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Abstract

Motivated by human dexterity and coordination, robotic manipulators have drawn

the attention of researchers in recent years. These manipulators can mimic the human

manipulation property and provide assistance at improved accuracies far exceeding those

of human operators. Therefore, the adoption of robotic manipulators is demanded in

diverse medical and industrial scenarios to fulfill several tasks such as ultrasound scans,

rehabilitation exercises, and cooperative manipulation. On the other hand, networked

control systems (NCSs) have become very popular in the last few years, introducing sev-

eral benefits such as flexibility, reliability, and ease of maintenance for practical robotic

applications. However, the implementation of such communication poses different con-

straints, including limited bandwidth channels. Moreover, parametric uncertainties and

interaction forces are crucial to consider in the human-robot and robot-environment in-

teraction tasks. Therefore, designing an appropriate controller to achieve the desired

position and force tracking for robotic manipulators under the network-induced limited

bandwidth, parametric uncertainties, and interaction forces is challenging and open to

research. This thesis proposes a few simultaneous position-force control schemes to over-

come the aforementioned challenges and maintain the performance and stability of the

robotic manipulators in different medical and cooperative industrial applications.

The first part of the thesis is primarily dedicated to designing event-triggered si-

multaneous position-force controllers for single robotic manipulators in different medical

applications, i.e., ultrasound examination and passive and active-assist rehabilitation ex-

ercises. The first study presents an event-triggered adaptive hybrid position-force control

(ETAHPFC) scheme for the ultrasound manipulator to perform a transversal abdomen

scan. An adaptive backstepping position controller with an online adaptation law is

designed to ensure the stability of the ultrasound robot in the presence of paramet-

ric uncertainties. A proportional-integral-derivative (PID) force controller is utilized to

maintain a constant interaction force during the scan process. Rather than periodic time-

triggered (TT) implementation, the Lyapunov-based triggering condition is proposed to

update the control inputs in an aperiodic manner, reduce the communication burden,

and preserve the stability of the robotic system during the task. In the second study,

viii
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the event-triggered adaptive backstepping admittance control (ETABAC) scheme is de-

vised to address the uncertainties, limited communication, and patient-robot interaction

challenges during the upper limb rehabilitation exercises. The same adaptive backstep-

ping approach and Lyapunov-based event-triggered (ET) mechanism are utilized to deal

with dynamic uncertainties and overcome the limited communication challenge. The ad-

mittance controller is integrated to maintain a compliant patient-robot interaction and

consider the participation of the patient in the therapeutic sessions.

In the second part of the thesis, the ETAHPFC and ETABAC are further extended for

the framework of cooperative manipulators to tackle the parametric uncertainties in the

models of the object and manipulators, environmental interaction, and limited commu-

nication constraints. Firstly, the adaptive backstepping position controller is augmented

with a positional error-based state variable and the nonlinear damping term to improve

the trajectory tracking performance during the cooperative manipulation of a common

object. Moreover, the force control scheme is established to maintain constant internal

forces. After that, the improved position controller is combined with the external and

internal admittance models to project an impedance relation and achieve a compliant

interaction between manipulators/object and object/environment during the cooperative

manipulation task. Based on the Lyapunov analysis, the event-triggered mechanism is

designed to alleviate the controller-to-robot communication burden and preserve the sys-

tem stability of the cooperative system. The effectiveness of the proposed control strate-

gies is investigated based on several comparison studies with different time-triggered and

event-triggered adaptive control schemes. Moreover, the designed triggering mechanism

is compared with various triggering conditions presented in the literature. Based on the

several simulation runs, the proposed controllers have shown promising tracking behav-

ior, appropriate compliant interaction, and efficient utilization of the network resources

during different medical and cooperative manipulation applications.

In addition to simulation and comparison results, the experimental validation of the

proposed event-triggered adaptive control schemes is conducted for two scenarios, i.e.,

upper-limb passive rehabilitation training for different subjects and cooperative manip-

ulation of a common object. To overcome the hardware restrictions of the commercial

voltage- and position-controlled robotic manipulators, the dynamic model of these robots

is modified to admit the direct voltage and position commands as control inputs which

are desirable in practical implementations. From the experimental results, the proposed

control schemes are found to achieve a promising tracking performance and substantial

saving of channel bandwidth in the presence of parametric uncertainties, which confirms

the suitability of the theoretical propositions for practical network-based applications.
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1. Introduction

1.1 Background

The early realization of the robotic system returns to the 1950s by George Devol,

who invented the first robotic manipulator with the company Unimation. This robot was

only devoted to performing repetitive tasks and transferring objects from one position

to another. A few years later, the same company produced a Programmable Universal

Machine for Assembly (PUMA) robot for more complicated tasks like welding and as-

sembly. Many companies started in the subsequent years setting up the market in the

field of robotics and automation with limited applications to the industries. However,

due to their potential in facilitating human life and performing multiple tasks, the last

three decades have witnessed increased integration of the single robotic manipulators in

a wide range of fields such as construction [1], medical [2], military [3], agriculture [4],

space [5], and sea exploration [6]. For instance, the robotic manipulator can replace hu-

mans in hazardous environments such as mining and manipulating radioactive substances

in nuclear power plants. It can also carry out rehabilitation exercises for patients with

impaired limbs.

Although the employment of a single robotic manipulator is efficiently feasible in

many applications; however, the need for multitasking, better work productivity, cost-

effectiveness, and flexible automation triggered the development of cooperative manipula-

tors with human-like distinctive features [7]. These cooperative manipulators can mimic

the human manipulation property and provide a higher carrying capacity than single-

arm manipulators. Therefore, the adoption of cooperative manipulators is demanded to

fulfill several complex tasks such as the assembly of mechanical parts [8], transportation

of immense objects [9], and grinding works [10]. The development of cooperative robots

significantly impacts the medical field, where it can help the nurses in patient-transferring

tasks and monitor the patients’ statistics [11]. Moreover, it can be utilized to perform

medical surgeries with less time and cost for the patients [12].

The early recognition of cooperative manipulation with the concept of a tele-operated

dual-arm manipulator was found between the 1940s and 1950s. It was utilized to transmit

the bimanual dexterity of the operator to a remote place and avoid human intercalation

in a dangerous environment [13, 14]. In another work by Goertz at Argonne National

Laboratory [15], a cooperative robotic manipulator was constructed and used further to

manipulate radioactive substances in a hot tank without the presence of a human. In

1958, Mosher built a cooperative dual-arm master-slave robot named Handyman at Gen-

eral Electric Company. This robot had two electrohydraulic arms (10 DOFs each), and

two fingers at the end effector [16]. In 1969, NASA decided to construct Flight Telerobotic

Servicer (FTS) to help the astronauts to organize the space station and for manipula-
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1.2 Motivation

tion purposes [17]. Thereafter, the essential concepts behind cooperative manipulation

were investigated, such as motion coordination, control strategies, motion planning, and

grasping. Kurono [18], in 1972, proposed a master-slave force control strategy for con-

trolling two artificial hands. In 1974, Nakano [19] utilized the same control scheme to

coordinate the motion of two robotic arms holding a common object and emphasized

the usage of force control in cooperative manipulation. From 1980 to 1990, several new

definitions and theoretical concepts were proposed for the well-known connotations of

the single-arm manipulator [20]. The concepts were devoted to understanding the kine-

matic [21], dynamic [22] and control [23–25] for the closed cooperative workspace between

the manipulators and the handled objects.

1.2 Motivation

The growth of interest in the use of medical robots has been dramatic over the last

two decades [26]. This include but not limited to surgical robots [27], ultrasound robots

(USR) [28], rehabilitation robots (RR) [29, 30], and disinfection robots [31]. This thesis

partly addresses the implementation of robotic systems in the ultrasound examination

and rehabilitation tasks. According to the literature, most radiologists examine mus-

culoskeletal strain due to the repetitive physical interaction with the ultrasound (US)

probe [32]. The quality of the acquired image through the ultrasound probe highly de-

pends on its position, orientation, and applied force during the scan process [33, 34].

Therefore, many research studies have been conducted on integrating ultrasound scan-

ning with robotic systems [35–37]. The importance of ultrasound robots lies in their

ability to provide accurate, dexterous, and repeatable control of the probe in an awkward

posture [35]. Furthermore, the ultrasound robots allow the remote diagnosis and prevent

the shoulder and neck strain accompanied with the traditional ultrasound process [38].

On the other hand, neurological diseases such as stroke, spinal cord injury (SCI), and

multiple sclerosis adversely impact the social and personal living standards of human

beings. In most cases, the regular supply of blood flow to the brain is blocked by the

impaired blood vessels [39]. A study by Global Burden of Disease (GBD) [40] affirmed

the ’stroke’ as the second principal cause of disability in 2019 for elderly people (> 50

years). The majority of the stroke survivors suffer from hemiplegia in which they face dif-

ferent auguries such as muscle feebleness, postural instability, abnormal muscle structure,

and restrained movements [41]. The hemiplegic subjects can recuperate their mobility

functions and perform daily living activities (ADLs) using physical rehabilitation thera-

pies. The traditional rehabilitation approaches, carried out by physical therapists, have

been used extensively to improve the motor functionality of the upper limbs. However,

3
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1. Introduction

such approaches suffer from exhaustive training periods, skilled labor involvement, and

less cost-effectiveness and sustainability [42]. Therefore, from the last decade, a robot-

assisted rehabilitation system draws researchers’ attention to overcome these problems

and improve motor functions [43,44].

The motivation for using the cooperative manipulators in various fields, such as in-

dustrial, medical, space, military, and daily life, are as follows. First, the feasibility to

perform complex tasks that cannot be achieved by a single-arm manipulator without any

special tools viz. cloths folding [45] and the assembly task of the bolts and nuts [46].

Second, mimicking the human appearance and movements to work cooperatively in the

same environment without redesigning the workspace [47–49]. Therefore, in this way, it

can be used in a teleoperation task where the operator’s bimanual dexterity can be trans-

mitted to remote place and execute the same task using the dual-arm [50]. Third, using

cooperative manipulators, the performance of a serial manipulator can be combined with

the stiffness of parallel manipulator to achieve robust design features. Fourth, the pro-

ductivity of the work and cost-effectiveness of the automation process can be improved

with overall reduction in process time. However, the cooperative manipulators incorpo-

rate an additional intricacy over the conventional manipulator and pose huge challenges

due to the requirement of advanced embedded systems and different control approaches.

In recent years, networked control systems (NCSs) have attracted the attention of

researchers in both academia and industry. A paradigm shift in the ways feedback con-

trollers interact with the system dynamics have been witnessed in control engineering.

The classical port-to-port based control is found to be incompetent in meeting the re-

quirements of growing practical applications. Therefore, it is being discarded nowadays by

placing a shared communication network between the control system components. This

implementation leads to a flexible architecture and reduces the maintenance time and

cost [51]. Besides, it allows the control systems to have less wiring which is beneficial to

satisfy many operational constraints. These advantages open the door of many practical

applications such as remote-controlled robotic systems [52], haptic robot-assisted system,

unmanned aerial vehicles, production lines, and chemical plants. However, different con-

straints and imperfections may occur due to the integrated communication network in the

feedback loop. These imperfections include limited channel bandwidth, time delay, and

drop of packages which, if not considered, may degrade the performance and cause the

instability of the networked control system [53]. Hence, the design and stability analysis

of control strategy that communicate with the robotic system over a network channel is

an emerging topic of interest and a challenging task for researchers [54].

The key objective of this thesis is to design and implement robust networked control

schemes for the single and cooperative manipulator systems in different medical and
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cooperative industrial applications while addressing their corresponding challenges. The

following Section 1.3 presents the detailed literature of the control strategies utilized in the

field of single and cooperative manipulator systems along with their research provocations.

Based on the review, potential research gaps are identified in Section 1.4 which motivates

to carry out the present research work. The objectives of the present work are highlighted

in Section 1.5. Finally, the organization of the thesis is outlined in Section 1.6.

1.3 Literature Review

In this section, the applications of robotic manipulator system in different fields are

presented at first. Thereafter, the state-of-the-art researches related to the available

control strategies of robotic manipulator systems in medical and cooperative manipulation

applications are discussed in details. Finally, the types and configurations of event-

triggered mechanism are given in the last subsection.

1.3.1 Robotic Applications

The applications of the robotic manipulators in medical and cooperative industrial

fields along with their categories and types are presented below.

Ultrasound Robots

The design of the ultrasound robot can be classified into three main categories. In

the first category [55, 56], a haptic device is dedicated to move the manipulator by the

sonographer remotely. Moreover, the sonographer can control the applied force on the

patient’s skin with the help of force feedback measurement. This category is commonly

known as a tele-operated ultrasound robot. Conti et al. [55] presented a 6-DOFs tele-

operated ultrasound robot with a 3-D visualization system. Moreover, Geng et al. [56]

utilized velocity-based master-slave control to perform the ultrasound scanning using

a UR5 robotic manipulator. In the second category, named human-ultrasound robot

cooperation, the human participates along with the robot to control some degree of

freedom [57]. The third category, called autonomous ultrasound robot [58, 59], provides

automatic scanning of the desired location without the sonographer’s help. Seitz et

al. [59] utilized a KUKA LBR robotic manipulator to perform an autonomous ultrasound

scan with motion and breathing compensation. The preservation of a 5N contact force

is achieved for different breathing amplitudes. Janvier et al. [58] proposed a 6-DOFs

ultrasound robot to scan the lower limb vessels based on the regeneration of taught

trajectory.

Rehabilitation Robots
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According to the literature [60], the robot-assisted upper limb rehabilitation system can be

classified into two categories, i.e., exoskeleton type rehabilitation robot (ExoRR) [61–63]

and end-effector type rehabilitation robot (EERR) [64–67]. In general, three therapy

modes are used to assist the upper-extremity movements: passive, active-assist, and

active-resist [41]. The exoskeleton type robots mimic the human’s upper- and lower-

limb and offer a synchronous joint movement during rehabilitation training. However,

in EE-type robots, the partial or complete movement of the subject’s limb is guided by

the proximal end of the robotic device. This thesis is limited to the literature of only

existing EERRs. For instance, EEULRebot [64] is an EERR that consists of a rear-arm

and forearm mechanical link to assist hemiplegic subjects using straight-line and circular

trajectory tracking. Moreover, handle support and elbow base to are provided to place

the subject’s arm in a comfortable posture. Sivan et al. [65] proposed another EERR,

named hCAAR, for the upper-limb rehabilitation measures and tested with 17 stroke

subjects. In other work on recovering nerve strength, PARM [66] robot with a parallel

configuration is exploited for both subject-passive and active therapeutic measures on the

upper-limb. Becker et al. [67] utilized an EERR, named Iiwa 14 by KUKA, to improve the

muscle capabilities using 3-dimensional exercises and compared the robot-aided training

outcomes with the results of freely performed ones.

Cooperative Manipulators

Cooperative manipulators are defined as several harmonious manipulators which accom-

plish the desired task by imitating the cooperative movement of human arms effectively.

This wide definition of cooperative manipulators covers many different manipulation

approaches: dual-arm manipulations, fingers’ movements with respect to the hand, a

group of separate manipulators collaborating together, and a human collaboration with

robotic manipulators in their workspace [68,69]. According to the coordination of the per-

formed task, the cooperative manipulators can be divided into two types: Simultaneous-

Coordinated: the manipulators physically interact with the same object, e.g., two arms

trying to pick and place a box from one location to another or three robotic fingers hold-

ing a common cup. Task-Coordinated: the manipulators perform the same task without

physical interaction between them. e.g., two manipulators prepare a cup of tea where

one manipulator holds the cup and the other one pours the hot water inside it.

1.3.2 Control of Robotic Manipulators

The control of robotic manipulators (single or cooperative) can be classified into

two main categories i.e., kinematic control and dynamic control. In kinematic control,

the joint positions are calculated based on the inverse kinematic equations to achieve
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the desired motion defined at the end-effector level (task space). However, this control

suffers some demerits which can affect the performance of the manipulator. It does

not consider the load dynamics of the manipulator and\or manipulated object in the

design process which may increase the steady state error. It also ignore the effects of

uncertainties and disturbances such as unknown dynamical parameters and fractional

forces. Moreover, this approach is not adequate to provide the manipulator with the

required complaint behavior. This behavior is necessary in many applications, including

the interaction of the robot with human or the interaction between the manipulated

object and external environment. In dynamic control, the desired motion in joint space

or task space is attained by calculating the required torques or forces to act at the joints

of the manipulator. This control strategy overcome the limitations of kinematic controller

and allow to regulate not only the motion of the manipulators but also the interaction

forces to achieve a proper compliant behavior. Moreover, it can be designed to reject any

undesirable dynamical behavior and tackle the various challenges mentioned below.

Interaction Forces

Several applications in medical field require the robotic manipulator to interact with hu-

man while performing a specific operation. For example, the ultrasound probe should

follow certain motion while applying a forces on human body to obtain a clear image in

the robot-assisted ultrasonic examination. A compliant patient-robot interaction should

also be maintained to achieve a proper rehabilitation exercise using the therapeutic ma-

nipulator. These interaction forces need to be controlled along with the motion of the

manipulator to fulfill the desired task without hurting the patients. On the other hand,

during the cooperative manipulation tasks (e.g., transportation of a common object), a

set of closed kinematic chain constraints develops on the motion of the whole system,

which leads to the generation of internal forces. In addition, unavoidable external forces

are produced due to the interaction between the object and the unknown external en-

vironment. Controlling these internal and external forces is indispensable to avoid the

grasp failure and the damage of the manipulators or the manipulated object. Therefore,

the traditional position-based control schemes are insufficient for these applications and

there is an essential need to investigate the design of simultaneous position-force control

strategies.

According to the literature, hybrid position-force control [70,71] and impedance/ admit-

tance control [72] have been extensively devoted to maintain a safe grasp without the

development of high contact forces during the different robotic interaction tasks. In the

hybrid position-force control, a continuous switch between the position and force modes

is required during the changes of contact and non-contact cases. The delay in the switch-
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ing mechanism may lead to a considerable deviation in the position tracking [73] without

maintaining a perfect compliant behavior [74]. However, this control scheme is suit-

able for robotic manipulators designed to perform tasks that require precise position and

force tracking performance. In the impedance/admittance control, a proper compliance

behavior can be achieved by imposing a mechanical impedance/admittance relationship

between the position errors and the interaction forces [75]. The controller generates the

forces due to the motion deviation (position errors) in the impedance control. How-

ever, the opposite takes place for admittance control; and a new reference trajectory is

generated as a response to the interaction forces. This control scheme is suitable for

applications require to maintain a compliant behavior rather than precise regulation of

interaction forces at predefined values. Therefore, the switching process accompanied

with hybrid control is avoided in impedance/admittance control.

Parametric Uncertainties

There is a lack of knowledge about the exact dynamic model of the robotic manipulator

by the user/designer in practical applications. The dynamic parameters of the robotic

manipulator and the manipulated object (such as inertia, mass, link length) might be

unknown or slowly varying with time (payload variation), resulting in parametric un-

certainties. These uncertainties, if not considered, may degrade the performance of the

control scheme and destabilize the whole robotic system. Therefore, the design of an effi-

cient dynamic control strategy that ensure an acceptable performance of the manipulators

and proper compliant behavior during the interaction in the presence of the parametric

uncertainties become more challenging task.

Limited Communications

The architecture of a classical networked control system where the components of the

robotic manipulator (sensors, actuators, and the controller) communicate via a shared

wired or wireless channel is shown in Figure 1.1. Wired networks offer high bandwidth

and provide low communication delay and jitter, making them suitable for applications

where large amounts of data must be transferred quickly and reliably. However, they

are expensive to install and maintain the physical cabling infrastructure. Moreover, fixed

wiring can limit flexibility in the network configuration. They also have limited mobility

compared to wireless networks and are vulnerable to physical damage, such as construc-

tion or accidents. On the other hand, wireless networks use radio waves to transmit

data, allowing devices to communicate without being physically tethered to a network

and providing greater flexibility and mobility. However, wireless networks can be affected

by various environmental factors, such as distance, obstacles, and interference resulting

in more limited bandwidth compared to wired ones. The actual bandwidth can also vary
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depending on the specific wireless standard being used and the conditions of the wireless

environment.

The communication between components of NCS is enabled through different protocols

which define the format, syntax, semantics, and synchronization of communication while

ensuring the accurate, reliable, and efficient data transmission. In the wired networked

control systems, several communication protocols are found in the literature such as Con-

troller Area Network (CAN), Modbus, and Ethernet for Control Automation Technology

(EtherCAT). CAN, serial communication protocol, is used in automotive and industrial

applications for real-time control and monitoring. It is known for its high reliability and

robustness. On the other hand, Modbus defines the format of the messages sent between

devices, the types of data that can be exchanged, and how errors are detected and han-

dled. EtherCAT is a real-time communication protocol based on Ethernet technology. It

is optimized for use in control applications and is designed to provide low communication

latencies and high data throughput rates.

Talking about the wireless NCSs, Wi-Fi, Bluetooth, Zigbee, and Z-Wave are common

examples of the communication protocols used for robotic applications. Wi-Fi provides

high-speed data transfer over short to medium distances and commonly implemented for

teleoperated robotics applications. Bluetooth offers low-power data transfer over short

distances and is often used for applications such as human-robot interaction. Zigbee is

another low-power wireless communication protocol that can be used for data transmis-

sion between sensors and robots. It provides a low data rate over long distances and is

often used for sensor networks. In the time-triggered implementation of NCSs, the trans-

mission instants are continuously generated (Figure 1.1). Every sampling time dt, the

system states and control commands are sent over the network regardless of the require-

ment of the robotic system, resulting in ineffective usage of the network resources, viz.

channel-bandwidth, energy, and computational efforts. Therefore, the event-triggered

(ET) mechanism has been introduced recently to be an effective solution to alleviate the

unwarranted waste of resources for efficient network-based applications [76], especially for

wireless network where the limited bandwidth is one of the main drawback that affect the

transmitted data in the controller-to-robot (C-R) and robot-to-controller (R-C) channels.

Hardware Restrictions

From the perspective of experimental validation, the dynamic control schemes which gen-

erate the required torque signals cannot be directly implemented on the real-time robotic

systems. This is attributed to the fact that most of the available robotic manipulators in

the market are either actuated by permanent magnet DC motors or servo motors (driven

via position signals). The DC motors are driven by electronic drivers via the pulse width
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Figure 1.1: The architecture of classical time-triggered NCS.

modulation (PWM). However, the servo motors accept the direct position signals and

contain internal kinematic controller to regulate these input signals. On the other hand,

the characteristics of these motors and the internal parameters of the servo controllers are

not always provided by the manufacturers. Therefore, a proper modification is required to

allow the implementation of the dynamic control schemes on commercial robotic systems.

However, such modifications make the design process of the controller more challenging.

In the following subsection 1.3.2.1, the available control strategies for the single ma-

nipulator in the ultrasound examination and rehabilitation applications are presented.

Thereafter, the control schemes to achieve the cooperative manipulation using multiple

robotic manipulators are discussed in subsection 1.3.2.2. The event-triggered control

schemes and the hardware restrictions are brought in subsection 1.3.2.3.

1.3.2.1 Controllers for Robotic Manipulators in Medical Applications

The most commonly used strategies in controlling the robotic manipulators depend

on position or stiffness control [77, 78]. These strategies can be utilized to attain an

acceptable position tracking performance in the presence of dynamic uncertainties and

external disturbances [79–81]. However, to achieve a visible live US scanning, the control

strategies designed for the ultrasound robots should ensure not only the accurate location

of the US probe; but also precise control of the contact force between the US probe and

the patient’s skin. Zhu et al. [82] designed a controller for a 6-DOFs manipulator to

perform ultrasound carotid artery diagnosis. The desired position and force are achieved

based on an inner loop velocity tracking controller. Mathiassen et al. [83] utilized a

compliance control strategy proposed by Siciliano et al. [84]. This technique is employed
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to control the UR5 robot while performing the ultrasound scanning. The same approach

is dedicated to maintain contact between the US probe and the patient’s skin during

the autonomous liver scanning [85]. Fang et al. [35] utilized an admittance force control

to follow the motion of the sonographer during the scanning process. Moreover, it is

also used to magnify the forces applied by the operator to obtain a steady US image.

Karar [86] proposed an adaptive fuzzy proportional-integral-derivative (PID) force control

to maintain the force applied during the ultrasound abdomen scanning at the desired

level. The fuzzy logic approach is utilized to tune the PID gains to compensate for

the respiratory motion. It has been observed that the acceptable force range for liver

scanning varies from 3N to 5.5N. Victorova et al. [87] utilized the hybrid control proposed

by Craig [70] to maintain the contact forces at the desired level while performing the

scoliosis scanning. However, the above methods do not include the nominal model of the

robotic system in the controller’s design. In the practical application, better tracking

performance is achieved by incorporating the system information in the controller design.

Conventional hybrid position-force control intends to control both the end-effector

motion and the interaction force in two independent directions. This decomposition is

achieved either by the selection matrices acting on both the desired and actual quanti-

ties [70] or with the help of the projection matrix obtained from the gradient of surface

equation [88]. This hybrid position-force control approach may attain a reasonable perfor-

mance during the motion and force tracking control; however, cannot ensure the system

stability in the presence of parametric uncertainties and disturbances. Therefore, some

adaptation laws have been integrated with the hybrid position-force control to incorporate

the dynamic of the robot and compensate for parametric uncertainties [89–94]. These

strategies are found to be limited to the robotic manipulators in industrial applications.

Moreover, they are restricted by the model complexity and the large number of adaptive

parameters to ensure the stability and the behavior of robotic manipulator. It has also

been observed that existing control schemes in the field of ultrasound robot are devoted

to maintain the contact forces at the desired level without the consideration of trajectory

tracking in the position-controlled subspaces [35, 83]. Moreover, the parametric uncer-

tainties and the external disturbances are not considered in the design of the controllers.

On the other hand, no stability analysis is performed to ensure the robustness of the

proposed schemes while completing the scan process [85–87].

At the early stage of post-stroke, passive-assist therapy becomes helpful in the muscles’

contraction and motor recovery at the expense of increased range of motion (ROM) [95].

This mode of therapy does not require the subject to move his/her upper limb and ap-

ply any force towards the robotic device. Therefore, researchers have proposed several

position control schemes for the robot-aided upper extremity rehabilitation to mimic
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a manual therapist’s job satisfactorily and regain the impaired limbs’ functionality in

passive-assist mode. O’Malley et al. [96] designed a classical PD controller for an EERR,

named Ricewrist, to follow a predefined trajectory. In other work by Rahman et al. [97],

a passive training of the upper extremity is offered by using a PID control and gravity

compensated compliance control on a 4-DOFs robot. A backstepping control scheme is

proposed for a 7-DOFs rehabilitation device to provide the biomechanical movements of

upper extremity joints [98]. Additionally, the passive wrist therapy is performed using

the gravity-compensated control on a 3-DOFs ExoRR [99]. A modified sliding mode

control scheme is devoted to carry out passive rehabilitation exercises to eliminate unde-

sired chattering phenomena [100]. On the other hand, in the active-assist therapy, the

subjects can also apply some or significant amount of force from their side towards the

rehabilitation device. Therefore, in the last few years, researchers have started to work

on impedance/admittance control schemes for rehabilitation robots. Luna et al. [101]

presented admittance control schemes for active and active-assistive rehabilitation modes

and tested with 7-DOFs upper-extremity rehabilitation robot (ETS-MARSE). Akdoğan

et al. [102] proposed an impedance and hybrid impedance control to assist the wrist and

forearm in five different therapy modes and tested with healthy subjects and patients.

The conventional position and impedance/admittance control require a good knowl-

edge of the nonlinear dynamic model of the rehabilitation robot, which is uncertain in

practical situations. Moreover, unexpected external forces can be generated during the

training process depending upon different subjects’ masses. Therefore, to address such

perturbations, researchers have explored the adaptive control schemes for the upper- and

lower-extremity rehabilitation devices [103–108]. The literature of this work is limited

to adaptive control schemes of upper-extremity devices only. Khan et al. [103] exploited

a passivity-based adaptive control on an ExoRR to track the estimated Desired Motion

Intention (DMI) of upper-limbs. The proposed control scheme helped to deal with the

modeling errors of the exoskeleton device for different subjects. Tee et al. [104] introduced

the adaptive-backstepping admittance control based on an improved Barrier Lyapunov

Function (BLF) under the dynamic perturbations. The reference trajectory of the EERR

is generated within the constrained task space to allow compliant external forces. He et

al. [105] extended the concept of constrained task space for physical human-robot collab-

oration and applied neural network-based integral BLF to follow the reference trajectory.

Moreover, a radial basis function neural network (RBFNN) is employed to address the

uncertain dynamics and external interference. In other work on adaptive control, Wu et

al. [106] designed an admittance control scheme to include human participation during the

active-assist therapy process. Moreover, they exploited the RBFNN-based disturbance

observer, which ensures the training process under parametric perturbations and mod-
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eling error. Recently, Omrani and Moghaddam [107] proposed a model reference-based

adaptive impedance controller for an end-effector rehabilitation robot where time-delay

estimation approach is exploited to estimate the unknown and uncertain dynamic pa-

rameters. The controller gains are adjusted using the adaptation law. Few other works

on regulating the control parameters lack adequate datasets, become computationally ex-

pensive, and less practical during rehabilitation [109,110]. Few researchers have exploited

the adaptive control to adjust the controller parameters for the upper limb rehabilitation

robot [109, 110]. However, these strategies lack sufficient training datasets and impose

high computation efforts that make practical implementation challenging.

1.3.2.2 Controllers for Robotic Manipulators in Cooperative Manipulation

In the hybrid position-force approach, the velocities and forces at the manipulators’

end-effector should be mapped to their counterparts at the manipulated object, allowing

the simultaneous control of the position and force variables. Several control strategies

were developed considering the known dynamical model of the coordinated manipulators

[111, 112]. Hsu [111] proposed a hybrid position-force control approach to execute part-

matching tasks. Moreover, Lie et al. [112] coordinated the motion of a multi-fingered hand

with the computed torque-based control scheme. However, the dynamic uncertainties may

lead to a degradation in the control performance and affect the stability of the system

[113]. Therefore, many researchers have considered the parametric uncertainties in the

design of robust hybrid-position control strategies for cooperative manipulators [114–122].

