute (R) and prismatic (P). As shown in
Figure [Tl (a) the prismatic joint produces a linear motion whereas (b) the revolute joint produces
an angular motion with respect to a pivotal point. Other types of joints such as cylindrical, spherical
and planar joints are results of combination of the revolute and the prismatic motions. Depending

upon the kinematic arrangement of joints, manipulators are categorized as follows [10]:

(i) Articulated arm (RRR), also called Revolute or Anthropomorphic arm (due to the resemblance

in structure with the human arm)
(ii) Spherical arm (RRP)
(iii) SCARA (Selective Compliant Articulated Robot for Assembly) arm (RRP)
(iv) Cylindrical arm (RPP)
(v) Cartesian arm (PPP).

Among the above mentioned configurations, the articulated arm (RRR) is the most dextrous one as
it can provide more freedom in a constrained workspace as compared to the other configurations [11]
and it has the best similarity with the human arm.

Robot manipulator control can be broadly classified into two areas — (I) Kinematic control and
(IT) Dynamic control [10]. The kinematic control involves solving the inverse kinematics to obtain the
manipulator joint motions that produce the desired motion defined for the end-effector or the tool

frame of the robot arm in the task space (Cartesian space). The dynamic controller calculates the

11610206




1.1 Robot manipulator

|
\i/Angular motion along the joint axis

n Rotating link

Linear motion
along the joint axis

—>

y
Sliding Link ‘ """"""

I
(a) Prismatic joint (b) Revolute joint

Figure 1.1: Manipulator joint types

commanding torque or force to act on the robot joints to achieve a desired motion defined in either the
task space or the joint space. Although from the position control point of view the kinematic control
is sufficient, however, following disadvantages are faced while implementing the kinematic control
method:

(i) The load dynamics of the manipulator can affect the joint motion that might increase the steady

state error if only kinematic control is implemented.

(ii) In practice, actuators in the manipulator joints have torque or force limits which are not con-

sidered by the kinematics.

(iii) Dynamic disturbances such as frictional force cones, center of pressure positions [I1] are also not

considered in the kinematics.

(iv) One very important aspect is the compliance of the manipulator, where, in addition to the manip-
ulator position and orientation, the interaction forces and torques with the external environment

also need to be controlled, which cannot be attained via kinematics.

The above mentioned shortcomings of the kinematic control are overcome in dynamic controllers. The
dynamic controller uses the manipulator and the disturbance dynamics or their estimates to generate
the input signal in terms of actuator torques and forces. The control law can be modified to reject

any unwanted dynamic behaviour and tackle the various constraints mentioned above.
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1. Introduction

1.2 Literature review: Robust controllers for robot manipulators

Robot manipulators developed in early years were remotely controlled mechanical arms used in
nuclear plants for handling radioactive material like the MSM-8 (Master Slave Manipulator Mk.8)
developed for the Argonne National Laboratory by the Central Research Laboratories in the US.
Meanwhile, George Devol in 1961 developed the Unimation Puma robot in a General Motors plant.
The Puma robot was inspired by the high performance Computer Numerically Controlled (CNC) tools
developed for accurate milling of aircraft parts. The Puma robot replaced the master manipulator in
the master slave system. However, manually operating the master arm by a human operator was not
always feasible owing to space constraints or the distant location of the remote site producing large
transmission delays [12]. This drawback was addressed using two methods — (i) Direct control of the
manipulator through a computer in a closed loop and (ii) Supervisory control where occasionally the
desired sequence of subgoals was set by an operator. The supervisory control loop was closed through
a human operator whereas the direct control was a fully automated system. The first automatic
manipulator was developed by H.A. Ernst in Massachusetts institute of technology (MIT) [13] in
1968. The idea of automatic manipulation gained much popularity since it did not have to deal with
the communication delays of the master-slave manipulators and could be indefinitely operated for a
preset trajectory. A few mentionable works in the early period for automatic manipulator control
are [I4HI7]. With the evolution of the automated manipulator, the significance of torque control
was closely noticed. Previously operated manipulators were mainly position commanded where the
position or velocity command was produced based on the manipulator kinematics and the desired
trajectory to be followed. Since in the master-slave manipulators, the force exerted by the arm on the
external objects was controlled by the human operator, the force control or the compliance control was
not an issue. However, with the automated manipulators, controlling the interacting force with the
environment was also necessary which led to the evolution of compliance controllers. The joint torque
control method provided more scope in the interaction force control than the position command and
inspired further research into the inverse dynamics control of the manipulator. A comparative analysis
of the computed torque method and the positional servoing of manipulators can be found in the report
by Markiewicz [18] where he has mentioned that both the methods have their own merits and demerits
and can be selected depending upon the area of application. In the technical report of NASA by A.K.
Bejcky [16], a detailed report on the dynamics and control of robot manipulators is provided. A few
other early works on the dynamic control of manipulators are by Raibert and Horn [19], Yuan [20].

Dynamic controllers for robot manipulators can be broadly classified into (i) Robust controllers and
(ii) Intelligent controllers. Robust controllers [2I] rely on the system modeling to construct a proper
control law in order to perform a desired task, whereas intelligent control methods [22] do not rely on
the system model and use the available system behaviour to heuristically construct the controller. A
brief yet comprehensive survey of the robust control methods developed for robot manipulators can
be found in [21] and [23] whereas [22] provides an overview of the main intelligent control methods like
neural networks, fuzzy logic, genetic algorithm and hybrid intelligent controller for humanoid robots.
Although intelligent controllers are appealing because of their model free nature, heuristic design and

lesser design effort, but for complex systems, the computational burden, possibility of over-estimation
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1.2 Literature review: Robust controllers for robot manipulators

and deviation from normal behaviour may severely affect their performance. Moreover, intelligent

control methods can at best guarantee asymptotic tracking whereas with some advanced robust control

methods, finite time convergence can be achieved [24]. Therefore, if the system model is available,

it is preferable to use a robust control method for achieving reliable performance. Model estimation

methods like time delay estimation (TDE) [25] have made it possible to implement classical robust

control methods even when exact model of the system is not available.

Sage et al. [21] have categorized robust controllers designed for robot manipulators into the fol-

lowing classes:
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(i) Linear controllers

(a) Proportional Derivative (PD) and Proportional Integral Derivative (PID) controllers

(b) Linear Ho, Controllers

(ii) Nonlinear controllers

(
(

(a)
(b)
c)
d)

)

Passivity Based Controllers
Lyapunov Based Controllers
Sliding Mode Controllers (SMCs)

Nonlinear H,, Controllers

(e) Robust Adaptive Controllers

A brief overview of the above robust control methods is given below:

(i) Linear controllers

(a) Proportional Derivative (PD) and Proportional Integral Derivative (PID) con-

trollers

Simple structure and ease of implementation made PD and PID controllers quite popular.
The PD controller was originally designed for linear systems and in case of robot manip-
ulators the controller was designed for a linearized robot model. Therefore, the global
asymptotic stability could be guaranteed only for point to point motion with high velocity
gain and gravity term compensation [26H28], whereas for trajectory tracking, only local or
semiglobal stability was assured [29]. Despite these limitations, PD and PID controllers are
still widely used in industrial manipulators mainly because of their simple structure. How-
ever, for precise trajectory tracking tasks, these controllers fail to provide global stability
and hence they are often combined with other nonlinear methods giving rise to nonlinear
PID controllers. For example, Tomei [27] proposed an adaptive PD controller where the
gravity terms were compensated through an adaptive law and the controller was imple-
mented for regulation as well as trajectory tracking control. In [30], Vega et al. proposed
a PID controller for a decentralized system. Their method combined a PID controller with
a sliding mode without the reaching phase and terminal attractors to obtain global asymp-

totic stability in manipulator trajectory tracking. Su et al. [31,32] proposed a nonlinear
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(b)

PID controller for trajectory tracking of robot manipulators using nonlinear differentiators
for noisy signals. The PID controller has also been combined with fuzzy control methods
as can be found in Meza et al. [33]. Dumlu and Erenturk [34] proposed a fractional order
PID controller for trajectory tracking of a parallel robot manipulator.

Although the PD and PID controllers are easy choices for application to the linearized and
decentralized model of a robot manipulator, in practical situations PD or PID controllers

alone cannot tackle the possible nonlinear disturbances and guarantee a stable operation.

Linear H,, controllers

The H, control is an attractive robust control methodology due to the following properties
[35]:

e It is a multivariable technique

e The performance and the robustness both can be addressed

e The uncertainty can be directly handled.

Initial attempts of Hy, control of robot manipulator involved linearisation of the manip-
ulator dynamics using a feedback control law [35] and then applying the H,, control in
the inner loop for the linearized system. Sage et al. [36] derived a controller having an
outer velocity loop controlled by PI/PD controller and the inner linear position control
loop controlled via linear H,, control.

The H., controller was developed either by solving Riccatti equation or linear matrix in-
equality. However, implementation of the controller was not easy due to solvability issue of
the Hamilton Jacobi (HJ) inequality. Moreover, because of using the linearized model, the
unmodeled nonlinearity and gear backlash could not be accounted for, leading to degrada-

tion of performance of the H, controller.

(ii) Nonlinear controllers

(a) Passivity based controllers

(b)

Robot manipulators are passive systems and the early use of passivity in manipulator con-
trol can be found in [37] by Arimoto and Takegaki where they used a simple PD controller
with gravity compensation in order to obtain global stability for set point regulation. Use
of passivity made it possible to design adaptive controllers without the knowledge of ac-
celeration of the manipulator. As such, various passivity based adaptive controllers can be
found in the literature including Ortega and Spong [38], Leal and De Wit [39], Tang and
Arteaga [40], Villani et al. [41], Hsu et al. [42]. Passivity can also be used to control the
manipulator directly where the natural energy of the robot is reshaped. The controller is
designed based on an energy function of the closed loop system and then damping is added

via velocity feedback for asymptotic stability [43-46].

Lyapunov based controllers
Lyapunov based controllers are designed based on the stability of the system. A positive

definite control Lyapunov function (CLF) representing the generalized energy is defined for
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(c)

the controlled system and following Lyapunov’s second theorem, a control law is derived to
bound the system error within an arbitrarily small region. Lyapunov method is more of a
tool for stability analysis of nonlinear systems. The pioneering works by Leitmann [47] and
Corless and Leitmann [48] inspired the design of Lyapunov based controllers. Following the
methodology of [48], these controllers for robot manipulators were developed based on the
knowledge of the uncertainty bound. High gain saturation type functions were used here
to tackle uncertainties [49H51]. Based on the works of Slotine and Li [52], Johansson [53]
developed a Lyapunov based adaptive controller for robot manipulators. Backstepping
[54.55], introduced in 90’s was another Lyapunov based design where a sequence of virtual
subsystems of relative degree one were designed and based on a CLF defined for each
subsystem, a virtual control law was derived. The actual control was obtained in the
final step of the algorithm as a function of the previously derived virtual controllers. The
unknown functions and uncertainties at each step were tuned using an adaptive law. Due
to the systematic design methodology and the ease of stability analysis, backstepping has
been extensively used in manipulator control [56H62]. For the Lyapunov based controller,
existence of the CLF is a necessary and sufficient condition for ensuring stability of the
controlled system. But in this method, only stability is established, whereas performance

cannot be always guaranteed.

Sliding mode controllers (SMCs)

Sliding mode control (SMC) [63/64] is a variable structure control method where a switching
controller is designed based on a predefined sliding surface. The originally proposed SMC
had a first order linear sliding surface that was used as the switching function for the
controller. The controller operates in two stages: reaching phase where the control input
brings the system states to the sliding surface in finite time and the sliding phase when the
system states are on the sliding surface and approaches equilibrium asymptotically. During
the sliding phase the states are no longer affected by the system dynamics but are governed

by the sliding surface dynamics thus making the system robust to disturbances.

Robustness and structural simplicity are two main features of the SMC due to which this
control method has been widely used in controlling nonlinear systems. Some early works on
robot manipulator control using the SMC are reported in [65H69] . Despite the robustness
of the SMC, it suffers from the unwanted chattering phenomenon which can prove harmful
to mechanical joints and actuators. The chattering occurs due to the switching function
present in the control input. The initial efforts to minimize the chattering were to replace
the discontinuous switching law by a continuous function or using a boundary layer ap-
proximation [68[70-73]. But such actions led to compromising in the tracking performance
and the stability margins. Another drawback of the SMC is that its robustness can be
guaranteed only when the system states are on the sliding surface but in the reaching phase
it is not immune to the uncertainty. Utkin and Shi [74] proposed the integral sliding mode
controller where the sliding surface had the same dimension as that of the controlled system

and thus the robustness could be guaranteed during the whole state motion. The dynamical




TH-1676-

1. Introduction

=
=
(0]
=
O
N
()

(d)

SMC proposed in [75[76] was an attempt to mitigate chattering in the control input. Based
on the terminal attractors introduced by Zak [77], the terminal sliding mode control [78/[79]
was derived which, in addition to finite reaching time, also provided finite time convergence
of the system states to the equilibrium. Unlike the traditional SMC, controller gain in the
terminal SMC was significantly reduced but it suffered from the singularity problem and
degradation of convergence performance when the error states were far from the equilib-
rium. The non-singular terminal SMC [80] and the fast terminal SMC were [24] developed
as a solution to these problems. Another important class of the SMC are the second and
higher order SMCs proposed by A. Levant [81] that can provide a smooth control law while
maintaining its robustness and performance. Considerable work has been done on designing
higher order SMCs for robot manipulators [82-H87].

Nonlinear H., controllers

Yim and Park [88] proposed nonlinear H, control, where the robot dynamics were trans-
formed to an affine nonlinear system about the state and input and the associated HJ
inequality was derived in the form of nonlinear matrix inequality (NLMI). In [89], Kim et
al. proposed a nonlinear robust internal loop compensator (NRIC) using H,, optimization,
which had the similar structure as that of model reference adaptive control (MRAC). How-
ever, the H,, compensation in [89] attenuated the deviations from the nominal behaviour
instead of adjusting the controller/modeling parameters like the MRAC. Rigatos et al. [90]
proposed local linearisation of robot dynamics about the equilibrium in order to apply Hs
control theory. The controller was designed by solving the Riccatti equation. However,
like most of the Hy, control methods [90] also suffers from the drawback of linearisation,
especially when the number of DoFs are high making it difficult to analytically obtain the

linearized model.

Robust adaptive controllers

The early works on the adaptive control of robot manipulators [91H93] were mainly passivity
based adaptive control schemes. Based on the adaptive controller proposed by Slotine and
Li [91], many variants were proposed [94,[95]. The overestimation issue of the adaptive
law was tackled by introducing the leakage term as proposed by loannou and Tsakalis
in [96] which ensured that the signals in the adaptive loop were bounded with only a
small residual tracking error. The robust adaptive controller obtained likewise has been
successfully implemented in the dynamic control of robot manipulators [97-102]. One
constraint of the robust adaptive controller was that knowledge about the joint acceleration
was essential. Middletone and Goodwin [103] proposed a linear estimation technique with
computed torque which did not require the acceleration measurement. Hsu [104] proposed a
prediction error based estimation that allowed adaptive control of manipulators without the
joint acceleration measurement. Other control methods like neural and fuzzy controllers and
disturbance observers were also combined with the robust adaptive controller to improve

its performance while eliminating its drawbacks [L105-111].
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1.3 Motivation

1.3.1 Controller design

As discussed, researchers have attempted to build control strategies by integrating multiple control
methodologies with an aim to improve system performance without compromising too much on the
system robustness and vice versa. However, other two factors that has to be considered in controller
design is the controller structure and the information demand. Simple structure and a low informa-
tion demand are the major features to be looked into while considering its practical application in
robot manipulators. This is the reason for the PD/PI/PID being the most widely used controller for
commercial robot manipulators till date. Simple structure and ease in implementation are the reasons
for popularity of the PID controller although its performance may not be the best. Moreover, the PID
controller can be implemented even without any detailed knowledge about the system model and the
number of its parameters to be tuned is also small.

The same is not true for the Hoo, the passivity and Lyapunov based control or adaptive control
methods. These controllers, although showing superior performance, cannot offer the same simplicity
in design and structure as the PID controller. However, the conventional SMC has a simple structure
that can be easily implemented on linear or nonlinear systems and it has better robustness and perfor-
mance characteristics than the PID controller possesses. But the presence of mismatched uncertainty
in the manipulator and the high frequency chattering imposes a restriction on the use of the conven-
tional SMC in the robot manipulator. The higher order SMC (HOSMC) can eliminate the chattering
phenomenon while retaining robustness of the controller and offering satisfactory transient and steady
state performances. However, the HOSMC requires knowledge of the higher derivatives of the sliding
surface. Due to this increased information demand, simplicity in structure of the conventional SMC
is lost.

Backstepping is a Lyapunov based method that uses smaller subsystems to design synthetic control
laws until the actual control input is realized finally. For a relative degree 2 system like the robot
manipulator, use of backstepping is fairly simple as it will require only two steps to derive the control
law. In terms of the synthetic control laws, backstepping renders each subsystem into having reduced
relative degree and using the SMC in the steps of backstepping can make the SMC immune to mis-
matched uncertainties [I12L113]. This is an elegant and effective solution to the robustness issue of
the SMC involving mismatched uncertainties and additionally, a methodical analysis of the system
stability can be attained through the control Lyapunov function (CLF) designed for backstepping.
However, most of the controllers using the backstepping based sliding mode methodology utilize neu-
ral networks, fuzzy logic, optimal design or disturbance observers for improved performance. Although
such combinations improve the controller performance, they also increase the number of controller pa-
rameters to be tuned. Backstepping sliding mode control (BSMC) techniques not using these methods
incorporate compensation schemes to reduce the effects of uncertainty and chattering [I14,115] which,
however, results in increased information demand on the system or rise in parameters to be tuned.

Thus, it can be observed that a host of robust and intelligent control methods have evolved for

robot manipulators to enhance their performance. However, for applying these control schemes in real
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world, the following major criteria need to be considered:

e The first and foremost criterion is always guaranteed robustness of the controller, coupled by

stability and satisfactory system performance.

e The second important criterion is the structural simplicity of the controller and minimal in-
formation demand. A controller having complex structure and high information demand can
loose its portability despite its robustness and acceptable performance. Since most of the con-
trollers implemented in the modern time are digital, having a complex structure of the controller
means requirement of more memory space and faster processors. Increased information demand

requires more sensors and all of these combined ultimately raises the implementation cost.

e The third criterion is the ease of design. Too many controller parameters and optimizing tech-
nique can yield very good performance, but it may not be appealing for a real time application.
Robot manipulators are nonlinear system and tuning parameters for nonlinear systems is a te-
dious task for which standard procedures are difficult to find. Too many parameters to be tuned

can make the controller difficult for realization.

Keeping in mind the above mentioned basic requirements, this thesis aims to design suitable
robust controllers based on the backstepping sliding mode control (BSMC) methodology. The BSMC
is chosen primarily for the reason that it does not require linearisation of the system model and
nonlinearities in the system can be retained without any loss to their inherent characteristics. Effort
of the research work is on achieving a structurally simple control method, without having to resort
to any intelligent methods, optimization process or disturbance observers. Although the controller
simplicity may not match that of the PID controller, the controller design will be focused on reducing
the structural complexity of the controller without having to compromise too much on the stability
and performance. Various BSMC based control schemes proposed in the thesis will attempt to address

issues pertinent to implementation in robot manipulator.

1.3.2 Dynamic torque control of position commanded robot manipulators

Most of the low cost robotic manipulators normally have servo motors as the joint actuators and
these servos have internal microcontrollers for position and speed control. This makes the robots
position commanded, meaning that only the joint position can be sent as the input to the actuators.

The main disadvantages of this arrangement are as follows:

e The controllers inside the servos are designed for single motor operation only. When the servos
are linked and operated as a whole arm, the dynamics of the entire arm affects each servo motor.
Since the servo controllers are proportional integral derivative (PID) or its variants, they are
not very effective when affects of such load dynamics are high during arm motions. As such, the

steady state error tends to increase with increasing load.

e While interacting with the external environment or working with humans, position control of

the arm alone may not be sufficient since the forces and torques also need to be taken care of.
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1.4 Contributions of the thesis

Therefore, to achieve a compliant motion, relying solely on the internal position controllers will

not be adequate.

e Standard position control does not consider the constraints affecting the humanoid manipulators

like torque limits, frictional force cones, center of pressure positions [I1], which is otherwise

possible with inverse dynamics control.

Khatib et al. [I16] proposed a torque to position transformer based on the actuator transfer function

which was identified using higher order polynomials without relying on the direct measurement of joint

torques. This strategy has been successfully implemented on the humanoid robot Asimo arm [116].

In [117], a three part torque control law, which required estimation of the joint torques based on the

end-effector torque sensor data and the robot model, was formulated. Both the studies showed that the

position command to the digital servos could be manipulated to obtain the dynamic controller effects.

Inspired by [116], this thesis attempts to devise a transformation method that enables implementation

of a torque controller on a position commanded motor.

1.4 Contributions of the thesis

This thesis is aimed at developing a simple SMC based chattering free control method for appli-

cation to robot manipulators. The primary contributions of the thesis are listed below:

(i) Integral backstepping sliding mode controller (IBSMC)

(iii)

=
=
(0]
=

A simple control method is developed for robot manipulators combining integral backstepping
[54] and the sliding mode control [118]. The controller design is based on the works by Ramirez
and Santiago [119], Boliver et al. [120], Liu and Zinober [121], Quing-xuan et al. [122]. The
proposed controller produces a smooth control law which ensures satisfactory performance in
position control tasks. The proposed IBSMC can also be used for stabilisation of underactuated

systems.

Integral adaptive dynamic surface controller (IADSC)

The inherent “explosion of terms” encountered in backstepping tends to increase the number
of terms in the controller due to the successive differentiation, thus increasing the structural
complexity. The dynamic surface [123,[124] is used to develop an TADSC that uses simple first
order low pass filters instead of differentiation. In the proposed control method, the filter is used
only in the final step of the integral backstepping controller unlike the DSC [123]. This is done
to avoid differentiating the manipulator dynamics. The controller gain is tuned adaptively and
hence knowledge about the uncertainty bounds is not a prerequisite for designing the controller.

Also, now the controller gain is not unduly high and so chattering is reduced.

Adaptive backstepping sliding mode controller with PID sliding surface (ABSMC-
PID)
Inclusion of low pass filters in the TADSC somehow limits the bandwidth of the controller appli-

cation as the filter dynamics can affect the controller stability. In case of digital implementation
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of the controller, the varying sampling time and possible delays will require redesigning of the
filter to avoid unstable operations. Therefore, the integrator block in the backstepping method
is replaced by a PID type of sliding surface. This eliminated the requirement of the low pass
filter. The proportional, integral and derivative gains of the sliding surface are derived via back-
stepping. This way, tuning of the PID sliding surface is totally eliminated. Moreover, as the
backstepping is a Lyapunov based design, a stable sliding surface is always guaranteed. The pro-
posed ABSMC-PID method is also used for impedance controller design of robot manipulators.
Unlike the existing impedance control methods, the ABSMC-PID uses backstepping to arrive at

the desired manipulator impedance defined in terms of the sliding surface.

Adaptive backstepping based fast terminal sliding mode controller (ABFTSM) with
time delay estimation

The structure of the manipulator dynamics becomes more complex as the number of DoF in-
creases. To avoid this problem, a model free controller is designed using the time delay estimation
(TDE) method [25]. The TDE is implemented to estimate the soft nonlinearities of the manip-
ulator dynamics which include the centrifugal and Coriolis force and the gravitational effects.
The inertia matrix of the manipulator is replaced with an estimated constant diagonal matrix.
The proposed controller uses backstepping to derive a fast terminal sliding surface that has finite
time convergence properties. The controller gains are tuned adaptively in order to compensate

for the unknown disturbances and the modeling error encountered due to the TDE.

Torque to position conversion

Most of the digital servos used as actuators for the low cost commercially available manipulators
are position commanded and hence implementing dynamic torque control for them is quite
difficult. Motivated by the works of Khatib et al. [116], a simplified torque to position conversion
method is proposed where the servos have only proportional control as their built in internal
control. Through simulation and experimentation, the proposed method is validated and is used
for implementing the control methods proposed in this thesis. The results confirm that inclusion
of an outer dynamic control loop in the position commanded actuators can actually improve the

performance of the controlled system.