Hu and Goldenberg [114] proposed an adaptive control scheme to estimate the unknown

parameters during the manipulation of a common object by dual-arm manipulators. Zhu

and Schutter [115] proposed a unified adaptive control scheme to coordinate the motion

of dual-arm manipulators holding a raw egg. Sarikaya et al. [116] and Ren et al. [117]

designed an adaptive control scheme to deal with the dynamic and kinematic uncertainties

in the cooperative manipulation tasks. Monfaredi et al. [118] presented a combination of

proportional derivative (PD) and adaptive sliding mode controllers to handle a common

object with unknown inertia and geometry. In work presented by Jimenez J and Perez

[119], the adaptation law is combined with the hybrid control approach to ensure the

stable grasp of the manipulated object during the cooperative task. Gueaieb et al. [120]

extended the work presented by Parra-Vega et al. [121] where the sliding mode-based

hybrid control scheme is proposed to control the motion of the object and attain the

internal forces at the desired level.

Moreover, the intelligent control presented using the fuzzy and neural network (NN)

systems has been exploited to overcome the dynamic uncertainties in the cooperative

tasks [123]. Rani and Kumar [124] presented a model-based control strategy with a
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radial basis function neural network to handle the unmodeled dynamic and external dis-

turbances during tracking desired trajectory and internal forces. The traditional back-

stepping control scheme [125] can be improved by introducing a new state variable and

adopting a fuzzy approximator during the controller design process. Baigzadehnoe et

al. [126] exploited the state augmented backstepping approach with an adaptive fuzzy

logic approximator to estimate the dynamics of the cooperative manipulators under exter-

nal disturbances. Pham et al. [127] introduced the dynamic surface-based sliding mode

control and NN principles to deal with the uncertainties of cooperative manipulators.

The above strategies could achieve adequate behavior through motion and internal force

tracking control. Nevertheless, they are limited by the complexity of the model and many

adaptation parameters to guarantee the stability of a cooperative dual-arm system.

In the framework of admittance control, Bonitz and Hsia [128] utilized the internal

impedance control scheme to control the internal forces developed on the manipulated

object. Computed torque-based impedance control is proposed to maintain a compliant

interaction between the manipulated object and the environment without developing high

external forces (external impedance) [129]. Caccavale et al. [130] combined the internal

and external impedance in a unified framework to control the internal and external forces

generated by the interaction between the manipulators/object and object/environment

during the cooperative manipulation, respectively. A proportional-integral-derivative

controller (PID) is proposed for each manipulator to form the inner motion loop at

the joint level. Moosavian and Rastegari [131] developed a multiple impedance control

strategy to impose both the object and internal impedance relationships during the ma-

nipulation of a common object by a space-free-flying robotic system. Pierri et al. [132]

utilized the architecture of the internal/external impedance control scheme to grasp an

unknown object with the help of three flying robots. A model-based controller is utilized

to form the inner motion loop and guide the vehicle through the generated reference

trajectory. AzizZadeh et al. [133] implemented the hybrid impedance control on three

industrial manipulators allowing interaction with the external environment during the

manipulation of a workpiece. It can be noticed from the previous discussion that most

of the studies assume the exact knowledge of the dynamics of the cooperative manipu-

lators. However, this assumption is not valid in practical application, and the dynamic

uncertainties of the manipulators are always present. Therefore, several efforts have been

put in to design robust and adaptive admittance based control strategies to maintain an

acceptable tracking performance and incorporate the dynamic uncertainties [10,134–136].

Li et al. [134] combined the admittance control scheme with an adaptive neural net-

work position controller to consider the dynamic uncertainties and provide an acceptable

object position tracking performance. However, this study does not consider the ob-
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ject/environment interaction, and no results for the developed internal forces during the

cooperative manipulation task are provided. Zhai et al. [10] presented the adaptive radial

basis function neural network sliding mode approach in the inner loop motion controller

for cooperative manipulator system. This scheme is integrated with the impedance ap-

proach to estimate the unknown dynamical parameters and compensate for the workspace

uncertainties. Ren et al. [137] extended the impedance model presented in [130] and de-

veloped a biomimetic object impedance with variable damping and stiffness matrices.

These matrices are changed adaptively based on the various object/environment interac-

tions. The proportional-derivative control scheme (PD) is combined with the gravity and

friction compensation law to generate the required torques in the inner motion loop. Jin-

jun et al. [138] proposed the adaptive admittance control strategy to obtain the damping

matrix online and maintain the internal forces at the desired level considering trajectory

deviation caused by external disturbance forces during the cooperative dual-arm manip-

ulation tasks. Hu and Cao [139] utilized the sliding mode approach with the adaptive

variable impedance control to perform a slabstone installation task using dual-arm ma-

nipulators. However, the adaptation laws in these studies [137–139] are limited to adjust

the stiffness and damping matrices without considering the dynamic uncertainties of the

cooperative manipulators.

1.3.2.3 Event-Triggered Controllers and Hardware Restrictions

It is to be noted that the foregoing discussed studies for robotic manipulators in

medical and cooperative industrial applications exploit the periodic time-triggered (TT)

approach where the control input is sent to the robot at each sample time irrespective

of the actual requirement. This is inappropriate for the networked control application

and foists high transmission costs and ineffective resource allocation. Therefore, the

event-triggered control strategy presents an alternative solution to overcome the limited

resource constraints and alleviate the unnecessary transmission over the network [76,

140]. Several event-based control schemes are exploited in the literature to realize proper

tracking performance with the alleviation of network burden in the existence of dynamic

uncertainties [See: [141–143] for linear systems, [144–150] for nonlinear systems]. Xing et

al. [145] proposed a switching event-triggered mechanism between predefined fixed and

relative thresholds to reduce the number of transmitted packets in the controller-to-plant

channel. Later, an improved ET threshold, derived from Lyapunov analysis, is developed

by Al Issa et al. [144] for a general class of uncertain non-linear NCSs. Kumari et al. [146]

exploited the ET sliding mode controller for uncertain Euler-Lagrange systems. Zhang et

al. [147] proposed an event-triggered-based adaptive backstepping strategy with a relative

threshold for a class of nonlinear systems. In the robotics domain, the ET mechanism have
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been actively explored in several works to lessen the communication burden [See [151–159]

for robotic manipulators, [160–162] for mobile robots, [163,164] for quadrotor]. However,

this thesis is limited to the discussion about the event-triggered mechanism for robotic

manipulators in different applications.

Bu et al. [151] utilized the event-triggered mechanism with a fixed threshold to pre-

serve the tracking performance of a single-arm manipulator under the uncertainties and

external disturbances. Gao et al. [152] investigated the motion tracking control of the

robotic manipulators under the implementation of dynamic triggering condition in the

presence of nonlinear uncertainties. Kamboj et al. [153] integrated the event-triggered

mechanism with the learning- based incremental PID to reduce the control updates while

maintaining an acceptable trajectory tracking performance. Benitez-Garcia et al. [154]

implemented the periodic event-triggered control scheme experimentally for the stabiliza-

tion problem of robotic manipulator. Tripathy [155] employed the event-triggering mech-

anism with fixed threshold based on the optimal control for uncertain two-link SCARA

manipulator. Qiu et al. [156] utilized the same fixed threshold along with the distur-

bance observer and adaptive NN tracking control to reduce the energy consumption and

compensate for uncertainties during the motion of robotic manipulator. Baek et al. [157]

proposed event-triggered time delay sliding mode control scheme to overcome the limited

bandwidth and uncertainties for 2-DOFs robotic manipulator. Li et al. [158] the com-

mand filtered backstepping controller is combined with the relative threshold for robotic

manipulator with output constraints. However, these studies are intended for single-arm

manipulators without considering interaction forces in the controller design. Therefore,

they cannot be extended to the medical and cooperative manipulators in which the con-

trol of contact forces is crucial to obtain a proper human-robot interaction and stable

grasp.

Diverting our attention to the robotic systems in medical applications, it has been

observed that very few works have recently started to consider the event-triggered imple-

mentation [165–167]. These studies are still limited to the lower limb exoskeleton rehabil-

itation robots. Wang et al. [165] presented an ET-based sliding mode control to track the

pre-specified trajectory using a lower-extremity exoskeleton robot. Similarly, Llorente-

Vidrio et al. [166] combined the Electromyography-based ET sliding mode control with

the deep differential neural network for a lower limb exoskeleton device. Zuo et al. [167]

proposed the hybrid torque-position control scheme for the ankle rehabilitation while im-

plementing the event-triggered mechanism to reduce the control updates. On the other

hand, the event-triggered scheme with the multiple networked Euler–Lagrange systems

is recently exploited [168–171]. It is worth mentioning that a few works have considered

the event-triggered mechanism in the context of cooperative manipulators [172,173], and
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they are still in their infancy. The distributed impedance control is investigated under

the event-triggered mechanism to perform a cooperative manipulation task [172]. The

dynamic uncertainties and the interaction between the object and environment are not

considered in this work. An event-based synchronization control strategy is incorporated

with an adaptive neural network to cope with dynamic uncertainties and limited commu-

nication during the manipulation task [173]. The theoretical analysis for the boundedness

of internal forces is given. However, there are no results on the developed internal forces

at the manipulated object. The external forces caused by the environmental interactions

are not considered in this framework. Therefore, one may conclude from the above dis-

cussions that the problem of simultaneous position and force tracking control of robotic

manipulators in medical and cooperative industrial applications in the presence of para-

metric uncertainties, interaction forces, and limited bandwidth has rarely been attempted

sofar.

It can be observed from the previous studies that the majority of the designed dy-

namic control systems are based on the torque control approach in which the dynamics

of the actuator are not incorporated in the controller design. These torque based con-

trol schemes are accompanied by some practical implementation challenges [174, 175].

The most critical challenge is that the torque signals cannot always be applied directly to

some commercial robots, available in the market, which are actuated by voltage or posi-

tion signals. To address these limitations and account for the dynamical coupling effects

between joints, the torque controlled motors which admit direct torque signals can be

utilized. The controller of these motors can be designed to incorporate the dynamical

coupling and provide the robot with higher tracking performance and a proper compli-

ant behavior [176]. However, there are few available robots with direct torque control

capability [177]. This is attributed to the need of low friction and no backlash in the

gearbox, resulting in high cost motors. This in turns make the replacement of the servos

of commercial robot not very feasible. Therefore, several attempts have been made to

benefit the advantages of dynamic controller in the voltage- and position-controlled ma-

nipulators and incorporate the dynamical effects in the controller design [See: [178–180]

for voltage-controlled manipulator and [181–184] for position-controlled manipulators].

Fateh [178] proposed a voltage based control scheme to control an electrically-driven

manipulator with the help of current feedback. Shafiei and Soltanpour [179] included the

actuator dynamics in designing a neural network-based backstepping approach for the

tracking control of a robotic manipulator. Ahanda et al. [180] exploited the command-

filtered-based adaptive backstepping approach to deal with the uncertainties in the elec-

trically -driven robotic manipulator. Khatib et al. [181] introduced a torque-to-position

transformer based on the modeling of the motor transfer function. This transformer
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converts the calculated torque signals into joint position inputs to guide the position con-

trolled manipulator. Del Prete et al. [182] presented another framework to implement the

torque controller on the position controlled robotic system. Three parts torque controller

was constructed to estimate the joints torques based on the model of the robot and the

data acquired through the end-effector torque sensor. This controller is experimentally

validated on HRP-2 humanoid robot. Adhikary and Mahanta [183] devised a simplified

version of the torque-to-position transformer proposed in [181]. This transformer was

combined with the backstepping sliding mode-based high level controller to overcome the

effect of uncertainties and maintain the robustness of the system. Shao et al. [184] ad-

dressed the lack of accuracy and limited performance problems of the low level kinematic

controller of the position controlled manipulators. An adaptive control law and switching

approach were utilized to cope with the parametric uncertainties and motor saturation.

Thereafter, the torque control signal was converted to joint position inputs. However,

the above studies are based on the traditional time-triggered (TT) implementation with

the assumption of the ideal communication which is not preferable in networked control

applications. Moreover, the controllers in [181–184] assume that the electrical dynamics

of motor model is negligible and consider the parameters of the internal controllers to be

known for the users.

1.3.3 Event-triggered Mechanism

In the event-triggered mechanism, it is considered that the robotic system states and

control inputs are updated/transmitted over the network subjected to the violation of a

pre-designed triggering condition i.e., the data is not transmitted at each sampling time.

At other instances, the last-received data signals are held constant till the next triggering

event arrives. This aperiodic update of data leads to less number of transmission packets,

resulting into efficient utilization of resources. However, designing a triggering condition

that effectively determines the triggering instants to always ensures the system stability

in tandem with a satisfactory performance is of great importance and a challenging task.

Another benchmark problem while designing an event-triggered control scheme is the

exclusion of Zeno behavior i.e., the triggering mechanism shall not generate an infinite

number of events within a finite time. Therefore, the inter-event time between two

consecutive triggering instants should always be lower bounded for the practical feasibility

of the event-triggered control scheme.

1.3.3.1 Types of Triggering Condition

Due to the event-triggered implementation, measurement error between the actual

signal and received signal transmitted over the network is generated. This measurement
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error is utilized to design several triggering conditions in the literature. These conditions

are defined based on different thresholds and employed to determine the instants for new

signal transmission over the network channel.

� Fixed threshold [156, 185]. The triggering instants in this type of threshold de-

pends on a predefined constant as follows.

t1 = 0,

tj+1 = inf{t > tj | |em(t)| ≥ ϖ1}, (1.1)

where em(t) = S(t)− S̄(t) denotes the measurement error, S(t) is the actual calcu-

lated signal (i.e., control input
(
S(t) = τR(t)

)
or robot state

(
S(t) = X(t)

)
, S̄(t)

is the received signal, ϖ1 > 0 is a positive constant. The measurement error in

this triggering condition is bounded by a predefined constant. To design and imple-

ment such triggering condition is simple; however, the desired objectives (resource

utilization and system performance) could not be easily achievable. Therefore,

network-based applications prefer time-varying thresholds where performance is a

critical design attribute.

� Relative threshold [147,186,187]. In this condition, the magnitude of event trig-

gered transmitted signal is utilized to determine the triggering instants as follows.

t1 = 0,

tj+1 = inf{t > tj | |em(t)| ≥ ϱ|S̄(t)|+ϖ2}, (1.2)

where 0 < ϱ < 1 and ϖ2 > 0 denote positive constants. The threshold is varying

in view of the magnitude of S̄(t). This threshold is more flexible and expected

to outperform the fixed ones for better performance. However, it may fail in the

presence of large transmitted signals where sudden jump could occur and deteriorate

the system performance.

� Switching threshold [145]. This triggering condition is the amalgamation of

benefits of fixed and relative thresholds as follows.

t1 = 0,

tj+1 =

{
inf{t > tj | |em(t)| ≥ ϖ1} if |S̄(t)| ≥ Ξ

inf{t > tj | |em(t)| ≥ ϱ|S̄(t)|+ϖ2} if |S̄(t)| < Ξ
(1.3)

where Ξ is a user-defined parameter. As the fixed threshold does not rely on the

magnitude of the transmitted signal S̄(t); therefore, it is exploited to alleviate the

sudden jump in case of large signals.
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� Lyapunov-based threshold. The negative definiteness property of the derivative

of Lyapunov function is used to design this triggering condition in such a way that

the overall robotic system will be stable as follows.

t1 = 0,

tj+1 = inf{t > tj | V̇ ≥ 0}, (1.4)

where V̇ denotes the time derivative of Lyapunov function. This implies that there

is no requirement to transmit a new signal over the network; the last transmitted

signal is retained as long as the derivative of the Lyapunov function is negative

definite. However, this signal should be updated when this condition is violated to

preserve the system’s performance and stability.

1.3.3.2 Configurations of Event-triggered Mechanism

As per the design requirements of a network-based applications, the triggering mecha-

nism could be placed in two ways, i.e., controller-to-robot channel and robot-to-controller

channel as discussed below and shown in Figure 1.2.

� Controller-to-robot channel. In this configuration (Figure 1.2 (a)), the event-

triggered (ET) condition is evaluated at the controller-side [145,156,157,187–189].

This configuration is simple in design, analysis, and implementation as the mea-

surement error appears in the control input only. Therefore, it can be directly

incorporated with any traditional control approaches in a straightforward manner.

In addition, there is no need for smart sensors or extra computational unit at the

sensor-side in this configuration. However, as the actual control law is always re-

quired to calculate the measurement error and check the triggering condition, the

computational efforts cannot be alleviated in such cases. Moreover, the system

states are assumed to be always available on the controller side.

� Robot-to-controller channel. In this configuration (Figure 1.2 (b)), the trig-

gering condition is evaluated at the sensor-side [149, 150, 185]. The measurement

error is defined between the actual and last-transmitted system states. The system

states are transmitted over the network only when the designed triggering condition

gets violated, and the control law is then updated according to the new received

states. Therefore, the computational efforts can also be decreased in this configu-

ration since the control law is not always required to be computed and transmitted

over the network. However, incorporating such triggering scheme with traditional

control approaches is not a straightforward as the measurement errors will ap-

pear at each state, and the available controller is to be redesigned based on the
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Robotic System

Figure 1.2: Configurations of event-triggered mechanism. (a) controller-to-robot configuration, (b)
robot-to-controller configuration

event-triggered states. In addition, this configuration requires smart sensors with

computational abilities or extra computation unit on the sensor-side in order to

evaluate the triggering condition.

1.4 Potential Research Gap

Many researchers have attempted to design different control strategies with an aim to

maintain superior performance of the uncertain robotic system during several interaction

applications. However, adopting a communication network in the feedback loop to control

such systems has dramatically increased and emerged as a fertile research problem. This

implementation opened up many practical applications, such as remote-controlled robotic

systems, haptic robot-assisted systems, and unmanned aerial vehicles, and introduced a

new research direction for control theorists and roboticists. As such, the design and

stability analysis of a dynamic controller communicating over a limited bandwidth wire-

less network channel with an uncertain robotic system during robot-human interaction

is not straightforward. These issues become more challenging while considering the ma-

nipulation of common object tasks using a cooperative manipulator system. Therefore,

all traditional control strategies seem incompetent to deal with network-induced chal-

lenges such as limited bandwidth, time delay, and packet loss, and some modifications

are required in the controller design process.

In addition to the above network induced constraints, the presence of parametric un-

certainties in the dynamics of the robotic manipulator impose further complications to

the design of networked control system. The effect of these uncertainties become more
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obvious and may result in undesirable performance during the cooperative manipula-

tion tasks. Hence, the adaptive backstepping control approach is among the rewarding

strategies to reduce the effect of parametric uncertainties. This approach through its

online adaptation law can continuously estimate the dynamical parameters of the robotic

manipulator and maintain a consistent performance of the control system. It is worth

mentioning that other control approaches suffer from the difficulties of heuristic selection

of an appropriate Lyapunov function. However, since backstepping is a Lyapunov based

approach, it provides a systematic tool to derive the control law and simple method

to construct the Lyapunov function and analysis the stability of the nonlinear robotic

system.

On the other hand, the interaction between the robotic system and human is neces-

sary in many practical scenarios. Moreover, a compliant behavior is to be maintained

between manipulators/object and object/environment during the different cooperative

manipulation tasks of a common object. Such interactions make the above discussed

problem much more intractable. In these situations, the simultaneous position and force

control need to be invoked. This control can be accomplished by one of the well know

techniques i.e., hybrid position-force control and admittance control. The adoption of

these schemes is basically based on the desired interaction task. Hence, it is not a dif-

ficult task to infer that adaptive position-force based control strategies are undoubtedly

potential techniques to ensue an acceptable performance and attain a proper compliant

behavior during the various interaction scenarios of robotic system. However, translating

adaptive position-force control design for single robotic manipulators and cooperative

manipulators to meet the rigorous performance requirements and robustness to network

constraints in nonlinear networked control systems is not trivial and has seldom been

addressed in the open literature.

Diverting our focus to practical applications, the implementation of existing theories

and methodologies of networked control systems to real robotic systems is of paramount

engineering relevance. These methodologies provide promising advantages for the remote

online application of the rehabilitation robots, cooperative manipulations of a large ob-

ject, industrial automation, and many others. However, real-time implementation of these

control schemes is always accompanied by hardware restrictions in addition to the preced-

ing discussed challenges. Most of the available industrial manipulators and commercial

robotic arms in the market are equipped with servo motors. These servo actuators adopt

low-level internal controllers (i.e., PID or its variations), which admit the joint position as

the input and feedback signals [190]. Thus, the robotic manipulators can only be actuated

by position-based control commands, named position-controlled manipulators. However,

these low-level controllers are designed to operate each joint independently, ignoring the
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coupled dynamical effects between the joints and resulting in a kinematic control ap-

proach only [191]. Moreover, manufacturers usually do not provide the parameters of

this internal controller and the electrical characteristics of the motors. These unknown

parameters, along with the changes in mechanical parameters and payload variations,

make the internal controller inefficient and may degrade the performance of the robotic

systems during the motion of the manipulator [181]. Therefore, how to benefit from the

advantages of dynamic control and incorporate the dynamical effects in the controller

design of the position-controlled manipulators to overcome these hardware restrictions is

of great practical importance.

The aforementioned discussion reveals that the controller design of nonlinear robotic

manipulator systems with dynamic uncertainties and compliant interaction under the

network constraints and its applications to medical and cooperative manipulations is still

an open problem and needs further investigation.

1.5 Objectives of the Present Work

The first part of the thesis intends to the design of event-triggered adaptive position-

force controllers for single robotic manipulator in medical applications. The second part

discusses the extension of these controllers to tackle the problem of cooperative manipu-

lation of a common object using multiple robotic manipulators. In both parts, the robotic

system is controlled over a network subjected to limited bandwidth in controller-to-robot

channel. In addition, parametric uncertainties encountered in the system model and

interaction between the robot-human, robots/object, and object/environment are also

considered. To achieve these objectives, following works are carried out:

� The design of event-triggered adaptive hybrid position-force control scheme for un-

certain robot-assisted ultrasonic examination system under limited communications

and robot-human interaction.

� The design of event-triggered adaptive admittance control scheme for uncertain

upper-limb end-effector type rehabilitation robot in passive and active-assist mode

under limited communications.

� The implementation of the developed event-triggered adaptive position control

scheme on a real voltage-controlled end-effector type rehabilitation robot to perform

passive rehabilitation training.

� The design of improved event-triggered adaptive hybrid position-force control scheme

for uncertain cooperative manipulators during manipulators/object interaction and

under limited communications.
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� The design of improved event-triggered adaptive admittance control scheme for

uncertain cooperative manipulators during the manipulators/object and object/

environment interaction and under limited communications.

� The implementation of the improved event-triggered adaptive position control scheme

on a real position-controlled dual-arm Dagu manipulators to perform a cooperative

manipulation task.

1.6 Organization of the Thesis

This thesis is organized into two main parts, each addressing a particular research

problem as elaborated in the previous section. The first part of the thesis discusses the

theoretical and practical results obtained for the position-force control schemes under

event-triggered communication of single robotic manipulator in medical field and consists

of the following chapters:

� Chapter 2: In this chapter, the event-triggered hybrid position-force controller

(ETAHPFC) for ultrasound manipulator is derived based on the backstepping ap-

proach. The effectiveness of this control scheme is investigated through a compari-

son study with the existing control methods and validation in V-REP software.

� Chapter 3: This chapter investigates the design of an event-triggered adaptive

backstepping admittance controller (ETABAC) to tackle the uncertainties and lim-

ited communications problems for the end-effector type rehabilitation robot during

the patient-robot interaction in a unified framework.

� Chapter 4: Experimental validation on a real end-effector type rehabilitation robot

during passive rehabilitation training for different healthy subjects is presented in

this chapter. A modified dynamic model is introduced to overcome the hardware

restrictions of the electrically-driven rehabilitation robot.

The second part of the thesis present the event-triggered position-force control

problem of multiple robotic manipulator in cooperative manipulation task. This

part consists of the following chapters:

� Chapter 5: The theoretical results obtained in Chapter 2 are extended for the

cooperative manipulator system. The adaptive backstepping position controller

is improved by introducing different terms in the design process to guarantee an

acceptable trajectory tracking of the manipulated object while maintaining small

internal forces in the presence of uncertainties and limited communication.
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� Chapter 6: The admittance control framework presented in Chapter 3 is extended

for the cooperative manipulator system to maintain a proper compliant behavior

during the the manipulators/object and object/environment interactions during dif-

ferent cooperative manipulation tasks and various environmental interaction cases.

� Chapter 7: This chapter presents experimental validation of the event-triggered

adaptive position controller designed in Chapter 5 on a real position-controlled co-

operative manipulators. The dynamics of each manipulator is modified to overcome

the hardware restriction and admit the position commands as input signals.

� Chapter 8: This chapter concludes the research work and outlines the scope for

future research.
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2.1 Introduction

2.1 Introduction

Motivated by the remote application of the ultrasound robot, this chapter aims to

design an event-triggered adaptive hybrid position-force control (ETAHPFC) scheme for

ultrasound robot. An adaptive backstepping position controller is proposed to achieve

acceptable trajectory tracking during the transversal ultrasound scan of the patient’s ab-

domen. This controller is designed based on the dynamic model of the ultrasound robot

with an adaptation law to compensate for the parametric uncertainties. A PID force con-

troller is proposed to maintain stable contact during the scan process. Based on Lyapunov

stability analysis, a triggering condition is derived to reduce network resource utilization

and guarantee the stability of the closed-loop system. A comparative study between the

proposed event-triggered (ET) control scheme and different time-triggered (TT) adaptive

control approaches is performed. Furthermore, the proposed event-triggered mechanism

is compared with the most common triggering conditions in literature, i.e., fixed and

relative thresholds. Additional validation of the proposed control scheme is conducted in

the virtual robot experimentation platform (V-REP) during the abdominal scan process.

The chapter is organized as follows: In Section 2.2, the framework of the ultrasound

robot is presented. The dynamic modeling of the constrained ultrasound robotic sys-

tem is developed in Section 2.3. The proposed hybrid position-force control strategy is

elaborated in Section 2.4, along with the derivation of the triggering condition. Section

2.5 presents the simulation results, the comparative analysis, and the validation based

on the SCORBOT-ER VPlus robotic manipulator in the V-REP platform. Finally, the

outcomes of this chapter are highlighted in Section 2.6.

2.2 Framework of Ultrasound Robot

The main components of the ultrasound robot are illustrated in Figure 2.1. They

are briefed as follows: a robotic manipulator equipped with an ultrasound probe to per-

form the required scanning, an ultrasound imaging unit devoted to display the captured

sonograms (scanning images) for the analysis proposes, robot controller to ensure the

tracking of the desired trajectory and maintain a proper force on the patient’s body.

Besides, a tracking system to determine the location of the ultrasound probe in the space

and estimate the initial scanning position.

To perform an abdominal ultrasound scanning, the patient should be in the supine

position on an exam table. A hypoallergenic water-soluble gel is applied on the patient’s

abdomen to prevent the air from getting between the scanned area and the ultrasound

probe. The robot gently moves the ultrasound probe over the patient’s abdomen, gener-

ating a light pressure on the examined area. The ultrasound probe produces and receives

27

TH-3046_186103022



2. Event-Triggered Adaptive Hybrid Position-Force Control for Robot-Assisted
Ultrasonic Examination System

5

3

4

1

2

Figure 2.1: Ultrasound robotic system (1- Ultrasound imaging unit; 2- Robotic manipulator; 3- Ultra-
sound probe; 4- Patient; 5- Exam table)

high-frequency sound waves. These patterns are processed in the ultrasound imagining

unit and transformed into detailed sonograms. These sonograms can show any diseased or

damaged tissues and determine abnormal growth, enabling the sonographers to diagnose

the desired area accurately.

The abdomen’s ultrasound examination protocol is usually divided into scanning of

the sagittal and transverse planes [85]. The probe is aligned with a plane that partitions

the body into left and right parts in the sagittal scan. Moreover, the sagittal scan can be

further divided into parasagittal scans (the probe moves around the area of interest) and

intercostal scans (the probe is angled cephalad under the ribs to obtain a clear image).

On the other hand, the transverse scan is performed in two steps: the transversal scan

around the area of interest and the subcostal scan.

The ultrasound robot is a 5-axis robotic manipulator equipped with an ultrasound

probe. The joints of the manipulator are revolute type. The first three joints are respon-

sible for the position of the probe’s tip in the space. The last two joints (wrist joints) are

dedicated to provide the desired orientation of the probe. A force sensor is placed at the

wrist of the ultrasound robot to detect the feedback force. This force is generated during

the contact between the ultrasound probe and the patient’s abdomen. The circular tra-

jectory is generated to perform a transversal ultrasound scan on the abdomen area of the

patient. Moreover, the ultrasound robot should maintain a constant force perpendicular

to the scan area while performing the transversal scan. The flowchart of the procedure

is depicted in Figure 2.2.

Here, the communication between the ultrasound robot and the controller is over

a limited bandwidth network. Therefore, an event-triggered (ET) mechanism is imple-
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Generation of the desired trajectory to be followed by 

the ultrasound robot 

Identification of scanning protocol by the 

sonographer 

Execution of the scan with the consideration of 

applied force by US probe

Examination of acquired images by the 

sonographer 

Figure 2.2: Flowchart for ultrasound imagining process

mented to overcome the communication channel’s constraints and efficiently utilize the

resources. Due to ET implementation, the ultrasound robot is now not actuated by the

actual control inputs τR. Instead of that, it is actuated by the ET control inputs τ̄R.

Because of the ET mechanism, the control input is communicated over the network just

at the time instants when a pre-designed triggering condition gets violated. At other

times moments, the ultrasound robot is actuated by last-received control inputs. It is to

be mentioned that this triggering condition is designed by ensuring the negative semi-

definiteness of the derivative of the Lyapunov function. The violation of this condition

indicates the need for a new control signal update over the network to maintain the

system’s stability. The triggering time-instants are described as

τ̄R(t) = τR(tj),∀ t ∈ [tj, tj+1)

tj+1 = inf {t|t > tj, Tcon(em, z1, z2) > 0}
(2.1)

where, em(t) = τR(t)− τ̄R(t) is the measurement error and Tcon(em, z1, z2) is the triggering

threshold to be calculated in Section 2.4.

29

TH-3046_186103022



2. Event-Triggered Adaptive Hybrid Position-Force Control for Robot-Assisted
Ultrasonic Examination System

2.3 Dynamic Model of Constrained Ultrasound Robot

The dynamic equation of n-joint robotic manipulator in contact with an environment

can be expressed in the joint space as follows [192]:

M(q)q̈ + C(q̇, q)q̇ +G(q) = τ̄R − τint (2.2)

where q, q̇, q̈ ∈ Rn symbolize the joint position, velocity, and acceleration, respectively.

M(q) ∈ Rn×n denotes the inertia matrix, C(q̇, q) ∈ Rn×n is the matrix of Coriolis and

centrifugal effects, G(q) ∈ Rn represents the gravitational torques, τ̄R ∈ Rn stands for the

vector of ET control torques, and τint ∈ Rn is the vector of interaction torque between

the environment and robot. When the joints of the robotic manipulator are actuated by

a DC servo motors, the dynamic of these motors should be considered for more rigorous

modeling of the robotic system. The dynamic of the motor can be given as:

Jmq̈m +Bmq̇m + r−1τR = τm (2.3)

where qm, q̇m, q̈m ∈ Rn are the position, velocity, and acceleration of the motor shaft,

Jm ∈ Rn×n denotes the inertia of the motors, Bm ∈ Rn×n is the coefficient of viscous

friction at the motor bearing, r ∈ Rn×n is the matrix of gear ratio, and τm ∈ Rn is the

motor torque. The angular position qm and torque of the motor shaft τm are related to

the joint angle q and torque τR as defined below

qm = rq, τm = r−1τR (2.4)

Therefore, the combined manipulator-motor dynamics is obtained using (2.2-2.4) as:

MR(q)q̈ + CR(q̇, q)q̇ +GR(q) = τ̄R − τint (2.5)

where MR(q) = M(q) + r2Jm, CR(q̇, q) = C(q̇, q) + r2Bm, and GR(q) = G(q). The

following properties are introduced to be utilized in the derivation of the adaptive hybrid

position-force controller [84]:

Property 1 The total inertia matrix MR is symmetric, positive definite, and satisfies

the following condition:

v1∥β∥2 ≤ βTMR(q)β ≤ v2∥β∥2 ∀β ∈ Rn (2.6)

where v1 and v2 are positive constants and ∥ · ∥ is the Euclidian norm of (·).

Property 2 The matrix ṀR − 2CR is skew-symmetric, i.e., for any arbitrary vector
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2.3 Dynamic Model of Constrained Ultrasound Robot

β ∈ Rn satisfies:

βT
(
ṀR(q)− 2CR(q, q̇)

)
β = 0 (2.7)

Property 3 For arbitrary known vector µ, the joint space dynamics equation can be

linearly parameterized as follows:

MR(q)µ̇+ CR(q̇, q)µ+GR(q) = Πφ (2.8)

where Π ∈ Rn×p is the regression matrix of known functions and φ ∈ Rp is the vector of

unknown parameters.

The following direct kinematic relation defines the relation between the end-effector po-

sition and the variable of the joints:

xe = T (q) (2.9)

where xe =

[
pe

ϕe

]
∈ Rl represents the pose (position and orientation) of the end-effector, pe

is the position of the end-effector which has the following components pe = (pe,x, pe,y, pe,z)
T ,

ϕe is the orientation of the end-effector, and T (·) ∈ Rl is the vector function of (·).

The relation between the torques and forces exerted by the robot on the environment is

given by:

τint = JT (q)Fint (2.10)

where Fint = [fint1 , fint2 , ..., fintl ]
T ∈ Rl denotes the interaction force at the end-effector

and J(q) ∈ Rl×n represents the Jacobian matrix of the robotic manipulator. The patient’s

body with which the ultrasound robot interacts is modeled as a spring with constant

stiffness. Therefore, the interaction force developed at the contact point is given by:

finti =

{
kenvi(xei − xenvi) ∀xei > xenvi
0 ∀xei ≤ xenvi

(2.11)

where 1 ≤ i ≤ l, Kenv = diag(kenv1 , kenv2 , ..., kenvl) is the stiffness matrix, and xenv =

[xenv1 , xenv2 , ..., xenvl ]
T is the position of the contact point.

The dynamic model of the n-joint ultrasound robot 2.5 can be rewritten in the parametric

strict feedback form as follows.

ẋ1 = x2

ẋ2 =M−1
R (q)(τ̄R − CR(q̇, q)q̇ −GR(q)− τint)

(2.12)

where X = (x1, x2)
T = (q, q̇)T represents the state vector.
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2.4 ETAHPFC Design for Ultrasound Robot

Here, an adaptive hybrid position-force controller is designed to control the motion and

interaction force of the ultrasound robot. This controller is employed to guarantee the

tracking of the desired trajectory, in the presence of parametric uncertainty, during the

transversal ultrasound scan. Simultaneously, the controller is utilized to maintain a con-

stant force, applied by the ultrasound probe, on the patient’s abdomen to obtain a clear

scan sonogram. Raibert and Craig [70] propose the general framework of the hybrid

position-force control. The architecture of this control strategy is based on the imple-

mentation of task constraints into the controller’s design. Therefore, the degree of free-

dom is partitioned into two subspaces, position-controlled and force-controlled subspaces,

by the natural constraints and the selection matrices. The control signal τR consists of

two complementary sets- one exploited for the motion control task, and the other one

addresses the force control task as expressed in the following equation:

τR = τp + τf (2.13)

The joint position error eq and force error ef can be defined as follows:

eq(t) = q(t)− qd(t) (2.14)

ef (t) = Fd(t)− Fint(t) (2.15)

where τp and τf are the position and force control laws, respectively, qd denotes the desired

joint position to be followed, and Fd is the desired force.

2.4.1 Adaptive Backstepping Position Controller Design

Here, the adaptive backstepping approach [125] is utilized to design a position tracking

control law. This controller is devoted to control the dynamic model of ultrasound robot,

in the presence of unknown parameters, through a predefined trajectory. Moreover, the

stability of the proposed control law is guaranteed based on the Lyapunov theorem. The

error variables for the robotic manipulator are defined as follows.

z1 = eq = x1 − qd (2.16)

z2 = q̇ − α = x2 − α (2.17)

where α is the virtual control law (stabilization function) to be designed during the

stabilization of the subsystems throughout the backstepping design process. The aim

is to ensure that the joint position vector q can track the desired trajectories qd in the
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2.4 ETAHPFC Design for Ultrasound Robot

existence of unknown parameters. Therefore, the design of the adaptive backstepping

position control law is achieved using the subsequent systematic steps.

Step 1: At this step, the virtual control input α is designed to stabilize the first subsystem

(error variable z1). In other words, letting the error variable z1 converge to a small

neighborhood of zero. The derivation of the first error variable is expressed as.

ż1 = ẋ1 − q̇d = x2 − q̇d = z2 + α− q̇d (2.18)

The first Lyapunov function candidate is selected as

V1 =
1

2
zT1 z1 (2.19)

By differentiating the equation (2.19) and substituting the equation (2.18), the derivative

of the Lyapunov function becomes

V̇1 = zT1 ż1 = zT1 (z2 + α− q̇d) (2.20)

If the virtual controller is designed as

α = −k1z1 + q̇d (2.21)

where k1 is a positive diagonal gain matrix, then the derivative of the Lyapunov function

becomes

V̇1 = −zT1 k1z1 + zT1 z2 (2.22)

The negative definiteness of V̇1 and the convergence of z1 to a small neighborhood of zero

is guaranteed if the second error variable is equal to zero. Therefore, the stabilization of

z2 is carried out in the subsequent step.

Step 2: The derivation of the second error variable (2.17) is expressed as

ż2 = ẋ2 − α̇

=M−1
R (q)

(
τ̄R − τint − CR(q̇, q)q̇ −GR(q)

)
− α̇ (2.23)

The Lyapunov function candidate can be selected using Property 1 as follows.

V2 = V1 +
1

2
zT2 MR(q)z2 (2.24)

The derivative of the previous equation (2.24) is written as

V̇2 = V̇1 + zT2 MR(q)ż2 +
1

2
zT2
d
(
MR(q)

)
dt

z2 (2.25)
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By exploiting Property 2 and equation (2.17), the Lyapunov function derivative can be

rewritten as follows:

V̇2 = V̇1 + zT2
(
MR(q)ż2 + CR(q̇, q)z2

)
= V̇1 + zT2

(
−MR(q)α̇− CR(q̇, q)α−GR(q) + τ̄R − τint

) (2.26)

Using Property 3 and exploiting the definition of measurement error i.e., em = τR − τ̄R,

the previous equation is re-formulated as follows

V̇2 = V̇1 + zT2
(
− Πφ+ τR − em − τint

)
(2.27)

Due to the presence of uncertainties in the dynamical parameters of the ultrasound robot,

the design of adaptation law is required to estimate the unknown parameters φ. There-

fore, the Lyapunov candidate in equation (2.24) should be modified to include the esti-

mation errors and complete the stability proof as follows.

V2 = V1 +
1

2
zT2 MR(q)z2 +

1

2
φ̃TΓ−1φ̃ (2.28)

where φ̃ = φ− φ̂, φ̂ is the estimation of the unknown parameters φ, and Γ is a positive

definite matrix. The derivative of the modified Lyapunov function (2.28) can be written

as

V̇2 = V̇1 + zT2
(
− Πφ+ τR − em − τint

)
− φ̃TΓ−1 ˙̂φ (2.29)

The term zT2 Πφ̂ is added and subtracted to the right side of (2.29)

V̇2 = V̇1 − zT2 Πφ̃− zT2 Πφ̂+ zT2
(
τR − em − τint

)
− φ̃TΓ−1 ˙̂φ (2.30)

By taking the transpose of the second term at the right side of equation (2.30), one can

obtain:

V̇2 = V̇1 − φ̃T
(
ΠT z2 + Γ−1 ˙̂φ

)
− zT2 Πφ̂+ zT2

(
τR − em − JTFint

)
(2.31)

The position control and adaptation laws can be designed as

τp = Πφ̂− z1 − k2z2 (2.32)

˙̂φ = −ΓΠT z2 (2.33)

where k2 is the positive definite diagonal gain matrix.

The error variables are mapped from the joint space to the position-controlled subspace
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2.4 ETAHPFC Design for Ultrasound Robot

using the following transformation:

z1 = q − qd = J−1emp = J−1(I − S)ep

z2 = q̇ − α = J−1(I − S)ėp + k1J
−1(I − S)ep

(2.34)

where emp = (I − S)ep is the mapped error in the position-controlled subspace, ep =

xe − xed denotes the error in the end-effector position, I is the identity matrix, xe and

xed are the vectors of actual and desired end-effector position, respectively, and S =
s1 0

s2
. . .

0 sl

 ∈ Rl×l is a compliance selection matrix that specifies the position-

controlled degrees of freedom, i.e., sj =0, and the force-controlled degrees of freedom,

i.e., sj = 1. Therefore, S specifies the directions with no motion due to the physical

constraints (Sẋe=0) and (I−S) corresponds to the free motion directions
(
(I−S)F = 0

)
.

By substituting (2.34) in 2.32, the position control law is expressed as follows:

τp = Πφ̂− (k2k1 + I)J−1(I − S)ep − k2J
−1(I − S)ėp (2.35)

2.4.2 Force Controller Design

Here, a proportional-integral-derivative (PID) controller is exploited to maintain the force

applied by the ultrasound probe at the desired value. Therefore, clear and visible sono-

grams can be achieved without hurting the patient’s body.

The force error in equation (2.15) is mapped into the force-controlled subspace using the

selection matrix S and given by:

emf = Sef (t) (2.36)

This error is transformed again into joint space with the help of the Jacobian matrix:

τef (t) = JT emf (2.37)

Based on (2.37), the force control signal is designed as follows:

τf = JTFd + kfpτef (t) + kfi

∫
τef (t)dt+ kfdτef (t) (2.38)

where JTFd denotes the force feedforward term, τef is the mapped force tracking error,

kfp, kfi, and kfd are the force proportional, integral, and derivative force controller gains,

respectively.
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The hybrid position-force control can be written as follows:

τR =Πφ̂− (k2k1 + I)J−1(I − S)ep − k2J
−1(I − S)ėp

+ JTFd + kfpτef (t) + kfi

∫
τef (t)dt+ kfdτef (t) (2.39)

By replacing the equations (2.32), (2.33), and (2.39) into (2.31) and based on the fact

that the interaction forces are in the null space of (I − S), i.e.,
(
(I − S)F

)
= 0, the

derivative of Lyapunov candidate becomes

V̇2 = −zT1 k1z1 − zT2 k2z2 − zT2 em (2.40)

2.4.3 Event-triggered Mechanism

The triggering condition is designed in the following based on the measurement error em

that appears in the last term of the previous equation (2.40). This condition determines

the transmission instants of a new control signal over the network to ensure the stabil-

ity of the system and maintain the negative semi-definiteness of the Lyapunov function

derivative. In other words, the event is defined as violating the pre-designed dynamic

condition, which triggers the update and transmission of a new control signal over the

network. By exploiting Young’s inequality in equation (2.40).

V̇2 ≤ −zT1 k1z1 − zT2 k2z2 + ∥zT2 ∥∥em∥

≤ −
(
zT1 k1z1 + zT2 k2z2

)
+

∥zT2 ∥2

2
+

∥em∥2

2

(2.41)

By adding and subtracting the terms ζ
(
zT1 k1z1 + zT2 k2z2

)
, one can obtain:

V̇2 ≤ −(1− ζ)
(
zT1 k1z1 + zT2 k2z2

)
− ζ

(
zT1 k1z1 + zT2 k2z2

)
+

∥zT2 ∥2

2
+

∥em∥2

2
(2.42)

where ζ is a user-defined positive parameter. In the previous equation (2.42), if 0 < ζ < 1

and the following inequality remains true

∥zT2 ∥2

2
+

∥em∥2

2
≤ ζ

(
zT1 k1z1 + zT2 k2z2

)
(2.43)

then, the negative semi-definiteness of Lyapunov function derivative is guaranteed, and

the triggering function in equation (2.1) can be defined as follows:

Tcon(em, z1, z2) = ∥em∥2 + ∥zT2 ∥2 − 2ζ
(
zT1 k1z1 + zT2 k2z2

)
(2.44)

It should be emphasized that the control input signal is updated and transmitted over the

network in case this triggering function is greater than zero. Other than that, the robotic
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manipulator is driven by the last received control signal. This maintains the negative

semi-definiteness of the Lyapunov function derivative and causes a significant reduction

in the number of transmissions over the network.

Proposition 1. The ultrasound robotic system (2.5) actuated by the designed controller
(2.39) and under the proposed event-triggered mechanism (2.44) is stable in the sense of
Lyapunov and all the closed-loop signals are guaranteed to be bounded. The proper choice
of the controller parameters provides a safe interaction during the ultrasound scan and
ensures the convergence of tracking errors to a small neighborhood near zero. Moreover,
the Zeno behavior is avoided under the designed event-triggered control strategy.

Proof. The derivative of Lyapunov function can be written as follows

V̇2 ≤ −ΘV2 + Ω (2.45)

where Θ = min

{
2λmin(k1),

2λmin(k2)− ∥1∥2
ζ

λmax

(
MR(q)

) }
, Ω = ζ∥em∥2

2
, and λmin(·), λmax(·) are the

minimum and maximum eigenvalues of (·), respectively. To guarantee Θ > 0, the param-
eters of motion controller k1, k2, ζ should be appropriately chosen to fulfill the following:

λmin(k1) > 0, λmin(k2)− ∥1∥2
2ζ

> 0, and 0 < ζ < 1.

Multiplying both sides of (2.45) by eΘt, one can get

d

dt
(V2e

Θt) ≤ ΩeΘt (2.46)

By integrating (2.46) over the time t = [0, t], the following equation is obtained

0 ≤ V2 ≤
(
V2(0)−

Ω

Θ

)
e−Θt +

Ω

Θ
(2.47)

and the tracking errors converge to the following sets

∥z1∥ ≤
√

2V̄ , ∥z2∥ ≤

√
2V̄

λmax

(
MR

) (2.48)

where V̄ = max

{
V2(0),

Ω
Θ

}
. This emphasize that all the closed-loop signals are ul-

timately bounded and the stability of the ultrasound robot can be ensured under the
proposed event-triggered control scheme.

To complete the proof and avoid the Zeno behavior, a lower bound of the inter-event
time is shown to be exist under the proposed event-triggered mechanism. Recalling,
em = τR − τ̄R, then ėm = τ̇R − ˙̄τR = τ̇R ∀ t ∈ [tj, tj+1). Since τR is a function of
bounded signals, therefore, there exists a positive upper bound ρ1 that satisfies |τ̇R| ≤ ρ1.
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Moreover, ∀ t ∈ [tj, tj+1) ėm = τ̇R then |ėm| ≤ ρ1.

|τR(tj+1)− τR(tj)| =
∣∣∣∣ ∫ tj+1

tj

τ̇R(ψ)dψ

∣∣∣∣ ≤ ∫ tj+1

tj

∣∣τ̇R(ψ)∣∣dψ ≤
∫ tj+1

tj

ρ1dψ = ρ1(tj+1 − tj)

(2.49)
Let em(tj) = 0 and limt→t−j+1

em(t) = ρ2 where ρ2 is a positive constant depending on j,

then we can write
ρ2 ≤ |τR(tj+1)− τR(tj)| (2.50)

From the equations (2.49) and (2.50), one can obtain

ρ2 ≤ |τR(tj+1)− τR(tj)| ≤ ρ1(tj+1 − tj) (2.51)

Thus,

(tj+1 − tj) ≥
ρ2
ρ1

(2.52)

This ensures a lower bound of the inter-event time (i.e., t∗ = ρ2
ρ1
) [145]. The obtained

bound satisfies (tj+1−tj) ≥ t∗ ∀t ∈ [tj, tj+1) and leads to the exclude of the Zeno behavior.
Therefore, the corresponding proof is completed.

2.5 Results and Discussions

To investigate the effectiveness of the proposed control strategy, the simulation test us-

ing a 5-DOFs ultrasound robot is conducted. The specifications of the robot and the

required abdomen scan are explained in Section 2.2. The dynamic model of the general

ultrasound robot is expressed by (2.5), where the detailed description of each matrix is

given in Appendix A.1. The physical parameters of the robotic manipulator are given in

Table A.2. These dynamical matrices and the physical parameters are consistent with

the SCORBOT-ER VPlus manipulator. The ultrasound robot is dedicated to follow a

circular trajectory on the x-y plane of the patient’s abdomen. The applied force, by

the ultrasound probe, is assumed to be 5 N in the Z-direction, which is sufficient to ob-

tain clear sonograms [86]. During the assigned transversal ultrasound scan, two types

of constraints are considered. The first one is the position constraint in the Z-direction,

where the ultrasound probe cannot move freely in this direction to avoid hurting the

patient. The second constraint is the force constraints in the X- and Y-directions. These

constraints are utilized to define the compliance matrix S, which specifies the force- and

position-controlled degree of freedom. The position of the end-effector can be selected as

xe = (pe,x, pe,y, pe,z)
T . The parametric form of the circular trajectory to be tracked by

the ultrasound robot is expressed as follows:

ped,x(t) = R cos(ωdt) + h, ped,y(t) = R sin(ωdt) + c (2.53)
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where h and c are constants, R and ωd denote the radius and desired angular velocity of

circular trajectory, respectively, t is the time.

It has been observed that there is no need to run all the motors of the ultrasound robot

while performing the desired ultrasound scan. Therefore, the control strategy is applied

upon three joints (base, shoulder, and elbow). The joints of the robot are revolute type

(i.e., q = θ). The simulation runs are conducted using MATLAB for t = 6.28 s and

with a sampling time of 0.01 s. The parametric uncertainties are considered to be exist

in the system. All the model parameters of the ultrasound robot are assumed to be

altogether uncertain. Accordingly, the initial values of the estimated parameters vector

are selected to be zero, i.e., φ̂(0) = 0 (100% uncertainty (error) with respect to their

actual value). This assumption is extended to all subsequent chapters of the thesis.

The initial states are chosen as x1(0) = (31◦,−22.5◦, 69.3◦)T , x2(0) = (0, 0, 0)T deg
s
, the

selection matrix is defined as S = diag(0, 0, 1), the position controller parameters are

given as k1 = diag(80, 80, 80), k2 = diag(100, 100, 100),Γ = diag(10, 10, 10), ζ = 0.8, and

the parameters of the force controller are Fd = (0, 0, 5) N, kfp = diag(1000, 1000, 1000),

kfi = diag(1, 1, 1), and kfd = diag(1000, 1000, 1000). The position and force controller

gains are tuned based on the trial and error method to maintain acceptable system

performance in tandem with a minimum number of transmissions over the network. The

actual force applied by the ultrasound probe is estimated in the simulation runs using

the equation (2.11) where Kenv = 9 × 105 N
m
. The parameters of the circular trajectory

are R = 0.1 m, ωd = 1 rad
s
, and h = c = 0.15 m.

2.5.1 Comparison Study

A comparative study between the proposed control strategy and the traditional time-

triggered adaptive control schemes, i.e., adaptive position-force control (TT-APFC) [89]

and the adaptive computed torque control (TT-ACTC) [193], is carried out in the presence

of unknown parameters. These control schemes are devoted to follow a circular trajectory

on the patient’s abdomen and apply a constant force in the vertical plane by the proposed

ultrasound robot. The effectiveness of the proposed control strategy is estimated in terms

of position and force tracking errors and the number of transmitted control signals over

the network. The root-mean-square error (RMSE) and the integral absolute error (IAE)

are calculated to analyze the performance of the control strategy and defined as follows:

RMSE =

√√√√ 1

Ne

Ne∑
k=1

e2k, IAE =

∫
|e| dt (2.54)
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Figure 2.3: Trajectory tracking with ET and time-triggered control schemes. (a) Desired and actual
trajectories. (b) Tracking error in X-direction. (c) Tracking error in Y-direction. (d) Tracking error in
Z-direction

where ek is the k-th element of error vector (e) and e: epe,x = ped,x−pe,x, is tracking error

in X-direction; epe,y = ped,y − pe,y, is tracking error in Y-direction; epe,z = ped,z − pe,z, is

tracking error in Z-direction; ef , is the force tracking error; eq, is the angular error, and

Ne denotes the number of error points. It is to be noted that a smaller RMSE and IAE

represent a better tracking performance.

Table 2.1: Comparison of ET and time-triggered schemes in joint space

Control strategy
θ1 θ2 θ3

RMSE (deg) IAE (deg) RMSE (deg) IAE (deg) RMSE (deg) IAE (deg)

TT-APFC [89] 0.3 1.7 0.28 1.5 0.28 1.7

TT-ACTC [193] 0.75 4 0.09 0.4 0.26 1.4

Proposed controller 0.2 1.3 0.03 0.18 0.1 0.57

The simulation results of the trajectory tracking for the proposed ET scheme and tra-

ditional time-triggered control schemes, i.e., TT-APFC [89] and TT-ACTC [193], are

presented in Figure 2.3 (a). Moreover, the positional tracking errors in X-, Y-, and Z-
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Figure 2.4: Joint variables with ET and time-triggered control schemes. Desired and actual joint
trajectories for (a) first joint, (b) second joint, and (c) third joint. Angular error at (d) first joint, (e)
second joint, (f) and third joint

directions are illustrated in Figure 2.3 (b, c, d). One can observe from the right side

view in Figure 2.3 (a) that the proposed control scheme causes the faster convergence of

the ultrasound robot to the desired trajectory with a better steady-state tracking per-

formance than TT-APFC and TT-ACTC. Moreover, the positional tracking errors are

still smaller and acceptable for the proposed ET control strategy compared to TT-APFC

and TT-ACTC schemes. Therefore, with the implementation of the proposed approach,

the parametric uncertainties cannot affect the performance of the ultrasound robot. The

RMSE values in the X-direction are 0.8 mm, 1.81 mm, and 1.93 mm for the proposed

control strategy, TT-APFC, and TT-ACTC, respectively. In the Y-direction, the RMSE

of position tracking error is equal to 0.5 mm for the proposed scheme and 0.83 mm, 1.67

mm for TT-APFC and TT-ACTC, respectively. Furthermore, the Z-direction position

error converges to zero because there is no motion of the ultrasound probe in this direc-

tion. Regarding the IAE, the event-triggered control scheme scores smaller values in the

X- and Y-directions (4 mm, 3.2 mm) as compared with TT-APFC (9.6 mm, 3.9 mm)

and TT-ACTC (11.2 mm, 9.7 mm).

Figure 2.4 (a, b, c) illustrates the tracking of the joint space’s desired trajectories. These

trajectories are calculated based on the inverse kinematic equations. Figure 2.4 (d, e, f)
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Figure 2.5: Tracking of the static force with ET and time-triggered control schemes. (a) Desired and
actual force trajectories in Z-direction. (b) Force tracking error in Z-direction

represents the angular tracking error for the first, second, and third joints, respectively.

Table 2.1 shows the RMSE and IAE at first, second, and third joints for the proposed

control, TT-APFC, and TT-ACTC schemes. From Figure 2.4 and Table 2.1, it can be seen

that the proposed ET control scheme still guarantees an accurate tracking performance

during the scan process. Moreover, a smaller deviation from the desired trajectory is

achieved compared with the traditional time-triggered control schemes.

Figure 2.5 (a) represents the tracking of a desired static force during the ultrasound

scanning. The applied force by the ultrasound probe on the patient’s abdomen should be

within the range of 3 N-5.5 N. This range is defined to obtain clear sonograms without

hurting the patient [86]. The force tracking error is depicted in Figure 2.5 (b). It can be

observed that the proposed ET control strategy still provides a superior tracking accuracy

with a smaller error deviation as compared with TT-APFC and TT-ACTC. The RMSE is

equal to 0.21 N, 0.54 N, and 0.8 N for the proposed scheme, TT-APFC, and TT-ACTC,

respectively. On the other hand, the designed controller scores a smaller IAE, i.e., 0.54

N compared to 1.43 N, 1.9 N for TT-APFC and ACTC, respectively.

The control inputs are dedicated to drive the joint actuators of the ultrasound robot

through the predefined trajectory. Figure 2.6 (a, b, c) represents the control inputs at

the first, second, and third joints, respectively. In the time-triggered implementation, the

controller inputs are updated continuously and transmitted over the network. However,

with the ET mechanism, the controller inputs are updated after a time gap, as shown

in the zoomed area in Figure 2.6 (a). This aperiodic update reduces the number of re-

quired transmissions over the network. Moreover, it keeps the desired trajectory tracking
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Figure 2.6: Controller inputs with ET and time-triggered control implementation at (a) first joint, (b)
second joint, and (c) third joint

accuracy within desirable limits without losing contact with the patient’s body.

To further investigate the efficiency of the proposed event-triggered scheme in terms of

resource utilization, the designed Lyapunov-based triggering condition is compared with

the most utilized triggering rules in the literature, i.e., fixed [145,194] and relative thresh-

olds [145], which are defined in equations (1.1) and (1.2), respectively. This comparison

is conducted based on the trajectory tracking errors, channel usage, and the number of

transmissions over the network. For the sake of fair comparison, similar parameters for

position and force controllers are utilized during the simulations of the fixed and relative

thresholds. Moreover, the thresholds design parameters are selected to maintain an ac-

ceptable tracking performance with the lowest number of transmissions over the network.

The channel usage can be calculated using the following equation:

CS = 100×N × t

dt
(2.55)

where t is the total simulation time, dt is the sampling time, and N indicates the number

of events.

In Figure 2.7, the trajectory tracking of the circular trajectory and the positional tracking

errors are illustrated. Moreover, the time-instants where the triggering condition gets
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Table 2.2: Comparison of proposed ET condition, fixed threshold, relative threshold, and time-triggered
schemes

Time triggered
Fixed threshold Relative threshold Proposed scheme

APFC [89] ACTC [193] [145,194] [145]

Number of transmissions 628 628 306 522 170

Channel usage (CS) 100% 100% 48.7% 83% 27%

Maximum of inter-event time 0.01 0.01 0.09 0.04 0.15

IAE in X-direction (mm) 9.6 11.2 3.93 3.93 4

IAE in Y-direction (mm) 3.9 9.7 3.13 3.14 3.2

violated are depicted in Figure 2.8. It is worth mentioning that the control inputs are

updated and transmitted over the network just at these instants. It can also be noted

from Figure 2.7 that almost similar tracking performance is achieved for the proposed

scheme, fixed threshold, and relative threshold. However, it is evident from Figure 2.8

that, under the developed ET scheme, a more significant saving of channel resources is

achieved in terms of the number of transmissions. This resource-saving is accompanied

with an acceptable tracking performance as compared with fixed and relative thresholds.

It can be observed from Table 2.2 that 73% of network-resources are saved under the

proposed ET mechanism. However, the fixed and relative threshold strategies result in

51.3% and 17% savings in the resources. Moreover, there is no considerable increase

in the positional tracking error as compared with the fixed and relative thresholds. The

performance of the proposed scheme is still superior to the time-triggered control schemes

presented in [89] and [193].

2.5.2 Validation on SCORBOT-ER VPlus in V-REP

To further validate the performance of the proposed control scheme, a SCORBOT-ER

VPlus robotic arm is utilized to conduct the transversal scan of the patient’s abdomen

in a more realistic platform, i.e., V-REP robot simulator [195]. This virtual platform

presents a more realistic simulation environment with a user-friendly interface and var-

ious functions that can be integrated through different embedded scripts and a detailed

application interface (API). Moreover, it provides an effective solution to economize the

cost and time and examine the performance of different control schemes in various appli-

cations before the implementation on real robotic systems. The model of the manipulator

is designed in SolidWorks software and imported to V-REP through URDF Plugin. The

SCORBOT-ER VPlus is equipped with an ultrasound probe and force sensor to simu-

late the desired ultrasound scanning task more realistically, as illustrated in Figure 2.10.