1.5 Organization of the thesis
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This thesis is divided into six chapters. The organization of the thesis is as follows:

e Chapter In the first part of this chapter the integral backstepping sliding mode controller

(IBSMC) for robot manipulators is derived. A detailed stability analysis and comparison of
simulation results with already existing control methods are provided. Moreover, simulation
results obtained by implementing the controller for stabilizing the underactuated inverted cart
pendulum system is also presented. In the second part of the chapter, the design, stability

analysis and simulation results for the integral adaptive dynamic surface controller (IADSC)

12



1.5 Organization of the thesis

are provided. The proposed TADSC is compared with the IBSMC and some other controllers

existing in literature.

e Chapter[3: The adaptive backstepping sliding mode controller with PID sliding surface (ABSMC-
PID) is designed in this chapter. The first part of the chapter includes the controller design,
stability analysis and simulation results for joint trajectory tracking of the robot manipulator. In
the second part of the chapter, the ABSMC-PID is designed for impedance control of robot ma-
nipulators while interacting with the external environment. The system compliance has showed

improvement during collision with stiff surfaces while performing trajectory tracking tasks.

e Chapter [4 The model free adaptive backstepping based fast terminal sliding mode controller
(ABFTSMC) with time delay estimation is presented in this chapter. The detailed stability

analysis and the simulation results are presented to confirm the controller performance.

e Chapter The description of the experimental setup and a detailed derivation of the torque
to position conversion for position commanded digital servomotor is presented in this chapter
along with simulation and experimental validation. Experimental validation of the proposed
conversion methods as well as the proposed control laws, ABSMC-PID and ABFTSMC, are also

presented in this chapter.

e Chapter Conclusions are drawn and scope for future research are presented in this chapter.
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2.1 Motivation

The characteristic robustness against matched uncertainties and the order reduction in the sliding
mode control (SMC) have rendered it an attractive domain in the field of controller design. In case of
robot manipulators, application of the SMC has been highly researched for joint tracking, task space
tracking as well as compliant control tasks. Guaranteed transient performance and final tracking
accuracy in presence of both parametric uncertainty and unknown nonlinear functions satisfying the
matching conditions have made the SMC a popular choice for controlling nonlinear systems. However,
the strong robustness of the SMC is achieved at the cost of high controller gain which may lead to
actuator saturation and high cost of the controller. Moreover, the inherent high frequency chattering
in the control input of the SMC is undesirable as it may cause damage to the system actuators. Also,
robustness of the SMC is guaranteed against uncertainties satisfying the matching conditions only [64],
whereas in presence of mismatched uncertainties the system stability cannot be assured.

A well known control algorithm providing global stabilization is backstepping [54,[125]. It is
a recursive procedure for designing an adaptive nonlinear feedback control, where a step by step
coordinate transformation occurs with a Lyapunov based synthetic control developed at each stage
and an adaptive tuning function estimating the unknown functions. The actual control is obtained
in the last step. In order to design a backstepping controller the system is initially represented in
parametric pure feedback (PPF), parametric strict feedback (PSF) or semi strict feedback (SSF) form
and then the whole system is divided into small subsystems [54].

The attractive qualities of backstepping method are (i) asymptotic global stability against para-
metric uncertainty, (ii) guaranteed transient performance and methodical analysis ability due to the
control Lyapunov functions and (iii) Retention of system nonlinearities. In order to utilize the benefits
of both backstepping and sliding mode control, these have been combined to develop the backstepping
sliding mode controller [126,[127]. The integral backstepping is a method which is applied for lower
order systems to obtain a strict feedback form [54,128]. The integral backstepping has been modified
and combined with the sliding mode control to achieve a continuous control signal, thus eliminating
chattering from the control input [129].

The IBSMC can combine the main advantages of both the controllers namely, asymptotic stability
against both the matched and mismatched parametric uncertainties offered by backstepping method
and guaranteed transient performance and final tracking accuracy offered by the SMC. Moreover,
due to backstepping, the resultant controller will have a methodically defined Lyapunov function for
stability analysis and more flexibility in terms of design parameters.

The merger of integral backstepping and sliding mode control methods mainly offers the benefits
of both the controllers while at the same time compensating the drawbacks of each other. For systems
like robot manipulators which are extremely prone to both structured and unstructured uncertainties,
it is necessary for the torque controller to have robustness and adaptiveness against both. Most
importantly, such a controller is well suited for the dynamic structure of the robot manipulator to
produce a feedback control law that ultimately linearizes the system.

A few among the pioneering works on integral backstepping sliding mode control are [TT9-I121].

The use of backstepping for robot manipulators was initially somewhat limited owing to its multi
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input multi output (MIMO) nature and high coupling of the input matrix, which was however later
overcome using the semi-strict feedback form of the MIMO system as can be found in [I30]. Some
recent literature on controlling robot manipulators using backstepping sliding mode controller are
[I12H1T5,[122,1311132], where backstepping sliding mode is combined with other algorithms such as
optimal control, neural networks and time delay control to get satisfactory performance corresponding
to the control objectives.

In this chapter an integral backstepping sliding mode controller (IBSMC) is proposed for the dy-
namic control of nonlinear robot manipulator systems and the block diagram of the proposed IBSMC
is shown in Fig. 21l In Fig. 211 u(t) is the control input to the system, ¢, ¢ are the states and y is

the output of the system and y, is the reference signal. Two design approaches, namely integral back-

u(t) u(t)

Vy——— IBSMC

System >y

—
v

Figure 2.1: Block diagram: Integral Backstepping Sliding Mode Control

stepping sliding mode controller (IBSMC) and integral adaptive dynamic surface controller (IADSC)
are proposed. The IBSMC derives a sliding surface based on the integral backstepping method and
finally produces a discontinuous function as the derivative of the control input. As the control in-
put is obtained at the output of an integrator, it is free from chattering and due to backstepping
the controller can handle both matched and mismatched uncertainties. However, the analysis and
the simulations showed that the IBSMC had certain disadvantages, mainly explosion of terms and
necessity of the knowledge about the uncertainty bounds. In order to eliminate these drawbacks, the
dynamic surface control (DSC) [123] methodology is adopted along with the adaptive tuning of the
sliding mode controller gain [133].

The outline of the chapter is as follows. Section [2.2]includes the design and stability analysis of the
IBSMC. Simulation results obtained by applying the IBSMC for an under-actuated cart-pendulum
system are firstly presented in this chapter. Then, simulation studies of the proposed IBSMC for
stabilizing a robot manipulator are conducted. The design process of the IADSC for a robot manipu-
lator and its stability analysis are discussed in Section 2.3 The effectiveness of the proposed IADSC
method is validated by comparing it with some existing robust control methods. In Section 2.4] a brief

summary of the proposed controllers is presented.
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2.2 IBSMC design for robot manipulators

2.2.1 System Description

In order to derive an IBSMC for a robot manipulator, the following generalized dynamics for a

n-DoF robot manipulator is considered [I1]:

M(q)i+ C(q,4)qd+ G(q) =7+ f(q,4,1) (2.1)

where the n x 1 vectors q, g, § € R are respectively the joint angle position, angular velocity and
angular acceleration of the manipulator, M (q) € R™*" is the inertia matrix, C(q,q) € R"*" is the
centripetal and Coriolis force matrix and G(q) € R" is the gravitational force vector. The input
torques acting on each of the joints are represented by the vector 7 € R". The vector f(q,q,t) € R"
represents the frictional torque acting on the joints and is considered as an unknown disturbance
torque. The derivation of the manipulator dynamics is given in Appendix [A ]

Considering revolute joint manipulators, the properties of the manipulator dynamics [11] are as

follows:

Property 1. The inertia matriz M(q) is bounded, symmetric and positive definite which means,
: 2 a 2
tmin|[®]|” < @" M (@)% < ftmae|||] (22)

where x € R is any real valued vector with ||x|| as its Euclidian norm and 0 < fmin < fmaz TEPTESENLS
the bounds of M(q) .

Property 2. The robotic manipulator is a passive system which means

x’ <%M(q) - C(q, q)) x=0, Vx#0. (2.3)

The following assumptions are made for the robot manipulator:

Assumption 1. All the joints of the robotic manipulator are revolute. This assumption makes Prop-

erty 1 valid.

Assumption 2. The reference trajectory, defined as qq(t) € R", as well as its time derivatives

Ga(t), da(t) and q4(t) are continuous and bounded.

Assumption 3. The vector f(q,q,t) containing the frictional uncertainties satisfies the following:

1f(a,4,t)| < f1 (2.4)

where f1 > 0 is a constant.

Following the integral backstepping algorithm [125], where an integrator block is augmented with
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the main system to increase its relative degree, (2.1]) can be rewritten as follows:

G=M(q)~" (r —C(q,4)¢ — G(q))
T =u. (2.5)

The unmodeled forces are not considered in (23] for ease of design and will be later treated during

stability analysis of the closed loop system.

2.2.2 Design Process

The controller design process involves arriving at a stable sliding surface using the backstepping
method and finally deriving the switching control law for the converted system (2.5). The augmented
integrator block will then integrate this discontinuous signal to produce a smooth control law for the
actual plant as shown in Fig. 211l The design process can be divided into the following steps:

Step I:
The first regulatory variable is defined in this step which is generally the tracking error (in case of
trajectory tracking controller) or the joint locations (in case of stabilizing controller). Here the tracking

error is considered as the first regulatory variable (z1) defined as follows:

Z1 =49 —4q4

21 =4 — qa. (2.6)

The joint velocity ¢ is now considered as the control variable for the subsystem (2.6). A control
Lyapunov function (CLF) is now defined for (2.6 as follows:

1
Vi =521z
Vi =212 = 21 (¢ — da)- (2.7)

Based on the CLF an artificial control a will be formed so that when ¢ = a, (2.6]) will be stabilized.

Following av is used that will render V; negative definite,
a; = —ci121 + 44 (2.8)

where ¢1 = diag(cy;), c1;, > 0,i=1,...,n is a user defined constant matrix. This selection of a; will
convert (2.6) to the following stable form

Z.l = —Ci1Z21. (29)

Step II:

The error between the artificial control a; and the velocity ¢ forms the second regulatory variable zo
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2.2 IBSMC design for robot manipulators

as follows:

zg=¢q— a1 =qg—(qq+c1z1

22 =4 — Ga+c121 = M(q) " (7 — C(¢,4)4 — G(a)) — da+ c1%1. (2.10)
Introduction of zg along with a; changes (2.6]) to the following form:
Z.l = —C1z1 =+ z2. (211)

With 7 as the control variable, following CLF V5 is defined for (2.I0), which is positive definite for all
z1, z2 #0.

1
‘/2 :Vl + 52;22
Vo =—zi{crz1+ 2 22 + 25 (M (@)~ (t — C(q,4)§ — G(q)) — a + c11). (2.12)
Based on the CLF V5, the following artificial control law ap is defined.
az =C(q,4)q + G(q) + M(q)(da — c222 — c1%1) (2.13)

where co = diag(cy;), c2; > 0,i=1,...,n is a user defined constant matrix.

Application of the synthetic control ag on (2.12)) yields the following:

Vg — = zfclzl = zgczzz + zfzz
1
—51,
= [= z] [ ?I 2 "] ['ﬂ (2.14)
—35in C2 z2
~1r
which will be negative definite Vz1, z2 # 0, if the symmetric matrix ™ 27" is positive
—a9in C2
definite and this can be ensured if the following condition holds:
|
1> Cy (2.15)

Step III:
The last regulatory variable z3 is now defined as the difference between 7 and the artificial control

« as follows:

z3 =T —ay =7 — C(g,4)q — G(q) — M(q)(da — c222 — c1%1)
Zg =u —1(q,q,7) (2.16)

where
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n(q,4,7) =C(q,4)d + C(q,4)d + G(q) + M(q)(dq — c222 — c1£1)
+ M (q) (Ga — c222 — c121). (2.17)

Introduction of the variable z3 will cause the time derivative V5 to have the following form,
Vy = —zfclzl — zgczzz + zfzz + zgzg. (2.18)

The following sliding variable (s) is now defined as the function of the regulatory variables obtained

through backstepping:

s =0121 + 0222 + 23 (2.19)
$=0121 + 0222 + 23

=01%21 + 0222 +u—n(q,q4,T) (2.20)

where, o1, o9 are chosen to be positive such that the polynomial s = o121 + 0222 + 23 is Hurwitz
stable.

Now, the control law u will be derived in two parts: (i) the equivalent control, u.q obtained by
using § = 0 and (ii) the switching control wg,, derived based on the reaching law approach [134].

Accordingly, the equivalent control law wueq is found to be
Ueqg = N(q, 4, T) — 0121 — 0222
and the switching control wg, is found to be
Usw = —kosign(s) — Ws. (2.21)

where &k > 0, W > 0 are design parameters and ‘o’ represents elementwise multiplication of two

vectors. Thus the net control w is obtained as
U= Ueq + Usw = N(q, 4, T) — 0121 — 0222 — kosign(s) — Ws. (2.22)

With u being the control input to the augmented system (2.3)), the input 7 to the manipulator is
obtained as follows:

T = /tu(O)dO. (2.23)
0

Thus any discontinuity in w will be removed in the input torque 7 due to the above integral operation,

producing a chattering free, smooth control input for the manipulator system.

2.2.3 Stability Analysis

The sliding surface is already chosen to be Hurwitz stable. Therefore, stability concerns are with

the reaching phase when the system is still vulnerable to the uncertainties. Moreover, analysis of the
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2.2 IBSMC design for robot manipulators

overall stability of the controlled system is also important to establish robustness and applicability of
the proposed IBSMC. Stability of the sliding surface reaching phase as well as the overall system can

be analyzed in the form of the following Lemmas:

Lemma 1. The sliding surface reaching phase will be stable provided the controller gain k satisfies

the following condition:
k>h*>0 (2.24)

where h* > |h(q, q)| and h(q,q) is the vector of uncertainties effecting the system [Z.20.

Proof. In order to prove stability of the sliding surface reaching phase in presence of uncertainty,

Lyapunov function V; is used which is positive definite for all s # 0.

1
V, ==s's

2
‘./:g :STé = ST(O'lél - 0'222 + ,23)

=s" (0121 + 022 +u —n(q, 4, 7) + h(q,q))

:'ST(UIZ.I aF 0-222 + "7((1, q.a T) - 0-121 - 0-222 - kOSign(s) - Ws— T)(qv qv T) + h’(q7 q.))
=s" (~kesign(s) — Ws + h(q,q))
< —|s|"k — s"Ws +|s|"|h(q, q)]
< —|s/"(k - |h(g,4)|) — s" WSs. (2.25)

From the control algorithm it is evident that due to the recursive nature of the backstepping method
all the uncertainties in the system are carried to the final subsystem of the process, hence they can
all be accumulated as the single term h(q,q). This way sliding mode will be able to reject both
matched and mismatched uncertainties of the system. When the uncertainty bounds are known and

the switching gain k is such that k > h* > |h(q, ¢)|, the time derivative V, can be written as follows:
Ve < —sTWs <0, Vs #0. (2.26)

Since Vs # 0, sTW's is positive definite and tlim sTW's = 0, it can be concluded that the sliding
— 00

surface converges to the equilibrium asymptotically. O

Remark 2. As can be found in [13]|], the finite time T, required by the system error states to reach

from initial condition to the sliding surface can be derived from (2.21) as

%% k
T. =W 'l (%). (2.27)
Lemma 3. Provided the reaching phase is stable, the overall controlled system will be stable if the
1
(&] —§(In — 0'1) 0
matric Q = —%(In —0o1) co+ o9 —%In is positive definite, where I, is an n X n identity
0 11, w
matriz.
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Proof. The lemma can be proved using the following Lyapunov function V:

174 :%(zle + 2T 25 4+ 5Ts)

V=2T2 4282+ 575
= —2Tciz1 — 2T cozo + 2T 20 + 2T 25 — |5|Tk — sTWs + sTh(q, q)
= —2Tciz1 — 2T oz — sSTWs+ 2T 25 + 2L (s — 0121 — 0222)

—Is|Tk+sTh(q,4),  (from@INP)

(&) —%(In — 0'1) 0 zZ1
<[ A ST | dUa—01)  etor | |z| — sk + || |R(a, 9)]
0 —1I, w s
21
<[ 2 7] Q [22| — IsI7k + |5 |h(g, )] (2.28)
s
(&) —% In - 0'1) 0
where Q = —%(In —01) co + o2 —%In . For a positive definite matrix Q@ and k >
0 —11, w

|h(q,q)|, V will be negative definite and the system will be asymptotically stable. Using Schur’s
complement for symmetric block matrix [135] (Appendix [A.2]), the matrix @ will be positive definite

provided ¢y, c2, 01, 02, k and W are positive definite and they satisfy the following condition:

1
ca + o2 >ZW_1 (229)
1 1
c1 >Z(In—0'1)(cz—|—0'2— ZW ) (I, —o1). (2.30)
O

2.2.4 Simulation Results

The IBSMC derived above is tested via simulations performed in Matlab/Simulink environment.
The proposed IBSMC is first applied to an underactuated system by properly selecting the backstep-
ping variables. The cart-pendulum, being a benchmark under-actuated system, is controlled through
the proposed IBSMC method and the results are shown in Section 2.2.4.11 The second set of simula-

tions show the controller performance on a 2 DoF robot manipulator.

2.2.4.1 IBSM Control of an Underactuated Cart-Pendulum System

The proposed IBSMC is applied for swing-up and stabilization of an underactuated cart-pendulum

system [I]. Fig. shows the cart-pendulum system whose dynamic model is represented as

M(q)§+ C(q,4)d+G(q) = F + Fq (2.31)
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[ cos O
Table 2.1: Parameters of the Cart-Pendulum System
Me myp l J
fi Unit | (kg) | (kg) | (m) | (kg-m?)
, e Value | 1.12 | 0.11 | 0.1407 0.0038
777
4—L—P

Figure 2.2: Cart-pendulum system

where g, ¢ and § represent the position, velocity and acceleration of the system, M (q) is the inertia
matrix, C(g, q) is the centripetal and Coriolis force matrix and G(q) is the gravitational force vector.
Furthermore, F represents the applied force and Fy corresponds to the disturbance force caused
by uncertainties. In Figure 2] y and 6 are the linear displacement of the cart and the angular
displacement of the pendulum respectively and q = [y, 0]”.

For the cart-pendulum system shown in Figure 2.2 the dynamics (2.31]) is described in details in
Appendix [A.3l The parameters of the cart-pendulum system are given in Table 2.1

The derivation of the IBSM controller for the inverted pendulum system is given in detail in
Appendix [A4l The proposed IBSMC method is compared with the coupled SMC method designed
by Park and Chwa [I] which is elaborated in Appendix [A.5l A matched disturbance fy, = 0.1sin2¢
is applied to the cart-pendulum system and the performances of the two controllers, IBSMC and
SMC [1] are compared. The simulation results are shown in Figure 23] and performances of these
controllers are summarized in Table and Table The performance indices used in the tables
are: rise time (t,), peak overshoot (Mp), peak time (t,), settling time (t;), the steady-state root mean
square error (RMSEjs), 2-norm of the control input (||u||) and the total variation (TV) of the control
input (2.32) indicating the amount of chattering content. The total variation (T'V') is computed by
using the following formula (assuming a discrete signal obtained through software implementation or

sampling of the continuous signal) [1306]

p—1
TV = |uis1 — (2.32)

i=1

where p is the total number of sample points.

In addition to the applied matched disturbance f;, = 0.1sin2¢, a change in pendulum mass is
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Figure 2.3: Simulation results of IBSMC and SMC [I] for swing-up and stabilization of cart-pendulum
system with matched uncertainty
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Table 2.2: Stabilizing cart-pendulum system with matched uncertainty for linear displacement

Controller ¢, (s) Mp (m)  tp (s) ts (s) RMSEgs(m) [lu]| (N) TV (N)
IBSMC 3.5390  6.7969 5.4490  24.7360 0.0776 916.8659 1.242134x10°
SMC [i] 8.4030  4.0398 12.2600 34.4358 0.1018 3.3868x10°  1.419360x10°

Table 2.3: Stabilizing cart-pendulum system with matched uncertainty for angular displacement

Controller ¢, (s) M, (rad) tp (s) ts (s) RMSE,,(rad)
IBSMC 2.918 -0.3757  4.8450  15.0183 0.0153
SMC [1] 0.9191 0 - 4.3141 0.0218

Table 2.4: Stabilizing cart-pendulum system with matched and mismatched uncertainties using IBSMC

tr (s) My, tp (s) ts (s) RMSE;s [lul| (N) TV (N)
y 2429 5.175m 3.788 18.6251  0.0463m  1.54x10° 1.24x10°
0 1912 -0.5354rad 3.3160 11.3685 0.0137rad - -

now considered which will produce a mismatched disturbance in the system. A change of mass from
m, = 0.11kg to m, = 2kg is carried out for examining the effects on both of the controllers. The
simulation results are plotted in Figure 2.4] and summarized in Table 24l The performance indices
used in the table are the same as described above for Table and It is observed from Figure
2.4 that the SMC [1] fails in the presence of mismatched uncertainty in the system. On the other
hand, the IBSMC remains immune to mismatched uncertainty and is able to successfully swing-up

the cart-pendulum system to the equilibrium point and stabilize it.

2.2.4.2 1IBSM control of a 2 DoF Robot Manipulator: Stabilization of Joint Positions

The proposed IBSMC method is now applied for stabilizing control of a 2DoF robot manipulator
shown in Figure The obtained results are compared with a conventional first order sliding mode
controller (SMC). The parameters used for the proposed IBSMC (222)) are:

c1 =201, ¢y =30I,, oy = oy = 101,k = [8,8,8/", W = 1001, (2.33)

where I, is an n X n identity matrix.

The conventional first order SMC is given by
75 =C(q,4)q + G(q) + M(q) " (4a — kosign(s) — Ws) (2.34)
where k = 81,,, W = 1001,,. The sliding variable s is formed as
s=q¢+Aq (2.35)

where A = 10. The rest of the terms in the SMC (234) represent the same quantities as described in

the previous sections.
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2.2 IBSMC design for robot manipulators

Figure 2.5: 2DoF manipulator schematics used for simulation

The dynamics of the manipulator model shown in Figure is given below:

mi1r Mmi2 (.1.1 I C11 €12 (?1 _ T1 (2.36)
mo1 Mm22| [q2 C21 (€22 q2 T2

where my; = (mq + mg)l% + mgl% + 2molyls cos(qa) + J1; miz = map = mllg + malyils cos(ge); maog =

mal3+Jo; c11 = —bgu; c12 = —2bdn; ca1 = 0;¢22 = bo; b = malilasin(ga); G1 = (m1+ma)ligcos(gz)+
mals cos(q1 + q2); G2 = gmals cos(q1 + g2). The manipulator parameter values are:
my = 0.5kg, mg = 1.5kg, I3 = 1m, ly = 0.8m, g = 9.81m/s".

To induce structured uncertainty, the link masses mq and ms are perturbed by 40% and 20%
respectively. Simulation is performed for the regulation task where the controller objective is to bring
and regulate both the joints from initial 0 rad position to the final 1 rad. The position stabilization
for joints 1 and 2 (g; and g2) are shown in Figure The control torques for the joints ¢; and g9
are shown in Figure 2.7 which clearly show that a smooth control law can be obtained via IBSMC
as opposed to the SMC input which contains high chattering. But the tracking accuracy of the SMC
is slightly superior than the proposed IBSMC. However, the cost of reduction in accuracy is lower
compared to the smoothness gained in the control input of the IBSMC. Table compares important
output performance indices like rise time (¢, ), peak overshoot (M), peak time (¢,), settling time (¢5),
steady state error (ess) and input performance indices like 2 norm of the control input (||7||) indicating
energy spent and the total variation (T'V') [136] showing smoothness.

From Table 2.5 it is observed that the proposed IBSMC method and the conventional SMC have
comparable transient performance in terms of the speed of convergence and overshoot. However, he
proposed IBSMC has greater steady state error compared to the SMC. But chattering in the control
input obtained through IBSMC is significantly lower than in the case of the SMC as clearly visible in

Figure [2.7(a)| and Figure 2.7(b)| Therefore, except for a slight loss in tracking accuracy, the proposed
IBSMC yields a chattering free smooth control signal with satisfactory transient performance.
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Figure 2.6: Simulation results of joint angular positions for joint angle regulation of 2DoF robot manipulator
using IBSMC and SMC
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Figure 2.7: Simulation results of control torques for joint angle regulation of 2DoF robot manipulator using
IBSMC and SMC

Table 2.5: Performance comparison for stabilizing task of 2 DoF manipulator

Joint  Controller ¢, (s) M, (rad) t, (s) ts (s) ess(rad) [I7]| (N-m) TV (N-m)
IBSMC 0.6086 1.1780 0.7802 1.0568 5.7365x10~ % 9.5963x10° 5.174007x10°
N SMC 0.5907 1.2327  0.7929 1.1137 3.5786x107°% 2.2411x10* 1.166980x107
IBSMC  0.4071 1.2018  0.5693 0.7533 3.2526x10~7 8.4625x10°  5.359030x 107
£ SMC 0.4399 1.0571 0.5265 0.6171 4.8393x107° 1.5928x10* 8.241659x10°
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2.2.5 Discussion

The simulation studies conducted on both the cart-pendulum and 2DoF manipulator show that the
proposed method of combining integral backstepping with the SMC has the advantage of chattering
removal. Moreover, the control law can tackle both matched and mismatched uncertainties as opposed
to only SMC which fails in the presence of mismatched uncertainty as evident in the simulation
example of the cart-pendulum control. However, despite having these two major advantages, the

following demerits are observed in the IBSMC:

(i) The smoothness in the control law is achieved at the cost of tracking accuracy as observed in
the 2DoF manipulator control. Since the switching nature of the SMC is the key feature making
it robust and imparting high accuracy, losing discontinuity in the control signal by making it

continuous will evidently lead to a loss in accuracy.

(ii) The “explosion of terms” problem inherent in conventional backstepping has given rise to a
complex structure of the control law. This problem is the result of taking the time derivative of
the synthetic input at each step of backstepping. In the proposed method the explosion of terms
can be clearly observed in the definition of 7(q, ¢, 7) in (ZI7) obtained after differentiating the
nonlinear system matrices. Clearly 7(q, ¢, 7) has a very complex structure, thereby complicating
the control law structure. Moreover, higher order manipulators will have more nonlinearities
with larger matrices which will result in a more complex structured control law rendering it

impractical for real time uses.

(iii) The switching controller gain k is determined based on the assumption that the uncertainty
bounds are known so that choosing k > |h(q,q)| will make the controller robust and stable.
But the knowledge of the uncertainty bound is not always easily available. Moreover, some
uncertainty might also go unnoticed. Although choosing a very high value for k£ might work, it

is not a practical solution since this will unnecessarily increase the use of input energy.

(iv) Computation of the IBSM control law requires upto third time derivative of the desired trajectory

which puts additional constraint on the controller design process.

2.3 Integral Adaptive Dynamic Surface Controller

2.3.1 Motivation

Efforts have been made to eliminate the explosion of terms occurring in backstepping by using
first and second order filters or command filter to obtain the derivative of the virtual control laws
[123,[124][137-139]. Here the time derivative of the virtual control was considered as an uncertainty
to be compensated for which sliding mode control [I140] and robust second order filter [141] were
utilized. The dynamic surface control (DSC) method proposed by Swaroop et al. [123|[124] has gained
considerable popularity as an alternative to the integral backstepping control. The DSC algorithm
uses a first order filter to obtain the time derivatives of the virtual controls and then uses the difference

between the actual and the filtered signal as a sliding surface. The algorithm is easy to implement
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as it uses first order filters and moreover, the filtering error is accounted for due to multiple sliding
surfaces.

Adaptive tuning of the controller gain for the SMC [142-145] has proved to be a good alternative
to the fixed gain for dealing with unknown bounds of uncertainties as well as chattering suppression.
The adaptive law tunes the controller gain based on the sliding surface which is generally a function
of the system errors. Thus occurrence of any unknown uncertainty that results in rise in system error
will cause the tuning law to adjust the controller gain accordingly. Further, on reaching the steady
state when the error tends to zero, the controller gain will be very low, thus lowering chattering and
preventing unnecessary use of the control energy.

The dynamic surface control algorithm is adopted to contain the explosion of terms in backstepping
controller developed in this research work. However, instead of using the filter at every stage of
backstepping, it is introduced only in the final step so that a much simpler structure of the controller
is obtained as compared to the IBSMC. The gain of the switching part of the control law in the last
stage is derived using an adaptive tuning law. A leakage term [1406] is added to the adaptive gain
tuning law in order to prevent overestimation or unbounded value of the tuned gain. The resultant

control method is named as integral adaptive dynamic surface control (IADSC).

2.3.2 Controller Design

In this section, the TADSC will be designed for the robot manipulator system augmented with an
integrator block as represented by (2.5]).

Step I:
The trajectory tracking error z; is defined as [147]

21 =49 —d44d

4 =¢—da (2.37)

A CLF Vj for the system is defined as follows:

1
i 252{21
Vi=2T% = —2Tci1z1 + 2T 2,. (2.38)

Now (2Z37)) is stabilized if Vs < 0 and considering ¢ to be the control input, the following can be

derived:

g=—c1z1+4d (2.39)
where ¢; = diag(c1;),c1; > 0,4 = 1,...,n is a design parameter. The value of ¢; determines the rate
of convergence of the tracking errors.
Step II:
However, the relation (2.39) is not true yet. Hence considering ag = —c¢121+¢gq as the virtual control
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input for this stage, the next variable zo is defined as

zZ2 =q — agq

= 22 =q¢ + c121 — qq.
Substituting (240) in ([2.37) yields
21 = —c121 + 29.
A sliding variable s7 is defined as
S1 =292 =cC121 + 21.
Now taking time derivative of (2:42]) and using (Z3]), (Z37) yields
s1=c1z1 +M(q)"" [t —C(a:4)4§ — G — f(d)] — da-

The next Lyapunov function V5 is now defined as

1
Vs ——s?fsl
2
= VQ 28{81

A constant plus proportional reaching law [134]

81 = —kjosign(sy) — Wisy
is used where k1 > 0 is the constant gain and W3 > 0 is the proportional gain so that
VQ = —|81|Tk1 — s{Wlsl

is guaranteed. For achieving this objective, a virtual control a. is defined at this stage as

ar =C(q,49)¢§+ G — M(q)(c121 — da + kieosign(s1) + Wis1).

Step III:
When 7 = a, (2.44) takes the following form:

Vy = —|s1|Tky — s] Wis1 + s1 M(q) " £(4)
< —|s1|Tky — sTWysy + 5T M(q) ' f
< —|s1|T[k1 — M(q) "' f1] — 57 Wis1.

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)
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Since the relative degree of the system is increased by one as given in (2.1, the actual control input
is now u = 7. Now the dynamic surface control method [124] is used where the virtual control a., is

passed through a first order low pass filter to obtain the filtered signal ay as
ar =Qy + de I
1
:>df :—(aT—af) (2.49)
Ty
where Ty is the time constant of the filter. The filter error is defined as

lyl =y (2.51)

where 4 > 0 is the bound of the error signal y.

The error between 7 and ay is defined as the next sliding variable s3 where
Sy =T — af (2.52)
= 4 :+—af:u—Tif(a,—af). (2.53)
From (2.52) the control torque is obtained as
T =834+ ay=s83+a, —Trcy =52+ ar+y. (2.54)
Replacing (2.54)) in (2.43) and using (2.52) yields
31 = — kyosign(sy) — Wisy + M(q) Y (s2 +y + £(q)). (2.55)
Now using (2.55)) in (2.44) and applying (2.2), (2:4) and (2.47) yields

Vo = — |s1|Tks — sT Wist + sT M(q) ' (s2 +y + £(d))
= Vo < — |51/ [k1 — pis (T + F1)] = sTWasy + s T 52 (2.56)

The next control law should be so designed such that the sliding surface so converges to zero. The

control input w is designed to achieve the constant plus proportional reaching law
.§2 = —kzOS’igTL(Sz) — W282 (257)

where ko > 0 is the constant gain and Wy > 0 is the proportional gain. The system (2.I) may have
time varying uncertainty, so instead of selecting a constant gain ko, an adaptively tuned gain ks is

used [143]. The gain ks is determined by using the following adaptive law:

’%2 = F(lSzl — 6]232) (258)
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where T' > 0 is the adaptive gain matrix and € > 0 is the leakage parameter [146] that will keep ko
bounded. Replacing ko in [2357) and using (2.53)), the control signal u is now obtained as

1 .
u = T—(ar —ay) — keosign(sz) — Wass (2.59)
f
which is a discontinuous signal. Following (2.1, the actual control input 7 is obtained as

T = /t u(6)do. (2.60)
0

From (2.47)) and (2.60) it can be observed that the expression of u contains ¢, which after integration
will leave ar in the expression of the actual control 7. Since ar contains a switching function sign(sy),
this will produce chattering in the input; however, elimination of sign(sy) will cause loss in accuracy.
Therefore, as a trade-off measure, sign(sy) is replaced with a boundary layer [I18] approximation

(—|51s|1+’D)’ where 0 <D < 1 and o is obtained as

N g .. S
ar =C(q,4)q + G — M(q)(c121 — Ga + k1o ﬁ + Wisi). (2.61)

The TADSC obtained above clearly has a simpler structure as compared to the IBSMC method designed
in the previous section. The IADSC does not require differentiation of the system matrices which has

reduced the computational burden on the controller.

2.3.3 Stability Analysis

The overall system stability is now investigated using Lyapunov method. A positive definite
function V is defined in terms of the tracking error and the sliding surfaces obtained in each step of

the design procedure as given below,

1 - -
Vv za(zle + 5781+ 53 so +kIT1ky)

1
1% :§ZTPZ (2.62)
where

ky = ko — kag (2.63)

- AT
and kog > 0 is an arbitrary gain value. Further, ZT = [zf s{ sg kT], Z = [zl s1 s2 k

and P = diag{I,, I, I,, T} € R¥"*4" is a positive definite block diagonal matrix. Taking time

derivative of V' and using (238), (2.56), (2.517) and ([2.58) yields

V 22{21 -+ S,{él -+ Sgéz + ’Egr_lkz
-1 _ ~
<—z{ciz1+ 251 — |s1|Tk1 — sT Wis1 + b sT(s2+ G+ f1) — |s2|Tk2

— S"ZFW282 —|— I?:%T‘l F(|82| — 6]232)]
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< —z2{c1z1 — 81 Wis1 — 83 Wasa — |s1|Tks + M;:;nlsﬂT(?? + f1)

+ 2751 + ,u,;;nsfsz — |s2|T (kg — ko) — k¥ eks. (2.64)
Now from (2.63)

’;32 = ’%2 — k2d = ekZd = 6(’:32 — ’;22)

kgdekzd = (’%2 — Ez)TE(kz — ’;2) (265)

Lemma 4. For real vectors 122, ko, kag > 0 and positive definite diagonal matriz € € R™™, if
’;2 = ’%2 — k2d7 then Ege’%z > %(Egekz — kgdekzd).

Proof. Proof is given in Appendix [A.6] O

As proved in Appendix [A.6] for a diagonal matrix €, the following relation can be obtained:
¥ . 1o
kT eky > 5(k:2T eko — kI €kaq). (2.66)
Using (2.66), V can be rewritten as
. T T T lor & 17
V< —21c1z1 — 83 Wisy — sy Wasy — Ekz ekos + §k2d€k2d
— [51]” [k = by (1 + 3+ 121D)] = I52/T (Kaa — pmia 1) - (2.67)
To ensure that V is negative definite, kaq > 0 and k1 > 0 should satisfy the following

(Kaa — tirpinlsn]) > 0 (2.68)

[k — b (F1 4 5) = |21l > 0. (2.69)

Remark 5. The controller gain kog is tuned adaptively (see equation (2.58)) and thus can take any
arbitrary positive value. On the other hand the gain ki is a constant parameter that determines
the controller robustness. Assuming the upper limits of fi1 and 4§ are known, ki can be selected as
ky > pt (max(| fi]) +maz(g))+maz(|q|)+maz(|gal), where max(e) indicates the saturation limit of
the signal. Generally, during the simulations a small positive value of k1 is chosen and then increased
gradually according to the performance requirements. Although higher values of k1 considerably reduces
the bound of the tracking error, it cannot be made arbitrarily large owing to hardware limitations [11])],

as high value of k1 leads to increased amount of input energy.

Now, with kog and k; satisfying (2:69) and ([269), V can be rewritten as

. 1., - 1

\%4 < - z{clzl — stlsl — SgW282 — 5kg€k2 + Ekg’dEkzd
. 1

V<—-2TQz + 51<:;~”dek:2d

V<=2V +p (2.70)
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C1 0 0 0
where Q = 0 Wi 00 € R**4n i5 a block diagonal matrix. The scalar 1) represents the

0 0 Wy 0

0 0 0 e
smallest eigenvalue of P~1Q. In order to obtain a stable closed loop system, @ should be a positive
definite matrix. Using the properties of positive definite block matrices (Appendix [A.2]), the following

conditions can be obtained for the controller parameters:

%I‘e >0 (2.71)
c1, Wi, Wz >0 (2.72)
(2.73)
From (2.70), the following is derived:
P -2t , P
< - — —. 2.74
V(t)_(V(O) 2¢>e —|—2¢ (2.74)

Therefore, for V(0) > ﬁ and ﬁ < 1, V(t) will be a decreasing function indicating the convergence
of the system errors to the equilibrium. From (2.62) and (2.74), the following can be obtained:

%zle <V(@t) < <V(0) - %) et 4 %. (2.75)

Hence from (Z75)), it can be concluded that as ¢ — oo, the tracking error z; is bounded by the

2] < \/g (2.76)

Therefore, by proper selection of the design parameters, the tracking error can be made sufficiently

following condition,

small.

2.3.4 Simulation Results

The proposed IADSC method is applied for joint torque control of the 2 DoF manipulator shown
in Figure whose dynamics are given by (Z36). Next the proposed IADSC method is tested for
joint torque control of a 3DoF coordinated links (COOL) robot arm described in Appendix[A.9] The
results obtained by using the proposed IADSC for the 2 DoF manipulator are compared with the
results obtained by using the SMC (2.34)) and the proposed IBSMC (222} 2.23)).

2.3.4.1 Simulation results for stabilization of a 2DoF manipulator

The manipulator model and parameters are the same as described in (2.36). The design parameters
used for the IBSMC (222 - Z23)) are ¢; = 201, ¢y = 30I,, o1 = oo = 10I,,, k = [8,8,8]7, W =
100I,. The design parameters for the SMC (234]) are k = 8I,,, W =1001,,, A = 10. The design
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parameters chosen for the proposed IADSC controller are as follows:

c1 =5I, € =0.11,, T' = 1001, k; = [30, 30]7,
Wi = 1015, Wy = 1001, D = 0.001, T} = 0.029.

The controller objective is to bring both the joint positions from their initial position at 0 rad to
1 rad. The system is induced with modeling error by perturbing the link masses m; and ms by 40%
and 20% respectively.

"[=smc
—IBSMC
+++IADSC

= 10017 =) -
g g G
- \ e ;
1 7
5 10|
0.999, ==SMmcC
0 5 10 =—=IBSMC
) ) ===|ADSC
2 4_ 6 10 4_ 10
Time (s) Time (s)
(a) Angular position of joint 1 (b) Angular position of joint 2

Figure 2.8: Simulation results for joint angle regulation of a 2DoF manipulator: Joint angular positions

100 1005
g o g 5o |
< o :
[9) > i
> o o ¥
o = i
s ° s ;
[ = :
> —col
g -s0 g 50 ¢
100 _100(; - 2 3 4 5
0 4 6 '
Time (s) Time (s)
(a) Control torque for joint 1 (b) Control torque for joint 2

Figure 2.9: Simulation results for joint angle regulation of a 2DoF manipulator: Control torques

The regulations of the joint positions ¢; and ¢ are shown in Figure 2.8 and the input torques are
shown in Figure The performances of the controllers in terms of the rise time (¢,), peak overshoot
(M), peak time (t,), settling time (t,), steady state error (ess), 2-norm of the control input (||u||) and
the total variation (TV) [136] of the control input (2.32)) are compared in Table The simulation
results show that the IADSC produces transient and steady state performances better or at par with

the other two controllers but at the cost of much lower control energy.
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Table 2.6: Performance comparison for stabilizing task of 2 DoF manipulator

Joint  Controller ¢, (s) Mp (rad) tp (s) s (s) ess(rad) [lu]| (N-m) TV (N-m)
IADSC 0.5221 0 — 1.0520 -1.3996x10°°% 2.4630x10° 1.3976x 103
¢ IBSMC  0.6086 1.1780 0.7802 1.0568  5.7365x10™*  9.5963x10%  5.174007x102
SMC 0.5907 1.2327  0.7929 1.1137 3.5786x107° 2.2411x10*  1.16698x107
IADSC 0.4790 0 — 0.9231 -1.1046x10"° 1.8371x10° 1.2885x10°
g2 IBSMC  0.4071 1.2018  0.5693 0.7533  3.2526x107*  8.4625x10°  5.359030x 102
SMC 0.4399 1.0571 0.5265 0.6171  4.8393x107°%  1.5928x10* 8.241659x10°

2.3.4.2 Simulation results for trajectory tracking of a 2DoF manipulator

In this section the proposed TADSC will be tested through simulation for trajectory tracking in
presence of uncertainties. The controller performance is compared with Yang et al. ’s [2] decentralized
adaptive robust control method using disturbance observers whose description is given in Appendix
[A.8 The same manipulator model used in [2] is used in this simulation study for ensuring fair
comparison. The manipulator model and the added uncertainties are described in Appendix[A.7l The
tracking performance of the controller will be investigated using the following time varying reference

trajectories:

qa1(t) = 0.2 + 2sin(2t) rad
qa2(t) = —1.7 4+ 1.8 cos(2t) rad (2.77)

with the initial conditions for the tracking errors as
21(0) =[0.2, —0.2] rad, 21(0) =[-0.25, 0.2] rad/s.

Simulations are performed using a step size of 0.0005s in the Matlab Simulink environment. The
design parameters chosen for the proposed IADSC given by (259 - [Z.61]) are as follows:

c1 = 2515y, ki = [10, 10|, W} = 200159, Wy = 50012,
€ = 0.1I5x5, T = 1001559, D = 0.001,T; = 0.001. (2.78)

The tracking errors for both the joints are shown in Figure which clearly shows that the proposed
controller has faster transient response as well as lower steady state error as compared to [2]. The
control torques are plotted in Figure 2.11] which show that the proposed IADSC uses much lesser
control energy than the controller proposed by Yang et al. [2]. The simulation results are summarized
in Table 27 for better comparison listing the performance indices like rise time (t,), settling time (¢),
root mean square error (RMSE), the 2-norm of the control input (||u||) and the total variation (T'V)
of the control input ([2.32]).

The controller proposed by Yang et al. [2] uses a disturbance observer that compensates for any
unmodeled and unknown uncertainties entering the system and utilizes an adaptively tuned controller.

However, the proposed IADSC relies simply on the adaptively tuned gain and the robustness of the
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backstepping sliding mode control.

From Table 2.7 it can be clearly observed that the proposed

TADSC yields superior transient and steady-state performances using lower amount of input energy

as compared to the controller proposed by Yang et al. [2]. Moreover, the control input produced by

the proposed IADSC is smoother than that of [2].

It should be noted that both the controllers are

operated under the same conditions using the same amount of output information from the plant.
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Figure 2.10: Simulation results: Comparison of tracking errors for the 2DoF manipulator
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Figure 2.11: Simulation results: Comparison of control torques for the 2DoF manipulator
Table 2.7: Performance comparison for joint tracking control of the 2DoF manipulator
Joint Controller tr (s) ts(s) RMSE (rad) |Ju|| (Nm) 7TV (N-m)
IADSC 0.0935 0.1755 0.0073 6.4766x10%  1.0255x10°
" "Yang et al. 2] 0.1620 0.4811 0.0081 1.5881x10%  5.9904x10°
TADSC 0.0938 0.1863 0.0074 3.0180x10®  5.3422x10°
® "Yang et al. 2] 0.2687 0.4805 0.0084 1.2605x10*  4.6765x10°
11610206
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2.3.4.3 Simulation results for trajectory tracking of a 3DoF manipulator

The proposed IADSC is now applied for a Coordinated Links (COOL) dual robot arm system as
in Figure The mass, inertia and link lengths of the COOL robot arm are given in Table 2.8 The
center of mass for each link is considered to be its middle point. In Figure 2.12] and Table 2.8 L and
R represent the left and right arms of the robot.

Table 2.8: Parameters of the COOL Robot Arm

Joint No.  Link Mass (kg) Link Length (m)

1L/IR 0.6 0.025
2L/2R 0.32 0.110
3L/3R 0.23 0.060
4AL/4R 0.23 0.080
5L/5R 0.13 0.070
6L/6R. 0.13 0.082
7L/TR 0.18 0.081

Figure 2.12: The Coordinated Links (COOL) robot
arm

For simulation purpose, only 3 joints of the right arm, i.e., joint number 1R, 4R and 7R are
considered and the other joints are kept locked in the positions of Orad. The mathematical model
of the resulting 3 DoF robot arm is given in Appendix [A.9. The control task is to bring each joint
from the initial position of -0.1 rad to final 1 rad position. A uniform random noise having limits
+0.0001rad is added to the measurements of positions. Speeds of the joints are obtained through
pseudodifferentiation of the joint positions using m [2], where a is the complex number frequency
parameter for representation of the differentiator in the Laplace domain. An additional load of 0.5
kg is added to the end-effector to induce uncertainty. The proposed controller performance is studied
when the robotic arm is affected by these uncertainties. The following reference trajectory is used for

each of the joints to examine the controller performance:
qq = 2sin(2t)rad (2.79)

with the initial conditions for the position and velocity of all the joints at ¢(0)=-0.1 rad and ¢(0)=0

rad/s. Simulation results of the proposed IADSC are compared with those of a conventional sliding
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Figure 2.13: Simulation results: Comparison of tracking errors for 3DoF manipulator

mode controller (SMC) having the following structure:
T =C(q,9) + G(q) + M(q)(Ga — kosign(s) — W's) (2.80)

where s = é+4 ¢pe, e = q — qq, € = ¢ — qq and ¢ = 50, k = 200, W = 100 are constant parameters.
The design parameters used in the proposed IADSC are:

c1 = 25I3y3, € = 0.1I3y3, T' = 100153, k; = [30, 30, 307,
Wy = 10001353, Wa = 2001353, D = 0.001, T} = 0.001.

The trajectory tracking results for each joint are shown in Figure 2.13] and the input torques are
plotted in Figure .14l From Figure .13}, it can be observed that SMC has no overshoot and TADSC
shows small overshoot in the tracking of the joints 2 and 3, whereas the undershoot with IADSC is
much lower than that of SMC. Inspection of the input torques in Figure 2.14] clearly shows that the
TIADSC produces a smoother control signal as opposed to the highly oscillatory input generated by
the SMC. For a clearer comparison, the performances of both the controllers are listed in Table
The performance indices compared in Table are rise time (¢, ), peak undershoot (M), peak time
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Figure 2.14: Simulation results: Comparison of input torques for 3DoF manipulator

Table 2.9: Performance comparison for joint trajectory tracking of 3DoF manipulator

Joint  Controller ¢, (s) M, (rad) ¢, (s) ts(s) RMSE (rad) |lu|| (N'm) 7TV (N-m)
TADSC 0.1058 -0.007 0.006 0.1878 2.1865x10~* 68.7318 244.9105

@ SMC 0.0406 -0.01 0.014 0.0852 1.8168x10™* 264.3090 4.8334x10*
TADSC 0.0375 -0.006 0.006  0.082 0.0017 133.4563 366.5995

2 SMC 0.0305 -0.009 0.012 0.0554 6.8450x10™* 184.3059 5.2317x10°
TADSC 0.0079 -0.021 0.012  0.052 0.0029 41.1756 167.8220

1 SMC 0.0305 -0.045 0.028  0.159 0.0025 44.3870 1.4347x10%

(tp), settling time (t5), root mean square error (RMSE), the 2-norm of control input (||u||) and the
total variation (TV) (Z.32).

2.3.5 Discussion

The proposed IADSC method utilizes the dynamic surface control methodology to simplify the
backstepping controller structure by eliminating the differentiation of the synthetic control. Thus
the proposed IADSC avoids the explosion of terms encountered in regular backstepping method.

Simulation results show the suitability of the proposed IADSC in trajectory tracking tasks of robot

=
=
(0]
=
O
N
()
o

TH-1676-
41



TH-1676-

2. Integral Backstepping Sliding Mode Controller

manipulators. The controller is free from chattering and has the capability to tackle uncertainties
without having to resort to observers. The adaptively tuned controller gain helps in maintaining
the controller robustness against unknown and varying uncertainties and also aids in reducing the
unnecessary use of input energy during the steady state. Despite the advantages of the proposed
TADSC method, it has certain drawbacks. Following are the difficulties that may arise while designing

the controller:

(i) The design of the controller gain is an issue since it is generally done heuristically, normally
selecting a very high gain value. Moreover, the filter time constant and the gain values are
related and there is no analytical method to select the design constants except trial and error

through numerical simulation.

(ii) The most challenging part of the IADSC design process is the filter time constant T;. Generally
the value of Ty is chosen as small as possible. But this is only possible in case of numerical
simulations. When hardware application is concerned, this value cannot be made arbitrarily
small owing to the hardware performance limitations such as the sampling frequency in real
time and communication delay. Any change in the sampling time requires a modification in the
filter time constant and in such cases stability cannot always be guaranteed. In [123], Swaroop
et al. demonstrated that the DSC was very sensitive to the filter constant perturbations and

became unstable for higher values of 7.

(iii) The sliding surface gains cannot be made arbitrarily large since they may result in input satu-

ration even to relatively small surface errors caused by uncertainties and disturbances.