The proposed ET control scheme is developed in MATLAB software and linked with the
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V-REP environment using the Remote API feature. This control scheme is devoted to

control SCORBOT-ER VPlus through the circular trajectory on the abdomen of patient

while maintaining a constant force in the Z-direction.

US probe

Exam table

Exam table

US probe

Exam table
SCORBOT

Figure 2.9: V-REP setup for ultrasound robot

(b)(b)(a) (c)(b)

Figure 2.10: Validation results of SCORBOT-ER VPlus during the scan process of circular trajectory.
(a) Initial position of ultrasound probe. (b) Ultrasound robot in the middle of scan task. (c) Final
position of ultrasound probe

The initial state of the robot is chosen to have no contact between the ultrasound probe

and the patient’s abdomen, as shown in Figure 2.10 (a). The tracking of the desired

circular trajectory and the positional errors are depicted in Figure 2.10 and Figure 2.11

(a, b, c). Further, force tracking and force errors are shown in Figure 2.11 (d, e). It

can be noted from Figure 2.10 that the SCORBOT-ER VPlus successfully finishes the

scan process under the proposed control scheme. Moreover, the circular trajectory is

precisely tracked with a small positional tracking error, as illustrated in Figure 2.11 (a,

46

TH-3046_186103022



2.5 Results and Discussions

0.0 0.1 0.2 0.3
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.0 1.5 3.0 4.5 6.0
-0.040

-0.020

0.000

0.020

0.040

0.0 1.5 3.0 4.5 6.0
0

3

6

9

12

0.0 1.5 3.0 4.5 6.0
-6

-4

-2

0

2

4

6

0.0 1.5 3.0 4.5 6.0
0.240

0.260

0.280

0.300

 Desired   Proposed control  

p e,y
 (m

)

pe,x (m)

(a)

 X-direction   Y-direction 

e p e,x
(m

), 
e p e,y

(m
)

Time (s)

(c)
F in

t (N
)

(d)

Time (s)

(e)

Time (s)

e f (N
)

p e,z
 (m

)
Time (s)

(b)

Figure 2.11: Position and force trajectory tracking with proposed ET control scheme during V-REP
validation. (a) Desired and actual position trajectories on the x-y plane. (b) Actual position trajectory
in the Z-direction. (c) Tracking errors in X-, Y-directions. (d) Desired and actual force trajectories in
Z-direction. (e) Force tracking error in Z-direction

0.0 1.5 3.0 4.5 6.0

Tr
ig

ge
rin

g 
Ev

en
ts

Time (s)

  Time-triggered  Proposed controller

Figure 2.12: Triggering events during V-REP validation

c). Since the human abdomen surface is not flat and even, the trajectory tracking in the

Z-direction is also presented in Figure 11 (b). On the other hand, a constant contact

force during the scan process is successfully maintained, as presented in Figure 2.11 (d).

The triggering events are shown in Figure 2.12. It can be observed that a significant

saving of the network resources (about 80%) is obtained under the proposed ET scheme

during the scan process compared to the TT implementation.
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2.6 Summary

In this chapter, an event-triggered adaptive hybrid position-force control strategy is de-

veloped. This strategy is utilized to control an uncertain ultrasound robotic manipulator

over a network during the scanning process of the patient’s abdomen. The unknown

parameters are estimated based on an adaptive backstepping approach. Moreover, the

tracking of a static contact force is also ensured to obtain clear sonograms. On the

other hand, the Lyapunov stability approach is employed to develop the triggering rule

and ensure the stability of the closed-loop system. A comparison study with several

controllers and event-triggered schemes from literature is conducted. The simulation re-

sults show that the proposed control scheme is superior and more applicable in position

and force tracking accuracy. Moreover, the transmission of the control inputs over the

network is reduced by 80% under the proposed triggering mechanism. Additional vali-

dation of the proposed scheme on the SCORBOT-ER 5Plus in the V-REP environment

has been presented. Although precise position and force tracking is achieved using the

hybrid position-force controller, some applications, such as robot-assisted rehabilitation

exercises, require the robot to provide compliance without strictly regulating the contact

forces to desired values. Therefore, in the next chapter, the event-triggered adaptive

admittance control is presented to incorporate the robot-subject interaction and consider

the active participation of the subject during the therapeutic exercises.
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3. Event-Triggered Adaptive Admittance Control for Upper-Limb Robot-Assisted
Passive and Active Rehabilitation Exercises

3.1 Introduction

In upper-limb robot-assisted rehabilitation exercises, the active participation of the sub-

ject should be considered without the requirement of direct regulation of subject-robot

interaction forces. Moreover, compensating for parametric uncertainties and alleviating

the bandwidth utilization in the network-based applications of end-effector type reha-

bilitation robot (EERR) is of great importance. Therefore, this chapter aims to design

an event-triggered adaptive backstepping admittance controller (ETABAC) to tackle the

parametric uncertainties and limited communication problems for the EERR during the

patient-robot interaction in a unified framework. An adaptive backstepping position con-

troller is designed to provide accurate rehabilitation exercises and maintain robustness

against the parametric uncertainties associated with the EERR. Moreover, the admit-

tance control strategy is integrated to deal with the reflex-based interaction forces and

provide a compliant behavior to the patient during the therapeutic exercises. A dynamic

event-triggered mechanism is designed based on the Lyapunov analysis to deal with the

limited communication challenge, provide aperiodic control updates, and maintain the

system stability. The passive and active-assist therapeutic exercises are carried out to

investigate the effectiveness of the designed control strategy in providing a proper re-

habilitation performance. Moreover, a comparison analysis is conducted with various

time-triggered approaches to emphasize the proposed controller’s ability to handle the

uncertainties, limited communication, and interaction forces challenges.

This chapter is organized as follows. Section 3.2 presents the framework of the robot-

assisted rehabilitation exercises. The dynamic of the rehabilitation robot is brought into

Section 3.3. Section 3.4 elaborates on the design of the outer and inner control modules.

Section 3.5 illustrates the simulation results and the comparative study. Finally, the

conclusions of this chapter is highlighted in Section 3.6.

3.2 Framework of Robot-Assisted Rehabilitation Ex-

ercises

The robot-assisted rehabilitation system consists of three main components: the physio-

therapist, the end-effector type rehabilitation robot (EERR), and the host control unit,

as illustrated in Figure 3.1. The physiotherapist conducts an extensive assessment of the

patient condition to decide the efficient therapeutic plan, type of rehabilitation exercise,

and the desired training trajectory to be followed by the patient limb during the therapeu-

tic session. The patient should be sitting on the exam chair in front of the rehabilitation
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Figure 3.1: Framework of robot-assisted rehabilitation exercises

robot. The upper limb of the patient should be appended to the forearm support using

the two arm splints. The host control unit processes the data provided by the therapist

using the integrated control strategy to generate the required control signals for actuat-

ing the rehabilitation robot. Based on these commands, the EERR guides the impaired

limb of the patient throughout the training trajectory to achieve a proper rehabilitation

exercise and maintain a compliant patient-robot interaction. The measured position and

interaction forces at the end-effector level are fed back to the host control unit through

the on-board controller. This information is processed again, enabling the therapist to

evaluate the progress of the rehabilitation process. The upper-limb rehabilitation proto-

col consists of two main therapeutic modes based on the patient’s degree of participation,

i.e., passive and active modes. The passive mode is performed at the early stage after

stroke to reduce the muscle tone and increase the range of movement for the upper arm.

Moreover, it includes no voluntary motion of the patient’s limb throughout the exercise.

However, a sudden muscle reflex in the impaired limb may occur at this rehabilitation

stage. In the active mode, the patient restores the muscle strength partially and can

be engaged in the therapeutic exercise. This therapy can be divided into active-assist

therapy and active-resist therapy. Moreover, it is performed at the recovery stage after

stroke. In active-assist therapy, the force applied by the patient (muscle strength) is not

sufficient to follow the desired training trajectory. Therefore, the rehabilitation robot

assists the patient to complete the therapeutic exercise successfully. However, the reha-

bilitation robot applies a resistive force in the opposite direction of limb motion during

the resistive therapy.

The EERR utilized in this work is a serial manipulator equipped with a customized end-

effector (forearm support) to handle the upper limb of the patient as shown in Figure 3.2.

This manipulator consists of five revolute joints with a stationary base. The ranges of the

manipulator’s joints can cover the range of motion (ROM) of the human arm in the daily

living activities (ADLs). Therefore, the flexion/extension and internal/external rotation
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Figure 3.2: End-effector type rehabilitation robot with dummy subject

movements for the shoulder and elbow joints can be achieved. It should be noted that

the right and the left arm of the patient can be trained using the EERR by changing

the arm appended to the forearm support. A force sensor is placed at the wrist of the

rehabilitation robot. This sensor is utilized to measure the interaction force between the

patient’s upper limb and the EERR. An eight-shape trajectory is generated to perform

the passive and active-assist rehabilitation exercises for the patient’s upper limb.

In the studied framework, the control inputs are calculated at the remote host control

unit and transmitted to the EERR over a limited-bandwidth network channel. This

necessitates an efficient utilization of the resources in tandem with accurate execution of

the desired training exercises. Therefore, an event-triggered mechanism is placed at the

controller-to-robot channel to avoid the periodic update of the control signals, reduce the

communication burden, and maintain the stability of the rehabilitation robot. In place

of continuous update of the control signals at each sampling time, the motors receive

the actuation signals in an aperiodic manner with the said mechanism. In other words,

the last control signals are held constant until a predefined condition gets violated. At

this moment, the new actuation signal is generated and transmitted to the rehabilitation

robot. The triggering instants can be defined as follows:

τ̄R(t) = τR(tj),∀ t ∈ [tj, tj+1)

tj+1 = inf {t|t > tj, Tcon(em, z1, z2) > 0}
(3.1)

where τR is the control signal to be designed using backstepping approach, τ̄R is the

event-triggered generated control signal, em = τR − τ̄R is the measurement error, and

52

TH-3046_186103022



3.3 Dynamic Model of Rehabilitation Robot

Tcon(em, z1, z2) the dynamic triggering condition to be designed based on Lyapunov anal-

ysis in the subsequent sections.

3.3 Dynamic Model of Rehabilitation Robot

The EERR consists of n degrees of freedom with a stationary base. The combined

dynamics of the EERR with the patient-robot interaction can be expressed in the joint-

space using the Lagrangian approach as follows:

MR(q)q̈ + CR(q̇, q)q̇ +GR(q) = τ̄R − τint; τint = JT (q)Fint (3.2)

where q, q̇, q̈ ∈ Rn symbolize the joint position, velocity, and acceleration, respectively.

M(q) ∈ Rn×n denotes the inertia matrix, C(q̇, q) ∈ Rn×n is the matrix of Coriolis and

centrifugal effects, G(q) ∈ Rn represents the gravitational torques, τ̄R ∈ Rn stands for the

vector of ET control torques, and τint ∈ Rn is the vector of interaction torque between

the environment and robot. The joint space dynamical representation of EERR (3.2) can

be transformed into the Cartesian task space as follows [84]:

The first and second derivatives of the kinematics equation (2.9) can be written as:

ẋe = J(q)q̇ (3.3)

ẍe = J(q)q̈ + J̇(q)q̇ (3.4)

where ẋe and ẍe are the velocity and acceleration at the end-effector of the robotic ma-

nipulator. Therefore, the joint space velocity and acceleration are formulated as follows:

q̇ = J−1ẋe (3.5)

q̈ = J−1ẍe − J−1J̇J−1ẋe (3.6)

These equations relate the joint space velocity and accelerations to the their counterparts

at the task space. Substituting for q̇ and q̈ in (3.2) and multiply both side of the equation

by J−T , the dynamics of EERR in the task space can be expressed as follows:

MRx(xe)ẍe + CRx(ẋe, xe)ẋe +GRx(xe) = F̄R − Fint (3.7)

where xe is the position of the end-effector of the rehabilitation robot in the Cartesian

coordinate, MRx = J−TMRJ
−1, CRx = J−T (CR −MRJ

−1J̇)J−1 , GRx = J−TGR, and

F̄R = J−T τ̄R.

The properties of the robotic manipulator dynamics in the joint space can be extended

to the task space as below [84]:
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Property 4 The matrix MRx is symmetric and positive definite and satisfies the follow-

ing condition:

v3∥β∥2 ≤ βTMRx(xe)β ≤ v4∥β∥2 ∀β ∈ Rn (3.8)

Property 5 The matrix MRx − 2CRx is skew-symmetric, i.e., for any arbitrary vector

β ∈ Rn satisfies:

βT
(
ṀRx(xe)− 2CRx(ẋe, xe)

)
β = 0 (3.9)

Property 6 For arbitrary known vector µ, the task space dynamics equations can be

linearly parameterized as follows:

MRx(xe)µ̇+ CRx(ẋe, xe)µ+GRx(xe) = Πxφx (3.10)

where Πx ∈ Rn×p is the regression matrix of known functions and φx ∈ Rp is the vector

of unknown parameters.

3.4 Control Architecture

The architecture of the designed controller comprises two modules (i.e., outer and inner

control modules), as depicted in Figure 3.3. The outer module is utilized to maintain a

compliant interaction between EERR and the patient’s upper limb during the therapeu-

tic exercises. This compliant behavior is achieved by adopting the admittance control

strategy in the outer loop. On the other hand, the inner module is dedicated to obtain

accurate and repetitive guidance of the impaired upper limb throughout the reference

trajectory in the presence of dynamic uncertainties and limited resources. This is real-

ized via the event-triggered adaptive backstepping control scheme. The detailed design

of the outer and inner control modules is carried out in the following subsections.

3.4.1 Outer Control Module

At the early stage of stroke, the sudden involuntary movement of the upper limb may

occur during the passive therapeutic exercises due to neurological disorders and muscle

reflex. This involuntary movement exerts sudden interaction forces at the end-effector

of the rehabilitation robot. These forces, if not considered, may harm the patient and

cause a serious injury to the upper limb. On the other hand, the impaired limb of the

patient restores the motor function partially without the ability to reach the full range of

motion (ROM) after extensive passive rehabilitation exercises. This voluntary movement

(active participation) should be considered in the controller design process. Therefore, an
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Figure 3.3: Block diagram of the proposed control scheme

admittance relationship is imposed between the EERR and the upper limb of the patient

to attain a compliant interaction behavior, safety, and comfort throughout rehabilitation

sessions. This admittance controller regenerates the desired trajectory based on the

measured interaction forces, eliminating excessive forces between the EERR and the

patient upper limb and maintaining the flexibility of the EERR during the therapeutic

exercises. The description of the admittance control strategy can be defined as follows.

Mad∆ẍ+Cad∆ẋ+Kad∆x = Fint

∆x = xed − xer
(3.11)

where xed is the desired training trajectory defined by the therapist to mimic a certain

therapeutic exercise, xer is the output of the admittance relationship and denotes the ref-

erence training trajectory generated in response to the interaction forces, Mad, Cad, and

Kad are the symmetric positive definite admittance matrices. This matrices should be ad-

justed to achieve the desired compliance behavior. The desired training trajectory should

be followed by the end-effector of the rehabilitation robot in the absence of interaction

forces (if Fint = 0 then xer = xed). Otherwise, the reference trajectory xer is generated by

the integration of the admittance equation (3.11). This reference trajectory is the input
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to the inner control module in which an accurate position controller is designed in the

following subsection.

3.4.2 Inner Control Module

To achieve efficient therapeutic rehabilitation, maintain accurate tracking of the reference

training trajectory, and overcome the challenges of parametric uncertainties and limited

resources, the design of an adaptive backstepping position controller is carried out in

this subsection. In addition, the Lyapunov-based triggering condition is proposed here

to reduce the number of transmissions over the network channel and attain the stability

of the EERR. In other words, the adaptive backstepping approach is applied to guar-

antee that the actual training trajectories xe follow the admittance generated reference

trajectories xer and to ensure the boundedness of the closed-loop system in the presence

of uncertainties and limited communication. The dynamic model of the EERR (3.7) can

be reformulated in the state space as follows.

ẋ1 = x2

ẋ2 =M−1
Rx

(xe)(F̄R − CRx(ẋe, xe)ẋe −GRx(xe)− Fint)
(3.12)

where X = (x1, x2)
T = (xe, ẋe)

T represents the state vector. The error variables for the

EERR conducting the rehabilitation exercise are defined as follows.

z1 = xe − xer = x1 − xer (3.13)

z2 = ẋe − α = x2 − α (3.14)

where α symbolizes the virtual controller.

Step 1: At this step, the virtual controller α is designed to stabilize the first error

variable. The first Lyapunov function candidate is selected as.

V1 =
1

2
zT1 z1 (3.15)

Then, the time derivative of equation (3.15) becomes.

V̇1 = zT1 ż1 = zT1 (z2 + α− ẋer) (3.16)

If the virtual controller is designed as

α = −k1z1 + ẋer (3.17)

where k1 is a positive diagonal gain matrix, then the derivative of the Lyapunov function

56

TH-3046_186103022



3.4 Control Architecture

becomes

V̇1 = −zT1 k1z1 + zT1 z2 (3.18)

The negative definiteness of V̇1 and the convergence of z1 to a small neighborhood of zero

is guaranteed if the second error variable is equal to zero. Therefore, the stabilization of

z2 is carried out in the subsequent step.

Step 2: At this step, the Lyapunov function candidate can be selected using Property

4 as follows.

V2 = V1 +
1

2
zT2 MRx(xe)z2 (3.19)

The derivative of the previous equation (3.19) is written as

V̇2 = V̇1 + zT2 MRx(xe)ż2 +
1

2
zT2
d
(
MRx(xe)

)
dt

z2 (3.20)

By exploiting Property 5 and equation (3.14), the Lyapunov function derivative can be

rewritten as follows:

V̇2 = V̇1 + zT2
(
MRx(xe)ż2 + CRx(ẋe, xe)z2

)
= V̇1 + zT2

(
−MRx(xe)α̇− CRx(ẋe, xe)α−GRx(xe) + F̄R − Fint

) (3.21)

Mapping the dynamic matrices to the joint space using (3.7), one can obtain the following.

V̇2 =V̇1 + zT2
(
− J−T

(
MR

(
J−1α̇− J−1J̇J−1α

)
+ CRJ

−1α +GR − τ̄R + JTFint

))
(3.22)

Using Property 6 and exploiting the definition of measurement error i.e., em = τR − τ̄R,

the previous equation is re-formulated as follows:

V̇2 = V̇1 + zT2 J
−T

(
− Πφ+ τR − em − JTFint

)
(3.23)

Due to the presence of uncertainties in the dynamical parameters of the rehabilitation

robot, the design of adaptation law is required to estimate the unknown parameters φ.

Therefore, the Lyapunov candidate in equation (3.19) should be modified to include the

estimation errors and complete the stability proof as follows.

V2 = V1 +
1

2
zT2 MRx(xe)z2 +

1

2
φ̃TΓ−1φ̃ (3.24)

where φ̃ = φ− φ̂, φ̂ is the estimation of the unknown parameters φ, and Γ is a positive

definite matrix. The derivative of the modified Lyapunov function (3.24) can be written

as

V̇2 =V̇1 + zT2 J
−T

(
− Πφ+ τR − em − JTFint

)
− φ̃TΓ−1 ˙̂φ (3.25)
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The term zT2 J
−TΠφ̂ is added and subtracted to the right side of (3.25)

V̇2 = V̇1 − zT2 J
−TΠφ̃− zT2 J

−TΠφ̂+ zT2 J
−T

(
τR − em − JT (q)Fint

)
− φ̃TΓ−1 ˙̂φ (3.26)

By taking the transpose of the second term at the right side of equation (3.26), one can

obtain:

V̇2 =V̇1 − φ̃T
(
ΠTJ−1z2 + Γ−1 ˙̂φ

)
− zT2 J

−TΠφ̂+ zT2 J
−T

(
τR − em − JT (q)Fint

)
(3.27)

The control and adaptation laws can be designed as

τR = Πφ̂+ JT (q)
(
− z1 − k2z2 + Fint

)
(3.28)

˙̂φ = −ΓΠTJ−1z2 (3.29)

where k2 is the positive definite diagonal gain matrix. Therefore, the derivative of Lya-

punov function becomes

V̇2 = −zT1 k1z1 − zT2 k2z2 − zT2 J
−T em (3.30)

The triggering condition is designed in the following based on the measurement error em

that appears in the last term of the previous equation (3.30). This condition determines

the transmission instants of a new control signal over the network to ensure the stabil-

ity of the system and maintain the negative semi-definiteness of the Lyapunov function

derivative. By exploiting Young’s inequality in equation (3.30).

V̇2 ≤ −zT1 k1z1 − zT2 k2z2 + ∥zT2 J−T∥∥em∥

≤ −(1− ζ)
(
zT1 k1z1 + zT2 k2z2

)
− ζ

(
zT1 k1z1 + zT2 k2z2

)
+

∥zT2 J−T∥2

2
+

∥em∥2

2

(3.31)

In the previous equation (3.31), if 0 < ζ < 1 and the following inequality remains true

∥zT2 J−T∥2

2
+

∥em∥2

2
≤ ζ

(
zT1 k1z1 + zT2 k2z2

)
(3.32)

Then, the negative semi-definiteness of Lyapunov function derivative is guaranteed, and

the triggering function in equation (3.1) can be defined as follows:

Tcon(em, z1, z2) =∥em∥2 + ∥zT2 J−T∥2 − 2ζ
(
zT1 k1z1 + zT2 k2z2

)
(3.33)

It should be emphasized that the control input signal is updated and transmitted over the

network in case this triggering function is greater than zero. Other than that, the EERR

is driven by the last received control signal. This maintains the negative semi-definiteness

of the Lyapunov function derivative and causes a significant reduction in the number of
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transmissions over the network.

Proposition 2. The end-effector type rehabilitation robot actuated by the designed con-
troller (3.28) with the adaptation law (3.29), the admittance scheme (3.11), and under
the proposed event-triggered mechanism (3.33) is stable in the sense of Lyapunov and all
the closed-loop signals are guaranteed to be bounded. The proper choice of the controller
parameters provides a compliant behavior during the therapeutic exercises and ensures
the convergence of tracking errors to a small neighborhood near zero. Moreover, the Zeno
behavior is avoided under the designed event-triggered control strategy.

Proof. The triggering condition (3.33) is designed to render the derivative of Lyapunov
function negative semi-definite. This derivative can be written as follows:

V̇2 ≤ −ΘV2 + Ω (3.34)

where Θ = min

{
2λmin(k1),

2λmin(k2)− ∥J−T ∥2
ζ

λmax

(
MRx (xe)

) }
, Ω = ζ∥em∥2

2
, and λmin(·), λmax(·) are the

minimum and maximum eigenvalues of (·), respectively. Therefore, similar to the analysis
in Proposition 1, the convergence of tracking errors to the following sets can be ensured:

∥z1∥ ≤
√
2V̄ , ∥z2∥ ≤

√
2V̄

λmax

(
MRx

) (3.35)

where V̄ = max

{
V2(0),

Ω
Θ

}
. This emphasizes that all the closed-loop signals are ul-

timately bounded and the stability of the EERR can be ensured under the proposed
event-triggered control scheme. Moreover, the proof of avoiding the Zeno behavior pre-
sented in Proposition 1 is still valid and can be directly applied in the case of adaptive
admittance control of EERR.

3.5 Results and Discussions

In this section, the effectiveness of the proposed control scheme is analyzed for three

different cases of rehabilitation modes, i.e., passive with sudden reflex, active-assist with

high admittance parameters, and active-assist with low admittance parameters. These

variations in the admittance parameters are utilized to examine their effects on the degree

of flexibility provided to the patient. A human dummy with age, weight, and height of

23 years, 60 kg, and 173 cm is assumed in the human-robot collaboration to mimic the

experimental effect in the simulation environment. The description of the dynamical ma-

trices for the rehabilitation robot presented in the framework section and utilized during

the simulation runs is given in Appendix A.1. These dynamical matrices and the physical

parameters are similar to the SCORBOT-ER VPlus robotic manipulator. An eight shape
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Table 3.1: Comparative performance analysis of the proposed control over the contrast controllers
during the passive rehabilitation with sudden reflex

Controller
Tracking error in X-direction Tracking error in Y-direction

Number of transmissions
RMSE (mm) PI (%) RMSE (mm) PI (%)

PID 1.687 87.72 2.944 93.44 3143

ASMC 1.023 79.76 1.908 89.88 3143

Proposed Controller 0.207 - 0.193 - 607

trajectory is considered as the desired trajectory to be followed by the subject in the hor-

izontal plane i.e., xed(t) = [ped,x, ped,y]
T = [0.1 + 0.05 sin (ωdt) cos (ωdt)

1+sin2 (ωdt)
, 0.1 + 0.05 sin (ωdt)

1+sin2 (ωdt)
]T . The

upper limb movement involved in the proposed exercise includes the shoulder horizon-

tal flexion/extension, shoulder internal/external rotation, and elbow flexion/extension.

The range of motion covered during the exercise can be tentatively expected to be 20◦,

25◦, 34◦ for each movement, respectively. The duration of each rehabilitation exercise

is set to be 12.57 s with 0.004 s as sampling time and ωd = 1 rad
s
. This trajectory is

visualized as sinusoidal and cosine trajectory in X- and Y-directions with the following

initial position [pe,x(0) = 0.1 m, pe,y(0) = 0.15 m]T and velocity equals to zero. It has

been noticed that there is no need to run all the motors simultaneously to perform the

designed rehabilitation exercises throughout the defined trajectory. Therefore, the actu-

ation signals are restricted upon the first three joints of the robot. For each case, the

performance of the proposed controller is further compared with two contrast control

techniques, i.e., proportional-integral-derivative (PID) [97] and adaptive sliding mode

control (ASMC) [196]. The parameters for the proposed control scheme are selected as:

k1 = diag(50, 50, 50), k2 = diag(100, 100, 100), ζ = 0.95, and Γ = diag(0.01, 0.01, 0.01).

The control law and the selected gain parameters for the contrast controllers are given

in Appendix A.2. The simulation results for above-mentioned cases are discussed using

two different performance metrics as root-mean-squared error (RMSE) and performance

index (PI), defined as follows:

RMSE =

√√√√ 1

Ne

Ne∑
k=1

e2k, P I =
RMSETT−cont −RMSEET−proposed

RMSETT−cont

× 100% (3.36)

where e: epe,x = per,x − pe,x, is the error in X-direction; epe,y = per,y − pe,y is the error in

Y-direction, and cont denotes the contrast controller i.e., PID or ASMC.
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Figure 3.4: Interaction forces during different therapeutic exercises. (a) Applied sudden reflex during
passive rehabilitation. (b) Applied forces during active-assist rehabilitation

3.5.1 Case 1: Passive Training Mode with Sudden Reflex

In this case, the subject’s arm is passively guided by the EERR, assuming that the sub-

ject does not exert any force from his\her side. This kind of therapy is beneficial in the

early stages of the stroke, where muscle strength is minimal. However, sometimes, EERR

experiences sudden reflexes due to convulsive movement from residual motor strength.

Invoking the admittance-position model, the robot can be marginally flexible to compen-

sate for the sudden force and then take a quick comeback to track the reference trajec-

tory. Therefore, a reasonably high admittance parameters for the EERR are selected:

Mad = diag(0.5, 0.5, 0.5), Cad = diag(100, 100, 100), and Kad = diag(1750, 1750, 1750).

The same values are selected for the contrast controllers to maintain a fair compari-

son analysis. The sudden reflex is modeled as a pulse function that appears at certain

time intervals in the X-direction as shown in Figure 3.4(a) and defined in the following

equation:

Fint,x(t) =

{
Aint, if tsint ≤ t ≤ teint
0, otherwise

(3.37)

where Aint = 10 N is the amplitude of the modeled reflex and tsint = 2.5 s, teint = 3.5 s

represent the starting and ending time intervals for the sudden forces, respectively.