2.4 Summary

In this chapter a robot manipulator controller is designed using integral backstepping based sliding
mode control (IBSMC) methodology with the primary focus being chattering mitigation and efficient
trajectory tracking in presence of uncertainties and external disturbances. The simulation studies for
regulation of a 2DoF manipulator show that the proposed IBSMC is robust towards both matched and
mismatched uncertainties and it can produce a smooth control input with satisfactory performance
as compared to the conventional sliding mode controller. The proposed IBSMC is also applied to
an underactuated cart-pendulum system and the simulation results are compared with the SMC
proposed by Park et al. [I]. The simulations show that the proposed IBSMC can provide faster
transient response and better steady state tracking while delivering a chattering free smooth control
law. Although the IBSMC provided smoother control and robustness against both matched and
mismatched uncertainties, yet it has a few disadvantages mainly, (i) the controller accuracy is somewhat
compromised for obtaining a smooth control law, (ii) the “explosion of terms” inherent in backstepping
is encountered that causes a very complex structure of the controller and (iii) designing the controller
gain k becomes difficult if the uncertainty bounds are mot known apriori. In the second part of the
chapter the integral adaptive dynamic surface controller (IADSC) is proposed to overcome the above

mentioned shortcomings of the IBSMC. The TADSC uses the dynamic surface control methodology
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2.4 Summary

in the final step of the controller design process to obtain the filtered derivative of the last synthetic
control of backstepping. Thereby it prevents the explosion of terms and a controller with a simpler
structure than IBSMC is obtained. Moreover, the controller gain is now adaptively tuned to handle the
uncertainties with unknown bounds. The proposed IADSC is simulated for joint angle regulation of a
2DoF manipulator and the results are compared with both the IBSMC and the SMC. The comparison
shows that the IADSC provides a chattering free smooth input signal with better tracking performance
than the IBSMC. The TADSC uses much lower control energy compared to the SMC and has a simpler
structure than the IBSMC. The IADSC is also compared with the disturbance observer based robust
controller proposed by Yang et al. [2] for trajectory tracking of a 2DoF manipulator. The proposed
TADSC is able to utilize lower control energy while providing good tracking performance. Results are

verified by applying the proposed TADSC on a 3DoF robot manipulator also.
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3.1 Motivation

3.1 Motivation

Higher order sliding mode controllers first introduced by Levant [81] and especially the second
order sliding mode control have been extensively used for controlling robot manipulator systems [82-
87). However, apart from the super twisting algorithm [T48-I50] all other higher order sliding mode
methods require information regarding the derivative of the sliding surface, thus demanding more
information and increasing the structural complexity of the control law. The primary goal of this
chapter is to obtain a smooth control law without adding an integrator block or using higher order
sliding mode control so that a computationally simple, easily comprehensible and applicable control
law can be obtained. The flexibility offered by the SMC to modify the dynamics of the system
allows the use of any form of stable sliding surface with suitable parameters. A proportional-integral-
derivative (PID) type sliding surface [I51H153] has faster response with lesser steady state error as
compared to PD surfaces [I54]. In this chapter a first order sliding controller will be designed with an
adaptively tuned controller gain. Unlike the existing methods of SMC design with a predefined PID
surface, here backstepping is used, which helps in obtaining a step by step analysis of the controller
structure and thus provides a more flexible way of choosing the controller and the sliding surface
parameters. The proposed adaptive backstepping sliding mode controller with the PID sliding surface
(ABSMC-PID) will be used for designing impedance control of robot manipulators. This is a new
approach for designing an impedance controller as well as hybrid impedance and hybrid force/position
controller and is another highlight of this chapter.

The notable benefit of deriving a hybrid impedance controller (HIC) using the proposed method is
the design flexibility and methodical analysis offered by the backstepping method and the robustness
induced due to the sliding mode controller. As the main aim of the impedance control method
is to maintain a compliant behavior during interaction of the robot manipulator with the external
environment, it tries to maintain a predefined virtual impedance between the robot arm tool and the
environment. In the proposed ABSMC-PID control method, the PID sliding surface will be imparted
the dynamics of the desired impedance and the system will be maintained on the sliding surface
equilibrium through the proposed ABSMC controller. Simply introducing the desired interaction force
to the ABSMC-PID task space controller converts it to an impedance controller and the introduction
of the task space selection matrix to the ABSMC-PID impedance controller can convert it to a hybrid
force/position controller. Simplicity, portability, flexibility in design as well as robustness against noise
and structural uncertainty are the main advantages of the proposed ABSMC-PID.

The organization of the chapter is as follows. The design procedure for the proposed ABSMC-PID
controller and its stability analysis are presented in Section [B.2] which also includes simulation studies
on robot manipulators. The proposed ABSMC-PID is then used for impedance control of a robot
manipulator in Section where detailed stability analysis and simulation results are presented. A

brief summary of the chapter is provided in Section [3.4
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3. Adaptive Backstepping Sliding Mode Controller with PID Sliding Surface

3.2 Adaptive Backstepping Sliding Mode Controller with PID Slid-

ing Surface

In this section the detailed design procedure and stability analysis of the adaptive backstepping
sliding mode controller with a PID sliding surface (ABSMC-PID) are presented. Prior to controller
design, the manipulator described in (2] is remodeled by adding the joint actuator dynamics and
this combined manipulator-motor dynamics will be considered throughout the chapter.

3.2.1 System Description

An n-DoF robot manipulator is represented by the following generalized dynamics:

M(q)§+C(q,4)qd+ G(q) =7+ f(q,4:1) (3.1)

whose detailed description is already presented in Section of Chapter 2l For real time implemen-
tation of the control algorithm on manipulators, the actuator dynamics need to be included in the
manipulator dynamics [I55]. When the joints of the manipulator are driven by DC servo motors, the

following motor dynamics are to be considered:
JGm + BGm = T — 7T (3.2)

where ¢, € R", ¢, € R™ and ¢,,, € R" respectively represent the angular position, the angular
velocity and the angular acceleration of the motor shaft, J = diag{.Ji, J2,...J,} is the moment of
inertia matrix of the motor combined with the gearbox inertia, B = diag{ By, Bo, ..., B,} represents

the viscous friction matrix of the motor shaft, r = qim is the gear reduction ratio and 7, € R" is the
motor torque. Using (3.I)) in (3:2) yields

Mg+ Crqg+ Gp + F(q’ d,q, t) =Tm (3'3)

where My, = rM(q) +r~1J, C;, = rC(q,q) + !B and G}, = rG(q). The uncertainties and
the disturbances in the system are included in the vector F'(q,q, §,t) € R™.

The combined manipulator-motor dynamics have the same properties as the manipulator dynamics
[156] mentioned below:

Property 3. The inertia matriz My, is bounded, symmetric and positive definite which means,
mmmeH2 < wTth < mmawaH2 (34)

where © € R is a real valued vector and ||x|| is its Euclidian norm.

Property 4. The robotic manipulator is a passive system which means

1.
a:T(th —Cp)x =0, Vx#0. (3.5)
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The assumptions made while designing the controller are the following;:
Assumption 4. All the joints of the robotic manipulator are revolute.

Assumption 5. The desired trajectory for each joint qq € R™ is smooth and continuous, meaning

that the time derivatives qq and {q exist for all time and are continuous and bounded.

Assumption 6. The vector F(q,q,d,t) representing the uncertainties and disturbances occurring in

the system is bounded and its partial derivatives are continuous and locally uniformly bounded meaning
|F(q,4,§,t)| < F < o0 (3.6)

where, 0 < F < 00 is the unknown upper bound of the system uncertainties.

The objective is to design a stable controller so that for a given desired trajectory gqg, the tracking
error ge = q — qq converges to zero.
3.2.2 Controller Design

Unlike the existing design methods of sliding mode controller with a PID sliding surface [157], the
proposed controller defines a PID sliding surface systematically using backstepping. The Lyapunov
based backstepping process is used to arrive at a stable PID sliding surface and thereafter the control
law is derived using the sliding mode with an adaptively tuned controller gain. A step by step illus-

tration of the controller design process is presented below:

Step I:
The first step involves defining a regulatory variable z; following the backstepping method [54]. The

integral of the error is considered as the first variable and is given as
21— [ gt = [(a - ands (37)
Z1 =q — qa. (3.8)

The control Lyapunov function (CLF) for the above system is considered as

1
Vl = §Z{Z1 (39)
Vi=2{%=2{ (¢g—qa)- (3.10)

The angular position q is considered as the controller for the subsystem (B.8) and the following
synthetic control law a is used for stabilizing (3.8]):

a1 = —C121 + 44 (3.11)
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3. Adaptive Backstepping Sliding Mode Controller with PID Sliding Surface

where ¢; = diag(cy;),i = 1...n, is a user defined diagonal matrix with ¢;; > 0,7 = 1...n, and when

g = a1, V; will be negative definite, meaning that
Vi=—2Fe1z1 <0. (3.12)

Step II:

However, as the actual control law is yet to be defined, the next regulatory variable is defined as

Zz=q— 01 =q+c121 — qq (3.13)
Z.z :q — qd + clz'l. (314)

With the introduction of zg, derivative of V7 becomes
Vi=—2Fciz1 + 2¥ 2,. (3.15)

The CLF for the subsystem (3.14) is now defined as

1
Vo =V1 + §zgz2 (3.16)
Vg = — z{clzl —+ zfzz —+ zgz'z
— — z{clzl + zfz2 + zg((j —dq+c121). (3.17)

Taking ¢ as the controlling term for (3.14)), the synthetic control iz will now be defined so that ¢ = a
makes Vj negative semidefinite, making (3.I4)) stable.

Qg = —C2z22 — Cl,él + (jd (318)

where co = diag(cg;), co; >0, i =1...n, is a user defined diagonal matrix.
Replacing (3I8) in [BI7), the derivative of the CLF V5 is re-evaluated as follows:

. T T T
Vo=—2z1c121 + 217 22 + 25 (—c222)
T T T

= — 2] C121 — 25 C223 + 2] 22

1
~ T c1 —3l
=—[21 23] [ 1

5In  c2 Z2

zl] (3.19)

1

c —51 .

If in (B19) the matrix [ 11 2 n] is positive definite, then V5 will be negative definite.
—5in C2

Step III:

After obtaining aa, the sliding variable s is now defined as the difference between ¢ and as as follows:

.

s =q — oo

=q — (—c2z2 — c121 + qa)
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3.2 Adaptive Backstepping Sliding Mode Controller with PID Sliding Surface

=(¢ — 4a) + (c1 + c2)ge + c1c2 / gedt
=qge + (Cl + C2) ge + C1C2 / gedt. (320)

As can be observed from (3.20), s has a PID structure.
Now, s = 0 is the sliding surface for the system and introduction of the sliding variable s changes
(BI9) into the following:

Vo=—2Fc121 — 28 cozg + 2T 25 + 2T's. (3.21)
The time derivative of the sliding variable s is now derived as
8 =4 —qg+ (c1+ c2) ge + c1C24e. (3.22)
Deriving ¢ from (B3] and replacing in ([3.22]) yields
§ =M, " (Tm — Cnd — Gn) — da + (c1 + €2)de + c1¢24e. (3.23)
The Lyapunov function for this stage is defined as
Vs =V, + %sTs. (3.24)
The time derivative of V3 is further expanded using (8.2])) and (8.23]) resulting in the following relation:

Vy =— zfclzl — zgczzz -+ z{zz + zgs + sT(Mh_l(Tm — Crhqg — Gp) — du

+ (c1 + e2)ge + c1c2ge). (3.25)

Step IV:

In order to find a control law with reduced chattering, the reaching law approach [I5§] is followed. A
constant plus proportional reaching law is used and an adaptive switching gain, which is a function of
the sliding variable s, is introduced. The purpose is to retain the controller robustness with a shorter

reaching time, a good tracking performance and reduced chattering. The reaching law is given by
$ = —kosign(s) — Ws (3.26)

where W = diag(w;),w; > 0,i = 1...n, is a designer defined diagonal matrix of constant elements

and k == [/;i]nxl,i =1...n, is the adaptively tuned parameter vector given by
k=T(|s| — ek). (3.27)

Here I = diag(7;),v: > 0,i = 1...n, is the adaptive gain matrix that will determine the rate at which
k will converge to its final value k = [kilnx1,7 = 1...n,. Further, € = diag(e;),€; > 0,1 = 1...n, is the

leakage parameter matrix [146] that will keep ([B.27) from overestimating k, thus keeping it bounded.
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3. Adaptive Backstepping Sliding Mode Controller with PID Sliding Surface

The control law is now derived in two parts, (a) the equivalent control ueq and (b) the switching
control ugy. The equivalent control Teq is obtained from ([B3.23)) and ([3.25) as follows:

Teq =Chq + Gn + Mhp (da — (€1 + ¢2) de — c1024e) - (3.28)
The switching control 7, is derived from (B.26) as follows:
Tow = — My (kosign(s) + Ws). (3.29)

The control law u to be applied to the manipulator is now obtained by combining ([B:28)) and (3.29)

resulting in
R (3.30)

3.2.3 Stability Analysis

(i) Stability of the adaptive law
First of all the stability of the adaptive law will be examined using the following Lyapunov func-

tion:
i T 7 T—17.
Vi 25(3 s+ kT k)
=V, =sT5 + kTT 'k (3.31)

where k = k — k and k is a vector of positive arbitrary scalar values. Now, considering the presence
of the system uncertainties F(q, g, §,t) and using 327) and [B30), the time derivative Vj can be

rewritten as follows:

Vi, =sT (_kosign(s) — Ws+ M, 'F(q.4,4, t)> + kT (|s| — k)
<—|s|" (k— M, 'F(q,4,d,t)|) — s"Ws — kT ek. (3.32)

From Lemma [ for the positive diagonal matrix € and positive vector k, the following relation is

obtained:
kTek > —(kTek — k" k). (3.33)
Using (3:33) and the assumption (B8], V}, can be rewritten as follows:

Vi <~ |sf" (k — M [F) — " Ws — SR"ek+ Lk ek (3.34)

Since k is an arbitrary positive gain, the condition k > m,;» F' can always be satisfied. Therefore, Vk
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can now be written as
. T lop = 17
Vi, <—3s Ws—ik ek:+§k: ek (3.35)

Now choosing k1 = )\mmdiag{%el", W} as the minimum of the eigenvalue of the block diagonal
matrix diag{el',2W}, the following can be written:
Vi < =261 Vi +p

Vi < (Vk(O) - 2%) g2kt 4 QP—;. (3.36)

where, p = $kTek. Therefore, from (B:36), for V;(0) > Zor Vi < 0 and the system errors will converge
to a very small region bounded by a radius r around the origin, such that Vi (r) < 2%, asymptotically
as t — oo
(ii) Stability of the overall system
The previously defined Lyapunov functions V5 and Vj encompass all the variables defined throughout
the design process and accordingly the following Lyapunov function can be used to inspect the stability
of the overall system:
1 ~ -
V=Va+V)= §(z1Tz1 + 2Tz + sTs+ kTT k)
1
1% :§ZTPZ (3.37)
=V =V + W (3.38)
where ZT = [2T 2T sT kT), Z =[z 22 s k]|T and P = diag{I,, I, I,, D=1} € R¥"*%" js 4
positive definite block diagonal matrix. Using [B21)) and (B:34), V in (8:38) can be written as:
V<—2Fcizy — 2Fecpza+ 2720 + 25 s — |s|T(k — |Mh_1|F')
= =l
—sTWs — 5k:Tek: + 5k:Tek:. (3.39)

As mentioned earlier, the arbitrary constant vector k can satisfy k > | M, 1|F‘ which leads to the

following form of V:

. 1-,. - 1
V<- zfclzl + z{zz — zgczzz + zgs —sTWs — Ek:Tek: + Ek:Tek:

<-ZTQzZ +p (3.40)
where

e —3I, 0 0
1 1

—s1, —s1 0 1

Q= 2n (1:2 2 and p=-kTek
o i, wW o0 2
1

0 0 0 56 Anx4n
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When the design parameters are chosen such that Q € R**4" is positive definite, V can be written

as follows:

V < - QIQQV(t) + po

V(t) < (V (0) — 2—22> e~ 22t 4 2—22 (3.41)

where k2 = Apin(P71Q) > 0 (Mpnin(e) is the minimum eigenvalue). Therefore, for V(0) > 70
and ﬁ < 1, V(t) will be a decreasing function indicating the convergence of the system errors to

equilibrium.

3.2.4 Simulation Results: Joint Space Trajectory Tracking of a 2DoF Manipulator

The performance of the proposed adaptive backstepping sliding mode control with the PID slid-
ing surface (ABSMC-PID) is compared with the disturbance observer based decentralized adaptive
robust control proposed by Yang et al. [2] and the IADSC (Z594Z60) proposed in Chapter [2 through
simulation in Matlab/Simulink environment. The dynamics of the 2DoF manipulator from Yang et
al. [2] is used in the simulation and the mathematical model along with the structural uncertainty
added as disturbance is described in Appendix[A.7l The details of the controller proposed by Yang et
al. [2] are described in Appendix [A.§]

The parameters used in the ABSMC-PID are as follows:

c1 = 201, cp = 0.1I,,, W = 60I,,T = 101,,, € = 0.0011,D = 0.001 (3.42)

where I, is a n x n identity matrix.

In the simulations it is assumed that only the joint position information is available with an added
uniform noise with bounds +0.0001rad. The joint velocity is derived through pseudo-differentiation
using goiest (a is the complex number frequency parameter for representation of the differentiator
in the Laplace domain). The selection of the pseudo-differentiator is different from the one used

in the previous section (i.e. since increasing the time constant offered some filtering of the

) 0.00L11a+1 )’
measurement noise. At t = 10s the link masses m, and my are perturbed by 40% and 20% respectively.

The following reference trajectories are defined for each of the joints:

¢a1 =0.2 + 25sin(2t) rad
qa2 = — 1.7+ 1.8 cos(2t) rad. (3.43)

The simulation results for tracking (3.43) are shown in Figure Bl and the control torques in the
joints are shown in Figure[3.2l The transient and steady state behaviors along with the overall tracking
error for each joint are shown in Figure B.Il From Figure B.1] it can be observed that the proposed
ABSMC-PID has faster convergence than the disturbance observer based controller by Yang et al. [2]
and in terms of the settling time and overshoot in the error, the response with the ABSMC-PID is
better than the previously proposed IADSC. However, the improved performance of ABSMC-PID is
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Figure 3.1: Simulation results: Tracking errors for 2DoF manipulator with Yang et al. ’s controller [2],
IADSC and the proposed ABSMC-PID in presence of measurement noise

achieved with the compromise of using slightly higher amount of input torque as compared to the
disturbance observer based controller by Yang et al. [2] as can be observed in Figure

For clarity of analysis the simulation results are tabulated in terms of the following output and input
performance indices: rise time (), settling time (¢5), peak overshoot (M,), peak undershoot (M,,),
peak overshoot time (t,), peak undershoot time (t,), the mean absolute steady state error (MASSE),
2-norm of the control input (||u||) and its total variation (TV) (Z32)). The tracking performance
indices are listed in Table [B.1] and the input torques are compared in Table Due to the oscillatory
nature of the tracking error in steady state, the MASSE is computed and listed in Table Bl The
simulation results demonstrate that the proposed ABSMC-PID produces better transient and steady
state responses than both Yang et al. ’s [2] controller and the previously proposed IADSC at the

expense of comparable control energy.

Table 3.1: Performance comparison for trajectory tracking of the 2DoF manipulator

Joint Controller tr(s)  ts(s) Overshoot Undershoot MASSE(rad)
My(rad) tp(s) Mu(rad) tu(s)

Yang et al. [2] 0.162 0.481 - - - - 0.0062
Joint 1 IADSC 0.093 0.175 -0.024 0.099 - - 0.0029
ABSMC-PID  0.071 0.153 -0.015 0.084 - - 0.0032
Yang et al. 2] 0.268 0.6 - - - - 0.0051
Joint 2 TADSC 0.089 0.4 0.033 0.107 -0.338 0.043 0.0044
ABSMC-PID  0.074 0.18 - - -0.277 0.032 0.0036
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Figure 3.2: Simulation results: The input torques for 2DoF manipulator with Yang et al. ’s controller [2],
TADSC and the proposed ABSMC-PID in presence of measurement noise

Table 3.2: Performance comparison for input torques of the 2DoF manipulator

Joint Controller [lul|[(N'm) TV (N-m)
Yang et al. 2] 5 x 10° 2.9 x 10°
Joint 1 IADSC 5x10°  0.47 x 10°

ABSMC-PID 4.6 x 10>  4.04 x 10°
Yang et al. 2] 2.7 x 10° 159 x 10°
Joint 2 IADSC 2.1 x10°  0.25 x 10°
ABSMC-PID 3.04 x 10> 1.9 x 10°

3.3 ABSMC-PID for hybrid impedance control of robot manipula-

tors

For real time implementation of a robotic manipulator, defining the desired trajectory in the task
space instead of the joint space is more relevant. While designing a controller for tracking task space

trajectories, the following two approaches can be followed:

e The task space trajectories can be converted to the joint space coordinates using inverse kinemat-
ics and then the obtained discrete joint coordinates are converted to time dependent trajectories
via interpolation. This process is offline and the joint trajectories are then fed to the controller

as the reference signal.

e The second approach is online, where the controller is designed for the task space only with the
Cartesian force and torque coordinates as the controlling inputs. Then using the manipulator
Jacobian the Cartesian inputs are converted to joint torques to be sent to the manipulator joint

actuators.

Between the above two approaches, the online method of designing manipulator controller in

the task space is more practical since it offers the freedom of changing the reference even during
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the operation. The offline method offers a reliable and stable operation since prior to feeding in
the trajectories the singularity can be avoided. However, this method is twofold and a change in
reference trajectory means having to again calculate the inverse kinematics to obtain the desired joint
trajectories and then changing the reference to the main controller.

While maintaining the motion of a robot manipulator in the task space, it is also vital to monitor
and control the manipulator interaction with the environment it is contained in. For tasks which do not
involve direct contact between manipulator end-effector and the external environment like in welding
and spray painting, only position control is sufficient for satisfactory operation. However, for tasks
involving interaction with the external environment such as polishing, writing, holding various objects
as well as interacting with humans, it is very important to control the applied force and torques along
with the position to achieve the desired goal and also to avoid any unwanted accidents. Therefore
the force/position [159,[160] control and impedance control [I6IH163] of manipulators are extensively
studied fields.

The manipulator dynamics during contact motion gets highly affected by the dynamics of the envi-
ronment which can cause performance degradation and instability in impedance control. Considering
a variable impedance that changes according to the manipulator interaction can help in achieving a
better compliance. Early works in variable impedance control involved defining two different desired
impedance behaviors depending upon the velocity of the operation where mostly the damping was
adjusted [164]. Ikeura et al. [165] proposed a damping factor which varied optimally in accordance
with a minimized cost function. In [166], Dubey et al. proposed damping and stiffness as continu-
ously varying functions of the sensed force and velocity. Tsumugiwa et al. [L67] proposed a variable
stiffness for the human-robot cooperative task that was based on the estimated stiffness of the tip
of the human arm. The human arm behavior was used in [168,169] for interaction tasks. Buchli et
al. [170] proposed a reinforcement learning PI? (Policy Improvement with Path Integrals) for gain
scheduling of the variable impedance control. Learning based variable impedance control is reported
in [168,169,[I71]. Variation of both the damping and stiffness of the impedance characteristics was
suggested by Bae et al. [I72]. Ficuciello et al. [I63] proposed varying impedance control by changing
the equivalent inertia during contact using the feedback of the exchanged force. The detailed stability
issue and a generalized Lyapunov function for stability analysis of the variable impedance control
(variable damping and stiffness) are discussed in [173].

Most of the existing impedance controller design using the variable structure method involves
defining a dynamic compensator based on which the switching function is designed. Although these
methods provide robustness and good tracking results, the number of design parameters are high due
to the introduction of the dynamic compensator. In this section the proposed adaptive backstepping
sliding mode controller with a PID sliding surface (ABSMC-PID) will be used for impedance control
of robot manipulators. Unlike the existing methods of robust impedance control using sliding mode
[I74-176], in the proposed method the parameters of the backstepping are designed according to the
desired impedance and finally the variables obtained via backstepping are used to define a PID sliding
surface. When the equilibrium is reached, sliding mode will induce the desired impedance behavior

to the system. In the proposed ABSMC-PID the backstepping is used to provide a varying design
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parameter as a function of the system error. This varying parameter will ultimately induce variable
damping and stiffness to the defined impedance so that the transition between no contact and contact
with the external environment is obtained smoothly. The controller design along with the simulation

results are given in detail in the following sections.

3.3.1 Control Objective

Considering no interaction with the environment, the robot dynamics in the task space can be

written as
Mz (q)i + Cr(q,4)& + Gr(q) + Fe=F. + F (3.44)
where

Mr(q) =" (¢9)M(q)J '(q)

Cr(q,4) =T " (9)C(q,4)T " (9) — T " (@) M (q) T~ " (9)F (9)T " (q)
Gr(q) =J "G, F(q,4) = I " (a)f(a,d), Fe = T " (a)7
I q) =J(@)"(J(@)J(@T +AD)"", T T(q) = (1T

and x € RP is the position of the end-effector in the cartesian task space having dimension p,

J(q) = g_;c is the corresponding Jacobian matrix and F, represents the interaction forces/moment

exerted by the manipulator on the environment.
The properties of the manipulator in the joint space [I56] also hold in the task space after the

transformation and are mentioned below for the system (3.44):

Property 5. The inertia matriz Mrp is symmetric and positive definite meaning that My = M%

and Mt > 0 and it is upper and lower bounded, which implies,
ﬂminIpxp < MT < ﬂma:prXp (345)

where 0 < fimin < maz and Ipx, is a p X p identity matriz.
Property 6. The robot manipulator (3.44) is a passive system, which implies that
1.
x EMT —Cr|lz=0 Vr#0. (3.46)
The assumptions made for deriving a task space controller for the combined manipulator and
actuator dynamics are given below:
Assumption 7. All the joints of the robotic manipulator are revolute.

Assumption 8. The reference trajectory defined as pg(t) € R™ and its time derivatives pq(t) and

Pa(t) are continuous and bounded.
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3.3 ABSMC-PID for hybrid impedance control of robot manipulators

Assumption 9. The unknown force vector F(q, d,t) satisfies
|F(q,4,t)| < F (3.47)

where F > 0 is the unknown upper bound of the uncertainty.

The aim of the control scheme is to employ impedance control for a manipulator subjected to
constraint motion due to interaction with the external environment. The manipulator motion can be
divided as (i) the free motion control, where only position control is required as there is no contact
with the external environment and (ii) the impedance control, which will be active as soon as the
robot arm end-effector comes in contact with the environment. The impedance controller design will
be aimed towards avoiding large forces during contact as well as matching the manipulator impedance
with the dynamics of the environment.

The desired impedance characteristics for the manipulator end-effector can be defined as follows:
Md(i — id) + Bd(iﬁ — d:d) + Kd(ac - dd) = —Fe (3.48)

where positive definite diagonal matrices Mg, Bg, K4 denote the desired inertia, damping and
stiffness constants respectively, F, is the interaction force and x4 is the desired motion trajectory in
the task space of the manipulator. From (3.48]), a Cartesian target acceleration (CTA) trajectory &y

is defined as:
it =, jd — ]\4-11_1 (Bd(:ll — m'd) i Kd(a: — :Bd) e Fe) (349)

such that when & = &;, the manipulator motion will follow the desired impedance characteristics
defined in [B:48). Also, from (3:49), a Cartesian target velocity (CTV) profile @; is generated as

follows:

t t
it = id — ]\ld_:l <Bd(m — a:d) — Kd/ (a: - md)dG o / Fed0> . (3.50)
0 0

Based on the desired impedance and the CTA profile developed, the design of the control law F,
should be such that

T =% (3.51)
so that the manipulator will follow the desired impedance dynamics.
3.3.2 Controller Design and Stability Analysis

3.3.2.1 Controller Design

In this subsection the controller design process is described. The backstepping method is used to
design a sliding surface (s = 0) in terms of the tracking errors. A salient feature of the SMC is that

on the sliding surface the system states follow the surface dynamics. Using this property, the sliding
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surface will be designed in such a way that s = 0 will resemble the Cartesian target velocity, and at

the equilibrium, where s = § = 0, the impedance dynamics will be achieved.

Step I:
In order to design a hybrid impedance control method using backstepping sliding mode methodology,

the error e, is defined in the task space as
€x =T — xq.
The integral of this error is defined as the first regulatory variable z; as
zZ1 = /ewdt (3.52)
21 = x — 4. (3.53)
The control Lyapunov function (CLF) V; is defined for this subsystem as

1
Vi = azle

Vi=2T 2 = 21 (xz — xq). (3.54)

Considering x to be the controlling quantity in this subsystem, a virtual control a; is defined such
that when = ay (353 is stable and is given by

a1 = —c121 + 4 (3.55)

where ¢1 = diag(cy;),i =1...p,c1; > 0, is a user defined constant.

Substituting (8.53]) into (3.54]) yields

V1 = —zfclzl <o0.
Step II:

The next regulatory variable zo will now represent the error between & and o as

Zo=T—Qa1 = —Tg+cC1z1 (3.56)

2.2 = — id -+ 0121. (357)
Substituting @ from (B.56) into ([B.54) yields

Vi=—2Fciz1 + 2T 2. (3.58)
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3.3 ABSMC-PID for hybrid impedance control of robot manipulators

The CLF for the subsystem (3.57) defined by V5 is given as

1
Vo =Vi+ 525 22 (3.59)
Vo =Vi + 282,
=Vi+ 235 (& — &a + c1£1)
<—zleizi 4+ 2T 20 + 2T (& — g+ c121)

<—zFeizy 4+ 2T (& — &g+ c121). (3.60)
Based on V, (3.80), the virtual control input e to stabilize the subsystem (357) is derived as
o = —C2zZ9 — 0121 -+ id (361)

where cg = diag(c;),i = 1...p,co; > 0, is a user defined constant. This leads to the following dynamic

subsystem:

Zg = — C222
t

=€y =— (c1+ c2)e, — clcz/ e,do. (3.62)
0

Replacing & = aip in (3.60]), the time derivative of the CLF V4 is obtained as follows:

Vo < —2Te12z1 — 2X eazo + 2T 25. (3.63)

Step III:

In this step the sliding variable s is defined by adding the term kg f eydt to the next backstepping
error (& — ag), so that at the equilibrium § = 0, the closed loop system dynamics resembles the
desired impedance dynamics. For the impedance control ey = Fe and ky = 1. The sliding variable s

is defined as follows:
s:a'c—a2+kf/efdt
= S=& — &g+ C222 + 121 —|—k:f/efdt

:éw+(cl+02)em+0102/€wdt—|—kf/efdt

= § =& — &g+ (c1+ c2)(& — xq) + c1ca(x — x4) + kyey. (3.64)

Comparing ([3.49) with the sliding surface equilibrium § = 0 ($§ given by B.64), the desired

impedance parameters are obtained in terms of the controller parameters as follows

M;'By(t) = c1 4+ c2, M;'K4(t) = cice. (3.65)
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Now, comparing (3.49) and (3.50) with (3.64]), the following can be written for the sliding surface

s=d — dy (3.66)

S§=0 — a4 (3.67)

where the CTA and CTV in terms of the backstepping variables can be written as
Ly = &g — c121 — c222 — kyey (3.68)
Ty = kg — c121 — c222 — ky /efdt (3.69)

Step I'V:
The control law will be defined in such a way that the system states reach the sliding surface s = 0
in finite time and then they converge to the equilibrium § = 0 asymptotically. In order to derive the

control law the following Lyapunov function is defined
L
Vs :§s Mrs
. 1 .
Vy =sT Mps + §sT Mrs (3.70)

Now, using Property [l in (3270) and then applying (B.60), (B3.67) as well as the nominal system
dynamics (3.44)), Vs can be rewritten as

V. =sT Mps + sTCs
=sT(Myp (& — &) + Cr(& — d4))
=sT(F, — Gy — F, — My, — Cricy) (3.71)

Therefore, from (B.71]), the equivalent part of the controller is derived as
(Fc)eq = Mriy + Crie + Gt + Fe. (3.72)

The reaching law approach is used to design the switching part of the controller where a constant

plus proportional reaching law [I58] is used as follows,
$ = —kosign(s) — Ws (3.73)

where Wy p > 0 is a user defined constant diagonal matrix with positive elements and k> 0is an

adaptively tuned gain given by the adaptive law [146]
k=T(s| — ek) (3.74)

where I'pxp = diag(I';), i = 1...p is the adaptive gain matrix with user defined gain parameters I'; >

0 and €,xp = diag(e;), i =1...p,€e; > 0 is the leakage parameter [146] that prevents overestimation
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3.3 ABSMC-PID for hybrid impedance control of robot manipulators

by the adaptive law and ensures that k converges to an arbitrary finite value k. Thus, the switching
part of the control derived based on (B.73) and (371 is

(F.)sw = —kosign(s) — Ws. (3.75)

The total control law F, is defined as

A~

F.=Crii+ Gt + Fe + My (&4 — c222 — c12, — kyey) — kosign(s) — Ws. (3.76)

The above control law ensures that through sliding mode, the manipulator acceleration follows the
CTA trajectory, i.e., & = &, which will make the manipulator track the desired dynamics faithfully.
In order to achieve variable damping and stiffness values, the design parameter cg is changed to

the following variable function
cz = diag{cy; — (1 — %) (caieap(—n23))}, i=1,...,n (3.77)

where ¥; is the diagonal element of an n X n diagonal selection matrix 3 having entries 0 and 1
for contact and free motion respectively and 7 is a positive scalar. The selection of ¢ as shown in
(B0) ensures that whenever the manipulator encounters contact in any direction, the element of ¢y
along that direction will change accordingly so that the stiffness of the desired impedance along that
direction reduces during impact and thereby minimizing the possible high impact force especially in

case of stiff environments.

3.3.2.2 Stability Analysis

Stability of the Sliding Surface and Adaptive Law
The following Lyapunov function Vi is chosen for the stability analysis of the sliding surface and the

adaptive law,
Vi = %STMTS + kT 'k (3.78)

where k = k — k with k being an arbitrary positive gain vector. Taking the time derivative of Vy

yields
Vk = sTMrps+ %STMTS + I::TI‘_II;.
Therefore, using (B.71]) and including the disturbance forces, Vi can be rewritten as
Vi = sT(Fo — Gp + Fo + F — Myiy — Crig) + BTT 'k, (3.79)
Substituting the control law ([B.70) into (8.79) and using ([B.74), the following can be obtained,

Vi, =sT (—kosign(s) — Ws+ F) + IET|3| _E ek
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3. Adaptive Backstepping Sliding Mode Controller with PID Sliding Surface

<—|s|Tk+|s|TF — sTWs — k" ek. (3.80)
From Lemma[4], for k=Fk—kanda positive definite diagonal matrix €, the following can be written:
-7 ~ 1 -7 -
k' ek §§(k:Tek: — kTek). (3.81)
From (B.80) and (B.81)), the following inequality can be derived:
; T - T liez 1.1
Vi <—|s|"(k—F)—s WS_Ek k:—|—§k: ek. (3.82)
For the arbitrary positive parameter k satisfying k > ﬁ’, Vi can be written as

. loe- 1
Vi< —sTWs — Ek k+ EkTek
< —2kVi + p. (3.83)

where & = A\min (diag{W7 %I‘e}) and p = %kTekz. Therefore, when Vj(0) > £ and £- < 1, Vi <0

indicating the asymptotic stability of the sliding surface and the adaptive law .
(ii) Stability of the Desired Impedance
Following the stability analysis method provided in [173] the following Lyapunov function is chosen

for the desired impedance characteristics:
1 . T . 1 T
Vv =5% Mgza + 5696,8(15)69c (3.84)

where 3(t) is a function of the variable damping and stiffness coefficients of the desired impedance
and is a symmetric, positive definite and continuously differentiable diagonal matrix. The stability of

the desired impedance characteristics can be examined using the following theorem.

Theorem 6. If My is a constant, symmetric, positive definite diagonal matriz and Bg(t) and Kq4(t)
are symmetric, positive definite, continuously differentiable, varying damping and stiffness matrices,
then with zero external force in (3.48), i.e., Fe = 0 and a positive definite c1, the impedance charac-

teristics will be asymptotically stable for Yt if the following conditions are satisfied:
(i) Bq(t) — c1 My is a positive definite matriz,
(ii) c1 Kq(t) — %I.{d(t) — %cle(t) is positive definite.
Proof. The proof can be found in Appendix [A.T0l O

From (B.65)b and (B.77), the damping and the stiffness parameters are obtained in the proposed

controller as follows:

Bq(t) =Myg(c1 + c2) = My (c1 + diag{cy} + (I — E)diag{—caiexp(—nz2;°)}) (3.85)
Kqa(t) =Mgcica = Mgcy (diag{ca;} + (I — E)diag{—coiexp(—nz2;*)}) . (3.86)
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3.3 ABSMC-PID for hybrid impedance control of robot manipulators

Since the matrices Bg(t) and Kg4(t) are diagonal, the following scalar equations can represent each

entry of the respective matrices:

by =mq [c1 + ¢z (1 — e:np(—nz%))] (3.87)
kg =mgcico [1 — ewp(—nz%)] (3.88)

where my, by, kq represent the diagonal elements of the matrices Mg, Bg, Kq respectively. Further,
c1, co represent the diagonal elements of the matrices ¢1, ¢g respectively and zo represents the elements
of the vector za. Using the first condition of Theorem [ and (B.87H3.8])), the following can be derived:

c2 (1 —exp(—nz3)) >0 (3.89)

which is true since already by design ¢ > 0 and (1 — ea:p(—nz%)) is a positive semi-definite function.
Using (B:87H3.88) and the second condition of Theorem [6, the following relation is obtained:

c1 (1 — exp(—nz3)) > 2nz0é0eap(—nz3). (3.90)

Now, the desired impedance is obtained at the equilibrium of the sliding surface i.e., when s = § = 0.
Since the derived control law decentralizes and stabilizes all the subsystems defined in backstepping,

the following conditions hold when the sliding surface is reached:

Z21= —caz
Za= —cC222 (3.91)
e = —C2292 — clél + :i)d.

With the controlled system, the following Lyapunov function is considered and (B.91)) is used in its

time derivative.

1
Ve =§z2T 22
V., =2 (22). (3.92)

From (3.91) and (3:92), the following can be obtained:

V., = — 28 caza <0, Yz #0. (3.93)

Therefore, on the sliding surface 2225 < 0 and hence the inequality (390) will be satisfied for all

nonzero zg values. This shows that the impedance defined with the variable damping and stiffness

through the backstepping design parameters is stable.
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3. Adaptive Backstepping Sliding Mode Controller with PID Sliding Surface

3.3.3 Simulation Results

The impedance controller designed using the proposed ABSMC-PID method is simulated for 3DoF
operation of the 14DoF Coordinated Links (COOL) robot arm shown in Figure[2.12] of Chapter[2 The
joints 1R, 4R and 7R are used for the simulation and the details of the 3DoF manipulator dynamics are
given in Appendix [A.9 It is assumed that only the position and the interaction force measurements
are available and hence, the manipulator joint velocities are derived through pseudodifferentiation of
the joint positions as mentioned in [2]. As a structural uncertainty, a load of 0.5kg is added to the
manipulator end-effector and a position measurement noise bounded between 4+0.0001 rad is added
as the unstructured uncertainty.

In the simulations the task space impedance control is considered. The following desired trajectory

is defined for the x, y and z coordinates:
xg=[0.1cos (t) + 0.2, 0.1cos (t) +0.2, 0.3]m. (3.94)

with all the joints of the arm initially at 0 rad, thus making the initial location of the end-effector
xo = [0,0,0.56]7 m. In order to examine the interaction dynamics a solid horizontal wall is located
at pz. = 0.33m and a vertical wall is located at pr. = 0.15m that will work as constraints for the

end-effector motion. The contact model is considered as a high stiffness spring system [177] as follows
Fo= Ke(x — x¢) (3.95)

where e = [pxc, pye, pze] = [0.15, 0, 0.33]m and K, = diag{K,, K,, K.} is the stiffness parameter
of the environment. For x-direction K, = 2000N/m and for z-direction K, = 10,000N/m. There is
no interaction along y-direction and hence K, = 0. The interaction force will be zero when there is
no contact of the end-effector with the external environment.

The parameters of the desired impedance used in the controller are as follows:

02 0 0 10 0 O 120 0 O
Mg=|0 02 0|, Bg=|0 16 0|, Kg=| 0 320 0
0 0 02 0 0 8 0 0 &0

The corresponding parameters ¢y, ca of the ABSMC-PID are:

30 0 O 20 0 O
ci1=|0 40 O, e2=1]0 40 O
0 0 20 0 0 20

In order to induce variable damping and stiffness along the directions where the manipulator end-
effector comes in contact with the external environment (i.e. x and z-directions), ¢z is replaced with

the following:

2 = (diag{20, 40, 20}) — (diag{20, 40, 20}) (I — %) (diag{exp(—niz3;)}), i=1,2,3  (3.96)
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Figure 3.3: Tracking results with varying and constant impedance

where for the selection matrix »; = 1 for free motion and ¥; = 0 for contact motion and n; € n =

diag{100,1,1}. For the example under consideration, c2 has the following form:

20 [1 — exp (—100z3,)] 0 0
c2 = 0 40 0
0 0 20[1—exp(—23)]

The parameters in the adaptive law are:
I'=1001, e=0.11. (3.97)

The proportional constant of the sliding mode controller is W = 10I. The inertia matrix My of the
manipulator is replaced with the estimated diagonal matrix My = diag{2.5,2.5,10}. In order to test
the influence of eg, the performances of the controller with both variable and constant values of cg
are compared.

The simulations results for trajectory tracking along the x and y axes are shown in Figure and
the interaction forces when the external obstacle is encountered are shown in Figure B4 with both
the variable and constant values of controller gain ¢2. The torques produced by the controller for the
three actuated joints are shown in Figure The motion of the end-effector in the three dimensional
Cartesian space is shown in Figure along with the motion as observed in the x-y and y-z planes.
As can be observed from Figure B3] in terms of tracking results during free motion both the constant
and variable values of ¢g offer almost the same performance. Notable improvement with the variable
cg is observed in the case of interaction force along the z-axis shown in Figure 3.4l As soon as the
end-effector comes in contact with the wall, the maximum impact force with the variable ¢ is 26 N,
whereas with the constant co it is almost double, reaching up to 52 N. The input torques generated in
both the cases are almost the same as can be observed in Figure The motion of the end-effector

in the x-y plane and the y-z plane are shown in Figure for both varying and constant co values.
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Figure 3.4: Interaction forces with varying and constant impedance
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Figure 3.6: Motion of the end-effector in the Cartesian space

The norms of the input torques (||u||) for each joint and their total variations (TV) are listed in Table

and it is observed that these are comparable for both varying and constant cg values.

Table 3.3: Performance indices for the input torques

X-axis y-axis z-axis
[Juu]] (N-m) 316.59 341.32 230.78
[|ue|] (N-m) 322.63 407.32 233.77
TV, (N-m) 6.47 x 10° 4.0l x 10° 1.62 x 10°

(
TV. (N'-m) 546 x 10> 4.56 x 10> 1.31 x 10°

||uvll, |ITVs||- Input norm and TV with varying co
[luell, [|TVe||- Input norm and TV with constant c

3.4 Summary

The ABSMC-PID method proposed in this chapter provides a much simpler design strategy as
well as simpler controller structure as compared to the IBSMC and the IADSC methods with minimal
compromise in terms of the controller performance. The PID type sliding surface aids in achieving a
faster transient response and yields a low steady state error. Use of the adaptive law to estimate the
sliding mode controller gain and the constant plus proportional reaching law help in mitigating the
chattering in the input. The comparison with other control methods based on disturbance observers
showed that the proposed ABSMC-PID could improve the performance. The backstepping method
used in the proposed controller enabled methodical building of an asymptotically stable control law.
The same controller design algorithm was used for impedance control of the manipulator. The non-

linear damping and stiffness induced by the variable parameter of the backstepping method helped in
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3. Adaptive Backstepping Sliding Mode Controller with PID Sliding Surface

lowering the impact force when the end-effector encounterd any surface with high stiffness.

However, the above controller design is based on the dynamical model of the manipulator. With
increased DoF, the structural complexity of the manipulator dynamics increases. This complexity issue
becomes severe especially if the manipulator wrist is not spherical. Using such complex manipulator
model in the control law will unnecessarily complicate the controller structure and additionally require
more memory space and compilation time for software implementation. As a solution, a time delay
based estimation of the manipulator model is proposed in the next chapter that will lead to a model

free controller design.
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4. Adaptive Backstepping based Fast Terminal Sliding Mode Controller

4.1 Introduction

The backstepping sliding mode controllers proposed so far rely on the system model to form the
control law. As mentioned in the previous chapter, for a highly coupled and nonlinear system like the
robot manipulator, relying on a model based controller may lead to a structurally complex control law
which is undesirable. Moreover, the manipulator model may not be available and often the derived
dynamic model is prone to errors. Therefore, instead of relying on the exact manipulator model it
may be estimated which will highly simplify the inverse dynamic control.

The time delay control (TDC) was first proposed by Youcef-Toumi and Ito [25] for systems having
unknown or highly varying parameters. The method involves estimating the unknown system model
based on the input and state values of the previous sampling instant assuming that the inputs and
states are smooth. The method has proved effective not only in case of unknown system parameters
but also in case of the systems with highly complex nonlinear model. The estimation of nonlinearities
used in the TDC method is called time delay estimation (TDE) that can be useful in designing model
free control laws for the robot manipulators. Some examples of applications of TDC in robotics are
found in [I78HI81]. The most attractive quality of the TDE is that it does not require any prior
knowledge of system parameters and involves no parameter that might need tuning. For applying
TDE to robot manipulators the only additional information required is the joint acceleration data
which can be easily derived from the available joint position information using robust differentiation
method [182].

In [178] Jin et al. proposed the time delay controller (TDC) [25,[183] producing a terminal sliding
surface of error dynamics for the manipulator control. The terminal sliding surface was introduced for
enhancing the system performance which was degraded due to the time delay estimation error. The
terminal attractors initially proposed by Zak [77] have been used as sliding surface to design a terminal
sliding mode (TSM) control [79]. But the main disadvantages of the TSM are the singularity problem
and the degradation of convergence performance when the error states are far from the equilibrium.
To avoid the singularity problem, the non-singular terminal sliding mode was proposed in [80] and
for consistent convergence performance, the fast terminal sliding mode (FTSM) control was suggested
in [24]. Combination of these two have resulted in non-singular fast terminal sliding mode control,
which has been effectively used for various nonlinear systems [I84HI86].

In this chapter TDE is used to compensate for the soft nonlinearities like the Coriolis, centrifugal,
viscous and Coulomb friction, gravitational torques and thereby simplifying the system model. The
model free controller uses the backstepping sliding mode method [129] with a non-singular fast terminal
sliding surface. The resulting controller structure has reduced complexity and is suitable for practical
implementation.

The organization of the chapter is as follows. The controller design methodology is explained
in Section .21 Simulation results are presented in Section [£.3l A brief summary of the chapter is
provided in Section [l
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4.2 Controller Design

The controller will be designed for the combined manipulator-actuator dynamics for an n-DoF
manipulator as described in Section B.2.1] of Chapter Bl and represented by the following differential

equation:
MpnG+ Chg+ Gh+Tp = Tm. (4.1)

In [@T)), M}y, € R™ "™ denotes the inertia matrix, Cp € R™*" is the Coriolis matrix, Gp, € R" represents
the gravitational terms and 7,, € R" is the actuator torque vector for the manipulator joints. The
vector 7 € R" includes all the structured and unstructured uncertainties present in the system.
Assuming 7¢ to be unknown and bounded, at first the controller will be designed for the following

nominal system:
Mpg+ Crhg + Gp = T (4.2)

Initially backstepping is used in the controller to derive a suitable nonsingular terminal sliding sur-
face [24] based on the error variables. In the final step of backstepping, the final control law is derived
using the time delay estimation (TDE) [25] to estimate the soft nonlinearities of the system model.

The controller design process can be divided into three steps described as follows.

Step I:

For the backstepping method, tracking error is chosen as the first regulatory variable defined as:

21 =49 — 44

Z1 =4 — qa- (4.3)

A control Lyapunov function (CLF) V; is defined as

1
\%1 :§z1Tz1
Vi =2{ z1 = 2 (4 — qa)- (4.4)

Assuming ¢ to be the controlling term in (A3]), a synthetic control aq is chosen such that ¢ = o to

stabilize the subsystem. Using the CLF, a is derived as
o] = —C1z1 + qd (45)

where ¢1 = diag(c1;), i =1...n and ¢1; > 0, is a user defined constant diagonal matrix.

Step II:

The next regulatory variable zo is defined as the difference between a; and ¢ since the actual control
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is not applied yet and hence these two terms will not be equal. So, z, is given by

z2 = — o1 =qg+c121 — qq

22 =G — §g +c121. (4.6)
A nonsingular fast terminal sliding (NFTS) surface [184] is now chosen as

8221—1—523:0 (47)
5o s s T :
where |z2]|° £ [|221°, |222]°,...,]220|°]  and B8 > 0, 1 < 6 < 2 are user defined design parameters.
Using (4.3]) and (4.6]) in (£7) the following can be derived:

qe + /B(Cje aF ClQe)6 =0 (4-8)

where ge = g — qq is the tracking error. The surface proposed in (4.8]) has the same structure as the
NFTS surface proposed in [184].

From (4.8), it is observed that when the error is far away from the equilibrium, a fast convergence
rate is achieved; whereas closer to 0, the terminal attractor becomes the dominating dynamics driving
the states to zero in finite time.

In order to avoid the complex value problem, the sliding surface is modified as [187]
s = 21 + B|za|%osign(z2) = 0. (4.9)

Remark 7. The sliding variable s is a continuous and differentiable function and its derivative § is

also continuous as shown in Appendiz [A. 11

Remark 8. The time Tye required to reach from qe = qeo (initial value of the error when the sliding

surface is reached) to ge = 0 using the fast terminal sliding surface as shown in [18]|] is given by:

—1

Tye = (1ci_a) [In (b + e1lgeol =) — I (0)] . (4.10)

where b = (%)d, d=1.