After applying the proposed control scheme, the reference (per,x, per,y) and actual tra-
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Figure 3.5: Reference and actual trajectories in X- and Y-directions during passive rehabilitation with
sudden reflex for different control schemes. Top: PID controller. Middle: ASMC controller. Bottom:
proposed controller.
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Figure 3.6: Eight shape trajectory tracking during passive rehabilitation with sudden reflex for different
control schemes. (a) Trajectory tracking in x-y plane. (b) Position error in X-direction. (c) Position
error in Y-direction
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Figure 3.7: Controller inputs during passive rehabilitation with sudden reflex for different control
schemes at: (a) First joint. (b) Second joint. (c) Third joint
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Figure 3.8: Simulation results of (a) triggering instants, (b) channel usage, and (c) inter-event time
during passive rehabilitation with sudden reflex for different control schemes
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jectories (pe,x, pe,y) for the contrast and proposed control schemes are shown in Figure

3.5. The tracking results for PID, ASMC, proposed control in X- and Y-directions are

shown in Figures 3.5(a)-(f). In these figures, the vertical black lines correspond to the

moment of the sudden reflex appearance. Figures 3.6(a), 3.6(b), and 3.6(c) present the

trajectory tracking in x-y plane, tracking error in X-direction, and tracking error in Y-

direction, respectively. Referring to the results in X-direction, it can be observed that

the implementation of the outer admittance control module allows the robot to devi-

ate a little from the desired trajectory at the expense of sudden force for the three

different controllers. However, as the exertion of sudden force gets over, the proposed

control allows rapid convergence of the actual trajectory to the desired one compared to

contrast control schemes. Before and after the application region of sudden force, the

inner position control module plays an important role in tracking the desired and refer-

ence trajectories, respectively. From Table 3.1, the RMSE values for proposed controller

(x, y : 0.207 mm, 0.193 mm) is found to be less than the PID (x, y : 1.687 mm, 2.944 mm)

and ASMC (x, y : 1.023 mm, 1.908 mm). Consequently, the PI of proposed control over

PID and ASMC in X-direction is 87.72% and 79.76%, respectively. On the other hand,

the respective values of PI in the Y-direction is 93.44% and 89.88%. Figure 3.7 presents

the actuator torques for three joints of the EERR. As observed from Figure 3.7(a)-(c),

the maximum absolute values of joint torques are observed at the last moment of sudden

force exertion, i.e., when the actual trajectory abruptly return to track the desired tra-

jectory. The maximum values of joint torques are higher in the case of PID and ASMC

over the proposed control scheme. A significant amount of chattering phenomena can

also be observed for ASMC compared to PID and the proposed controller. Moreover, the

control signals of the proposed controller are held constant during the trajectory tracking

task due to the implementation of the event-triggered mechanism, as illustrated from

the zoomed view. The triggering instant, channel usage (CS), and inter-event time are

illustrated in Figures 3.8(a) and 3.8(b), 3.8(c) respectively. It can be observed that the

designed triggering condition results in aperiodic control updates and a huge reduction

in the communication burden with 19.5% of channel usage compared with 100% usage in

the case of PID and ASMC. Moreover, a higher number of triggering instants is required

during the presence of sudden reflex, as shown in Figure 3.8(a). This increased number of

transmitted control signals is attributed to the suddenly applied interaction forces that

lead to a sudden change in the reference trajectory. This abrupt change needs more

control updates to compensate for the deviation and re-follow the generated reference

trajectory.
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Figure 3.9: Reference and actual trajectories in X- and Y-directions during active-assist rehabilitation
with high admittance parameters for different control schemes. Top: PID controller. Middle: ASMC
controller. Bottom: proposed controller.
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Figure 3.10: Eight shape trajectory tracking during active-assist rehabilitation with high admittance
parameters for different control schemes. (a) Trajectory tracking in x-y plane. (b) Position error in
X-direction. (c) Position error in Y-direction
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Figure 3.11: Controller inputs during active-assist rehabilitation with high admittance parameters for
different control schemes at: (a) First joint. (b) Second joint. (c) Third joint
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Figure 3.12: Simulation results of (a) triggering instants, (b) channel usage, and (c) inter-event time
during active-assist rehabilitation with high admittance parameters for different control schemes
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3.5.2 Case 2: Active-Assist Training Mode with High Admit-
tance Parameters

As per the active-assist mode, the subject is intended to apply a certain amount of force

from his\her side throughout the complete trajectory. In this work, real human-robot

interactive forces are obtained from the experimental study by Wu and Chen [197] and ap-

plied as the subject’s effort while tracking the eight-shape trajectory, as shown in Figure

3.4(b). These forces are a realistic presentation of the interaction between the rehabilita-

tion robot and the upper limb of the patient. They indicate that the patient is experienc-

ing difficulty maintaining consistent effort during the rehabilitation exercises. In this case,

high admittance parameters are selected similar to the Case 1. At the expense of pro-

posed control scheme, the reference (per,x, per,y) and actual trajectories (pe,x, pe,y) for the

contrast and proposed control schemes are presented in Figure 3.9. For different control

schemes, the tracking of desired trajectory in X-direction are displayed in Figures 3.9(a),

3.9(c), and 3.9(e), respectively. The respective results in Y-direction are shown in Figures

3.9(b), 3.9(d), and 3.9(f). Moreover, Figures 3.10(a), 3.10(b), and 3.10(c) demonstrates

the tracking in x-y plane, tracking error in X-direction and tracking error in Y-direction,

respectively. Due to the selected high admittance parameters, less compliance is permit-

ted at the end-effector of the rehabilitation robot. Therefore, the admittance-generated

reference trajectory slightly deviates from the desired trajectory in response to the inter-

action forces, as shown in Figure 3.10(a). On the other hand, it is evident from Figures

3.10(b), 3.10(c), and Table 3.2 that the least deviation from the reference trajectory is

noted for the proposed controller (RMSE- x, y : 0.081 mm, 0.094 mm) as compared to PID

(RMSE- x, y : 1.429 mm, 2.032 mm) and ASMC (RMSE- x, y : 0.704 mm, 1.957 mm). Fol-

lowing the RMSE values, the tracking performance of the proposed control in X-direction

is increased by 94.30% and 88.43% over PID and ASMC. On the other hand, the respec-

tive improvement in Y-direction is noted as 95.37% and 95.19% during the active-assist

mode. The joint actuator torques are shown in Figures 3.11(a)-(c). A negligible amount

of noise can be seen in the case of the proposed controller and PID scheme over the

ASMC. The triggering instants, channel usage, and related inter-event time are shown

in Figures 3.12(a), 3.12(b), and 3.12(c). The number of transmissions and channel usage

under the proposed controller are found to be 436 and 13.8%, respectively, as presented

in Figure 3.12 (a) and Table 3.2. This resource-saving is found to be higher in the case

of active-assist compared to the passive mode with sudden reflex. It can be interpreted

as due to the absence of the sudden interaction forces that lead to a sudden change in

the trajectory. Finally, from the above results, it can be concluded that the proposed

controller allows the tracking of the desired trajectory with limited subject-robot collab-
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Figure 3.13: Reference and actual trajectories in X- and Y-directions during active-assist rehabilitation
with low admittance parameters for different control schemes. Top: PID controller. Middle: ASMC
controller. Bottom: proposed controller.

oration. This training mode is beneficial for the stroke subjects who have crossed the

early stages of recovery and achieved minimal muscle strength in their limbs.

3.5.3 Case 3: Active-Assist Training Mode with Low Admit-
tance Parameters

In this case, the low admittance parameters for the EERR are considered while performing

the rehabilitation in the active-assist mode. The values for admittance parameters are se-

lected as Mad = diag(0.1, 0.1, 0.1), Cad = diag(20, 20, 20), and Kad = diag(350, 350, 350).

Similar to the Case 2, a periodic sinusoidal force is applied to mimic the continuous effort

of the subject while trying to follow the eight-shape trajectory. The results of tracking

the reference and actual trajectories (per,x, per,y) and actual trajectories (pe,x, pe,y) are

given in Figure 3.13. The respective trajectory for PID, ASMC, and proposed controller

in X-direction is shown in Figures 3.13(a), 3.13(c), and 3.13(e). In Y-direction, the re-

spective trajectory for PID, ASMC, and proposed control scheme is shown in Figures
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Figure 3.14: Eight shape trajectory tracking during active-assist rehabilitation with low admittance
parameters for different control schemes. (a) Trajectory tracking in x-y plane. (b) Position error in
X-direction. (c) Position error in Y-direction
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Figure 3.15: Controller inputs during active-assist rehabilitation with low admittance parameters for
different control schemes at: (a) First joint. (b) Second joint. (c) Third joint
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Figure 3.16: Simulation results of (a) Triggering instants, (b) channel usage, and (c) inter-event time
during active-assist rehabilitation with low admittance parameters for different control schemes

Table 3.2: Comparative performance analysis of the proposed control over the contrast controllers
during the active rehabilitation

Admittance conditions Controller
Tracking error in X-direction Tracking error in Y-direction

# Transmissions
RMSE (mm) PI (%) RMSE (mm) PI (%)

High admittance

PID 1.429 94.30 2.032 95.37 3143

ASMC 0.704 88.43 1.957 95.19 3143

Proposed Controller 0.0814 - 0.094 - 436

Low admittance

PID 1.421 93.24 3.058 96.37 3143

ASMC 0.699 86.26 2.076 94.65 3143

Proposed Controller 0.096 - 0.111 - 427
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3.6 Summary

3.13(b), 3.13(d), and 3.13(f). The trajectory tracking in the x-y plane along with the

tracking errors are depicted in Figure 3.14. It is shown in Figures 3.14(a) that the se-

lection of the low admittance parameters results in higher flexibility at the end-effector

level and leads to more deviation from the desired trajectory in response to the applied

patient forces. However, it is clear from Figures 3.14(b) and 3.14(c) that the proposed

controller can accurately follow the generated reference trajectory with faster response

and least tracking errors compared with PID and ASMC. The RMSE values for proposed

control (x, y: 0.0961 mm, 0.111 mm) are still less than the RMSE of PID control (x, y:

1.421 mm, 3.058 mm) and ASMC (x, y: 0.699 mm, 2.076 mm). The performance index

of the proposed controller in X-direction is 93.23% and 86.26% over PID and ASMC.

On the other hand, in the Y-direction, the respective improvement in the performance

is observed as 96.37% and 94.65%. The joint actuator torques for three joints of EERR

are shown in Figures 3.15(a)-(c). The demonstration of triggering instants, channel us-

age, and inter-event time is shown in Figures 3.16(a), 3.16(b) and 3.16(c). It can be

realized from Figure 3.16 and Table 3.2 that the saving in the resources and the number

of triggering instants under the low admittance parameters is almost equal to the case

of the high admittance parameter. It is worth-noted from the above plots and tracking

results that with low admittance parameters, the proposed control scheme is the most

effective one for active human participation with reasonable deviation from the reference

trajectory. This complete exercise is helpful for the stroke subjects who have already

attained a significant amount of recovery in their limbs and require minimal assistance

from the EERR.

3.6 Summary

In this chapter, the event-triggered adaptive backstepping admittance control has been

designed to follow the desired training trajectory using an end-effector type rehabilitation

robot during the passive and active-assist rehabilitation exercises. Primarily, the dynamic

model of an n-DOFs rehabilitation robot interacting with the upper limb of the patient

has been derived based on the Euler-Lagrange principle. The adaptive backstepping

approach has been employed to deal with the parametric uncertainties and achieve an

acceptable tracking performance. After that, the event-triggered mechanism has been

designed based on the negative semi-definiteness of the Lyapunov function to reduce the

number of transmissions over the network and maintain the stability of the system. The

admittance control scheme has been incorporated to realize a proper interaction between

the patient and the rehabilitation robot and allow the participation of the patient in the

therapeutic exercises. Finally, the effectiveness of the proposed control scheme has been
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evaluated based on comparative analysis with the time-triggered PID and ASM control

schemes. The proposed controller has shown a prominent tracking performance with a

significant reduction in resource utilization (about 80%) over the contrast controllers.
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4. Experimental Implementation of Event-Triggered Adaptive Control for
Upper-Limb Robot-Assisted Passive Rehabilitation Exercises

4.1 Introduction

This chapter aims to implement the designed event-triggered adaptive backstepping posi-

tion tracking controller to tackle the limited communications and hardware restriction for

uncertain electrically-driven upper limb end-effector type rehabilitation robot (EERR) in

a unified framework. This robot is employed to perform real-time passive rehabilitation

therapy to assist the subjects in amplifying the range of motion of upper limb. At first,

the dynamic model of the EERR is modified to comply with the hardware restriction of

electrically-driven rehabilitation robot and admit the direct voltage commands. An adap-

tive backstepping tracking controller is developed to cope with the unavailability of the

internal parameters of the EERR and load variations caused by different subjects while

performing the upper limb passive rehabilitation training. The adaption law is derived

to estimate the unknown parameters of the robot and motors online and compensate

for the parametric uncertainties. To deal with the limited communication, a dynamic

triggering condition is developed based on Lyapunov stability analysis. This triggering

condition provides the trade-off between resource utilization and the system performance

and excludes Zeno behavior. The effectiveness of the designed control scheme is inves-

tigated by comparing with the various traditional time-triggered control schemes while

experimentally performing passive rehabilitation training for different healthy subjects.

The chapter is organized as follows. In Section 4.2, the hardware specification of the

EERR is presented along with the dynamic modeling and problem formulation. The

development of the proposed event-triggered control strategy is presented in Section 4.3.

Section 4.4 elaborates on the comparative analysis of the proposed control strategy with

different time-triggered control schemes. This analysis is validated through an experi-

mental setup for different passive training scenarios. Finally, Section 4.5 highlights the

summary of the study.

4.2 Framework of End-Effector Type Rehabilitation

Robot (EERR)

4.2.1 Specification of EERR

The passive rehabilitation exercises for multi-joint upper extremity are performed with

the 5-DOFs manipulator, Scorbot-ER 5 Plus, manufactured by Intelitek. Scorbot-ER

5 Plus, as a tabletop robot, consists of a fixed base and five revolute joints. The first

three degrees of freedom are utilized to provide the Cartesian position of the end-effector,

while the rest two degrees of freedom are responsible for orienting the end-effector of
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3
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Figure 4.1: End-effector type rehabilitation robot with a healthy subject (1-Power supply; 2-Host
computer; 3-Motor drivers; 4-Robotic system; 5-Camera; 6-Tynor splint; 7-Subject; 8-Subject forearm)

the robot. Moreover, the ranges of the robot joints can cover the range of human arm

movements in daily life applications. During the training session, the subject has to sit

on a chair in front of the rehabilitation robot. The forearm of the subject is appended

to the customized robot’s end-effector via three Tynor splints, as shown in Figure 4.1.

These splints are used to ensure a proper connection between the robot and the subject’s

arm. The left and right arm of the subjects can be used as dominant throughout the

passive rehabilitation exercises by changing the arm appended to the forearm support.

Therefore, the impaired limb can execute the desired training exercises with the assistance

of the robotic end-effector. The dynamic parameters and the range of workspace of the

Scorbot-ER 5 Plus rehabilitation robot are presented in Appendix A.1.

On the other hand, the real-time control system is built-in Matlab/Simulink (2019b)

with the Arduino Hardware Support Package. The host computer, ASUS VivoBook,

is utilized to transform the Simulink model into executable C-type codes and calculate

the control inputs. These control inputs are transferred to the arduino board via a

wireless network established by an ESP13 WiFi shield. The Arduino Mega 2560 with

ATmega2560 microcontroller and 16 MHz crystal oscillator is used in the control system.

This board has 16 analog inputs and 54 digital input/output pins, 14 of which can be

configured as pulse width modulation (PWM) outputs. The operational voltage of the

pins is 5 V, with an external voltage supply range of 6 V-20 V. The Cartesian position

of the robot end-effector is obtained using a wired vision system (camera) connected to

the host computer. Therefore, there is no network constraints in the robot-to-controller

communication channel. The Cartesian position is mapped into the joint space using

the inverse kinematic equations. As a safety measure, an emergency shutdown button is
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Figure 4.2: Components of the real-time control system driven by MATLAB/Simulink

provided on the training table to stop any unwanted movement of the robot. The joints

of the robot are actuated using 12 V DC motors driven by L298 motor drivers. The L298

motor driver is a dual full-bridge driver that can control the direction and the speed of

two DC motors simultaneously. This module supports a DC motor with 5 V to 35 V

and a peak current of 2 A. Each motor can be driven in clockwise and anti-clockwise

directions by enabling and disabling the corresponding (IN) pins. Moreover, the speed

of motors is controlled by connecting the (ENA) and (ENB) pins to the PWM output

of the Arduino board. The block diagram of the hardware components, constructing the

control system with the experimental setup, is illustrated in Figure 4.2.

4.2.2 Dynamic Analysis of EERR

The motors of the end-effector type rehabilitation robot are driven by voltage signals as

described in Subsection 4.2.1. However, the derived dynamic model of the manipulator

in Section 2.3 of Chapter 2 admit torque commands only. Therefore, it cannot be utilized

directly to devise the control scheme and guide the motors of the rehabilitation robot. To

overcome this challenge, it is required to modify the dynamical model of the manipulator

presented in equation (2.2) to consider both the mechanical and electrical parts of motor

dynamics, allowing the voltage of the motor as an input signal.

The dynamic models of the end-effector type rehabilitation robot and the permanent

magnet DC motor can be described similar to equations (2.2) and (2.3) after replacing
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the joint position q by the joint angle θ since the joints of EERR are revolute-type (q = θ):

M(θ)θ̈ + C(θ, θ̇)θ̇ +G(θ) = τR (4.1)

Jmθ̈m +Bmθ̇m + r−1τR = τm (4.2)

where θ, θ̇, θ̈ ∈ R5 denote the vector of joint angles, angular velocity and angular accel-

eration, respectively. θ̈m and θ̇m are the angular acceleration and velocity of the motor

shaft, respectively. The angular position of the motor shaft θm is related to the joint

angle θ as defined below.

θm = rθ (4.3)

From a practical point of view, it is more convenient to consider the electrical parts of

motor dynamics and utilize the voltage of the motor as an input signal. The electric

circuit of the DC motor is represented by the following equation.

Va = Laİa +RaIa +Kbθ̇m (4.4)

where Va ∈ R5 is the input voltage signal, La and Ra ∈ R5×5 are the armature inductance

and resistance matrices, respectively, and Kb ∈ R5×5 is the back-emf constant. The

relation between the motor torque τm and the armature current Ia can be described as.

τm = KaIa (4.5)

where Ka ∈ R5×5 is the motor torque constant matrix.

By using the equations (4.1)-(4.5) and neglecting the inductance La due to its tiny value,

the DC motor dynamic equation (4.2) can be rewritten as follows.

Jmrθ̈ +Bmrθ̇ + r−1
(
M(θ)θ̈ + C(θ, θ̇)θ̇ +G(θ)

)
= KaR

−1
a Va −KaR

−1
a Kbrθ̇ (4.6)

By introducing the state vector X = (x1, x2)
T = (θ, θ̇)T , the dynamic model of the end-

effector type rehabilitation robot with the incorporation of motor dynamic can be written

in the state space as follows.

ẋ1 = x2

ẋ2 = θ̈ = −J−1
m Bmθ̇ − (r−1)2J−1

m

(
MR(θ)θ̈ + CR(θ, θ̇)θ̇+GR(θ)

)
+ r−1J−1

m KaR
−1
a Va − J−1

a KaR
−1
a Kbθ̇

(4.7)
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The above equation can be further rearranged as follows.

ẋ1 = x2

ẋ2 = θ̈ = b
(
MR(θ)θ̈ + CR(θ, θ̇)θ̇ + b−1a θ̇ +GR(θ)

)
+ cVa

= Π(θ, θ̇, θ̈)φ+ cVa

(4.8)

where a = −J−1
m Bm − J−1

m KaR
−1
a Kb, b = −(r−1)2J−1

m , c = r−1J−1
m KaR

−1
a , Π(θ, θ̇, θ̈) is a

known function of angular position, velocity, and acceleration, and φ is the vector of the

unknown dynamic parameters.

4.2.3 Problem Formulation

In this chapter, an uncertain end-effector type rehabilitation robot is considered to per-

form the real-time passive training tasks. This rehabilitation robot is controlled via a

limited bandwidth wireless network channel. The dynamic model of the rehabilitation

robot presented in equation (4.8) can be rewritten as follows.

ẋ1 = x2

ẋ2 = Π(θ, θ̇, θ̈)φ+ cV̄a
(4.9)

where V̄a is the event-triggered control input.

The inaccuracies of the system parameters due to the modeling errors and inaccessibility

of the motor parameters in addition to the payload variation during rehabilitation exer-

cises result in structured uncertainties. As such, it is difficult to obtain the exact values

of the dynamic parameters φ and c in equation (4.9). Therefore, two adaptation laws are

designed along with the backstepping control scheme to estimate the unknown dynamical

parameters of the rehabilitation robot and maintain the stability of the system during

the passive rehabilitation exercises.

To overcome the limited bandwidth restrictions, an event-triggered (ET) mechanism is

placed at the controller-to-robot channel. As a result, the rehabilitation robot is not

further driven by the actual control input Va. Instead, it is actuated by the event-triggered

control input V̄a. The triggering instants are defined as follows.

V̄a(t) = Va(tj),∀ t ∈ [tj, tj+1)

tj+1 = inf {t|t > tj, Tcon(em, z1, z2) > 0}
(4.10)

Here, Tcon(em, z1, z2) denotes the triggering condition to be designed in the subsequent

section and em is the measurement error where em = Va − V̄a.

The proposition of this chapter is to design an event-triggered adaptive tracking control
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law based on the backstepping approach for the uncertain electrically-driven end-effector

type rehabilitation robot. This controller is devoted to ensure the boundedness of the

closed-loop signals and achieve acceptable passive training with minimum transmission

over the network in the presence of parametric uncertainties and limited bandwidth.

4.3 Event-Triggered Adaptive Controller Design

In this section, an adaptive tracking position control scheme is developed based on the

backstepping approach to control the upper-limb rehabilitation robot. This scheme is em-

ployed to achieve adequate passive rehabilitation training in the presence of uncertainties.

Moreover, an event-triggered mechanism is designed to reduce the communication bur-

den, maintain desired tracking performance, and preserve the stability of the system. To

realize the control objectives, the error variables z1 and z2 are defined as follows.

z1 = θ − θd = x1 − θd (4.11)

z2 = θ̇ − α = x2 − α (4.12)

where θd is the vector of desired joint positions and α is the virtual controller to be

designed during the subsequent steps. The adaptive backstepping control law is developed

in the following steps to ensure that the vector of actual joint positions θ follows the

desired trajectories θd in the presence of uncertainties and network restrictions.

Step 1: The time derivative of the first error variable is given as.

ż1 = ẋ1 − θ̇d

= x2 − θ̇d = z2 + α− θ̇d
(4.13)

An appropriate choice of α leads to the stabilization of the previous error subsystem. One

can define the Lyapunov function candidate for the first error subsystem as V1 =
1
2
zT1 z1.

Therefore, the derivative of the Lyapunov function is given as.

V̇1 = zT1 ż1 = zT1 (z2 + α− θ̇d) (4.14)

One can select the virtual control law as

α = −k1z1 + θ̇d (4.15)

where k1 is a positive gain matrix, then the derivative of the Lyapunov function can be

written as.

V̇1 = −zT1 k1z1 + zT1 z2 (4.16)
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The first term on the right-side of equation (4.16) is stabilized, and the second term will

be addressed in the following step.

Step 2: The derivative of the second error variable z2 is described as.

ż2 = ẋ2 − α̇

= Πφ+ cV̄a − α̇
(4.17)

The second Lyapunov function candidate can be chosen as.

V2 = V1 +
1

2
zT2 z2 +

1

2
φ̃TΓ−1

1 φ̃+ trace(
1

2
c̃TΓ−1

2 c̃) (4.18)

where φ̃, c̃ are the estimation errors of the uncertainties and defined as φ̃ = φ − φ̂ and

c̃ = c− ĉ. φ̂ denotes the estimation of unknown parameters φ, and Γ1, Γ2 are arbitrary

positive constants. The derivative of the second Lyapunov candidate is obtained as.

V̇2 = V̇1 + zT2 ż2 − φ̃TΓ−1
1

˙̂φ+ trace(−c̃TΓ−1
2

˙̂c) (4.19)

By substituting (4.16) and (4.17) in the above equation, one can find the following de-

scription.

V̇2 = −zT1 k1z1 + zT1 z2 + zT2 (Πφ+ cV̄a − α̇)− φ̃TΓ−1
1

˙̂φ− trace(c̃TΓ−1
2

˙̂c) (4.20)

The following equation is obtained by adding and subtracting the terms zT2 Πφ̂ and zT2 ĉV̄a

to the right-hand side of the equation (4.20)

V̇2 = −zT1 k1z1 + zT1 z2 + zT2 (Πφ̂+ ĉVa − ĉem − α̇)

+ zT2 Πφ̃+ zT2 c̃V̄a − φ̃TΓ−1
1

˙̂φ+ trace(−c̃TΓ−1
2

˙̂c)
(4.21)

By utilizing the trace properties and taking the transpose of zT2 Πφ̃ and zT2 c̃V̄a, the above

equation can be written as.

V̇2 = −zT1 k1z1 + zT1 z2 + zT2 (Πφ̂+ ĉVa − ĉem − α̇)

+ φ̃T (ΠT z2 − Γ−1
1

˙̂φ) + trace
(
c̃T (z2V̄

T
a − Γ−1

2
˙̂c)
) (4.22)

The adaptive laws can be chosen as.

˙̂φ = Γ1Π
T z2 and ˙̂c = Γ2z2V̄

T
a (4.23)

Therefore, the derivative of the Lyapunov function becomes.

V̇2 = −zT1 k1z1 + zT1 z2 + zT2 (Πφ̂+ ĉVa − ĉem − α̇) (4.24)
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Figure 4.3: Block diagram of the proposed event-triggered control strategy

The control law can be designed as follows

Va = ĉ−1(−z1 − k2z2 − Πφ̂+ α̇) (4.25)

where k2 is a positive gain matrix. By substituting the designed control law in equation

(4.24), one can get the following formula.

V̇2 = −zT1 k1z1 − zT2 k2z2 − zT2 ĉem (4.26)

It can be observed from equation (4.26) that the last term includes the measurement

error em. This error is devoted in the following stage to obtain the triggering condition.

This triggering condition determines the updating\transmitting time of the new control

signal over the network and ensures the negative semi-definiteness of the derivative of the

Lyapunov function. Hence, the convergence of z2 to the origin and the stability of the

system can be maintained. By utilizing Young’s inequality in the equation (4.26), one

obtains the following:

V̇2 ≤ −zT1 k1z1 − zT2 k2z2 + ∥zT2 ĉ∥∥em∥

≤ −(1− ζ)(zT1 k1z1 + zT2 k2z2)− ζ(zT1 k1z1 + zT2 k2z2) +
∥zT2 ĉ∥

2

2
+

∥em∥2

2

(4.27)
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The negative semi-definiteness of the Lyapunov function derivative can be ensured if

0 < ζ < 1 and the following condition holds true.

∥zT2 ĉ∥
2

2
+

∥em∥2

2
≤ ζ(zT1 k1z1 + zT2 k2z2) (4.28)

Therefore, the triggering function defined in equation (4.10) can be formulated as follows.

Tcon(em, z1, z2) = ∥em∥2 − 2ζ(zT1 k1z1 + zT2 k2z2) + ∥zT2 ĉ∥2 (4.29)

The transmission of new control input over the network channel occurs only if the trig-

gering condition Tcon(em, z1, z2) is greater than zero. Otherwise, the rehabilitation robot

is actuated by the last transmitted control signal. This mechanism leads to a significant

reduction in the number of transmissions over the network. Furthermore, the proposed

triggering condition presented in equation (4.29) guarantees the negative semi-definiteness

of the derivative of the Lyapunov function. Therefore, by invoking the same analysis pre-

sented in Proposition 1, it can be concluded that the end-effector type rehabilitation

robot actuated by the designed controller (4.25) and the adaptive law (4.23) with the

implementation of triggering condition (4.29) is stable in the sense of Lyapunov analysis,

and all the closed-loop signals are globally bounded. Moreover, the proof of the avoidance

of Zeno behavior presented by the equations (2.49-2.52) is still valid and can be directly

applied here to complete the proof.
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Figure 4.4: Experimental results of rectangular trajectory tracking for first subject S-1 using TT-PID,
TT-ACT, and proposed ET control strategies. (a) Desired and actual trajectories on the y-z plane.
Tracking errors in (b) Y-direction and (c) Z-direction
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Figure 4.5: Experimental results of joint variables for first subject S-1 using TT-PID, TT-ACT, and
proposed ET control strategies. Desired and actual joint trajectories for (a) first joint, (b) second joint,
and (c) third joint

4.4 Experimental and Comparative Study

To validate the effectiveness of the proposed control strategy, three different scenarios of

passive rehabilitation exercises are conducted in real-time by two healthy subjects (sub-

ject S1: female, age/29 years, height/1.67 m, weight/57 kg; subject S2: male, age/34

years, height/1.8 m, weight/64 kg). In the first scenario, the exercise is made to follow a

rectangular trajectory. The shoulder flexion/extension, shoulder internal/external rota-

tion, and elbow flexion/extension movements of the first healthy subject-S1 are achieved

using the proposed control strategy. In the second scenario, two different time-triggered

control strategies, i.e., adaptive computed torque [198] (TT-ACT) and proportional-

integral-derivative [97] (TT-PID) control schemes, are devoted to repeat the same exercise

for the first subject-S1. In the last scenario, the previous experimental session is carried

out by the second healthy subject-S2 to investigate the performance of the proposed

event-triggered control scheme with different physiological characteristics of the subjects

and variable upper extremity masses. Moreover, the effect of the adjustable parame-

ter ζ, presented in the designed triggering condition of equation (4.29), on the tracking

accuracy and the number of transmissions over the network is evaluated. The desired

rectangular trajectory for the rehabilitation training is generated in the y-z plane. This

trajectory starts at the 0.2 m, 0.175 m, and 0.25 m in X-, Y-, and Z-direction, respec-

tively. The duration of each experimental session is set to 50.6 s with 0.01 s as a sampling

time for the real-time control system. The initial position of the rehabilitation robot is

chosen as (pe,x(0) = 0.2 m, pe,y(0) = 0.185 m, pe,z(0) = 0.232 m). The initial values of

the estimated parameters are chosen to be zero φ̂(0) = 0 and ĉ(0) = 0. The detailed

description of the matrix Π and the vector of dynamic parameters φ utilized during the
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Figure 4.6: Parameters adaptation of φ and c for the rehabilitation robot with first subject-S1

different experiments are given in Appendix A.3. It has been observed that there is no

requirement to activate the total joints of the robot. Therefore, the first three joints of

the rehabilitation robot are devoted to carry out the passive rehabilitation training. The

block diagram of the proposed scheme is presented in Figure 4.3. The ethical approval

of the proposed experimental training sessions is obtained from Institute Human Ethics

Committee of Indian Institute of Technology Guwahati, India.

4.4.1 Experimental Results

Scenario 1: The designed event-triggered adaptive controller given in equation (4.25)

is implemented in real-time with the consideration of limited communications. The re-

habilitation robot is devoted to perform the passive training process for the first subject

through a rectangular trajectory. The parameters of the controller are chosen as follows:

k1 =diag(0.1, 6.5, 6.5), k2 =diag(0.1, 0.5, 0.4), Γ1 = 0.01, Γ2 = 0.1, and ζ = 0.9.