The subsystem (4.0]) is rewritten as follows:
29 = M, (T, — Cng — G1) — da + c121. (4.11)
The control law 7, will now be derived in two parts as
Tm = Ttde + Tsm (4.12)

where T¢ge denotes the control action designed using the time delay estimation of the system nonlin-

earities and uncertainties and T, is the control input derived from the sliding mode.
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Step III:

In this step the control law is derived based on the sliding mode methodology and time delay con-
trol. In order to design Tspm, the reaching law approach [158] is followed. A power rate reaching law
combined with the proportional reaching term is used for obtaining a fast convergence rate for the

reaching phase as
§ = —ko|s|esign(s) — Ws (4.13)

where 0 < p < 1, k = [ky,ka,... ky)T >0; i =1,...,n and W = diag(W;), W; >0; i =1,...,n are
the user defined controller parameters with |s|? £ [|s1]?, [sa|?, ..., \sn]p]T.

The controller gain k determines the system robustness against uncertainties. In case of known
bounds of the uncertainty, the value of kK > 0 is set higher than the uncertainty bound; however, it is
always not possible to know the upper bound of the uncertainty affecting the system. In such cases
k is adaptively tuned based on the system error. Moreover, the amount of control energy used and
chattering in the control input are proportional to the value of k. Since adaptive tuning will vary k
according to system error, its value will be low when error is nearer to zero which leads to reduced

control energy and chattering. The tuning law used here is given by
k =T(s|"t! — ek) (4.14)

where I' = diag(T;), T; > 0; i = 1,...,n is the adaptive gain that determines the speed of adaptation
and € = diag(e;), €, > 0;i = 1,...,n is the leakage parameter [I8§]. The leakage term —Tek prevents

over-adaptation of k.

Remark 9. As can be found in [24] the combination of the power rate and exponential reaching law
yields a reaching time T, as
=1l

W A " )
T == [1n(k+W\so\1 ) —ln(k;)] (4.15)

where sq is the initial value of s.
Using (49) and (4I1) gives

§ =21 + B6|z2|" o a

=21 + B|z2|" "o (M, (i — Chg — Gh) — da + c141) - (4.16)

Detailed derivation of § is shown in Appendix
From ([AI3) and ([AI6), Tsm, is derived as follows:

. .. . 1 _ . 7 .
Tsm =Chq + Gp + Mp(Ga — c121) — @|Z2|1 %o My, <Z1 + kols|’osign(s) + WS) . (417)

The model of the robot manipulator contains the soft nonlinearities (centripetal, centrifugal and

gravitational terms i.e., Cr(q,qd)q + Gnr(q) and any other frictional and external torques) which are
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estimated through the time delay estimation (TDE) method [I78]. From the dynamics of the robot
manipulator (41]), the following can be found:

Chq+ Gp+ 7y = Tn — Mp§ (4.18)
which can be equivalently expressed as
H =1, — Mg (4.19)

where H = Cpq + G, + 75 is the term containing the nonlinearities of the system associated with
the frictional and the gravitational torques of the manipulator. The estimate of H, denoted by H is
considered as the TDE input to the system as

Teae = H. (4.20)
At time instant ¢, H is obtained as
H(t) = Tm(t) — Mn(1)4(t) (4.21)

where o(t) indicates the values of the respective terms at time instant ¢t. Considering a very small
time delay L (for example, in case of software application L will be the sampling time) and assuming
H (t) to be a smooth continuous function, the delayed term H (¢ — L) is used as an estimate of H (),

meaning
Ht)2H(t-1L). (4.22)
Therefore, assuming the joint acceleration is measurable, the TDE input to the system is derived as
Tige = H = Ty (t — L) — My (t — L){(t — L). (4.23)

Using (£.23) in (£I7), the TDE based sliding mode control law for the robot manipulator is obtained

as
Tm =H + My, (4q — e121) — (68)7 22| =% o M, (z'1 +ko|s|Posign(s) + Ws) : (4.24)

Considering the actuator saturation, the designed control law is modified as Ty, mod given by

Tm_mod = 5t|r;|(Tm) (4.25)
where
‘TL‘Sign(Tm)7 ‘Tm‘ > ’TL’
Sat|TL|(Tm) =
Tm, |Tm| < |TL|
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with 77, denoting the limit of the allowable torque.

4.2.1 Stability Analysis

The Lyapunov based stability of the controlled system and the adaptive law are analyzed in
this section. In order to prove the controlled system’s stability, the boundedness of the time delay

estimation error is ascertained at first. The TDE error can be represented as

AH=H-H

=[Cr(t — L)q(t — L) — Cr(t)q(t)] + [Gn(t — L) — Gp(t)] + [75(t — L) — 7¢(t)]. (4.26)
Now, being a part of manipulator dynamics, both the functions C},(e) and G},(e) are smooth and hence
for a sufficiently small time delay, the differences C,(t— L)G(t — L) — Cy(t)4(t) and Gp(t — L) — Gp(t)
will be bounded. Moreover, 7 includes the gear backlash, frictional force and other such unaccounted
disturbances which are always bounded for the robot manipulator. Thus the TDE error will be

bounded.
Replacing the control law (£.24) in (4.16]), the time derivative of the sliding variable is obtained as

follows:

$ = — kol|s|Posign(s) — Ws + 86|z2|° ' e M, ' (H — H)
= — kols|?osign(s) —Ws+ﬁ5|z2|5_1oM}:1AH. (4.27)

4.2.1.1 Stability of the Adaptive Law

The stability of the adaptive law is analyzed using the following Lyapunov function,
Vi :%(sTs +ETT ) (4.28)
where
k=Fk—k (4.29)

is the difference between the adapted value k and the arbitrary value k > 0 to which k converges.
Using (£14), the time derivative of Vj is obtained as

Vi, =sT5 + kT (|s|Pt! — k). (4.30)

From (£29)), the following can be derived using Lemma @]

1 -

kTek > = (kTek — kT ek). (4.31)
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Using (£.27) and (@.31)) in (£30) yields
’ T +1 T T 6—1 —1 1"T 7. 1 T
Vi < — k7 |s|PT — s Wi+ [6s” |22 o M, AH_Ek ek:—|—§k: ek
]_~ ~ T 1
<—sTWs — EkTek — |k — Bé|s| P |z2|5—1o|M,;1||AH|] |s|Ptt 4 ikTek. (4.32)

The TDE error AH has been considered to be bounded for small sampling time. Moreover, using
Property B] the inertia matrix M}, of the manipulator has been found to be bounded. Since k is an

arbitrary value, it may be made to satisfy the condition
k > B3|s|Fo|z2|" o | M, || AH]. (4.33)
Hence it follows that
: T lep 7, 1.7
VkS—S WS—EIC €k+§k ek
<=20Vi +p (4.34)

where, ¥ = A\pinQ, Q = (diag{W,0.5T'€}) and p = $kTek. Thus, for Vj(0) > ﬁ and ﬁ <1, (£39)
P

will be negative definite and Vi (t) will converge to a ball of very small radius given by 5

4.2.1.2 Stability of the Sliding Surface

Lemma 10. The sliding surface will be finite time stable provided the adaptive law is stable and (4{.33)

1s satisfied.
Proof. For the sliding surface s = 0, Lyapunov function Vj is chosen as follows,
L 7
Vs =55 5. (4.35)
Using (4.10), the time derivative of Vj is derived as
Vi =" = 5" [21 4+ Bolzal "o (My (7 = Cnd — Gn) ~ a + e121) | (4.36)
Using ([4.24) yields

Vi = — kT |s|™! — sTWs + 8087 |22 Lo M, ' AH
< — kT[]t — sTWs + BosT |z o M, AH|
< — (k+ k)P — sTWs + BosT |20 o M, | AH|
< —kT|s|Pt — sTWs — KT|s|PT 4 B0sT |22 o M, AH|

~ T
<~ (Is|"F)TK|s|"% — "W — (k- 8ls| |z e My AH]) s (4.37)

where K = diag(k;) and K = diag(k;) are the diagonal matrices with entries from k and k vectors.
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Since the elements of k are arbitrary constant values, it may be made to satisfy the following:
k> B3|s|F|ozal" " e M, | AH. (4.38)

Therefore, (£37) can be rewritten as follows:

ptl

Vo < - sTWs— (s|7)TK|s| T
pt1

<—mVs—mVs? . (4.39)

As shown in Lemma 1 in [I89], for n; > 0,172 > 0 and 0 < p < 1, with initial time ¢, Vs will converge

to zero in a finite time ¢, where

1-p
2 Ve 2 (t
lnm s (0)+772‘

ts <tog+
° m(l—p) 2

(4.40)
The above indicates that the sliding surface also converges to the equilibrium (s = 0, § = 0) in a
finite time and hence s = 0 is a stable surface.

O

4.3 Simulation Results

The proposed adaptive backstepping based fast terminal sliding mode controller (ABFTSMC) is
applied to a 2 DoF robotic manipulator used in [3] through MATLAB Simulink simulations with a
sampling time of L = 1ms. The performance of the proposed controller is compared with the robust
finite time stability control (RFTSC) proposed by Zhao et al. [3]. The details of the mathematical
model of the manipulator are given in Appendix [A.T3]

The parameters of the manipulator are considered as: mq = 0.5kg, mo = 1.5kg, l1 = 1m, Iy = 0.8m,
J1 = 5kgm? and Jo = 5kgm?. In the controller, the manipulator link masses m and ms are considered
with 20% error as m; = 0.4 kg and m9 = 1.2 kg respectively.

The parameters of the proposed controller [£24)) are: 5 = 1.5, § = 5/7, ¢; = diag{3,3}, W =
diag{1,1}, T' = diag{10,10}, € = diag{0.1,0.1} and p = 0.3. The limits for the actuator torques
are taken as +70 Nm and in the control law, the manipulator inertia matrix M}, is replaced with a
constant diagonal matrix Mp, = [0.5 0; 0 0.1] in order to further simplify the controller structure.

The details of the RETSC based controller and the parameter values proposed by Zhao et al. [3]
are given in Appendix [A. 14

4.3.1 Casel

The RFTSC proposed in [3] is used on the robot manipulator described in Appendix with a
high frequency disturbance of 10sin(100¢) in the joint measurement occurring between 3.5 s <t < 5 s.
In order to observe the coupling effects, ¢41 = 1 rad was commanded at t = 0 and then at t = 1 s

gqo = 1 rad was commanded.
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===Zhao et al. [3]
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(a) Tracking Response of joint 1 (b) Tracking Response of joint 2

Figure 4.1: Tracking response with the proposed controller and RFTSC proposed by Zhao et al. [3] for Case 1
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Figure 4.2: Input torques with the proposed controller and RFTSC proposed by Zhao et al. [3] for Case 1
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4.3 Simulation Results

Simulation results for position tracking are shown in Figure 4] and the control torques are shown
in Figure As it is clearly observed in Figure .1l the proposed control method yields a faster
response than the RFTSC controller by Zhao et al. [3]. Moreover, the control input produced by the
proposed method has much lower chattering than the RETSC by Zhao et al. [3], as is evident in Figure
4.2

4.3.2 Case 2

The performance of the proposed controller is next investigated for a continuous time trajectory
and the results are compared with the RFTSC controller by Zhao et al. [3]. All the parameters for
both the controllers are kept the same. The following reference trajectories are considered for the

simulation study:

7 4t

qq1 = 1.25 — %e‘t + 55€~ rad

o (4.41)
g2 = 1.25+e " — ;e % rad.

The initial conditions for the joint angles in (4.41]) are considered as ¢q19 = 1 rad and ¢op = 1.5 rad.
The disturbance and the manipulator nominal parameters are kept the same as in Case 1.

The simulation results obtained for tracking (4.41]) are shown in Figure [4.3] and Figure 4.4l From
Figure|4.3(a) and Figure|4.3(b)|it can be observed that with the proposed backstepping based adaptive
FTSMC, both overshoot and undershoot in the system response are lesser than the controller of Zhao
et al. [3]. The inset figures show that the error settles to the final value within a finite time in case
of the proposed controller. The proposed controller uses almost the same amount of control energy
as the controller by Zhao et al. [3], as observed from Figure and Figure However, the
control input in the case of RFTSC contains excessive chattering, whereas the proposed controller

produces smoother control signals.

O o s
4 5X 10 \, \
01 _ 0.08—
K §-05 006/ ‘i
g H el H
S-0.2 i 0 5 004 %
= ] = P
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8 i 0 5 10 8 ; 1
= Vg = 0 5 10
v -1.5
-0.4r % 2
v Zeroerror |\ \EF Zero error
== Proposed ABFTSMC == Proposed ABFTSMC
05 ‘ ‘ ===Zhao et al. [3] ‘ ‘ ===Zhao et al. [3]
0 2 4 6 8 10 20 2 4 6 8 10
Time (s) Time (s)
(a) Tracking error for joint 1 (b) Tracking error for joint 2

Figure 4.3: Tracking error by the proposed controller and RFTSC proposed by Zhao et al. [3] for Case 2
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Figure 4.4: Input torques with the proposed controller and RETSC proposed by Zhao et al. [3] for Case 2

Table 4.1: Simulation results of the proposed controller with the RETSC proposed by Zhao et al. [3]

Case 1 Case 2
Proposed Zhao et al. [3] Proposed Zhao et al. [3]

[lu1||2(N-m)  1.7039x103 1.4342x103 1.5658x 103 1.2889x 103
[luz||2(N-m)  1.2573x103 0.87x10? 1.8224x103 1.3475x 103
TVy, (N'm)  1.8234x103 3.4391x103 2.0039x 103 3.2811x103
TVy,(N-m)  0.916x103 2.0747x 103 948.6482 951.4276
trei(s) 0.8349 1.1028 0.3932 0.8431
trea(s) 0.5913 0.9228 0.6802 0.8979
trsi(s) 1.0812 1.6900 1.1287 3.0067
trsa(s) 1.0874 1.4439 1.2298 2.3018
My (rad) 0 0 0.0002 0
Mps (rad) 1.001 0 0 0.072
tp1 (s) - - 5.162 -
tp2 (s) 5.362 - - 1.796
My (rad) 0 0 -0.24 -0.43
Myso (rad) -0.03 0 0 0
tu1 (s) - - 0.351 0.932
tuz (s) 0.395 - - -
ess1(rad) 6.3701x107° -21.812x107°  8.1092x107°  13.527x107°
ess2(rad) 1.2964x10~%  120x107* 0.6802 0.8979

[luill2: 2 norm and TV,;: Total variation of control input, tre;: rise time and tse;: settling time, Mp;: Peak overshoot, tp;: peak

overshoot time, M,,;: peak undershoot, t,,;: undershoot time ,ess;: steady state error for i = 1,2

For better clarity, the simulation results are summarized in Table [A1] where input and output

performances of the controllers under study are compared. Input performance of the controller is

evaluated by computing the control energy in terms of its 2nd norm and the total variation (TV)

[232). Output performance of the controller is indicated by rise time, settling time and steady state

error of the tracking response.

Table [4.1] shows that for two different types of trajectories the proposed backstepping based adap-
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4.4 Summary

tive FTSMC attains consistent satisfactory robustness properties despite using time delay estimation
of the nonlinearities and a non-varying estimate of the manipulator inertia matrix as opposed to the
controller by Zhao et al. [3], where except for the difference in link masses, the exact nominal model
of the manipulator is used. The proposed controller uses a little more energy than Zhao et al. ’s
controller [3]. However, the total variation (T'V) measures of both the controllers in Table ] show
that the proposed ABSMC has lower chattering than that of the RFTSC.

The tracking results in Table[d.I]clearly show that the proposed controller is able to maintain a good
tracking performance whereas Zhao et al. ’'s RFTSC [3] has higher overshoot and undershoot, higher
steady state error, slower response and higher settling time meaning deterioration of performance with
structural uncertainty caused by the change in link mass. The fast terminal sliding mode combined
with backstepping and adaptively tuned controller gain imparts robustness to the controlled system
despite probable modeling estimation error due to TDE. Therefore, this partially model free controller

can be explored further for application in high DoF manipulators having structurally complex model.

4.4 Summary

In this chapter a backstepping based adaptive fast terminal SMC is proposed. A fast terminal
sliding mode is combined with the backstepping method and an adaptive gain tuning law is used for
the controller. The proposed controller has a simple structure as it does not depend on the exact
manipulator model. Using only the joint acceleration information all the soft-nonlinearities of the
manipulator are estimated using time delay estimation (TDE). The proposed controller is robust and
chattering free. Simulation results on a robotic manipulator show that the proposed controller is able

to produce superior tracking performance than some existing controller.
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5.1 Introduction

5.1 Introduction

Industrial robots are constructed with an aim to having a high value of stiffness to enable precise
position tracking. Hence, affect of collision is very serious in position tracking. This is why in
industries, the robot arm and human hardly interact since collision with the heavy rigid manipulator
might prove very dangerous, even fatal. However, with the evolution and progress of advanced robotics
technology, safe merging of human and robot workspace is increasingly attempted, like in medical
robots [190,191] and assistive technology [192,[193], which demand simultaneous control of motion
and force. The inverse dynamics control [I17] provides integration of motion and force controlled
frameworks which is not possible in the case where position and kinematic controls are used.

Robot manipulators with direct torque controlled joints are generally expensive as this requires
very low friction and no backlash in the gear box. As a result, most of the industrial manipulators
and the commercially available modular manipulators are equipped with servos in the joints that
have individual built-in position controllers. The modular robots have low price and low weight and
can be reconfigured according to the desired task and additionally, any defective module can easily
be replaced. Such arms are generally fitted with smart servos that have built-in position controllers
whose input and feedback quantities are positions and because of these servos, such manipulators can
be operated via position command only. These manipulators can be termed as position controlled
manipulators. Such robot arms are rendered suitable only for the kinematic control. Since a lot
of commercially available arms are inherently position controlled, changing their servos for torque
controlled motors will not be very cost effective. Therefore, attempts have been made to incorporate
dynamical control in such manipulators [116,117,[194].

As can be found in [116L 117,194,195 and the references therein, as the position controller is
present only in the individual motors in the joints, it imposes limitations on the performance and the
precision of the overall system. The physical attributes of the manipulator joints like the acceleration
limit, the torque limit along with the effects due to the load and the coupling forces are overlooked
while performing only kinematic control using the joint position control. Neglecting the acceleration
and torque limits can cause failure of actuators and may result in impractical motion. As the position
controlled manipulators are easily available and hence are widely used, it is important to devise control
plans beyond the kinematic control, that will enable the robot manipulator to perform well within
acceptable limits, notwithstanding due considerations being given to the physical limitations and the
additional forces and torques acting on it. In [196] Flacco and De Luca presented a velocity controller
while considering the acceleration and the torque limits of the manipulator joints. On the other hand
in [195], Shao et al. used a decentralized model of the manipulator where dynamics of each joint was
controlled by using the information of the built-in position controller of the servo and then using the
commanded position as the control input to obtain the torque for controlling the robot arm. Khatib
et al. [116] and Prete et al. [117] proposed different methods of transforming the calculated torque
command to the position command using the motor, joint and the built-in controller dynamics to
facilitate implementation of the torque controller on the position commanded manipulator.

Keeping in view the necessity of implementation of dynamic control and the lack of cheap ma-

nipulators having direct torque control, the focus on the position controlled robot manipulator is
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growing. This research work endeavors to realize robust control algorithms on a position controlled
robot manipulator. For experimental studies, a coordinated links (COOL) dual arm manipulator
having Dynamixel smart servos as the joint actuators is used. These servos have built-in position
controllers and hence the manipulator becomes position controlled.

Motivated by the methods of Khatib [I16] and Shao et al. [195], a simple torque to position con-
version is proposed in this chapter. Khatib [I16] proposed a transformation based on the information
of the servo controller and the closed loop frequency response of the joint. Shao et al. [I95] proposed
a joint level controller for a decentralized manipulator system that contained Dynamixel AX series
servo and designed the controller considering proportional (P) action in the internal control of the
servo. Based on these works, a simplified torque to position conversion method is developed in this
chapter using the ideal motor parameters. Adopting a simplification strategy and use of only nominal
motor parameters, however, cannot mitigate structured and unstructured uncertainties present in the
system and affecting the motor dynamics. Inaccuracies in system parameters and payload variation
are the main sources of structured uncertainties. Unstructured uncertainties are caused by external
disturbances, friction and saturation nonlinearities. All such uncertainties that are not dealt with by
the internal controller in the servo motors will be tackled by the dynamic controllers proposed in the
previous chapters, mainly the ABSMC-PID and the ABFTSMC.

The chapter is organized as follows: in Section the coordinated links (COOL) robot arm and
its parameters are described. The joint actuators and their technical specifications are presented in
Section The torque to position conversion method is derived in Section 5.4l Experimental results
by using the ABSMC-PID and the ABFTSMC proposed in the thesis are prsented in Section and
Section to validate the proposed torque to position converter as well as to study the effects of
including the dynamics controller in the loop for a position commanded robot manipulator. A brief

summary of the chapter is given in Section 5.7

5.2 Position controlled manipulator: The Coordinated Links (COOL)

robot arm

The hardware used as the experimental test-bed is a Coordinated Links (COOL) 14 degrees of
freedom (DoF) dual robot arm, with each arm having 7 joints as shown in Fig. 2121 All the joints
in the manipulator are revolute joints and are serially connected to form an open chain manipulator.
The details of the link mass and lengths are provided in Table 2.8

In Fig. and Table 28] the terms ‘L’ and ‘R’ are used to indicate the left and the right arm.
All the manipulator joints can be operated together or in different combinations by keeping the non
operating joints locked at one position. This allows each of the arms to be operated with any number
of DoF's between 1 to 7 and also allows the arm to have different configurations depending upon the
values of the angles the joints are fixed at.

The joints of the robot arm are equipped with Dynamixel RX-28 and Rx-64 series servos as shown
in Fig. (.1l The motors are connected serially via daisy chaining and each motor is given a unique 1D

and can be controlled using Packet communication.
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5.3 Joint actuators

The laboratory set-up used for conducting experiments on the COOL robot arm is shown in
Fig. The robot arm motion is programmed using an Intel(R) Core 2 Quad CPU Q6700 2.66
GHz processor desktop PC with 4GB RAM on Windows 7 platform. Communication between the
PC and the robot arm is performed via the communication device called the USB2Dynamixel [197]
which is connected to the USB port of the PC. Further, 3P and 4P connectors are installed in the
USB2Dynamixel to connect the Dynamixel motors. The control algorithm and the communication

between the PC and the arm are executed using Python.

5.3 Joint actuators

Each of the Dynamixel RX-28 and the RX-64 type servos has the following components:
e A brushed D.C. motor

Gearbox

Processing unit

Sensor elements

e A communication interface
e Servo motor driver
e Signal light

The RX-28 type servo uses the RE-max 17 214897 maxon motor and the RX-64 type servo uses
the RE-max 21 250003 maxon motor. The parameters of the RX-28 and RX-64 servos are listed in
Table 5.1l and Table respectively and the technical details of the maxon motors RE-max 17 214897
and RE-max 21 250003 are given in Table and Table 5.4 respectively. Each servo is equipped with

an AVR Atmega 8 microcontroller that comes with an installed command-line bootloader that can

(a) Dynamixel RX-28 (b) Dynamixel RX-64

Figure 5.1: Dynamixel servos RX-28 and RX-64 [4]
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Intel(R) Core 2 Quad CPU Q6700 2.66 GHz processor desktop computer
with 4GB RAM on Windows 7 platform

Robot arm

. J—'

USB2Dynamixel

Figure 5.2: The experimental set-up for the robot arm

be used to change the firmware of the actuator. A linear potentiometer mechanically linked to the

output shaft of the gearbox serves as the position sensor. The position data is used for the motor

control and in addition, a voltage and a temperature sensor are also present in the servo for overload

protection. An asynchronous half-duplex serial interface based on the ETA-485 bus standard is used

as the communication interface.

The magnitude and the polarity of the motor armature voltage

control the angular speed and direction of the servo. Both the servo actuators are equipped with

a full bridge motor driver with four double-diffused metaloxide semiconductor field-effect transistors

(DMOSFET) and integrated protective diodes for powering the servo motor. The signal light indicates

the operational status of the servo. A more detailed description of the Dynamixel RX-28 and RX-64

type servo can be found in [5].

Table 5.1: Parameters of the RX-28 servo [6]

Supply voltage range 12.0 V-185 V
Angular position range + 2.6 rad
Angular speed limit 6.24 rad/s
Torque limit 3.6 N-m
Armature current limit 1.9 A
193

Gearbox ratio (l%)
g

Gearbox Inertia (Jg)

79.6x10~% kg-m?
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Table 5.2: Parameters of the RX-64 servo [7]

Supply voltage range 12.0 V-18.5 V
Angular position range + 2.6 rad
Angular speed limit 6.24 rad/s
Torque limit 5.1 N-m
Armature current limit 2.6 A
Gearbox ratio (k_lq) 200

Gearbox Inertia (Jg) 154.9x10~% kg-m?
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Table 5.3: Technical specifications of RE-max Table 5.4: Technical specifications of RE-max
17 214897 [§] 21 250003 [9]
Rated armature voltage 120V Rated armature voltage 15.0V
Motor speed constant 100.7 rad/Vs Motor speed constant 74.9 rad/Vs
Motor torque constant 10.7x10~3 N-m/A Motor torque constant 13.4x10~3 N-m/A
Terminal resistance 8.3 Q Terminal resistance 6.3 Q
Terminal inductance 0.206 mH Terminal inductance 0.206 mH
Mechanical time constant (To,) 6.25 ms Mechanical time constant (To,) 6.72ms
Motor inertia (Jpm) 86.4x10~Y kg-m? Motor inertia (Jpm,) 217.0x10~? kg-m?