Discussion 1: The experimental results of the proposed control scheme during the rect-

angular trajectory tracking for the first subject are presented in Figures (4.4, 4.5). It

can be observed that the desired trajectory is precisely tracked using the proposed con-

troller with small tracking errors, as depicted in Figure 4.4 (b,c). The estimation of the

parameters for the rehabilitation robot using the adaptation laws in equation (4.23) are

shown in Figure 4.6. It can be noticed that the estimated parameters are bounded and

converged to maintain the stability of the closed-loop system with acceptable tracking

performance. However, the convergence of these parameters to their exact values is not
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necessary. Due to the implementation of the proposed event-triggered mechanism, the

control signals are updated after a time gap, as illustrated in Figure 4.7. This aperiodic

update leads to a significant reduction in the number of transmitted signals over the net-

work. The deviation at the corner point of the rectangle is higher than the other points

of the trajectory. This deviation is due to the sudden change in the coordinates.
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Figure 4.7: Event-triggered and time-triggered control inputs for first subject-S1 at (a) first joint, (b)
second joint, and (c) third joint

Scenario 2: A comparison with two different traditional time-triggered control schemes,

i.e., adaptive computed torque [198] (TT-ACT) and TT-PID [97], is conducted further

to prove the effectiveness of the proposed event-triggered control strategy. These time-

triggered approaches are dedicated to carry out the same training exercise presented

in scenario 1 for the first subject (S1: female, age/29 years, height/1.67 m, weight/57

kg). The controllers’ gains are selected after several experimental iteration to maintain

accurate tracking performance during the training exercise as follows (For PID: kpq =

diag(0.01, 0.01, 0.05),kIq =diag(0.15, 0.09, 0.4), kdq = diag(1, 2, 0.8) and for ACT: Kp =

diag(1, 1, 1), Kv = diag(5, 5, 5)).

Discussion 2: Figures 4.4 and 4.5 (dotted and dashed lines) show the performance of the

rehabilitation robot using the ACT and PID control strategies, respectively. It is noted
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Figure 4.8: Inter-events time and triggering events for first subject-S1 and ζ = 0.9

that the TT-ACT scheme seems to perform better than the TT-PID controller and achieve

smaller tracking errors, as presented in Figure 4.4 (b,c). However, it is evident from the

same figure that the proposed controller provides more sustainable tracking accuracy

compared with TT-ACT and TT-PID. Moreover, this acceptable tracking accuracy is

accompanied with a significant reduction in the number of transmissions over the network

and long inter-event time (maximum: 2.5 s) compared to the periodically triggered ACT

and PID controllers, as depicted in Figure 4.8.

Scenario 3: The passive training session is further conducted, for the second subject

(S2: male, age/34 years, height/1.8 m, weight/64 kg), to examine the designed controller

under different masses of the upper extremity. Moreover, the adjustable parameter ζ

in (4.29) is altered during the training exercise. This change in the parameter ζ is

incorporated to illustrate the effect of this parameter on the tracking performance and

resource utilization. The controller parameters are the same as those adopted in the first

scenario, and ζ takes the values (0.5, 0.7, 0.9).

Discussion 3: The results of the passive training exercise for the second subject-S2 are

presented in Figure 4.9. The desired rectangular trajectory is followed by the second

subject using the proposed ET control scheme, as shown in Figure 4.9 (a). Moreover,

the proposed control scheme can preserve the stability of the system and maintain small

tracking errors, as presented in Figure 4.9 (b,c). The estimation of the parameters are

given in Figure 4.10. The triggering time instant, at which the control signals are updated
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Figure 4.9: Experimental results of rectangular trajectory tracking for second subject S2 and several ζ
values. (a) Desired and actual trajectories on the y-z plane. Tracking errors in (b) Y-direction and (c)
Z-direction

Table 4.1: Performance analysis of passive training exercise with different control schemes (ζ = 0.9).

Subject Controller

Tracking Errors (mm) Control performance (V)
Number of

transmissions

Bandwidth

usage
Y-direction Z-direction Va1 Va2 Va3

RMSE IAE RMSE IAE RMSinput

S1

TT-PID 19.6 0.77 15.3 0.65 1.56 2.71 2.56 5065 100%

TT-ACT 12.05 0.5 16.48 0.62 1.53 2.68 2.23 5065 100%

Proposed control 11.4 0.47 6.61 0.21 1.15 2.5 2.4 553 11%

S2

TT-PID 17.4 0.73 15.9 0.65 1.6 3.15 3.13 5065 100%

TT-ACT 7.5 0.28 18.2 0.68 1.9 3.1 2.48 5065 100%

Proposed control 5 0.2 7.54 0.27 1.1 3.03 3.12 553 11%

and transmitted over the network, for different values of ζ are shown in Figure 4.11. It

can be observed that the increase in ζ values leads to a reduction in the number of

transmissions over the network. However, this transmissions reduction is at the expense

of the tracking accuracy as shown in Figure 4.9.

4.4.2 Comparison Study

To further quantitatively analyze the tracking performance of the different control schemes,

the integral absolute error (IAE) and root-mean-square error (RMSE) are calculated for

two subjects with different physiological properties and changed arm weight and sum-

marized in Table 4.1. It is evident from Table 4.1 that the proposed ET control scheme

provides a superior tracking performance as compared with TT-ACT and TT-PID strate-

gies for the two healthy subjects with different arm weights. Moreover, the control input

effort of the proposed control scheme is relatively smaller than the results of PID and
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Figure 4.10: Parameters adaptation of φ and c for the rehabilitation robot with second subject-S2

Table 4.2: Performance analysis of passive training exercise for second subject-S2 and different values
of ζ.

Controller

Tracking Errors (mm) Control performance (V)
Number of

transmissions

Bandwidth

usage

Average

inter-event times
Y-direction Z-direction Va1 Va2 Va3

RMSE IAE RMSE IAE RMSinput

TT 4.6 0.185 6.45 0.2 0.91 2.57 2.21 5065 100% 0.01

ζ=0.5 4.74 0.189 6.5 0.21 0.93 2.63 2.36 3680 72.5% 0.013

ζ=0.7 4.8 0.194 6.9 0.24 1 3.02 3.04 1384 27% 0.036

ζ=0.9 5 0.2 7.54 0.27 1.1 3.03 3.12 553 11% 0.091

ACT. On the other hand, about 89% of the network resources are saved by implementing

the proposed event-triggered mechanism compared with the time-triggered approaches.

These results demonstrate the effectiveness of the proposed scheme in the execution of

passive training exercises under the consideration of uncertainties and limited bandwidth

restrictions. The experimental results for the second subject-S2 during the passive reha-

bilitation task with different ζ values are summarized in Table 4.2. It can be observed

from this table that the increase of ζ values leads to more savings in the network re-

sources. However, higher control inputs at the first, second, and third joints are required

to maintain an acceptable tracking performance. Moreover, the tracking errors in the Y-

and Z-directions are slightly increasing as the parameter ζ reaches one. Therefore, the

balance between acceptable tracking performance and network utilization can be obtained

by adjusting the parameter ζ.
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Figure 4.11: Triggering events for second subject-S2 and several ζ values

4.5 Summary

In this chapter, an adaptive backstepping control approach has been designed for an end-

effector rehabilitation robot to perform upper extremity passive training exercises. The

bandwidth restrictions in the controller-to-robot channel have been addressed using the

event-triggered mechanism with the implementation of an adjustable Lyapunov based

triggering condition. Several experimental tests have been conducted using two healthy

subjects with different upper limb weights to demonstrate the effectiveness of the proposed

control scheme. A comparison study between the proposed strategy and different time-

triggered control approaches has been carried out. The results have shown a significant

saving in the network resources (about 89%) using the proposed ET control schemes

and still a superior tracking performance can be ensured with respect to other control

strategies.

89

TH-3046_186103022



5
Event-Triggered Adaptive Hybrid

Position-Force Control for
Cooperative Manipulators

Contents
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.2 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . 91

5.3 Dynamic Model of Cooperative Manipulators . . . . . . . . 93

5.4 Controller Design . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.5 Simulation Results and Comparative Study . . . . . . . . . 103

5.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

90

TH-3046_186103022



5.1 Introduction

5.1 Introduction

This chapter addresses the control problem of uncertain cooperative robotic manipulators

communicating with the control unit over a limited bandwidth network channel. The

concept of hybrid position-force control scheme presented in Chapter 2 is extended to

the cooperative manipulator system. This scheme cannot be directly applied and some

modifications are required for success implementation. At first, the dynamic modeling of

the cooperative manipulator system coupled with the manipulated object are presented.

This coupled dynamic model inherits parametric uncertainties (robotic and object masses,

moment of inertia, and link length). Moreover, internal forces could be developed due

to the interaction between the manipulators and the objects. Therefore, an improved

adaptive hybrid position-force controller based on the backstepping approach is developed

to control the motion and the internal forces during the cooperative manipulation of a

common object in the presence of parametric uncertainties and limited communication.

A comparative analysis with the different robust and adaptive control strategies is carried

out to investigate the effectiveness of the designed control algorithm. Furthermore, the

designed triggering rule is compared with two triggering conditions presented in the

literature. The validation of the proposed control approach is executed in the virtual

robot experimentation platform (V-REP) during the transportation of a common object.

The chapter is organized as follows. The problem formulation is given in Section 5.2.

The dynamic model of the cooperative robotic manipulators is formulated in Section 5.3.

The adaptive controller design is elaborated in Section 5.4, along with the formulation

of an event-triggered mechanism. Section 5.5 shows the simulation results, comparative

study, and the validation of the designed control strategy in the V-REP platform. The

conclusion and the future scope of work are highlighted in Section 5.6.

5.2 Problem Formulation

In this chapter, a cooperative manipulator system is considered, consisting of k single-

arm manipulators securely handling a common rigid object, as illustrated in Figure 5.1.

The manipulators consist of n joints with a stationary base. The object is immense

and beyond the carrying capacity of single-arm manipulators. Moreover, there is no

relative motion between the end-effector of the manipulators and the grasped object. Let

ℑw − (Xw, Yw, Zw) denotes the world reference frame, ℑe,i − (Xe,i, Ye,i, Ze,i); 1 ≤ i ≤ k

represents the coordinate frame fixed at the center point of the i-th manipulator’s end-

effector, and ℑo − (Xo, Yo, Zo) is the coordinate frame attached to the center of mass

of the object. The combined robot-motor dynamical model of the i-th manipulator is
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Figure 5.1: Cooperative manipulator system

expressed by the following equation [69]:

MR,i(qi)q̈i + CR(q̇i, qi)q̇i +GR(qi) = τR,i − τint,i; τint,i = JT
i (qi)Fint,i (5.1)

where for 1 ≤ i ≤ k, qi = [qi,1, qi,2, ..., qi,n]
T ∈ Rn represents the vectors of joint variables,

MR,i(qi) ∈ Rn×n expresses the total inertia matrix of i-th manipulator, CR(qi, q̇i) ∈ Rn×n

denotes the matrix having the effect of Coriolis and centrifugal forces, GR(qi) ∈ Rn

expresses the gravitational effect, τR,i ∈ Rn symbolizes the vector of the actuator torques,

τint,i ∈ Rn are the torques at the joints work against the constraint, Ji(qi) ∈ Rm×n denotes

the Jacobian matrix of i-th manipulator, and Fint,i is the vector which represents the

interaction forces applied from the end-effector of i-th manipulator to the manipulated

object.

The dynamic model of k robotic manipulators can be combined in the following compact

form:

MR(q)q̈ + CR(q̇, q)q̇ +GR(q) = τ̄R − τint; τint = JT (q)Fint (5.2)

where q = [qT1 , q
T
2 , ..., q

T
k ]

T ∈ Rkn, MR(q) = blockdiag[MR,1(q1),MR,2(q2), ...,MR,k(qk)] ∈
Rkn×kn, CR(q̇, q) = blockdiag[CR,1(q̇1, q1), CR,2(q̇2, q2), ..., CR,k(q̇k, qk)] ∈ Rkn×kn, GR(q) =

[GR,1(q1)
T , GR,2(q2)

T , ..., GR,k(qk)
T ]T ∈ Rkn, Fint = [F T

int,1, F
T
int,2, ..., F

T
int,k]

T ∈ Rkm, J(q) =

blockdiag[J1(q1), J2(q2), ..., Jk(qk)] ∈ Rkm×kn, and τ̄R = [τ̄TR,1, τ̄
T
R,2, ..., τ̄

T
R,k]

T ∈ Rkn. The

following assumptions are introduced for the simplification of the subsequent derivation:

Assumption 1. The operation of each manipulator is away from the singularity condi-
tion. Therefore, the Jacobian matrix has a full-row rank [199].

Assumption 2. There is no interaction between the object and the external environment
during the cooperative manipulation task.

Remark 1. The communication between the cooperative manipulators and the control
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unit is over a network channel. Therefore, the cooperative robotic manipulators are not
actuated by the actual control signal (τR) due to communication constraints. Instead,
they are driven by (τ̄R) , which is defined as τ̄R = τR − em. This control signal is
generated by the event-triggered mechanism based on the violation of a predetermined
triggering condition. The triggering condition is designed in Subsection. 5.4.2 based on
the measurement error.

The objective of the control is to design an improved event-triggered adaptive control

scheme for the uncertain cooperative manipulators. This scheme is devoted to control

the motion and the internal forces of the manipulated object in the presence of para-

metric uncertainties and limited communication. Moreover, it is utilized to maintain

an acceptable tracking performance with a minimum number of transmissions over the

network.

5.3 Dynamic Model of Cooperative Manipulators

Here, the task space dynamical model of the cooperative manipulator system is obtained

by combining the dynamics equation of the manipulators (5.2) with the equations of

motion of the object (5.3). For this purpose, the the closed kinematic chain is analyzed

in the subsequent section to decompose the interaction forces Fint at the end-effector

level. After that, the joint space variables are mapped into the position and orientation

vector of object using the forward kinematics equations.

5.3.1 Closed Kinematic Chain Model

In this section, the analysis of the closed-chain and the decomposition of the interaction

forces at the end-effector to their counterparts on the object level are carried out following

the work in [130]. The dynamical model of the manipulated object is described as follows.

Mo(xo)ẍo + Co(ẋo, xo)ẋo +Go(xo) = Fex − Fenv (5.3)

where xo =

[
po

ϕo

]
∈ Rm represents the pose (position po and orientation ϕo) of the ma-

nipulated object, Mo(xo), Co(ẋo, xo), and Go(xo) represent the inertia matrix, the matrix

of centrifugal and Coriolis effects, and the vector of gravitational forces, respectively,

Fex ∈ Rm expresses the resultant forces developed at the object by the manipulators, and

Fenv expresses the forces applied to the environment by the object. This force can be

given as follows.

Fenv =

{
Fenv(t), with interaction

0, no interaction
(5.4)
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The resultant forces can be mapped to their counterparts at the end-effector of the

manipulator and described by the following equation:

Fex =
k∑

i=1

WiFint,i (5.5)

where W = [W1,W2, ...,Wk] ∈ Rm×km is the grasp matrix with W T
i ∈ Rm×m denotes

the Jacobian matrix from the i-th end-effector frame ℑe,i to the frame attached at the

center of the mass of the object ℑo. The matrix W is non-square, full row-rank, and

it has nontrivial null space. Therefore, the inverse solution of equation (5.5) is given as

follows [69].

Fint = W †Fex + V Fin = FE + FI (5.6)

where W † ∈ Rkm×m is the pseudoinverse matrix of W , FE = [F T
E,1, ..., F

T
E,k]

T = W †WFint

is the forces that cause the motion of the object and balance its dynamic as well as the

contact forces caused by the interaction with environment, V is a full-column rank matrix

that spans the null space of the grasp matrix, FI = [F T
I,1, F

T
I,2, ..., F

T
I,k]

T = V V †Fint ∈ Rkm

is the internal forces that are in the null space of W , i.e., (WFI = 0), and FI,i represents

the internal forces of the i-th manipulator. These internal forces do not affect the motion;

however, they develop mechanical stresses at the object level and satisfy
∑k

i=1 FI,i =

0. Therefore, the formulation of the interaction forces at the end-effector level can be

obtained based on Assumption 2 (i.e, Fenv = 0) and by substituting equation (5.3) in

equation (5.6) as follows:

Fint = W †(Mo(xo) + Co(xo, ẋo)ẋo +Go(xo)
)
+ FI (5.7)

The closed-chain constraints imposed during the cooperative task on the motion variables

of the object and the end-effector of the manipulators can be described in the following

equations [130]. 

pe,i = po +Ror
o
i

Re,i = Ro

ṗe,i = ṗo − S(Ror
o
i )ωo

ωe,i = ωo

p̈e,i = p̈o − S(ωo)S(Ror
o
i )ωo − S(Ror

o
i )ω̇o

ω̇e,i = ω̇o

(5.8)

where pe,i and Re,i are the position vector and rotation matrix which represent the po-

sition and orientation of the i-th end-effector frame with respect to the inertial frame,

respectively. po and Ro denote the position vector and rotation matrix which describe
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the position and orientation of the object frame, respectively, S(·) is the skew-symmetric

matrix operator, ωe,i and ωo are the angular velocities of ℑe,i and ℑo, respectively, and

roi is the position vector from the i-th end-effector to the COM of the object with respect

to ℑo. The above kinematic relationships are obliged due to the geometry of the grasp

and it is always satisfied during the cooperative task.

5.3.2 Mapping of Joint Space Variables to Object Variables

The Jacobian matrix of the i-th manipulator can be derived from the forward kinematics

equation (2.9) as follows.

ẋe,i = Jiq̇i (5.9)

The above equation can be written for the multi-arm manipulators as follows.

ẋe = Jq̇ (5.10)

where ẋe = [ẋTe,1, ẋ
T
e,2, ..., ẋ

T
e,k]

T ∈ Rkm. The relationship between the vector of the object’s

velocity and the i-th end-effector velocity is given by:

ẋe,i = W T
i ẋo (5.11)

Substituting (5.9) into (5.11):

Jiq̇i = W T
i ẋo (5.12)

Based on Assumption 1, the joint velocity is mapped into the task space object’s velocity

as follows.

q̇ = J−1(q)W T ẋo = η(q)ẋo, η(q) ∈ Rkm×n (5.13)

By differentiating (5.13) with respect to time, one can obtain:

q̈ = J−1(q)W T ẍo +
d

dt

(
J−1(q)W T

)
ẋo = η(q)ẍo + ι(q)ẋo (5.14)

The overall dynamical model of the cooperative manipulators is achieved by substituting

equations (5.7), (5.13), and (5.14) in equation (5.2):

MT (xo)ẍo + CT (ẋo, xo)ẋo +GT (xo) = τ̄R − JT (xo)FI (5.15)

where MT (xo) = MR(q)η(q) + JT (q)W †Mo(xo) ∈ Rkn×n, CT (ẋo, xo) = MR(q)ι(q) +

CR(q̇, q)η(q) + JT (q)W †Co(ẋo, xo) ∈ Rkn×n, GT (xo) = GR(q) + JT (q)W †Go(xo) ∈ Rkn,

and JT (xo) = JT (q) ∈ Rkn×km.

To design the adaptive backstepping position-force controller, the dynamical model of

the cooperative manipulator systems should satisfy the following properties [126]:
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Property 7 For all q ∈ Rkn and xo ∈ Rm, the matrix ηTMT (xo) is symmetric and

positive definite.

Property 8 The matrix d
dt

(
ηT (q)MT (xo)

)
−2ηT (q)CT (ẋo, xo) is skew-symmetric and sat-

isfies the following:

βT

(
d

dt

(
ηT (q)MT (xo)

)
− 2ηT (q)CT (ẋo, xo)

)
β = 0, ∀β ∈ Rm (5.16)

Property 9 For arbitrary known vector µ, the left side of overall dynamics equations of

the cooperative manipulators (5.15) can be linearly parameterized as follows:

ηT
(
MT (xo)µ̇+ CT (ẋo, xo)µ+GT (xo)

)
= Πxoφxo (5.17)

where Πxo is the regression matrix of known functions and φxo is the vector of unknown

parameters.

5.4 Controller Design

In this section, an adaptive backstepping hybrid position-force control strategy is

obtained to control the motion and the internal force of the object during cooperative

manipulation in the presence of uncertainties and limited communication. The state aug-

mentation approach is utilized to improve the response of the cooperative manipulator

system and enhance the robustness of the closed-loop system against uncertainties. This

improvement is achieved by introducing a new state variable in the backstepping con-

troller design process. The new state variable depends on the weighted integral of the

object position error and is augmented at the first step of the controller design. This new

variable leads to include the integral action in the backstepping control scheme. There-

fore, the advantages of the integral action in alleviating steady-state errors and enhancing

the system response in the presence of uncertainties are exploited [200]. Thereafter, the

non-linear damping term, implemented in the design process of the control strategy for

a general class uncertain non-linear systems [125], is extended to the cooperative manip-

ulators system. The employment of this term improves the transient performance and

reduces the number of transmitted signals over the communication channel. The block

diagram of the designed control strategy is presented in Figure 5.2.

5.4.1 Adaptive Backstepping Controller

To design the adaptive backstepping controller, the new state-space variables are

generated based on the object positional error, i.e., (position and orientation). These
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state variables are combined with the weighted integral of the object positional error and

introduced as error variables:

z1 = δ

t∫
0

exodt = δ

t∫
0

(xo − xo,d)dt, z2 = xo − α1, z3 = ẋo − α2 (5.18)

where δ is a positive constant, exo = xo−xo,d is the error of object position and orientation,

and xo,d is the desired position and orientation of the manipulated object, αj(1 ≤ j ≤ 2)

are the virtual controllers. These virtual controllers are intended to stabilize the subsys-

tems based on the Lyapunov function. Therefore, the adaptive backstepping controller

is designed by the following systematic recursive steps.

Step 1: The dynamics of the first error variable z1 can be expressed as.

ż1 = δ (xo − xo,d) = δ (z2 + α1 − xo,d) (5.19)

The first virtual control law α1 should be designed to stabilize the first error subsystem

presented in the above equation. Therefore, one may choose the Lyapunov function

candidate as:

V1 =
1

2δ
zT1 z1 (5.20)

The derivative of the Lyapunov function becomes.

V̇1 =
1

δ
zT1 ż1 = zT1 z2 + zT1 (α1 − xo,d) (5.21)

The virtual control law is designed as

α1 = −k1z1 + xo,d = −k1δ
t∫

0

exodt+ xo,d (5.22)

where k1 is a positive gain matrix. Therefore,

V̇1 = − zT1 k1z1 + zT1 z2 (5.23)

Here, if z2 = 0 then, the convergence of the first error variable z1 and the negative

definiteness of the first Lyapunov function V̇1 can be guaranteed.

Step 2: By differentiating the second error variable in equation (5.18) with respect to

time, one can obtain the following:

ż2 = ẋo − α̇1 = z3 + α2 − α̇1 (5.24)
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At this step, one can choose the Lyapunov function candidate as follows.

V̄2 = V1 + V2 = V1 +
1

2
zT2 z2 (5.25)

The derivative of the second Lyapunov function becomes.

˙̄V2 = − zT1 k1z1 + zT1 z2 + zT2 ż2 (5.26)

By substituting equation (5.24) in the previous equation. (5.26)

˙̄V2 = − zT1 k1z1 + zT1 z2 + zT2 z3 + zT2 α2 + zT2 (k1δexo − ẋo,d) (5.27)

Therefore, the second virtual controller is designed as follows

α2 = −z1 − k2z2 − k1δexo + ẋo,d (5.28)

where k2 is a positive gain matrix. The derivative of the second Lyapunov function

becomes.
˙̄V2 = − zT1 k1z1 − zT2 k2z2 + zT2 z3 (5.29)

Step 3: The derivation of the third error variable z3 is expressed as.

ż3 = ẍo − α̇2

= −M−1
T (xo)

(
CT (ẋo, xo)ẋo + GR(xo)− τ̄R + JT (xo) FI

)
− α̇2

(5.30)

The Lyapunov function candidate is proposed based on Property 7 as follows.

V̄3 = V̄2 + V3 = V̄2 +
1

2
zT3 η

T (q)MT (xo)z3 (5.31)

The derivative of the Lyapunov function is formulated based on equation (5.29) and

Property 8 as.

˙̄V3 =
˙̄V2 + zT3 η

T (q)MT (xo)ż3 +
1

2
zT3
d
(
ηT (q)MT (xo)

)
dt

z3

= ˙̄V2 + zT3 η
T (q)

(
MT (xo)ż3 + CT (ẋo, xo)z3

) (5.32)

The term ηT
(
MT (xo)ż3 + CT (ẋo, xo)z3

)
in the previous equation can be calculated based

on Property 9, (5.18), and (5.30) as follows.

ηT
(
MT (xo)ż3 + CT (xo, ẋo)z3

)
= ηT

(
−MT (xo)α̇2 − CT (ẋo, xo)α2

−GT (xo) + τ̄R − JT (xo)FI

)
= −Πxoφxo + ηT τ̄R − ηTJT (xo)FI

(5.33)

Since the dynamical parameters of the cooperative manipulators are unknown, there-
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fore, an adaptation law will be proposed to estimate the nonlinear dynamic terms and

complete the design of the controller. A new Lyapunov function is defined to include the

estimation errors as follows:

V = V̄3 +
1

2
φ̃T
xo
Γφ̃xo (5.34)

where φ̃xo = φxo − φ̂xo is the estimation error, φ̂xo is the estimated vector of the unknown

parameters φxo , and Γ is an arbitrary positive definite matrix.

By using equations (5.32) and (5.33) and exploiting em = τR − τ̄R, the derivative of

the last Lyapunov function V is derived as:

V̇ = ˙̄V2 + zT3 η
T (q)

(
τR − em − JT (xo)FI

)
− zT3 Πxoφxo − φ̃T

xo
Γ−1 ˙̂φxo

(5.35)

Adding and subtracting the term zT3 Πxoφ̂xo and taking the transpose of zT3 Πxoφ̃xo , one

gets

V̇ = ˙̄V2 + zT3 η
T (q)

(
τR − em − JT (xo)FI

)
− zT3 Πxoφ̂xo − φ̃T

xo

(
ΠT

xo
z3 + Γ−1 ˙̂φxo

)
= − zT1 k1z1 − zT2 k2z2 + zT3 η

T (q)

(
η(q)

(
ηT (q)η(q)

)−1
z2 + τR − em − JT (xo)FI

)
− zT3 Πxoφ̂xo − φ̃T

xo

(
ΠT

xo
z3 + Γ−1 ˙̂φxo

)
(5.36)

where zT2 z3 = zT3 z2 = zT3 η
T (q)η(q)

(
ηT (q)η(q)

)−1
z2. The overall control law τR comprises

two parts, i.e., position control law τp and force control law τf . Therefore, the overall

controller and the adaptation law can be designed in the following equations to complete

the controller design process.

τR =

Position controller (τp)︷ ︸︸ ︷
−η

(
ηTη

)−1
(z2 − Πxoφ̂xo)− (ϑ∥Πxo∥2 + k3)ηz3+

Force controller (τf )︷ ︸︸ ︷
JT

(
FI,d + kfI,pefI (t) + kfI,i

∫
efI (t)dt

)
(5.37)

φ̂xo = −ΓΠT
xo
z3 (5.38)

where ϑ, k3, kfI,p , and kfI,i are positive constants, efI = FI,d − FI is the internal forces

errors, and FI,d is the desired internal forces to be achieved. The non-linear damping term

ϑ∥Πxo∥2ηz3 is added to the controller equation (5.37) to improve the transient response

during the cooperative manipulation task.

Remark 2. The following equation is derived based on the fact that the internal forces

99

TH-3046_186103022



5. Event-Triggered Adaptive Hybrid Position-Force Control for Cooperative
Manipulators

Figure 5.2: Block diagram of the proposed event-triggered control strategy

are in the null space of the grasp matrix W , and by using equation (5.13):

ηT (q)

(
JTFI − JTFI,d − kfI,pJ

T efI (t)− kfI,iJ
T

∫
efI (t)dt

)
= 0 (5.39)

By substituting equations (5.37)-(5.39) in (5.36), the derivative of Lyapunov function

becomes.

V̇ = − zT1 k1z1 − zT2 k2z2 − zT3 η
T (q)k3η(q)z3 − zT3 η

T (q)ϑ∥Πxo∥2η(q)z3 − zT3 η
T (q)em (5.40)

5.4.2 Event-Triggered Mechanism

To eliminate the unnecessary transmission of the control signal over the network

channel, which results in more efficient utilization of the network resources and decreases

the network burden, an event-triggered mechanism is addressed in this section. This

mechanism is based on the design of a triggering condition placed at the control end

to maintain the stability of the cooperative system. The violation of the triggering

condition causes the transmission of a new control input over the communication network.

Otherwise, the last transmitted signal is preserved and utilized to guide the cooperative

robotic system. The triggering time-instants are expressed in equation (2.1).
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By applying Young inequality to equation (5.40), it yields:

V̇ ≤ −zT1 k1z1 − zT2 k2z2 − zT3 η
T (q)k3η(q)z3 − zT3 η

T (q)ϑ∥Πxo∥2η(q)z3 + ∥zT3 ηT (q)∥∥em∥

≤ −zT1 k1z1 − zT2 k2z2 − zT3 η
T (q)

(
k3 + ϑ∥Πxo∥2

)
η(q)z3 +

∥zT3 ηT (q)∥
2

2
+

∥em∥2

2
(5.41)

Adding and subtracting the terms ζ

(
zT1 k1z1 + zT2 k2z2 + zT3 η

T (q)
(
k3 + ϑ∥Πxo∥2

)
η(q)z3

)
,

one can obtain:

V̇ ≤ −(1− ζ)

(
zT1 k1z1 + zT2 k2z2 + zT3 η

T (q)
(
k3η(q)z3 + ϑ∥Πxo∥2η(q)z3

))
− ζ

(
zT1 k1z1 + zT2 k2z2 + zT3 η

T (q)
(
k3 + ϑ∥Πxo∥2

)
η(q)z3

)
+

∥zT3 ηT (q)∥
2

2
+

∥em∥2

2
(5.42)

Remark 3. The last transmitted control input is preserved and utilized to actuate the co-
operative manipulator system provided the negative definiteness of the Lyapunov function
derivative. However, the violation of this condition updates/generates a further control
signal to maintain the stability and the performance of the cooperative manipulators dur-
ing the manipulation task.

Then, the triggering condition can be derived based on Remark 3 as follows:

∥zT3 ηT (q)∥
2

2
+
∥em∥2

2
≤ ζ

(
zT1 k1z1+z

T
2 k2z2+z

T
3 η

T (q)
(
k3η(q)z3+ϑ∥Πxo∥2η(q)z3

))
(5.43)

If the triggering condition (5.43) holds true and the user-defined parameter ζ is chosen as

0 < ζ < 1 , then the derivative of the Lyapunov function (5.42) is ensured to be negative

semi-definite, and the triggering threshold in equation (2.1) can be defined as follows.

Tcon = ∥em∥2−2ζ

(
zT1 k1z1+z

T
2 k2z2+z

T
3 η

T (q)
(
k3+ϑ∥Πxo∥2

)
η(q)z3

)
+∥zT3 ηT (q)∥

2
(5.44)

In view of the previous analysis, the following proposition can be concluded.

Proposition 3. All the signals of the uncertain cooperative manipulators (5.15) actuated
by the control input (5.37) along with the adaptation law (5.38) and event-triggered condi-
tion (5.44) are ultimately bounded. The convenient selection of the controller parameters
can ensure the convergence of motion and internal forces tracking errors to small bounded
values. Moreover, a lower bound of inter-event time between two successive triggering mo-
ments is guaranteed during the cooperative manipulation task.

Proof. The triggering condition given in equation (5.44) is designed to maintain the neg-
ative semi-definiteness of Lyapunov function derivative. Based on the previous analysis,
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the derivative of the Lyapunov function can be represented as

V̇ ≤ −ΘV + Ω (5.45)

where Θ = min

{
2δλmin(k1), 2λmin(k2),

2
(
λmin(k3)+ϑ∥Πxo∥2− 1

2ζ

)
λmin(η

T η)

λmax

(
ηTMT (xo)

) }
, and Ω = ζ∥em∥2

2
.

Similar to the analysis in Proposition 1, the convergence of tracking errors to the following
sets can be ensured:

∥z1∥ ≤
√

2δV̄ , ∥z2∥ ≤
√

2V̄ , ∥z3∥ ≤
√
2V̄ (5.46)

where V̄ = max

{
V (0), Ω

Θ

}
. This implies the ultimate boundedness of the closed-loop

signals. Furthermore, the dynamics error equation of the internal force tracking can be
obtained by substituting the control law (5.37) in the overall dynamical model of the
cooperative manipulators (5.15) as follows.

JT
(
efI + kfI,pefI (t) + kfI,i

∫
efI (t)dt

)
=MT (xo)ẍo + CT (xo, ẋo)ẋo +GT (xo)

+ η
(
ηTη

)−1
(z2 − Πxoφ̂xo) + (ϑ∥Πxo∥2 + k3)ηz3 + em

(5.47)

Since the signals of the closed-loop system are uniformly bounded, the equation (5.47)
indicates that the convergence of internal force errors to small values can be achieved by
the proper choice of the internal force controller parameters. Therefore, the boundedness
of the closed-loop system and stability of the cooperative manipulators can be ensured
under the proposed event-triggered control scheme. Moreover, the proof of avoiding the
Zeno behavior presented in Proposition 1 is still valid and can be directly applied in the
case of hybrid position-force control of cooperative manipulation system.

Remark 4. It can be observed from the equation (5.46) that the error signals can be
ensured to converge to small values by increasing Θ and reducing Ω. Therefore, the
increase in the position controller gains δ, k1, k2, and k3 leads to improve the tracking
performance of the proposed control strategy during the cooperative manipulation task.
The steady-state error is reduced by introducing the integral action to the proposed control
scheme using the new augmented state variable, and the k1 gain is usually selected to be
a small constant. The faster convergence to the estimated parameters is guaranteed by
choosing a higher adaptation gain Γ. On the other hand, the increase in the adjustable
parameter ζ of the proposed event-triggered mechanism causes a higher reduction in the
transmissions over the network. However, this may degrade the performance of the closed-
loop system and increase the tracking errors. Therefore, a trade-off between tracking
performance and network utilization should be maintained while choosing the controller
parameters. Furthermore, based on the previous equation (5.47) and since the signals of
the closed-loop system are uniformly bounded, the selection of high gains of the internal
forces controller (i.e., kfI,p and kfI,i) guarantees a better tracking of the desired internal
forces with minimum tracking error. However, the selection of high gains produce high
control action, resulting in chattering phenomena. Therefore, these parameters should be
selected carefully to maintain the required system performance without developing a high
torque input. The new augmented state variable and the nonlinear damping term added
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to the proposed control scheme will improve the transient performance and reduce the
steady-state error. Due to this improvement, there is no requirement to frequently send
the control signals over the network from the very start. Therefore, fewer control signals
are transmitted over the network during the transient response. In other words, the new
augmented state variable and the nonlinear damping term will increase the negativity of
the Lyapunov function derivative that leads to an increase in the stability of the closed-loop
system. Moreover, the proposed triggering condition is designed based on the Lyapunov
function and includes the new state variable and the nonlinear damping term (5.44).
Therefore, a reduction in the number of the transmitted signals over the network can be
achieved using the proposed control scheme.

5.5 Simulation Results and Comparative Study

To demonstrate the effectiveness of the proposed control strategy, the simulation

runs have been carried out using uncertain cooperative dual-arm manipulators, as shown

in Figure 5.3. The TrueTime network simulator is utilized to implement the proposed

control scheme and mimic the real-time control scenario over a network channel [201].

Three computer kernel blocks are constructed to represent the sensor, actuator, and

controller nodes in the TrueTime based simulation model. The control signal is generated

based on the Simulink model of the proposed control scheme called by the controller

node during the simulation runs. Moreover, a wireless communication network is placed

at the controller-to-robot channel using the network block of the TrueTime toolbox.

The network protocol is chosen to be IEEE 802.11b (WLAN). An additional random

interfering traffic is generated over the network using an interference node. The dual-arm

system consists of two 3-DOFs manipulators transporting a common object through a

predefined trajectory. The manipulators have a revolute joint type with a stationary

base. The world reference frame is assumed to be between the dual-arm manipulators

with a distance of lx,1 = 1 m and lx,2 = 1.2 m from the first and second manipulator,

respectively, as illustrated in Figure 5.3. The dynamic model of the implemented dual-

arm manipulators can be expressed by equation (5.2) in which the vectors of joint angles

qi = [θi,1, θi,2, θi,3]
T ∈ R3 for i = 1, 2, the inertia matrix MR,i(θi) ∈ R3×3, the matrix of

Coriolis and centrifugal forces CR,i(θi, θ̇i) ∈ R3×3, and the vector of the gravitational effect

GR,i(θi) ∈ R3 are described in details in Appendix A.1. The dynamic model of the handled

object is represented by equation (5.3) where Mo(xo) = diag(mo,mo, Io), Co(xo, ẋo) = 0,

and Go = [0, 0,mog]
T . The physical parameters of the robotic manipulators are consistent

with the SCORBOT-ER VPlus manipulator, with no motion at the fourth and fifth joints,

as given in Appendix A.1.

The performance of the proposed control scheme is investigated during the cooperative

manipulation task with the consideration of three different cases as follows.
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Figure 5.3: Cooperative dual-arm manipulators with the workspace of each manipulator

Case 1. The proposed event-triggered (ET) control strategy is compared with two

different time-triggered (TT) control approaches, i.e., traditional adaptive backstepping

strategy (TT-AB) [125] and the state augmented adaptive backstepping control (TT-

AUAB) [126].

Case 2. The designed Lyapunov-based triggering rule is extended for the aforemen-

tioned time-triggered algorithms to investigate the effect of the new state variable and

non-linear damping term on the tracking accuracy and the number of transmissions.

Moreover, the proposed control scheme is examined under the assumption of packet

dropout during the transmission over the network.

Case 3. An additional comparative study is carried out between the designed trigger-

ing mechanism and the various triggering rules presented in the literature [145,146]. These

triggering rules are integrated with the sliding mode control scheme (ET-SMC) [146] and

with adaptive control (ET-AC) [145].

All the above cases are implemented in the TrueTime network simulator during the

transportation of a common object through a lemniscate trajectory in the x-z plane.

Further, the internal forces developed at the manipulated object are controlled to elim-

inate the internal stresses and avoid the damage of the manipulators and\or the ob-

ject. The generation of the desired lemniscate trajectory is expressed as xo,d(t) =[
0.1 + 0.05 sin(t)

1+sin2(ωdt)
; 0; 0.1 + 0.05 sin(ωdt) cos(ωdt)

1+sinωd
2(t)

]
. The desired internal forces are defined to be

zero, i.e., FI,d = [0; 0; 0; 0; 0; 0]. The simulation tests are conducted in a MATLAB en-

vironment for a total time of t = 6.28 s with a sampling rate of dt = 0.01 s and ωd = 1 rad
s
.

The initial position the manipulated object is chosen as xo(0) = [0.15 m, 0 m, 0.1 m]T

with velocity equals to zero. The initial conditions of the vector of parameter estimation

are chosen to be zero. The object’s physical parameters are chosen as follows: the object

mass mo = 5 kg, the object moment of inertia Io = 0.1 kgm2, and the object dimensions
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are 1.5 m× 0.05 m× 0.1 m for the length, width, and height, respectively.

5.5.1 Simulation Results

Case 1. The designed ET control scheme is implemented in the TrueTime based

simulation environment considering uncertainties and limited communication. The dual-

arm robotic system is exploited to transport the common object through a lemniscate

trajectory and maintain the internal forces at the desired level. A comparison study

with two variations of the time-triggered backstepping strategy, i.e., traditional adaptive

backstepping (TT-AB) [125] and the state augmented adaptive backstepping control (TT-

AUAB) [126], is conducted. These approaches are exploited to carry out the same trans-

portation task. The TT-AB and TT-AUAB control laws and the choice of the parameters

are presented in Appendix A.4. The parameters of the proposed controller are chosen

based on the heuristic method as follows: k1 = diag(0.1, 0.1, 0.1), k2 = diag(30, 30, 30),

k3 = 6.5I6, δ = 50, ϑ = 81I6, Γ = 6500I6, ζ = 0.9, kfI,p = 0.1I6, and kfI,i = 20I6.

Discussion 1. The tracking performance along with position tracking errors of TT-

AB, TT-AUAB, and proposed ET control strategies, are illustrated in Figure 5.4. It

is noted from the enlarged view of Figure 5.4 (a) that the designed control approach

and TT-AUAB provide a better tracking performance as compared with TT-AB. How-

ever, a smaller position tracking errors with faster convergence to zero are achieved by

implementing the proposed control strategy as depicted in Figure 5.4 (b, c, d). The

tracking of desired internal forces for the first and second robots is presented in Figure

5.5 and Figure 5.6, respectively. The desired internal forces are assumed to be zero to

avoid internal mechanical stresses at the manipulated object. It can be observed that a

sufficient force tracking performance can be realized by implementing the different con-

trol schemes. However, the proposed ET control approach shows a faster response and

smaller force tracking errors than TT-AB and TT-AUAB control strategies. Figure 5.7

(a, b, c) and Figure 5.7 (d, e, f) depict the control signals of the first and second ma-

nipulators, respectively. The control signals for the proposed ET control scheme are not

transmitted continuously over the network, as observed from the enlarged view of these

figures. Instead, it is updated after a time gap based on the violation of the predesigned

triggering condition. Therefore, a smaller number of transmissions over the network is

transmitted while maintaining a better position and force tracking performance during

the cooperative manipulation task.

Case 2. The proposed Lyapunov-based triggering threshold is designed for the same

control schemes presented in Case 1 (i.e., AB and AUAB). This implementation is con-

ducted to examine the effect of integrating the new state variable and non-linear damping

term on the number of transmissions over the network compared with ET-AB and ET-
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Figure 5.4: Trajectory tracking of the manipulated object for Case 1. (a) Desired and actual trajecto-
ries. Tracking error in (b) X-direction, (c) Y-direction, and (d) Z-direction

AUAB control strategies. For a fair comparison, the parameters of ET-AB and ET-AUAB

are chosen similar to the parameters of Case 1 as given in Appendix A.4.

Discussion 2. The inter-event time and triggering events of the ET-AB, ET-AUAB,

and the proposed ET control scheme are illustrated in Figure 5.8 and Figure 5.9, re-

spectively. It can be noted from Figure 5.8 that a longer inter-event time is achieved in

the case of the proposed control scheme. Moreover, a smaller number of transmissions

over the network is guaranteed using the proposed approach, as depicted in Figure 5.9.

Therefore, it is evident that the integration of the state variable and the non-linear term

in the controller design process improves the performance of the controller and leads to a

significant saving in the network resources compared with ET-AB and ET-AUAB control

algorithms.

Case 3. An additional comparative study is carried out with two existing results in

the literature [145, 146]. The event-triggered mechanism is integrated with the sliding

mode control (ET-SMC) in [146] and with adaptive control (ET-AC) in [145] for non-

linear systems. This comparison is conducted to prove the effectiveness of the proposed

ET control strategy for cooperative manipulation in the presence of uncertainties and
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Figure 5.5: Tracking of internal forces for the first manipulator in Case 1. (a) Force trajectory tracking.
Force error in (b) X-direction, (c) Y-direction, and (d) Z-direction

limited communication. The control approaches are devoted to perform the same trans-

portation task through the lemniscate trajectory. For ease of reference, the ET-SMC

control law and the selected gains of the controller are presented in Appendix A.4.

Discussion 3. The tracking performance along with tracking errors for ET-SMC,

ET-AC, and proposed ET control schemes, are depicted in Figure 5.10. Moreover, the

tracking of internal forces during the cooperative manipulation task is presented in Figure

5.11 and Figure 5.12. It is evident from Figures 5.10-5.12 that ET-SMC does not lead

to the convergence of tracking errors to zero and causes a chattering in the internal force

tracking profile. This chattering does not exist in the case of ET-AC and proposed ET

control schemes. On the other hand, the proposed ET scheme delivers a superior tracking

performance with smaller position and force tracking errors than ET-SMC and ET-AC.

The control signals for the first and second manipulators are depicted in Figure 5.13. It

can be noted that the chattering phenomena associated with SMC cannot vanish with

the implementation of the ET mechanism. Moreover, the ET-SMC exhibits a shorter

inter-event time and relatively higher triggering instants than ET-AC and the proposed

ET control scheme, as depicted in Figure 5.14. However, the proposed control scheme
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Figure 5.6: Tracking of internal forces for the second manipulator in Case 1. (a) Force trajectory
tracking. Force error in (b) X-direction, (c) Y-direction, and (d) Z-direction
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Figure 5.7: Control inputs for the first and second robots in Case 1. First robot: (a) first joint, (b)
second joint, (c) and third joint. Second robot: (d) first joint, (e) second joint, and (f) third joint
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Figure 5.8: Inter-events time for (a) ET-AB. (b) ET-AUAB. (c) proposed control scheme in Case 2
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Figure 5.9: Triggering events for time-triggered, ET-AB, ET-AUAB, and proposed ET control scheme
in Case 2
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Figure 5.10: Trajectory tracking of the manipulated object for Case 3. (a) Desired and actual trajec-
tories. Tracking error in (b) X-direction, (c) Y-direction, and (d) Z-direction

presents a noticeable reduction in the transmission over the network in tandem with a

good position and force tracking accuracy during the cooperative transportation task

compared with ET-SMC and ET-AC.

5.5.2 Comparative Study

To further investigate the tracking performance of the different control strategies in

the various cases, the integral absolute error (IAE) and integral absolute value (IAV) of

the control inputs are calculated during the cooperative manipulation task as given in

equation (2.54) and summarized in Figure 5.15. On the other hand, the channel usage

(CS) and the number of transmissions (N) for the controllers are quantified and brought

in Figure 5.16 based on equation (2.55). It is to be mentioned that the transmissions

over the network for the time-triggered control scheme occur at every sampling time.

Therefore, the number of transmissions is equal to t
dt

= 6.28
0.01

= 628. In equation (2.54),

the error vector e: epo,x = pod,x − po,x, is object position tracking error in X-direction;

epo,y = pod,y − po,y, is object position tracking error in Y-direction; epo,z = pod,z − po,z, is
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Figure 5.11: Tracking of internal forces for the first manipulator in Case 3. (a) Force trajectory
tracking. Force error in (b) X-direction, (c) Y-direction, and (d) Z-direction

object position tracking error in Z-direction; τR,ij, is the control input at the desired joint

j of the i-th manipulator.

It can be observed from Figure 5.15 (a, b, c) that the proposed control approach

provides a superior tracking performance with a minimal integral absolute value of the

tracking errors in the three different cases. Moreover, the control efforts are not signif-

icantly increased by implementing the proposed control approach, and relatively small

control efforts are still guaranteed at some joints compared with the other control schemes,

as illustrated in Figure 5.15 (d, e, f). On the other hand, the proposed event-triggered

mechanism leads to a notable saving in the network resources for AB and AUAB control

schemes with similar tracking performance as presented in Case 2. However, it is evident

from Figure 5.16 that the designed ET control strategy has the least number of trigger-

ing instants and the longest inter-event time compared with the other control strategies.

Thus, it can be understood that the proposed control approach exhibits an outstanding

tracking performance in tandem with a significant saving in the network resources during

the cooperative manipulation task.
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Figure 5.12: Tracking of internal forces for the second manipulator in Case 3. (a) Force trajectory
tracking. Force error in (b) X-direction, (c) Y-direction, and (d) Z-direction
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Figure 5.13: Control inputs for the first and second robots in Case 3. First robot: (a) first joint, (b)
second joint, (c) and third joint. Second robot: (d) first joint, (e) second joint, and (f) third joint
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Figure 5.14: Triggering events for time-triggered, ET-SMC, ET-AC, and proposed ET control scheme
in Case 3
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Figure 5.15: Comparison of tracking errors and control efforts for the three cases
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Figure 5.16: Comparison of proposed ET mechanism with different TT and ET control schemes in the
three cases

5.5.3 Validation on Dual-Arm Manipulators in V-REP

To examine the validity of the proposed ET control strategy, a dual-arm robotics

system is constructed to perform the cooperative transportation of a common object in the

virtual robot experimentation platform (V-REP). A factory-like environment is built in

the V-REP platform in which the cooperative dual-arm robotic system consists of two 5-

DOFs SCORBOT-ER VPlus manipulators, as illustrated in Figure 5.17. The cooperative

task is designed to transport a common object through a lemniscate trajectory. The

object is immense and beyond the carrying capacity of each robotic arm (i.e., 5 kg).

The proposed event-triggered control strategy is implemented in MATLAB software and

transferred into the V-REP platform through an external API. The trajectory tracking

results of the lemniscate trajectory using the cooperative dual-arm SCORBOT-ER VPlus

manipulators are presented in Figure 5.18. As illustrated in Figure 5.18(a), the dual-arm

manipulator system with the implementation of the proposed event-triggered control

strategy transports the object successfully through the desired trajectory. In addition, the

errors in the X-direction, Y-direction, and Z-direction are quite small, with a maximum

absolute value of 1 mm, as depicted in Figure 5.18(b). It can be noticed from Figure

5.19 that the proposed event-triggered mechanism results in high inter-event time (0.21 s)
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first manipulator second manipulator handled object

Figure 5.17: V-REP setup for cooperative manipulator system
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Figure 5.18: Trajectory tracking with proposed ET control scheme during V-REP validation. (a)
Desired and actual trajectories on the x-z plane. (b) Tracking errors in X-direction, Y-direction, and
Z-direction

with a considerable saving in the channel utilization (around 75%) as compared with the

traditional time-triggered implementation. Based on the abovementioned discussion, the

effectiveness of the proposed ET control scheme can be further verified for the dual-arm

manipulator system during the cooperative manipulation task.

5.6 Summary

In this chapter, the coordination control problem of uncertain cooperative robotic ma-

nipulators under limited resources has been investigated. For this purpose, an improved

adaptive backstepping position-force controller has been developed. This controller has

been devoted to control the motion of the handled object through a predefined trajec-
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Figure 5.19: Inter-event time and triggering events for proposed ET control scheme during V-REP
validation

tory while attaining constant internal forces in the presence of parametric uncertainties.

Moreover, a Lyapunov-based event-triggered mechanism has been designed to reduce the

network load and maintain the stability of the system. A comparative study between the

designed control scheme and various control strategies and triggering conditions has been

carried out in the TrueTime network simulator. Additional validation of the designed

controller has been conducted using dual-arm SCORBOT-ERVPlus manipulators in the

V-REP platform. Based on the simulation runs, the proposed algorithm presents promis-

ing results for position and force tracking with a significant reduction in the number of

transmissions over the network during the cooperative task. However, the presented hy-

brid position-force controller is incompetent to appreciate the interaction of the object

with the external environment during the cooperative manipulation task. Therefore, in

the next chapter, the adaptive event-triggered adaptive admittance control is proposed

to provide a compliant behavior for both manipulators/object and object/environment

interactions.
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6. Event-triggered Adaptive Admittance Control for Cooperative Manipulators

6.1 Introduction

The physical interaction between the object and environment due to unforeseen con-

tact with the human or obstacles is of great importance when designing a networked

control scheme for cooperative manipulator systems. Limiting these forces along with

the internal forces in the presence of parametric uncertainties and limited communica-

tion is a challenging task and worth exploring. Therefore, this chapter aims to extend

the design of the event-triggered adaptive backstepping admittance control (ETABAC)

scheme presented in Chapter 3 to the framework of the cooperative manipulator. For

the same, the improved adaptive backstepping position controller derived in the previ-

ous chapter is utilized to maintain an accurate motion of the manipulated object under

parametric uncertainties and limited resources circumstances. The external and internal

admittance control schemes are integrated to project an impedance relation and achieve

compliant interaction between the object/environment and manipulators/object during

the cooperative manipulation task. An event-triggered mechanism is designed based on

Lyapunov analysis to alleviate the communication over the network and maintain the sta-

bility of the closed-loop system. The proposed control scheme is compared with various

studies intended for the same cooperative manipulation task. Moreover, the effectiveness

of the designed event-triggered mechanism is examined based on a comparative analysis

with the well-known triggering conditions in the literature.

The structure of the chapter is organized as follows. The problem formulation is

introduced in Section 6.2. The design of the proposed controller is elaborated in Section

6.3, followed by the simulation results in Section 6.4. Finally, the conclusion of this

chapter is highlighted Section 6.5.

6.2 Problem Formulation

The manipulation task of a common rigid object through a predefined trajectory

is performed using k uncertain single-arm manipulators controlled through a limited

bandwidth network channel. Each manipulator comprises of a stationary base with n

joints. It is assumed that the object is held rigidly, and there is no relative motion between

the object and the end-effector of the manipulators. Moreover, the object/environment

interaction is also considered along with manipulators/object interaction as illustrated in

Figure 6.1, relaxing Assumption 2 of previous chapter. Each manipulator participating

in the cooperative manipulation can be modeled in joint space similar to the equation

(5.1) as follows:

MR,i(qi)q̈i + CR(qi, q̇i)q̇i +GR(qi) = τR,i − τint,i; τint,i = JT
i (qi)Fint,i (6.1)
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Trajectory

Environment

Figure 6.1: Cooperative manipulator system

The joint space dynamical model (6.1) can be reformulated in the Cartesian task space

similar to equation (3.7) as follows.

MRx,i
(xe,i)ẍe,i + CRx,i

(ẋe,i, xe,i)ẋe,i +GRx,i
(xe,i) = FR,i − Fint,i (6.2)

where MRx,i
= J−T

i MR,iJ
−1
i , CRx,i

= J−T
i (CR,i −MR,iJ

−1
i J̇i)J

−1
i , GRx,i

= J−T
i GR,i, and

FR,i = J−T
i τR,i.

Two admittance paradigms are adopted to maintain a compliant interaction between

the environment\object and object\manipulators [132]. The external admittance is im-

posed to prevent large interaction forces between the object and the environment which

obviate the damage of parts in contact. Moreover, the internal admittance is utilized to

limit the large internal forces and avoid grasp failure.

Inspired by the operational space formulation [202], an adaptive backstepping motion

controller is designed in the Cartesian space to maintain an accurate motion of the ma-

nipulated object during the tracking of the desired trajectory in the presence of dynamic

uncertainties. Moreover, to eliminate the need for a hierarchical inner motion control

loop and reduce the number of tunable controller design parameters.

To cope with the limited bandwidth burden and overcome the continuous update

of control signals during the cooperative task, an event-triggered (ET) mechanism is

placed at the controller-to-robot channel. As a consequence of ET implementation, the

cooperative manipulators are actuated by the event-triggered control inputs τ̄R,i in lieu

of the actual control signals τR,i. The control laws are updated and transmitted over the

network when the predefined condition Tcon,i gets violated. The triggering instants are
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described as follows.

τ̄R,i(t) = τR,i(tj), ∀ t ∈ [tj, tj+1)

tj+1 = inf {t|t > tj, Tcon,i(em,i, z1,i, z2,i, z3,i) > 0}
(6.3)

where τR,i and τ̄R,i are the actual and event-triggered control signals for the i-th manip-

ulator, respectively. em,i = τR,i − τ̄R,i represents the measurement error and Tcon,i is the

triggering condition.

The objective of the control is to design an admittance-based Cartesian adaptive con-

trol scheme for the uncertain cooperative manipulators. This controller is dedicated to

obtain a proper compliant interaction between the object/environment and manipula-

tors/object and achieve a favorable tracking performance with minimum transmissions

over the network during the manipulation task in the presence of uncertainties and limited

resources.

6.3 Control Architecture

In this section, the design of an event-triggered admittance-based adaptive controller

for a cooperative manipulator system is carried out. This controller is devoted to attain

a compliant interaction between the manipulated object and the environment and limit-

ing the mechanical stresses to small values. Simultaneously, this control scheme should

guarantee the stability of the system with a superior trajectory tracking performance and

minimum transmissions over the network in the presence of uncertainties and limited re-

sources. The Block diagram of the proposed controller is depicted in Figure 6.2. The

portions of the codes which are running on the host computer unit and the on-board con-

troller are also illustrated in the same figure. The design of the admittance and motion

controllers is presented in the following subsections.

Object
desired trajectory

External admittance
Eq. (6.4)

Closed-chain
constraints
Eq. (5.8)

Wireless network channel ZOH 

Triggering condition
Eq. (6.14)

Internal admittance
Eq. (6.5)

Forward kinematics

Grasp matrix

Admittance controller

Event-triggered mechanism

Position control law 
Eq. (6.9) 

Adaptive Law

Motion controller

Error variables 

Virtual controller Host computer Host computer

Host computer

On-board controller

Figure 6.2: Block diagram of the proposed control scheme
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6.3.1 Admittance Controller

The combined architecture of the external and internal admittance control strategy is

proposed in [130]. This architecture is adopted here to realize the compliant interaction

between the object/environment and manipulators/object. The external admittance is

utilized to impose an impedance behavior between the pose of the manipulated object and

the forces generated due to the object and environment interaction. As a result, bounded

interaction forces can be guaranteed. The desired and reference motion variables of the

object are defined as Υo,d = (ẍo,d, ẋo,d, xo,d) and Υo,r = (ẍo,r, ẋo,r, xo,r). Therefore, the

description of the external admittance can be given as follows:

Mex(ẍo,d − ẍo,r) + Cex(ẋo,d − ẋo,r) +Kex(xo,d − xo,r) = Fenv (6.4)

where xo,d, xo,r are the desired and reference position and orientation of the object, respec-

tively. Mex, Cex, and Kex are the symmetric and positive definite matrices for external

admittance. The output of the external admittance is the reference trajectory of the

object, which can be calculated by substituting Fenv from equation (5.3) and integrating

equation (6.4). Thereafter, this reference trajectory is mapped to their counterpart at

the grasp locations to form the end-effector desired trajectory for each manipulator using

the closed-chain constraints presented in equation (5.8).

The internal admittance is intended to achieve limited internal forces and avoid devel-

oping high mechanical stresses at the object level. Therefore, an impedance behavior is

established between the end-effector of each manipulator and the corresponding internal

forces. The internal admittance can be represented by the following equation:

Min,i(ẍed,i − ẍer,i) + Cin,i(ẋed,i − ẋer,i) +Kin,i(xed,i − xer,i) = FI,i (6.5)

where xed,i, xer,i are the desired and reference position and orientation for the end-effector

of i-th manipulator, respectively. Min,i, Cin,i, and Kin,i are the symmetric and positive

definite matrices for internal impedance, and FI,i is the internal forces of the i-th ma-

nipulator. The inputs of the internal admittance equation are the actual internal forces

and the end-effector desired trajectories obtained using the closed-chain constraints (5.8).

The integration of the internal admittance equation results in the generation of the i-

th end-effector reference trajectory i.e., Υer,i = (ẍer,i, ẋer,i, xer,i) to be followed using an

accurate motion controller. This motion controller is to be designed in the following

subsection.

121

TH-3046_186103022



6. Event-triggered Adaptive Admittance Control for Cooperative Manipulators

6.3.2 Motion Controller

The design of a Cartesian adaptive backstepping motion controller is carried out in this

section. This control strategy is necessary to accurately track the end-effector reference

trajectories and maintain an acceptable impedance behavior in the presence of dynamic

uncertainties. Moreover, a Lyapunov-based triggering condition is derived in the last step

of the controller design process to reduce the communication burden and maintain the

stability of the cooperative manipulator system.

The three-steps of adaptive backstepping controller are derived to guarantee that the

actual operational space positions xe,i follow the reference trajectories xer,i in the presence

of uncertainties and limited communication. The dynamic model of the i-th manipulator

(6.2) can be rewritten by introducing the state vector Xi = (x1,i, x2,i)
T = (xe,i, ẋe,i)

T as

follows.

ẋ1,i = x2,i

ẋ2,i =M−1
Rx,i

(xe,i)(F̄R,i − CRx,i
(ẋe,i, xe,i)ẋe,i −GRx,i

(xe,i)− Fint,i)
(6.6)

The error variables for the i-th robotic manipulator participating in the cooperative task

are determined similar to equation (5.18) but at the end-effector level as follows.

z1,i = δi

t∫
0

exe,i
dt = δi

t∫
0

(xe,i − xer,i)dt , z2,i = xe,i − α1,i , z3,i = ẋe,i − α2,i (6.7)

where αj,i denotes the j virtual controller of the i-th manipulator determined in the

succeeding steps to guarantee the convergence of the first and second error variables

z1,i, z2,i to a small values around zero.