1 e .

. Position _ 1

1 Gear Box [« Motor !

- sensor RE-max 17/21 1
qu ('Om

Vo bm 1

: Processing Unit Motor ;
I > AVR Atmega8 driver

A I
1 Temperature !
1 sensor !
i Voltage :
i sensor :

1

- A 4 1
! : : Voltage _ :
i ( Signal light ) Transceiver regulator “ :

Communication interface (Input ¢cpmg ) Power supply

Figure 5.3: Set-up of the Dynamixel RX-28/64 servo [5]
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The block diagram representation of the Dynamixel RX-28 and RX-64 servos [5] is shown in Figure
B3 In Figure B3| v,,, i, are the motor’s armature voltage and current, ¢,,, ¢, are the angular
position and velocity of the motor shaft and ¢, ¢ are the angular position and velocity obtained at the
output of the gearbox shaft indicating the joint position and the velocity. The position input received
via the transceiver is denoted by gemd-

Based on the position feedback, the microcontroller in the servo derives the control using the
PID controller programmed into it to move the servo to the desired joint position sensed by the
transceiver [5]. The sensor data can be transmitted to the PC through the transceiver. As the block
diagram indicates, the actuating command that the user can send to the servos is only the desired
position value. Therefore, manipulators having such actuators in their joints can be termed as position
controlled manipulators since direct torque or voltage commanding of the joints is not possible without

resorting to suitable hardware modifications.

5.4 Torque to position converter

The basic principle of a servo motion system is to use feedback gain to obtain the desired output
at the motor shaft. The proportional (P)-integral-(I)-derivative(D) controller is the most commonly
used controller in the servo system owing to its simplicity in design. In [5] it was validated that in
RX-28 and the RX-64, the proportional (P) control played the dominant part and that was followed
in this work. For facilitating a simplified implementation of the torque to position conversion, the
I and D gains in Dynamixel RX-28 and RX-64 were made zero, operating the motors only with P
control. The output of this lower level controller is generally obtained as the motor torque required
to produce the desired movement. The electrical time constant of the DC motor in RX-28 is 0.025ms
and that of RX-64 is 0.032ms which is much lower than their mechanical time constants 6.25ms and
6.72ms respectively. Hence for both the motors, the mechanical dynamics are the prominent part that

can be expressed as

k—‘iiﬁ%qzr—n (5.1)
where ¢, ¢, ¢ are respectively the angular position, speed and acceleration of the gear shaft, 7 is
the motor torque, 7; is the disturbance torque and k, is the motor gear ratio. Further, J, B are the
motor’s effective inertia and damping coefficients respectively. The block diagram of the motor control
is shown in Figure 5.4 where w,, is the motor shaft speed and w is the speed output of the gear-box.
The tracking error is denoted as € = gemg — ¢ Where gepq is the commanded motor position and &,
is the proportional (P) gain of the controller. The servo motors in the arm have bounded positions
and velocities and so the joint accelerations must also be bounded. The output of the lower level P

controller can be written as

T = p(qud - Q) = kp €
=e= k:ng (5.2)
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1 o, w
Js+ B ’ 1 f >4

Figure 5.4: Simplified servo motor block diagram

The torque to position converter will produce a position command ¢.,qs as shown in Figure
based on the derived torque 7 of the dynamic controller obtained as per the desired joint angular
position g4, desired joint angular velocity ¢y and desired joint angular acceleration ¢y. This law is
similar to the control law suggested in [117]. The derived torque and the torque produced by the low

level P-controller in the servo should be equivalent, which indicates the following relation:

T = kp(Qcmd = (.7)
Gemd = k;IT +q. (53)

Since the implementation of the controller is software based, assuming a sampling time of T}, (53] at

the & — th instant can be written as
Gemalk + 1] = Ky, '7[k] + g[k] (5.4)

which shows that the position command to be sent to the motor in the (k4 1) —th instant is based on
the torque derived and the actual motor position at the k& — th instant. This conversion can be used

to implement an external dynamic control loop to the robot arm as shown in Figure

5.5 Experimental results with ABSMC-PID

The proposed ABSMC-PID given by (8.28), (329) and (330) is experimentally investigated for
joint trajectory tracking the Coordinated Links (COOL) robot arm shown in Figure 2.12] using the
laboratory set-up shown in Fig. The robot is operated as a 3DoF manipulator by taking the
joints 1, 4 and 7 as the first, second and the third joint respectively, while the rest of the joints are
fixed in the zero positions. The description of the robot arm parameters can be found in Table 2.8
and the details of the 3DoF manipulator model are elaborated in Appendix[A.9 The robot arm has
Dynamixel servos as the joint actuators which can be controlled by position command only. In order to
facilitate dynamic control in the position commanded joint actuators, the torque to position conversion
(54)) proposed in Chapter [l is used. The controller is implemented using Python programming in an
Intel(R) Core 2 Quad CPU Q6700 2.66 GHz processor desktop computer with 4GB RAM on Windows
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94:94-94 Proposed | . g, (k+1) q,, |lointactuating q
—>| Dynamic — k2 (k) + q(k) servo of robot -
Controller =5t q arm q

Torque to position [N
converter

Figure 5.5: Block diagram of proposed dynamical control

7 platform. The sampling time is determined based on the communication delay between the servo
and the PC, which is found to be 0.048s. The parameters of the controller used for the experiment

are as follows:
C1 = 1512, C2 = 2012, W = 10I2, I = 100I2, € = 112.

During experimentation it was found that replacing ¢; with a tracking error dependent varying func-
tion ¢1(z1) = diag{15(1 — exp(—100|z1;|))} induced a varying damping ratio which improved the
controller performance and this controller variant was named as ABSMC-NPID (ABSMC with non-
linear PID surface).

The aim of the experiment is to make the joints follow the following reference trajectories:

ga1 =1 + 0.2sin (0.57t) rad (5.5)
qa2 =1 — 0.2 cos (0.57t) rad (5.6)
¢a3 =1 + 0.2sin (0.257t) rad (5.7)

where t is the time in seconds. The performance of the dynamic controller is compared against the
case when position command in terms of the reference trajectory is directly applied to each servo
which is controlled by a built-in P-type controller as explained earlier in Chapter Bl This study is
conducted to test the reliability of the proposed ABSMC against the built-in P controller. A mass of
100g is attached to the manipulator gripper to introduce a structural uncertainty in the system. The
trajectory tracking performances with the direct position command, ABSMC-PID and the ABSMC-
NPID are compared in Figure and the tracking performances of the all three methods are compared
in Table

It can be concluded from the experiments that the proposed conversion method is reliable as

the position command reconstructed from the generated torque and sent to the actuator can drive

=
=
(0]
=
O
N
()
o

90



5.5 Experimental results with ABSMC-PID

1.6+
1.4+
= 1.2r
o
1
S
20.8
o
-'_g, 0.6
0.4(] —Desired
==Built in P control
0.2 —ABSMC-PID
0 ‘ ‘ =—=ABSMC-NPID
0 2 4 6 8 10
Time (s)
(a) Trajectory of joint 1
1.2+
1,
E)
0.8
c
2
2 0.6/
o
E
0.4
=—=Desired
0.2 ==Built in P control
== ABSMC-PID
0 ‘ ‘ =—=ABSMC-NPID
0 2 4 6 8 10
Time (s)

(c¢) Trajectory of joint 2

o)
o
=
2
=
(o]
o
=
‘©
-
=—Desired
==Built in P control
=—ABSMC-PID
0 ‘ ‘ =—ABSMC-NPID
0 2 4 6 8 10
Time (s)

(e) Trajectory of joint 3

0.5r
g
s 0o
S
5]
(o)}
£
2_
< —0.5
=

==Built in P control
=—=ABSMC-PID
-1 ‘ ‘ —ABSMC-NPID
0 2 4 6 8 10
Time (s)
(b) Tracking error of joint 1

0.2
~ Or
e}
e
S-02
()
(=]
£
£-04
o
l_

-0.6 __ J
==Built in P control
== ABSMC-PID

-0.8 ‘ ‘ =—=ABSMC-NPID

0 2 4 6 8 10
Time (s)
(d) Tracking error of joint 2
0.2r “
-‘3 or r%‘”—_m
S-02
@
(o))
£-04
4
Q
o
= -0.6
08 =Built in P control
' =—=ABSMC-PID
=—=ABSMC-NPID
JD i 8 10
Time (s)

(f) Tracking error of joint 3

Figure 5.6: Experimental results with direct position command, proposed ABMSC-PID and ABSMC-NPID
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the system to follow the reference trajectory correctly. Secondly, it is to be noted from the error
responses in Figure that in case of coupled motions with load, the performance of the built-in P-
type controller is not consistent (observed from the tracking results of joint 2), whereas the dynamic
controller maintains a consistent performance in all the three joints. The inclusion of the nonlinear
PID sliding surface is able to further improve the proposed ABSMC’s performance by reducing the
peak overshoot as can be observed in Figure and Table

Table 5.5: Performance comparison for trajectory tracking of 3DoF manipulator

Joint Controller tr(s) ts(s) Mp(rad) tp(s) MASSE
Built-in P control  0.42  0.85 0.04

Joint 1 ABSMC-PID 0.32  0.90 0.52 0.46 0.01
ABSMC-NPID 054 0.95 0.12 0.76 0.02
Joint 2 Built-in P control  0.32 0.70 = - 0.07
ABSMC-PID 0.27 0.66 024 0421  0.02
ABSMC-NPID  0.76  0.71 . - 0.03
Joint 3 Built-in P control  0.47 0.80 - - 0.008
ABSMC-PID 027 1.28 0.37 0.46  0.005

ABSMC-NPID 0.61 1.09 0.10 0.81 0.013

t, = rise time, ts = settling time, M, = peak overshoot,
tp, = peak time, MASSE= mean absolute steady state error

5.6 Experimental results with ABFTSMC

The proposed adaptive backstepping based FTSMC given by (4.24) and (£253]) is applied to the
position commanded 14DoF Coordinated Links (COOL) robot arm as shown in Figure In the
experiment only the joints 1, 4 and 7 of the robot arm are used as the first, second and third joints
respectively, keeping the other joints locked in the zero position. The selected joints have RX-28 servo
as the actuator.

In the experiment, the nominal model of the manipulator is used. The results obtained with the
proposed ABFTSMC and the proposed ABSMC-NPID are compared with the the built-in P controller
of the servo, where the desired position is sent directly sent. The torque is derived using (£24) and
implemented using (5.4]). The parameters used for the controller (£.24) in the experiment are the
following: ¢; = 1513, 0 = 1.1, W = 2I3, 5 = 1.6, T' = 20I3, € = 113, where I3 is a 3 x 3 identity
matrix. The sampling time L is chosen as 0.048sec which is decided by considering the communication
delay between the joint servos and the PC. The reference trajectories for the three joints are considered

as

ga1 = 1+ 0.2s8in(0.57t) rad
¢d2 = 1 —0.2cos(0.57t) rad
¢a3 = 1+ 0.2sin(0.257t) rad. (5.8)
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Figure 5.7: Results with direct position command, proposed ABMSC-NPID and ABFTSMC
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Figure 5.8: Results with direct position command, proposed ABMSC-NPID and ABFTSMC

Experimental results obtained by using the proposed backstepping based adaptive FTSMC for all
the three joints are shown in Figure 5.7, Figure 5.8 . From Figure 5.7 and Figure 5.8 it is obvious
that in the case of position commanded robots, instead of directly applying the desired trajectory as
the command input to the system, if the dynamic controller is used first, better tracking results are
achieved. The dynamic controller takes into account all the coupled torques, additional loads to the
motors in the manipulator based on which a suitable torque profile for each motor is developed. This
torque profile is then converted to an equivalent motion profile using (5.4)).

The experimental results are summarized in Table 5.6l which shows that although the proposed
torque control method yields a slower convergence, yet the steady state error is much lower than both
the built-in P controller and the ABSMC-NPID controller. Moreover with the proposed ABFTSMC,
the overshoot is also lower than with the ABSMC-NPID.
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Table 5.6: Performance comparison for trajectory tracking of 3DoF manipulator

Joint Controller tr(s) ts(s) Mp(rad) tp(s) MASSE
Built-in P control  0.42  0.85 - - 0.04
Joint 1 ABSMC-NPID 0.54 0.95 0.12 0.76 0.02

ABFTSMC 1.10 1.77 0.18 1.39 0.013

Built-in P control 0.32  0.70 - - 0.07

Joint 2 ABSMC-NPID 0.76  0.71 - - 0.03
ABFTSMC 1.20 1.32 - - 0.006

Built-in P control  0.47  0.80 - - 0.008

Joint 3 ABSMC-NPID 0.61 1.09 0.10 0.81 0.013
ABFTSMC 1.05 1.63 0.08 1.20 0.006

t, = rise time, ts = settling time, M, = peak overshoot,
tp = peak time, MASSE= mean absolute steady state error

5.7 Summary

A simple torque to position conversion method is proposed in this chapter for use in position
commanded servo actuators present in robot manipulators. The torque to position conversion is
based on the low level controller of the servomotor. Although being highly simplified as compared to
the existing methods, such simplified conversions can be successfully used for implementing the torque
control methodology in the position commanded servos with proper selection of the inverse dynamics
algorithm. As such, this method can be adopted for torque control of the position commanded
robotic manipulators without having to perform any hardware modifications. The experimental results
presented in the chapter, which have implemented the ABSMC-PID and the ABFTSMC controller
proposed previously in the thesis, show that such a conversion method can be utilized to implement
a dynamical controller in a position commanded manipulator. Therefore such a method can be useful
when a position commanded manipulator is to be operated to obtain compliance behaviour using
impedance control methods.

Although the proposed method develops a much simpler torque to position conversion law, it still

has some drawbacks as mentioned below:

e The method relies on the knowledge of the internal controller of the servo and without this

information it cannot be guaranteed that such a conversion will work.

e Communication delay between the motor and the PC can produce constraints in the implemen-
tation of the torque controller, especially for high speed operations. The motors being connected

through daisy chaining in the experimental set-up, this delay increases with each added motor.

However, such a conversion approach is important to implement force or impedance control on robot
manipulators in order to achieve compliant behavior while interacting with the environment. There-
fore, further study can be dedicated into achieving such a conversion method while at the same time

tackling its above mentioned drawbacks.
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6.1 Conclusions

6.1 Conclusions

In practical applications such as industries and low cost commercial manipulators, the Proportional
Integral Derivative (PID) controllers are still dominant owing to their simple structure, despite the
availability of other robust control methods showing better performance than the PID. Keeping in focus
the utility and portability of the controller offering an acceptable performance, the study presented
in this thesis attempts to devise a sliding mode controller free of its inherent drawbacks while at the
same time maintaining its original simple structure that can be possibly used as universally as the
PID control method. The primary goal of this thesis is to design a simple structured robust dynamic
controller based on the backstepping sliding mode control methodology and four variants of dynamic
controllers are proposed for robust control of robot manipulators.

The first control method proposed is the integral backstepping sliding mode controller (IBSMC)
which used an extra integrator block augmented with the actual system. This allowed to obtain
the control input to the system as an output of the integrator block, thus providing a chattering
free smooth control law. The proposed IBSMC was also used for underactuated systems by proper
selection of the backstepping regulatory variables. Simulations for both the robot manipulator and
the underactuated cart-pendulum system were presented showing the efficacy of the proposed IBSMC
controller.

The inherent explosion of terms due to backstepping led to increased structural complexity in the
IBSMC, which was eliminated using integral adaptive dynamic surface control (IADSC). In TADSC
filtered signals were used to replace the differentiation of the nonlinear model of the manipulator. The
versatility of the controller was improved by adaptively tuning the controller gain so that it could be
implemented without the knowledge of the bounds of the uncertainty affecting the system.

Considering practical implementation, especially for digital realization, the TADSC was not very
suitable as the filter constant required to be redesigned in case of change in sampling interval or the
presence of small delays. The TADSC faced stability issues which could be attributed to the presence
of the filter. Therefore the integrator block was entirely eliminated and instead a PID sliding surface
was introduced to form the adaptive backstepping sliding mode controller with PID sliding surface
(ABSMC-PID) that did not require the filter. The PID type sliding surface helped in improving
the steady state behavior. The simulation results demonstrated applicability and the efficacy of
the proposed ABSMC-PID. The ABSMC-PID was also implemented for impedance control of robot
manipulators which was an important issue while interacting with the external environment.

The dynamics of a high DoF manipulator tends to have high structural complexity which ultimately
affects the model based dynamic controller. Therefore a model free controller is a major need and was
realized using time delay estimation of the soft nonlinearities of the manipulator model. Consequently,
an adaptive backstepping based fast terminal sliding mode controller (ABFTSMC) was developed.
The fast terminal sliding mode obtained using backstepping provided a finite time convergence for
the closed loop system. The comparison of the simulation results with some existing robust control
method showed that despite being a model free controller without having any observer, the proposed
controller was able to offer good trajectory tracking performance. Moreover, the control input obtained

was chattering free owing to the fast terminal sliding surface.
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6. Conclusions and Scope for Future Work

The thesis attempted to implement the proposed dynamic control methods in position commanded

digital servo systems. A torque to position command conversion method was used to convert the

generated torque profile to position command for actuating servo motors in a robot manipulator.

Experimental studies demonstrated promising potential for practical applicability of the proposed

method on position commanded robots.

6.2 Scope for Future Work

The thesis explores simple yet effective robust backstepping sliding mode control method for joint

control of robot manipulators. This research can be further extended in the following directions:

=
=
(0]
=
O
N
()
o

e The adaptive backstepping sliding mode method proposed for impedance controller can be ex-

perimented for better compliance behavior for interaction tasks. The variable damping and
stiffness induced using the nonlinear backstepping design parameter can be further explored to
obtain improved results for the manipulator in its interaction with the external environment.
The backstepping offers a much flexible design and also provides a better approach for the pa-
rameter design as any desired control parameter can be inserted in the intermediate stages of

backstepping. Hence this control method can be further explored for impedance control tasks.

Although the proposed torque to position conversion method was successfully used for the servos,
the conversion relies on the availability of the information of the motor and the internal controller

of the servo. A better solution to this can be explored.

Another area where the scope of the control method proposed in the thesis can be extended is the
dual arm manipulation. The proposed impedance control via ABSMC with variable backstepping
parameter and time delay estimation based fast terminal sliding mode control shows promising
results and can be combined for an effective controller for the dual arm manipulation tasks. The
time delay estimation offers a model free robust controller design. This can be very useful for the
complicated dynamics of the dual arm operation while achieving compliant motion. Moreover,
the stability offered by backstepping can be utilised to design a robust impedance controller

producing a better compliance along with a guaranteed stability.
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A. Appendix

A.1 Dynamic modeling of rigid manipulators

The dynamics of an open chain rigid link manipulator can be derived using the Lagrangian of the

manipulator [11]. The kinetic energy for each link of the manipulator (7;(q,¢)) can be defined as

Ti(a,d) = /7 (a)MiJi(@)d (A1)

where q, ¢ € R" are the position and velocity of the manipulator joints, M; is the generalized inertia

matrix and J;(q) is the Jacobian of the ¢ — th link of the manipulator. The total kinetic energy of the

manipulator is obtained as
T(q,q) = ZT q,9) = —qTM(q)q (A.2)

where M(q) is the manipulator inertia matrix.

The potential energy for the ¢ — th link of the manipulator is given as
Ui(q) = mighi(q) (A.3)

where m; is the mass and h;(q) is the height of the center of mass for the ¢ — th link and g is the

gravitational constant. The total potential energy of the manipulator is found as:

=Y Uilg) = > mighi(a). (A4)
i=1 i=1

The manipulator Lagrangian is defined as
n

Llad) = Y (Tiayd) — Uia)) =5 d" M (@) — Ulg)
=1

! g mi;(q)giq; — U(q). (A.5)
2
—

The Lagrange’s equation for the manipulator can be written as follows:

doL 0L

G 5= T (A.6)

where T; represents the actuator torque and other non-conservative generalized forces acting on the

manipulator joint. Now, using (A.H]), the following can be derived:

doL  d [, . & e
@06, it > Mig; | =) (szqg' + Mz’j%’) (A.7)
j=1 J=1
oMy U
9= _ A.
a% 2 A= Ou R (A.8)
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A.2 Characteristics of symmetric positive definite block matrix using Schur’s complement

Replacing (A7) and (A.8) in (A.Q) yields
- i} . (OM;; . 10My; . . aU(q) .
M;:(q)d; gl — 2R g ) - A g i=1
;21: ()4 +j§k:1<aqk Ginl = 55, =4 qg>+ o, — U n

- 3 - .. 0U(q .
ZMij(q)q]‘ + Z Fiijij + ; ) = TZ', 1=1...n (Ag)
' k=1

where

T _ 1 Imi;(q) +3Mij(Q) ~ OMy;(q)
T2\ g Bg; Dgi

are called the Christoffel symbols where the terms containing ¢;q;j, i # j represent the Coriolis forces
and the terms containing q? are the centrifugal forces on the i—th joint. Now the matrix C(q,¢) € R™*"

called the Coriolis matrix is defined as follows:

2] Qa Z Fzkak

aMZ] 8Mzk aMk] >
i A.10
Z < 3% 9q; 9y G (4.10)

The manipulator dynamics in the vector form can now be defined as

M(q)§+C(q,9)4+G(q) =7 — 714 (A.11)

where G(q) = > i, 8%(1(:1) is the force due to gravity, 7 is the vector representing the joint actuating
torques and 74 is the vector denoting disturbance torques and any unmodeled torques acting on the

manipulator joints.

A.2 Characteristics of symmetric positive definite block matrix us-

ing Schur’s complement

As described in [135], for an n x n symmetric block matrix M of the form

M- (;T g) (A.12)

where A € RP*P and C € R7*? are symmetric matrices and B € RP*4, the positive definiteness of M
can be guaranteed iff C > 0 and A — BC~'BT > 0.
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A.3 Dynamics of the cart-pendulum system used in (A.13])

The cart-pendulum system is represented by the following differential equation:

M(q)G+ C(q,4)q4+ G(q) = F + Fy (A.13)

where q, ¢ and § represent the position, velocity and acceleration of the system, M(q) is the iner-
tia matrix, C(q,q) is the centripetal and Coriolis force matrix and G(q) is the gravitational force
vector. Furthermore, F' represents the applied force and Fy denotes the disturbance force caused by

uncertainties. It is to be noted that

N

M(q) = -lmc+mp mplcosqa |
;! _mplcosqg J+mp12 ’
. _0 Mplgs Sin g
Cla:d) = | ? 0 ;

G(q) = ! ] ;

—mypgl sin o

F— bil . Ry = fd1
0 fa,

where m,. is the mass of the cart, m,, is the mass of the pendulum, [ is the length of the pendulum and J
is the moment of inertia of the pendulum. The cart-pendulum system has two equilibrium points, one
being the stable vertically downward position where # = 7 and the other being the unstable vertically
upward position where § = 0. Furthermore, f; is the control force applied to the cart and fg,, fa,
are the disturbance forces due to matched and mismatched uncertainties present in the system whose
upper bounds are considered to be known. As observed from the above mathematical model, the
cart-pendulum is an underactuated system and the objective is to apply a control force f; to the cart
in such a way that the pendulum will swing up to the vertically upward position, where ¢; = 0, g =
0,41 = 0,¢2 = 0 from the initial vertically downward position where ¢1 = y,q2 = w,¢1 = 0,42 = 0.
The system parameters are: m, = 1.12kg. m, = 0.11kg, { = 0.1407m, J = 0.0038kg — m?.
From (A.13]), the dynamics of the pendulum can be written as
[mll m12] Cn Cr2 Ql] n [911] _
miy M2 Co Ca| |¢2 921

h
0

fa,
fdo

41
G2

+ + (A.14)

where

mi1 = Me+ My,

mi2 = mpl cos qa,
Mmoo = J + mpl2,

Cin = Cz1 = Cy =0,

=
=
(0]
=
O
N
()
o
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A.4 Derivation of IBSMC for cart-pendulum system

Ci2 = mylga sin g,
g11 =0,

g21 = —mypgl sin gs.

From (A.14), the following are derived,

—_

g1 ==[maa fi — maaCliada + mi2go1 + maa fa, — mi2fa,)

Go ==[—miz2fi + mi2C1242 — mi11g21 — maz2fa, — ma1 fas,] (A.15)

Ul —

where d = mii1mogy — m%2.

A.4 Derivation of IBSMC for cart-pendulum system

As suggested in literature, an underactuated system can be partially linearized for reducing design
complexity of the controller as complete linearization may generally fail. Such a partial linearization
may be collocated, meaning linearization of the actuated joint variables or noncollocated, meaning
linearization of the unactuated joint variables [198]. After such linearization, the underactuated system
is controlled using the dynamic coupling between the system variables. In order to perform such
linearization, Man and Lin’s approach [199] is followed where a new control input v is chosen in terms

of the cart acceleration. To achieve this, the applied control input f; is chosen as follows,

f1=B(v)
d
=" v 4 401y — 2L, (A.16)
ma2 ma2

The above control law (A.I6]) transforms (A.15) into the following form:

G1=v+ h (A.l?a)
iy = m%2921 Mz - Mi1g21 T hy
dmoy Mo d
(A.17b)

where hy = 22 f;, + 1,

Y1 = _mdlzfdza
h2 = _mj2fd1 +(1027
Yo = _mdllfdz'

Now an integral backstepping sliding mode controller will be designed for the system (A.I7). The
aim is to design a sliding surface using which the system can be stabilized at the vertically upward
position and develop a controller to bring the system states from the vertical downward position to

this sliding surface and keep them there.
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A.4.1 The Backstepping Algorithm design for cart-pendulum system
Step 1:

(i) As defined in [200], the cart-pendulum is a Class-III type of unactuated system which has a
nontriangular structure and backstepping cannot be directly applied to it. Also, this system has
the underactuated coordinate g2 as the shape variable (the variable present in the inertia matrix
M (q)) and it possesses kinetic symmetry with respect to the external variable ¢; (the variable
not present in the inertia matrix M (q)) which establishes the following identity,

0K (q,q
M -0 (A.18)
41
where K(q,q) = %(jTM (q)g is the kinetic energy of the system.

Now the generalized momentum ps [200] is defined as

_9L(¢,9)

942
or ps =2(m12q1 + ma2go). (A.19)

S

Here L(q,q) is the Lagrangian of the system and L(gq,q) = %(jTM(q)cj — U, where U =
mpglcos(ga) is the potential energy of the system.

The normalized momentum of the system 7 is defined as

_,0L(g, g
Ts :m121 78(32 9
m
= Ty =G1 + —2da. (A.20)
mi2

By the definition of Class-IIT type of underactuated system given in [200], the normalized mo-

mentum is integrable and hence ¥; = f msdt = q1 + kqo (considering I22 = [ to be almost

mia
constant near the equilibrium point). Now, the term z—g = %OPSIZQ is an integrable term and
hence the product of the two integrable terms m; and %—;3, which will also be integrable, is
defined as follows,
m
Y= [ —2nr.dt
ma2
. mia .
= [+ 2224y
ma2
=q@+Kq

where k' = 1/k.

Combining the generalized momentum and 1) as obtained above, the first regulatory variable z;

for the backstepping algorithm is defined as follows:

21 = q2 + k1q1 + ka(mi2g1 + maaga) (A.21)
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A.4 Derivation of IBSMC for cart-pendulum system

(iii)

=
=
(0]
=

where k1, ko are design constants derived based on the momentum equations.

The Lyapunov function is now defined in terms of the regulatory variable z; as

1

which is positive definite by definition.

The time derivative of z; is obtained as,
21 = G2 + k1d1 + ka(mazdi + mazda) + karnizgi .
From (A.14) and (A.I8) 2; can be found as

21 =(1 — kamyplq1 sin q2)go + k1G1 + kamy,gl sin go + h3
=((q, 4)42 + k141 + kamypgl singo + hs (A.23)

where ((q, ¢) = (1 — kamylgy sin g2) and hs includes the uncertainty terms with the known upper
bound |hs,,|.

The derivative of V; is found as

Vi =214

= 21(C(q,4)d2 + k1g1 + kamypglsinga + hs]. (A.24)

The term ((q, ¢)g2 is now considered as a virtual control input which will be used to bring the
system ([A.23)) to the equilibrium point zero. Hence a stabilizing function oy is now used which
is assumed to be equal to the virtual control input (g, ¢)¢2 and will linearize as well as stabilize
([A.23)) at zero. This stabilizing function is defined as

a1 = —ki1¢1 — kampglsings — 121 — z1hs (A.25)

where ¢; > 0 is a design constant. Considering the uncertainty to be known, the upper bound
of hs can be calculated. Let this upper bound be hs,, and then the term hs is so chosen that
ilg > ’hgm‘

It is only an assumption that the virtual control law, when equal to the stabilizing function, will
stabilize the z; subsystem and this is not yet true. Hence the error between the chosen virtual
control input (g, )2 and the derived stabilizing function «; is defined as the new regulatory

variable zo to be used in the next step:

22 = ((q,4)42 — a1 (A.26)

O
N
(]
(0]
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or,
C(q,4)d2 = z2 + 1. (A.27)

Equations (A.23), (A.25) and (A.27) yield

Z1 = —c121 + 29 — (Zlf_lg — hg) (A.28)

which is an almost linear form. From (A.24]) and (A.28]) the derivative of V; is obtained as
Vl = —612% + Z1%9 — (Z%Eg — Zlhg). (A29)

It can be observed from above that solution z; will still not be driven to the equilibrium point

i.e., the origin. Hence succeeding steps are now followed.
Step 2:
(i) The time derivative of the new regulatory variable z5 is now derived as given below:
% = {(¢,4)d2 + ¢ (¢, 0)ia + k1 + kampgldz cos go + €151 + Z1hs

Replacing the expressions for ¢; and Go from (A7) and simplifying the above expression, 5 can

be written as

29 = m(q,9) + m2(q, @)v + c121 + Z1hs + ha (A.30)

where

2
mi9g21
dmoo

miigz1

d

n1(q,4) = —kamypld1d3 cos ga + kamyglda cos ga + C(q, )

. NP . .
n2(q, ¢) = —C(q,q)——= — kamplga sin gz + ky
mao2

and hy includes the uncertainty.

A new Lyapunov function is now defined in terms of the two regulatory variables z; and z9 as

1
Vo=Vi+ 52:; (A.31)
and the derivative of V5 is found as
Vo = 2141 + 2240
= —612% + 2129 — (Z%}_lg — Zlhg) + 22[771 + v+ c121 + 21713 + h4]. (A.32)

A new virtual control input for the system (A.30]) is chosen as nov. Using nonlinear feedback,
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A.4 Derivation of IBSMC for cart-pendulum system

(i)

(iii)

the stabilizing function «, is obtained from (A230) as
ay = —[m + 11+ Z1hg + caz + 20h4] (A.33)

where ¢y is the design constant. As the upper bound of the uncertainty is assumed to be known,

the upper bound of hy i.e., ham can be calculated and the value of hy is set so that hy > |ham |-

When the virtual control input will be equal to the stabilizing function «,, this error variable

zo will be brought to zero and stabilized.

Similar to the previous step (Step 1(iii)), the error between the virtual control nsv and the

stabilizing function «, is defined as the next regulatory variable zs,

23 = 120 — Oy

=120 + M1 + c141 + Z1hg + caze + 20ha. (A.34)
The virtual control law 79v can now be written as
MU = 23 + Q. (A.35)
Using (A.35)) and (A.33) in (A.30), the following linear like form is obtained,
%9 = —cozy + 23 — (22hg — hy). (A.36)

The derivative of the Lyapunov function V5 will have the following expression with nv as the

control input,
Vg = —clzf — CQZ% + 2129 + 2923 — (Z%Bg — Zlh3) — (ZS}_M — 22h4). (A37)

Taking derivative of the latest regulatory variable z3 in ([A.34]), an equation containing v = ¢ is

obtained as follows:

23 = 12U + 120 — Qi

=mnu+né+m+caz+ 53}_13 + cozo + 2'2714 + hs (A.38)

where hs includes the uncertainty term whose upper bound is |hs,, |.

A.4.2 Sliding Mode Algorithm design for cart-pendulum system

=
=
(0]
=

In order to design the sliding surface, the system equations obtained in terms of the transformed
coordinates given by (A2]), (A36) and (A3])) are considered again. If the uncertainty terms are not

O
N
(]
(0]
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considered, the nominal system described by (A.28), (A.36) and (A.38) will take the following form:

Z1=—cC121 + 22 (A.39&)
Z9 = — C229 + 23 (A.39b)
Z3 =120 + M2 + 11 + 171 + 2. (A.39c)

The above representation has the structure of a regular form with (A39al) and (A.39D) being the null
space dynamics and (A.39d) being the range space dynamics having & as the control input. Now,

following the conventional linear sliding surface design method the surface is defined as
s=0z=0 (A.40)

where 0 = [01 09 1] and z = [21 29 zg]T. The terms o1 and o9 are the sliding surface parameters
and should be so chosen that the sliding surface is Hurwitz stable. Now, the sliding variable s can be

described as,

S = 0121 + 0229 + 23. (A.41)
The time derivative of s is obtained as
§=0121 + 0222 + 23

=0121 + 0929 + v + 1€ +1m1 + 171 + éfgi_lg + c9z9 + 2’2i_l4 + hs (A.42)

where 21, % are given by (A28) and (A.36]) respectively.
The Lyapunov function defined in (A.31]) is redefined by augmenting a term containing the sliding

variable to it and the new Lyapunov function V3 is obtained as follows:
1
Vs=o(a1 + 25 +57) (A.43)
which too is a positive definite function by definition. The derivative of V3 is given by

Vs =2121 + 2020 + s5
= — 012% — 622’% + 2129 + 2923 — (Z%hg — z1h3) — (Z%h4 — 29hy4) + 8[0'1731 + 0929

+ 1ov + m0€ + M1 + 131 + F3hs + cade + Foha + hs) (A.44)

The system dynamics in terms of the regulatory variables has the following form:

Z1=—cC121 + 20 — (21]_13 — hg)
Z9 = — Coz9 + 23 — (221_14 — h4)
23 =1gv + € + M + 121 + Z3hs + caZa + Zoha + hs. (A.45)

As can be observed from the above equation, the whole nonlinear cart-pendulum system dynamics has
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A.4 Derivation of IBSMC for cart-pendulum system

now been reduced to an almost linear form which can be further linearized and eventually stabilized
by using a nonlinear feedback control law &.
Following the conventional sliding mode controller design technique, the equivalent control law

(&e¢q) is obtained by making § = 0 as,

1 . . . . - . .7
eq = _77_[0121 + 0220 4 12v + 11 + 121 + E3h3 + cada + ol (A.46)
2
and the switching part of the control law is given as

Esw = —ni(Wsign(S) + KS) (A.47)
2

where x and W are positive design constants.

Now, combining both the controls &, and £, the control £ is defined as

5 = feq +§sw

1 _ _
= —77—[0121 + 0929 + 120 + M1 + 121 + Z3hs + caZo + Zohgy + Wsign(s) + ks]. (A.48)
2

To avoid any kind of singularity occurring in the expression of £, the value of 75 is replaced by 75 by

defining a very small constant e such that,

€&, 0<m(qg,q) <e
72 = —€, —€ S 772((17(1) < 0

N2, otherwise

A.4.3 Addition of the Integral Block

The discontinuous signal £ is now obtained, which will act as the control law for the system (A.43]).
However, for the cart-pendulum system ([A.17)), the control input is v. In order to obtain v, an integral

block is added to the controller so that ¢ will pass through the integrator block to yield v as

b= / ") (A.49)
0

A.4.4 Derivation of the Force Control Law for cart-pendulum system

Now following equation (A.I6]), the actual control force applied to the cart-pendulum is obtained

as

d
fi = ——v 4 o0y — 2L (A.50)
M2 M22

From (A.IT), the zero dynamics of the cart-pendulum system can be written as

.. m
qo + j’U + g _ 0
ma2 mao
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mypl cos g2

Tyl totange =0
P

or, q'Z +

g2 — gtangy

= v = (J +myl?)( nlcosds
P

(A51)

From the above equation it can be observed that on the horizontal plane i.e., when ga = 7, the system
has a singularity in its zero dynamics. So, when the pendulum crosses the horizontal plane, it may lead
to unbounded control input. To overcome such a situation, a saturation function [I] is incorporated
to the actuator control which will prevent the control law from becoming unbounded. However, while
doing so, it should also be noted that the control law is able to pump enough energy to the system so
that it can cross the horizontal plane.

Therefore, the control force f; is further modified to finew by adding a saturation function to

obtain a bounded value of the control input [I] as given below:

finew = f1 sat <f1/f1) (A.52)

where the saturation function sat(.) is defined as

b, whena >b

a
b sat(g) =< —b, whena<b

a, otherwise
and f; is the least amount of force required by the pendulum to cross the horizontal plane.

A.5 Coupled SMC proposed by Park and Chwa [1] for stabilization

control of cart-pendulum system

The coupled sliding mode controller [1] is of the following form,

Ue =Ueq + Usw (A.53)
Ueq =(Augzug! + geugq)/(%gx + 90)
Usw = — (k 8ign(Ssme))/(Augs + 90) (A.54)
where
gz = Maa/(Mmi1mas — m%g)
g9 = —maz/(miimag — miy)
ug! = g3 (= fo — can)
ug? = gy (—fo — coda)
fo = —(Cramazga — mi2ga1)/(mi1mas — mi,)
fo = —(—=Ciamizdgs + mi1g21)/(m11mag — m3,)

Ssme = ASq + Sy
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A.6 Proof of Lemma [

Sq = Q1 + cxn
Su = G2 + coq2
c; =0.3, ,cg=3.1077, A=0.1, k=20.

A.6 Proof of Lemma [4]

From the relation k = k — kg, where IAc, kg are n x 1 vectors, for an n x n positive definite diagonal

matrix €, the following can be written:

k:E—kdiekdze(k—k)
kYeky =(k — k)Te(k — k)

Z kdzezkdz = Z(];z l%z)ez(];z - I%z)

=1

:»delel_z k2 + k2 — 2kik;)e;
=1

:Z%kel:z (k2 + k2 — k2.)e;

=1

= Z 2k;kie; > Z(I;:? — k)€

:>22k‘ Ezk' > Z k 62 ’L Z kdlelkdl
i=1 =1

=kTek > E(ETEE — kT eky). (A.55)

A.7 Model of 2DoF manipulator used in Yang et al. [2]

The mathematical model of the 2DoF robot manipulator (Fig. [A.]) used by Yang et al. [2] is given

by
. hi(q.d
mule) mz(@)| i) (e el e (A.56)
ma1(q) maa(q)| |d2 h2(q,q) 92(q) f2 Uup
where
mi1(q) :mllgl + mg(l% + l(2;1) + J1 + Jo + 2malyles cos(q2),
mia(q) =mal?y + Jo + malile cos(q2),
Mo =Mi2, Mag = milZ + Ja,
hi(q,q) = — malile2(2G1d2 + ¢3) sin(gq2), ha(q,qd) = malile2di sin(go),
TH-1676-11610206
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Figure A.1: 2DoF manipulator schematics used for simulation

91(q) =g(mile + maly) cos(q1) + maglea cos(q1 + q2), g2(q) = maglea cos(q1 + g2),
f1=5.0¢1 + 3.0sign(q1), fo =4.0¢1 + 2.0sign(q2).

The physical parameters of the manipulator (A.56) are given in Table (A.T]).

Table A.1: Physical parameters of the robot manipulator (A.56))

Joint No. 7 | Link mass m; (kg) Link length I; (m) Center of Mass l.; (m) Inertia J; (kg-m?)
1 4.0 0.50 0.25 1.0
2.0 0.25 0.15 0.8

In the simulations it is assumed that only the position feedback is available and it has an added
uniform noise with the bounds +0.00001 rad. The angular velocity is derived from the position

feedback using pseudo-differentiation [2] with The input torque amplitude is limited in [-

a
000101
200,200]Nm. A 150% increment in manipulator parameters is also added after t=40s in order to
induce structural uncertainty to the systems. Accordingly, in Table mq changes from 4kg to 6 kg,
me changes from 2kg to 3kg, J; changes from 1kg-m? to 1.5kg-m? and Jy changes from 0.8kg-m? to

1.2kg-m?2.
A.8 Disturbance observer based adaptive robust controller proposed
by Yang et al. [2]

Yang et al. proposed a controller using the local information available for each joint subsystem in

order to ensure the boundedness of the control system and to achieve a satisfactory performance. For

=
=
(0]
=
O
N
()
o
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A.9 Dynamics of the 3DoF manipulator simulated in the Coordinated Links (COOL) robot arm

the ¢ — th joint of the manipulator they proposed the following controller:

2
X ) ) ;
u; = —kiry — piry — o|w|r — w; — mm (A.57)

where k;, p;, 0;,6; > 0 are the controller gains and 7;; is the adaptive gain of the sliding mode controller

tuned using the following law
Nit = Yil|rs| — eifiar) (A.58)

where ; > 0 is the adaptive gain and ¢; > 0 is the leakage parameter that prevents 7;; from growing
unbounded. For each local system w; is the compensation term used by the disturbance observer for

the disturbance terms w;, where

Wi, for Qi(s)w; > iy

W; = € Qi(8)(Mmoisri — uy), for|Qi(s)(meisr — u;)| < (A.59)

where Q;(s) = (7 +1)\Z_ S)2, \; > 0, is a second order filter, 1; > 0 is a selected upperbound for |w;|, s is

the complex number frequency parameter of Laplace transform and m,; is the element of the positive
definite diagonal inertia matrix estimated for the manipulator. Also, r; € r = é + ¢e where e = ¢ — ¢4
is the position tracking error and ¢ = diag{¢1,...¢,} > 0 is a constant matrix.

The parameters used by Yang et al. [2] are given as follows:
¢1:¢2:10, /-6‘1:/6‘2:20, P1 :p2:5, )\1:>\2:0.02

0'120'2:5, (51:52:0.05, ")/1:")/2:50, 61262:0.001, m012m02:1.

A.9 Dynamics of the 3DoF manipulator simulated in the Coordi-
nated Links (COOL) robot arm

Dynamics of the 3DoF manipulator in the Coordinated Links (COOL) robot arm is given by

mi1 M1z M3 i h1 i P I i

mor may mas| ||+ |he| |+ T =T (A.60)
Go o g2 fo To

m3r M3z M33 hs

where

my1 =11 + ms[rocos(qa + q3) + 11 cos(qg)]2 + I.3cos(q2 + Q3)2 + I3 sin(ge + Q3)2 + 1, cos(qg)2
+ Iy sin(qg)2 + mgr% (:os(qg)2

mi2 =mo1 = my3 = m3; =0
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mag =Ipo + Iyz + maor? 4+ ma [ro + 1y cos(q3)]? + 13ms sin(gs)?
mas =mge = Iy3 + mare [ry + 11 cos(qs)]
mas :mgrg + I3
h1 = — ¢1[L2g28in(2q2) — Lydo sin(2qe) — Iysdasin(2ge + 2q3) — Iy3qs sin(2g2 + 2q3)
+ Lsgo sin(2g2 + 2g3) + Lads sin(2g + 2g3) + [7msdo sin(2¢2) + morido sin(2gs)
+ m3r3do sin(2gs + 2q3) + marids sin(2gs + 2g3) + limarads sin(gs)
+ 2lymgrado sin(2ga + g3) + limgrags sin(2g2 + g3)]
hy = [Izgq'% sin(2qq) — Iygq'% sin(2qq) — Iygq'% sin(2qo + 2¢3) + Izgq% sin(2qa + 2q3) + l%mgq% sin(2¢9)
+ mgr%q% sin(2gq) + mgrgq'% sin(2¢g + 2q3)] /2 — llmg’r'g(jg’ sin(qs) + llm:;’r'g(j% sin(2q2 + ¢3)
— 2l1m3r2g2ds sin(gs)
hs =sin(gz + g3) [ms cos(q2 + q3)r3 + lims cos(g2)ra — Iyz cos(qz + g3) + Lz cos(gz + g3) ] df
+ limara sin(gs) 3
G1 =0, Gy = —gmg[racos(g2 + g3) + 1 cos(ga)] — gmari cos(ga)
Gs = — gmaracos(qz + q3), f = [f1, fo]F = 0.04¢ + 0.007sign(q).

A.10 Proof of Theorem
Considering the Lyapunov function
1.r ) 1
V= 542 Mgz + §emC(t)em (A.61)

where ¢(t) is a function of the variable damping and the stiffness coefficients of the desired impedance
and is a symmetric, positive definite matrix with continuously differentiable elements. Differentiating
V' and using (B.56) and (357), the following is obtained:

V =2 Mz, + eL¢(t)é, + %egé(t)ew
V =(és + cre0) T My(é, + c1é2) + eL¢(t)éyn + %egé(t)egc (A.62)
Now, from (3.48)), considering Fe = 0 the following can be derived
Mgé, = —Bg(t)éz — Ka(t)ey (A.63)
Using (A.63) in (A.62), V can be derived as follows
V —(én + c162)T (= Ba(t)ée — Ka(t)ew + Mac1és) + €TC(£)én + %egg’(t)em

=—eT <clkd(t) — %é(t)) ex — X (Bg(t) — Mgcy) éy

— e (Kq(t) + c1Bg(t) — c1Mgcy — ¢(t)) ex (A.64)
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A.11 Time derivative of the sliding manifold used in Chapter [4]

In order to ascertain negative definiteness of V, the variable matrix ¢(t) is chosen as

¢(t) =Ka(t) + c1Ba(t) — c1Maca (A.65)
= ((t) =Kq4(t) + c1Ba(t). (A.66)

Now, replacing ¢(t) and ¢(t) in (A64), the following is obtained
. . 1. 1. o .
V=—e, |c1K4(t) — EKd(t) — Ecle(t) —é5 (Ba(t) — c1My) é,. (A.67)

Therefore, to ensure stability of the chosen impedance characteristics, the following conditions should
be satisfied:

(i) Ba(t) — c1 My should be a positive definite matrix,

(i) e1Kg4(t) — %I.{d(t) — %cle(t) must be positive definite.

A.11 Time derivative of the sliding manifold used in Chapter (4

The fast terminal sliding manifold (4.9) can be rewritten as

z] + /822>\7 22 >0
S = Zl7 22 = O (A68)

21— B(—=)*, 22 <0
The sliding variable is continuous for both z5 > 0, 2o < 0 and also at zo = 0 as shown in the following:

s(z1,0) = 2211_1)%+ s(z1, 22) = 2211_1()161_ s(z1, 22) = 21. (A.69)

Since the partial derivatives of s at right and left hand sides of zo exist as shown below, hence

s(z1, z2) is differentiable at 2z = 0.

88(2’1,22) o /8(_22))\ 1 -1 _
T | ML AT =0 0
and
A
0s(21,22) . Blz2)" _ lim B! = 0. (A.71)
029 sam0y 0+ h h—0+
Therefore
5)@5‘_1, 20 >0
0s(21, 22) 0 0
8Z2 N ’ 2=
5)\(—2:2))\ 1, z9 < 0
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which can be equivalently written as

0s(z1, 22)

= BA|zM
8Z2 /8 ’22’

Hence, the time derivative of the sliding variable will be,
0s(z1, 22) . 0s(z1, 2z2) .
621 a+ 622 2
=21 + BNz} 0. (A.72)

$(21, 22) =

A.12 Derivation of s in (4.16])

From (49) and (@.I1), the time derivative of s for zo > 0,22 = 0 and z2 < 0 can be obtained as

21+ B6|z2|°2oz9022, 22 >0

# — B0|za| 2 ozg02, 22 <0
Now, (A.73) can be written as the following generalized form giving the derivative $

§ =21 + BO|za|2

o zg05ign(za)e° 22
=21 + B0|22|° 2o |z2| o 22
=21 + 8|22 o2y

=%1 + Bo|z2|" o (M}, (T, — Chd — G1) — g + c121) - (A.74)

A.13 2 DoF manipulator model used in Simulation 4.3

The model of the 2 DoF robot arm is given by

. - -2 . 2 . . G
mi1(g2) mi2(q2) ?1 n c12(q2)4q .2012((12)(11(12 1(q1,92) _ | (A.75)
mia(q2) Mmoo ) c12G5 G2(q1,q2) T2 Td2
where
mll(QQ) :(m1 + mg)l% + mgl% + 2m21112 COS(QQ) + Jl
mi2(q) :mllg + malyls cos(go)
moo :mgl% + JQ
c12(g2) =malila sin(gz)
G1(q1,q2) =(m1 + ma)l1g cos(q2) + malag cos(q1 + q2)
Ga(q1,92) =malag cos(q1 + q2)
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and g = 9.81m/s? is the acceleration due to gravity.

A.14 RFTSM controller by Zhao et al. [3] used in Chapter (4

The RFTSC based controller proposed in [3] has the following structure:

Tz =To+ T1
10 =Co (21 + g4, x2)x2 + Go(x1 + q4)

+ Mo(z + qq)(¢(21) — 21 — k22)

(T My )"
T e ra (00 + Bullen + aal

1=\ +ba|z2]?), IEIEAY (A.76)
0, ll2l] =0

where

o(x1) = —kysig(xq)?
z= x5 — $(21)

T1=¢q—qq; T2=¢—qq

and 7z is the applied control law obtained using Zhao et al. ’s algorithm [3]. The terms My, Cj
and G are the manipulator parameter matrices under nominal conditions. The parameters used for
the controller 77 are ky = ko = diag(1.8,1.8), p = 3/5, by = 0.9, by = 0.1, by = 0.1. The notation
sig(z1)P, 1 € R™, 0 < p < 1 defines the following:

. ' . T
sig(x1)P = Umll\pszgn(xll), e |x1n|pszgn(x1n)] .
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