Following the step by step design process of the motion controller presented in Sub-

section 5.4.1, the virtual controllers, control and adaptation laws can be designed as

α1,i = −k1,iz1,i + xer,i

α2,i = −z1,i − k2,iz2,i + α̇1,i

(6.8)

τR,i = Πiφ̂i + JT
i (qi)

(
− z2,i − (ϑi∥Πi∥2 + k3,i)z3,i + Fint,i

)
(6.9)

˙̂φi = −ΓiΠ
T
i J

−1
i z3,i (6.10)

Therefore, the derivative of Lyapunov candidate becomes

V̇i = −zT1,ik1,iz1,i − zT2,ik2,iz2,i − zT3,ik3,iz3,i − zT3,iϑi∥Πi∥2z3,i − zT3,iJ
−T
i em,i (6.11)
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6.3.3 Event-triggered Mechanism

The triggering condition is designed in the following based on the measurement er-

ror em,i that appears in the last term of the previous equation (6.11). This condition

determines the transmission instants of a new control signal over the network to ensure

the stability of the system and maintain the negative semi-definiteness of the Lyapunov

function derivative. By exploiting Young’s inequality in equation (6.11).

V̇i ≤ −zT1,ik1,iz1,i − zT2,ik2,iz2,i − zT3,ik3,iz3,i − zT3,iϑi∥Πi∥2z3,i + ∥zT3,iJ−T
i ∥∥em,i∥

≤ −(1− ζi)
(
zT1,ik1,iz1,i + zT2,ik2,iz2,i + zT3,i(k3,i + ϑi∥Πi∥2)z3,i

)
− ζi

(
zT1,ik1,iz1,i + zT2,ik2,iz2,i + zT3,i(k3,i + ϑi∥Πi∥2)z3,i

)
+

∥zT3,iJ−T
i ∥2

2
+

∥em,i∥2

2

(6.12)

In the previous equation (6.12), if 0 < ζi < 1 and the following inequality remains true

∥zT3,iJ−T
i ∥2

2
+

∥em,i∥2

2
≤ ζi

(
zT1,ik1,iz1,i + zT2,ik2,iz2,i + zT3,i(k3,i + ϑi∥Πi∥2)z3,i

)
(6.13)

then, the negative semi-definiteness of Lyapunov function derivative is guaranteed, and

the triggering function in equation (6.3) can be defined as follows:

Tcon,i = ∥em,i∥2 + ∥zT3,iJ−T
i ∥2 − 2ζi

(
zT1,ik1,iz1,i + zT2,ik2,iz2,i + zT3,i(k3,i +ϑi∥Πi∥2)z3,i

)
(6.14)

It should be emphasized that the control input signal is updated and transmitted over

the network in case this triggering function is greater than zero. Other than that, the

i-th robotic manipulator is driven by the last received control signal. This maintains the

negative semi-definiteness of the Lyapunov function derivative and causes a significant

reduction in the number of transmissions over the network.

Proposition 4. The multiple manipulator system actuated by the designed controller
(6.9) with the adaptation law (6.10), the external (6.4) and internal (6.5) admittance
schemes, and under the proposed event-triggered mechanism (6.14) is stable in the sense
of Lyapunov and all the closed-loop signals are guaranteed to be bounded. The proper
choice of the controller parameters provides a compliant behavior during the cooperative
manipulation task and ensures the convergence of tracking errors to a small neighborhood
near zero. Moreover, the Zeno behavior is avoided under the designed event-triggered
control strategy.

Proof. The derivative of Lyapunov function of i-th manipulator can be written as follows

V̇i ≤ −ΘiVi + Ωi (6.15)

where Θi = min

{
2δiλmin(k1,i), 2λmin(k2,i),

2λmin(k3,i+ϑi∥Πi∥2)−
∥J−T

i
∥2

ζi

λmax(MRx,i
)

}
, and Ωi =

ζi∥em,i∥2
2

.

Therefore, similar to the analysis in Proposition 1, the convergence of i-th manipulator
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tracking errors to the following sets can be ensured:

∥z1,i∥ ≤
√

2δiV̄i , ∥z2,i∥ ≤
√
2V̄i, ∥z3,i∥ ≤

√
2V̄i

λmax

(
MRx,i

) (6.16)

where V̄i = max

{
Vi(0),

Ωi

Θi

}
. This emphasizes that all the closed-loop signals are ulti-

mately bounded and the stability of the cooperative manipulator system can be ensured
under the proposed event-triggered control scheme. Furthermore, the proof of Zeno ex-
clusion presented in Proposition 1 is still valid and can be directly applied in this sce-
nario.

Remark 5. The selection of the design parameters for the motion and admittance con-
trollers is crucial to achieve an acceptable tracking performance and maintain the co-
operative manipulator system stability. Therefore, the following criteria are given to be
followed in the tuning process of the controller parameters:

(i) Selection of motion controller parameters: The equation (6.16) shows that by in-
creasing Θi and decreasing Ωi, the error signals ∥z1,i∥, ∥z2,i∥, and ∥z3,i∥ can be
ensured to converge to small values. As a result, increasing the motion controller
gains k1,i, k2,i, and k3,i improves the tracking performance and reduces the positional
errors during the desired task. On the other hand, the increase in the adaptation
gains Γi guarantees a faster convergence of the estimated parameters to their actual
values. However, these parameters cannot be selected too large in practical scenar-
ios to avoid high-frequency noises. Thus, maintaining the acceptable performance
of the system.

(ii) A lower number in the transmissions over the network can be obtained by increasing
the user-defined parameter ζi of the event-triggered mechanism. However, the trade-
off between tracking performance and network utilization should be attained since
the excess increase in ζi may degrade the performance of the cooperative manipulator
system.

(iii) Selection of admittance controller parameters: These parameters can be intuitively
selected based on their physical indications. Therefore, the selection of large values
of the desired stiffness Kex,i, Kin,i gains for internal and external admittance leads
to the development of higher interaction and internal forces. On the other hand, the
proper choice of the desired damping Cex and Cin,i can ensure a smooth transient
behavior without high overshooting and oscillatory response. The inertia matrix
Mex of external admittance should be chosen proportional to the inertia matrix of
the object Mo (i.e., Mex = PMo : P is a diagonal matrix with eigenvalues ≥ 1).
This assumption is imposed due to the unavailability of accurate measurement of
object acceleration [130].
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6.4 Simulation Results

In this section, a series of simulation runs are conducted to illustrate the feasibility

of the proposed admittance-based adaptive controller in the cooperative manipulation

task. The simulation setup consists of a dual-arm manipulator system (1 ≤ i ≤ k = 2)

handling a common object. Each manipulator has three revolute joint (ni = 3) with

stationary base as shown in Figure 5.3. The description of the dynamical matrices

MR,i(qi), CR,i(q̇i, qi), and GR,i(qi) can be found in in Appendix A.1. The physical pa-

rameters of the manipulators are similar to SCORBOT-ER VPlus manipulator, with no

motion at the fourth and fifth joints, as given in Appendix A.1. The object is rectangular

shape with a mass of mo = 5 kg, moment of inertia Io = 0.1 kgm2, and the following

dimensions: 1.5 m× 0.05 m× 0.1 m for the length, width, and height, respectively. The

inertial frame is located be between the dual-arm manipulators with a distance of lx,1 = 1

m and lx,2 = 1.2 m from the first and second manipulator, respectively, as illustrated in

Figure 5.3. The following two cases are considered to evaluate the proposed controller

performance:

Case 1. In this case, the designed controller is compared with two time-triggered

admittance-based control strategies i.e., proportional-integral-derivative (TT-PID) [130]

and the gravity compensation controller (TT-GCC) [137].

Case 2. In this case, the designed triggering condition is compared with the well-known

triggering rules presented in the literature, i.e., (relative [147] and fixed [151,186] thresh-

olds).

In both cases, the task is to move the object cooperatively through two different

trajectories (i.e., circular and lemniscate) in the x-z plane while maintaining small internal

forces during the cooperative task. Moreover, compliant behavior has to be achieved in

the presence of object-applied external environmental forces with a minimum number of

transmissions over the network. Therefore, two different external environmental forces are

considered during the cooperative manipulation tasks to validate the effectiveness of the

proposed controller. Firstly, a static environmental force Fenv is applied at the object’s

center of the mass in the X-direction. This force mimics the static pushing/pulling forces

in real-time scenarios. Secondly, other environmental forces are produced due to the

interaction between the object and the external environment (i.e., wall). This wall is

assumed to be on the trajectory of the manipulated object. Thus, the object should

slide along this wall without developing high interaction forces. The simulation runs for

both trajectories are carried out in MATLAB environment for a total period of 12.56 s (2

cycles) with 4 ms as the sampling time. The initial configuration for the object position

is chosen as xo(0) = [0.15 m, 0 m, 0.1 m]T with velocity equals to zero. The stiffness
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of the external environment (i.e., wall) is assumed to be Kenv = 10000 N
m
. The initial

values of unknown parameters for each manipulator are chosen to be zero. The results

and discussions for the two trajectories are given in the following subsections.

6.4.1 Tracking of Circular Trajectory

The dual-arm manipulators are assumed to handle the object in a circular trajectory

with the presence of object-applied external environmental forces. The desired motion of

the object should be achieved with compliant behavior and minimum internal forces to

avoid the damage of the manipulators and the object. The desired circular trajectory of

the object is defined as: xo,d(t) = [0.1 cos(ωdt) + 0.15, 0, 0.1 sin(ωdt) + 0.15]T , ωd = 1 rad
s
.

The static external force applied at the object is equal to Fenv = 20 N. This force occurs

at the time t = 5 s and holds for 1 s. Moreover, the wall is presented at the location

x = 0.1 m.

In Case 1, a comparative analysis with two different time-triggered admittance-based

control strategies is conducted to demonstrate the performance of the proposed con-

trol scheme. The time-triggered controllers are the proportional-integral-derivative (TT-

PID) [130] and the gravity compensation control scheme (GCC) [137]. These controllers

are devoted to follow the admittance-generated trajectory during the cooperative ma-

nipulation task and described in Appendix A.5. The design parameters for the pro-

posed controller are selected to achieve the lowest tracking errors in tandem with accept-

able compliant behavior and the least number of transmissions over the network as fol-

lows: (for external admittance: P = diag(1.5, 1.5, 1.5), Cex = diag(150, 150, 150), Kex =

diag(500, 500, 500), for internal admittance (i = 1, 2): Min,i = diag(0.001, 0.001, 0.001),

Cin,i = diag(2, 2, 2), Kin,i = diag(1500, 1500, 1500), for motion controller: δi = 20,

ϑi = 41I3, k1,i = diag(1, 1, 1), k2,i = diag(100, 100, 100), k3,i = diag(45, 45, 45), Γi =

diag(0.01, 0.01, 0.01), ζi = 0.9). For fair comparison and to maintain a consistent com-

pliant behavior, the parameters of the external and internal admittance for TT-PID and

TT-GCC are chosen similar to the proposed controller. However, the parameters of the

motion controller are adopted to achieve an acceptable trajectory tracking with small

tracking errors as presented in Appendix A.5.

The manipulation of the object along the desired circular trajectory for TT-PID, TT-

GCC, and the proposed ET controller is depicted in Figure 6.3. The time-dependent

trajectory tracking in X-, Y-, and Z-directions with the tracking errors are presented in

Figure 6.4. The interaction and internal forces are brought in Figure 6.5. It is noticed

from Figure 6.3 and Figure 6.4 that better trajectory tracking with smaller errors than

TT-PID are achieved in the case of TT-GCC and the proposed ET control scheme.

However, the proposed controller can accurately follow the desired trajectory with faster
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Figure 6.3: Object circular trajectory tracking in x-z plane for Case 1. (a) TT-PID, (b) TT-GCC, (c)
proposed controller. Enlarged view at (d) beginning of contact (e) end of contact (f) end of trajectory.

convergence and smaller positional errors in the non-contact stage. On the other hand,

the object exhibits a compliant behavior when the static external force is applied at the

object, as shown in Figure 6.4 (a). The vertical yellow line in Figure 6.4 (a) corresponds to

the time instant of applying the external force. Moreover, during the interaction with the

external environment, the object slides along the wall without further movement towards

the wall. This compliant behavior avoids the development of large external forces during

the interaction with the environment, as shown in Figure 6.5 (a). Similar behavior for

TT-PID, TT-GCC, and the proposed controller is maintained in the presence of static

external forces and during interaction with the environment. However, the proposed

controller exhibits a smoother interaction without sudden hikes in the external forces

compared with TT-PID and TT-GCC, as illustrated in Figure 6.5 (a). It can be observed

from Figure 6.5 (b) that the internal forces are limited to a small value for the three

different controllers. However, the internal forces developed at the object are the least

for the proposed controller even with the same internal admittance design parameters.

The control signals for the first and second manipulators using TT-PID, TT-GCC, and

proposed controller are depicted in Figure 6.6. At the initial stage of the simulation

runs, these signals score high values due to the large initial errors. However, the three

127

TH-3046_186103022



6. Event-triggered Adaptive Admittance Control for Cooperative Manipulators

 Desired  TT-PID  TT-GCC  Proposed controller

wall

p o,
x (m

)

(a)

Applying Fenv 

p o,
z (m

)

(c)

p o,
y (m

)

(b)

(d)

e p o,
x(m

)

Time (s)

(f)

e p o,
z(m

)

Time (s)

(e)

e p o,
y(m

)

Time (s)

Figure 6.4: Position tracking for Case 1 in circular trajectory. Desired and actual trajectories in (a)
X-direction, (b) Y-direction, (c) Z-direction. Position tracking errors in (d) X-direction, (e) Y-direction,
(f) Z-direction.
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Figure 6.5: Forces exerted on object for Case 1 in circular trajectory tracking. (a) interaction force,
(b) internal force.
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Figure 6.6: Control inputs for Case 1 in circular trajectory tracking. For first manipulator at: (a) first
joint, (b) second joint, and (c) third joint. For second manipulator at: (d) first joint, (e) second joint,
and (f) third joint

controllers converge to the steady-state with a smooth behavior during the cooperative

manipulation task. The sudden peaks of the control signals, labeled by P1 and P2, in the

zoomed view of Figure 6.6 (b) come from the interaction between the object and the wall

and the applied static force at the object level, respectively. Specifically, it is generated

in response of the admittance relation in equation (6.4) to move the object towards the

deviated trajectory xo,r. On the other hand, the control signals are transmitted over

the network at every sampling time regardless of the cooperative manipulator system

requirements for the traditional time-triggered PID and GCC. Consequently, there is no

saving in the network resources, and the total number of transmissions over the network

is equal to N = t
dt

= 12.56
0.004

= 3140. However, with the designed triggering condition, the

control signals are updated and transmitted over the network in an aperiodic manner,

as shown in the enlarged views of Figure 6.6. This leads to efficient resources utilization

and a significant reduction in the transmissions over the network, as shown in Figure

6.7. The channel usage (CS) and inter-event time for the first and second manipulators

are presented in Figure 6.8. From this figure, about 87% savings in the first and second

manipulator resources are obtained using the proposed ET control scheme.

The integral absolute error (IAE) and root-mean-square error (RMSE) are calculated
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Figure 6.7: Triggering instants for TT-PID, TT-GCC, and proposed ET mechanism in Case 1 of
circular trajectory tracking at: (a) first manipulator, (b) second manipulator
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Figure 6.8: Comparison of proposed ET mechanism with different TT control schemes for Case 1 in
circular trajectory tracking. Top: First manipulator. Bottom: Second manipulator.
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Table 6.1: Comparison of tracking errors for the two cases in circular trajectory.

Cases Controller

Tracking Errors

X-direction (mm) Z-direction (mm) Y-direction (mm)

RMSE IAE RMSE IAE RMSE IAE

Case 1

TT-PID 22.71 186.21 3.39 28.52 0.1257 0.3316

TT-GCC 22.94 185.89 3.69 13.97 0.1047 0.2967

Proposed controller 22.63 183.96 2.57 7.16 0.0524 0.1745

Case 2

Relative threshold 22.63 183.6 2.52 6.95 0.0506 0.1745

Fixed threshold 22.8 196.3 2.63 9.44 0.0541 0.2094

Proposed controller 22.63 183.97 2.57 7.16 0.0524 0.1745

and summarized in Table 6.1. These metrics are utilized to quantitatively emphasize the

performance of the proposed controller during the cooperative task. It is evident from

Table 6.1 that the proposed controller scores the minimum IAE and RMSE compared with

TT-PID and TT-GCC. Therefore, the proposed controller presents a superior tracking

performance with minimal positional errors and substantial resource savings than TT-

PID and TT-GCC.

In Case 2, an additional comparison study is carried out with two different triggering

rules to verify the effectiveness of the proposed ET controller. The designed triggering

condition is compared with the relative [147] and fixed [151, 186] thresholds during the

execution of the same manipulation task. The number of control updates, the root-

mean-square error, and the integral absolute error are the chosen criteria to evaluate the

presented triggering conditions. In Figure 6.9 and Figure 6.10, the control signals and

the triggering instants for relative threshold, fixed threshold, and designed ET controller

are illustrated, respectively. Moreover, the channel usage and the inter-event time are

depicted in Figure 6.11. The integral absolute and the root-mean-square values of the

tracking errors are summarized in Table 6.1. Figure 6.9 shows that the control inputs are

accompanied by continuous chattering in the case of the fixed threshold. This chattering

is inappropriate and may lead to degraded system performance during the manipulation

task. It can be observed from Figure 6.10 that the fixed threshold and designed triggering

condition result in a less number of transmitted control signals over the network compared

with relative thresholds. From Figure 6.11, the channel usage is equal to 62% and 32% for

the relative and fixed thresholds, respectively. This usage is dramatically dropped down

to 13.3% for the proposed triggering condition. According to Table 6.1, the significant

saving in the resources is accompanied with acceptable tracking performance and non-

considerable change in the tracking errors compared to the relative and fixed thresholds.
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Figure 6.9: Control inputs for Case 2 in circular trajectory tracking. For first manipulator at: (a) first
joint, (b) second joint, and (c) third joint. For second manipulator at: (d) first joint, (e) second joint,
and (f) third joint
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Figure 6.10: Triggering instants for proposed ET mechanism and different triggering conditions in Case
2 of circular trajectory tracking at: (a) first manipulator, (b) second manipulator.
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Figure 6.11: Comparison of proposed ET mechanism with different triggering conditions for Case 2 in
circular trajectory tracking. Top: First manipulator. Bottom: Second manipulator.

6.4.2 Tracking of Lemniscate Trajectory

Here, an additional lemniscate trajectory is utilized to evaluate the performance of

the proposed controller. The desired lemniscate trajectory is defined as: xo,d(t) = [0.1 +
0.05 sin (ωdt)

1+sin2 (ωdt)
, 0, 0.1 + 0.05 sin (ωdt) cos (ωdt)

1+sin2 (ωdt)
]T , ωd = 1 rad

s
. The object is assumed to follow the

desired trajectory with a compliant behavior during the environmental interaction. The

static external force applied at the object is equal to Fenv = 10 N. This force occurs

at the time t = 1 s and lasts for 1 s. Moreover, the wall is existed at the location

x = 0.07 m. The two cases of comparison studies, defined in the previous subsection,

are conducted to emphasize the promising performance of the designed controller over

the different time-triggered and event-triggered control schemes. The parameters of the

controllers are considered similar to the adopted for the circular trajectory.

The simulation results for Case 1 of the comparison study are presented in Figures

6.12-6.17. The tracking of lemniscate trajectory in x-z plane for TT-PID, TT-GCC,

and proposed ET controller is illustrated in Figure 6.12. The time history of position

tracking in X-, Y-, and Z-directions are reported in Figure 6.13 along with the tracking

errors. Figure 6.14 depicts the environmental interaction force and the internal force for

TT-PID, TT-GCC, and proposed ET controller. The control inputs are presented in

Figure 6.15. The triggering instants, channel usage, and inter-event time are brought in

Figure 6.16 and Figure 6.17, respectively. During the presence of applied external force

and interaction with the environment, the three controllers exhibit a similar behavior

without generating a high interaction force, as illustrated in Figure 6.13 and Figure
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Figure 6.12: Object lemniscate trajectory tracking in x-z plane for Case 1. (a) TT-PID, (b) TT-
GCC, (c) proposed controller. Enlarged view at (d) beginning of trajectory (e) contact wall (f) end of
trajectory.

6.14 (a). However, it can be observed from Figure 6.12 (c,d,e,f), Figure 6.13 (f), and

Figure 6.14 (b) that the proposed controller shows a better tracking performance with

smaller tracking error in Z-direction and lesser internal force compared with TT-PID

and TT-GCC. This superior performance is accompanied by aperiodic control updates,

a significant saving in the resources, and longer inter-event time, as shown in Figures

6.15-6.17. Moreover, the sudden increase in the control signal can be observed at the

time of contact to compensate for the deviation of the object from the desired trajectory

and track the admittance-generated trajectory. These results are confirmed with the IAE

and RMSE of the tracking errors presented in Table 6.2.

The results for Case 2 of the comparative study with relative and fixed thresholds are

presented in Figures 6.18-6.20. The control inputs and triggering instants are shown in

Figure 6.18 and Figure 6.19, respectively. The channel usage and inter-event time for the

relative threshold, fixed threshold, and proposed ET mechanism are brought in Figure

6.20. It is obvious from these figures that the proposed ET mechanism can guarantee

a lower number of transmissions over the network with the longest inter-event time for

the first and second manipulator participating in the cooperative task. This results in
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(b), internal force.
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Figure 6.15: Control inputs for Case 1 in lemniscate trajectory tracking. For first manipulator at: (a)
first joint, (b) second joint, (c) third joint. For second manipulator at: (d) first joint, (e) second joint,
(f) third joint
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Figure 6.16: Triggering instants for TT-PID, TT-GCC, and proposed ET mechanism in Case 1 of
lemniscate trajectory tracking at: (a) first manipulator, (b) second manipulator.

136

TH-3046_186103022



6.4 Simulation Results

0

35

70

105

140

  TT-PID  TT-GCC  Proposed controller

N=442N=3140N=3140

 

 
CS

 (%
)

 
(a)

0.00

0.05

0.10

0.15

(b)

 

 

M
ax

im
um

 ti
m

e 
(s

)

 

0

35

70

105

140

(c)
Channel usage

 

 

CS
 (%

)

 N=3140 N=3140 N=433 0.00

0.05

0.10

0.15

Inter-event time
(d)

 

 

M
ax

im
um

 ti
m

e 
(s

)

 

Figure 6.17: Comparison of proposed ET mechanism with different TT control schemes for Case 1 in
lemniscate trajectory tracking. Top: First manipulator. Bottom: Second manipulator.

Table 6.2: Comparison of tracking errors for the two cases in lemniscate trajectory.

Cases Controller

Tracking Errors

X-direction (mm) Z-direction (mm) Y-direction (mm)

RMSE IAE RMSE IAE RMSE IAE

Case 1

TT-PID 7.46 50.71 1.84 23.03 0.125 0.331

TT-GCC 7.42 49.41 0.54 5.74 0.10 0.29

Proposed controller 7.32 48.79 0.21 2.68 0.05 0.17

Case 2

Relative threshold 7.42 48.8 0.21 2.57 0.05 0.174

Fixed threshold 7.48 55.5 0.33 3.5 0.054 0.20

Proposed controller 7.32 48.79 0.21 2.68 0.05 0.17

around 86% savings of the resources for the proposed controller compared with 48.2%

and 65.3% for relative and fixed thresholds, respectively. Moreover, the same tracking

performance of lemniscate trajectory is attained without chattering in the control signal

compared to the fixed threshold and without a significant increase in the IAE and RMSE

of the tracking errors with respect to the relative threshold as shown in Table 6.2.

6.4.3 Comparison with Related Works

Most of the admittance-based control studies presented in the cooperative manipulator-

related literature are based on a hierarchical inner motion control loop with primary and

secondary control schemes to calculate the joint reference angles and the desired joint

torques, respectively [130, 132, 137, 138]. This hierarchical motion control loop leads to
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Figure 6.18: Control inputs for Case 2 in lemniscate trajectory tracking. For first manipulator at: (a)
first joint, (b) second joint, and (c) third joint. For second manipulator at: (d) first joint, (e) second
joint, and (f) third joint
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Figure 6.19: Triggering instants for proposed ET mechanism and different triggering conditions in Case
2 of lemniscate trajectory tracking at: (a) first manipulator, (b) second manipulator.
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Figure 6.20: Comparison of proposed ET mechanism with different triggering conditions for Case 2 in
lemniscate trajectory tracking. Top: First manipulator. Bottom: Second manipulator.

Table 6.3: Comparison with related works (EX:= External, IN:= Internal).

Studies
Admittance

strategy
Event-triggered Uncertainties # Design parameters

[130] EX+IN No No 5

[132] EX+IN No No 6

[137] EX+IN No No 4

[138] EX+IN No No -

[139] EX+IN No No 3

[135] EX+IN No Yes 4

[134] IN No Yes 5

[136] EX No Yes 5

[10] EX No Yes 11

[172] IN Yes No -

Proposed EX+IN Yes Yes 3
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a cost computation and a higher number of design parameters to be tuned during the

cooperative task. On the other hand, these studies do not consider the dynamic un-

certainties in the controller design process, as summarized in Table 6.3. Although some

works have considered the presence of dynamic uncertainties in the cooperative manipula-

tor system [10,134–136]; however, these works do not address the limited communication

challenge induced by the implementation of the network channel. For the proposed con-

troller, the admittance-generated Cartesian trajectories are tracked directly using the

operational space adaptive backstepping controller considering uncertainties and limited

communication under the event-triggered mechanism. In addition to the aforementioned

differences between the proposed control scheme and the others presented in the litera-

ture, the triggering condition is derived from the Lyapunov analysis based on the negative

property of the Lyapunov function derivative. This simplifies the controller design and

system stability analysis with no constraints on the dynamic nonlinearities to be a Lip-

schitz function. Moreover, it leads to better saving of resources in tandem with similar

tracking performance in comparison with the well-known relative [147] and fixed [151,186]

thresholds.

6.5 Summary

In this chapter, an admittance-based adaptive control strategy has been proposed for

a team of uncertain cooperative manipulators. The external and internal admittance

models have been augmented to achieve a compliant behavior and reduce the internal

forces in the presence of different object-applied environmental forces. The Cartesian

adaptive backstepping approach has been utilized to maintain an acceptable tracking

performance under uncertainties and limited communication. The event-triggered strat-

egy has been exploited to deal with the limited communication challenge. Therefore,

an event-triggered condition has been designed based on Lyapunov analysis and placed

at the controller-to-robot channel. The effectiveness of the designed controller has been

evaluated using a dual-arm manipulator system during the manipulation of a common ob-

ject through circular and lemniscate trajectories. Moreover, extensive comparison studies

have been carried out with different time-triggered and event-triggered control schemes

to emphasize the performance of the proposed controller. It can be concluded from the

simulation runs that the designed controller exhibits an outstanding performance with

fruitful compliant behavior and significant saving in resources.
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7. Experimental Implementation of Event-Triggered Adaptive Control for
Cooperative Manipulators

7.1 Introduction

This chapter endeavors to experimentally implement the designed event-triggered

adaptive position control strategy on a real-time uncertain position-controlled coopera-

tive dual-arm manipulator system. This implementation is carried out while considering

some practical challenges, such as the limited communication and hardware restrictions

of the commercial position-controlled manipulators. The dynamic of the manipulator is

modified to overcome the hardware restriction and allow the dynamic control strategy on

the position-controlled robots. As such, the proposed event-triggered adaptive controller

can provide the required position control inputs instead of voltage or torque signals while

considering the dynamical coupling and the parametric uncertainties of the dual-arm sys-

tem. An adaptive control law is devised to cope with these uncertainties and estimate

the parameters online during the assigned task. The dynamic Lyapunov-based triggering

mechanism is utilized in the controller-to-robot channel to overcome the limited commu-

nication challenge, reduce the number of control updates, and maintain the stability of

the whole system.

This chapter is organized as follows. In Section 7.2, the hardware specification of the

cooperative dual-arm manipulator system is presented along with the dynamic model-

ing and problem formulation. The development of the proposed position-based event-

triggered control strategy is presented in Section 7.3. Section 7.4 elaborates on the

experimental validation and comparative analysis of the proposed control strategy with

different time-triggered control schemes. Finally, Section 7.5 highlights the conclusion of

the study.

7.2 Framework of Cooperative Manipulators

7.2.1 Specification of Dual-Arm Manipulator System

The cooperative manipulation of a cuboid object is performed using two Dagu robotic

arms manufactured by DAGU Hi-Tech Electronic Co., LTD. for research and school com-

petitions purposes. Each arm has 5 joints of revolute type, providing each manipulator

with 5-DOFs. An additional joint is also present to open and close the gripper of the

robotic arm. The base and arm joints are driven by 4-FB5116M servo motors. However,

the wrist and gripper joints are actuated by 2-DGServo S05NF STD micro servos. These

servo motors admit the joint position as the control input. The operating voltage of

these servos ranges between 4.8 V-6 V. The joints of the manipulators can be operated

all together by providing the control signals at all servo motors. However, the motion

could also be limited to few joints that is sufficient to achieve the desired manipula-
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7.2 Framework of Cooperative Manipulators

Figure 7.1: Dual-arm manipulator system (1-Left manipulator; 2-Right manipulator; 3-Manipulated
object; 4-On-board micro-controller; 5-Host-computer)

tion task. The motion restriction is achieved by locking the unnecessary joint at one

position. The whole experimental setup is shown in Figure 7.1. It consists of the two

dagu robotic arm (L:=Left arm and R:=Right arm), on-board micro-controller, and host

computer. The dual-arm robotic system is programmed using the host computer (i.e.,

Core i7-HP Pavilion with 16GB RAM and Windows 11 platform). The control program

is built-in Matlab/Simulink (2019b) with the Arduino Hardware Support Package. The

computation of the control inputs is carried out at the host computer and transferred

to the on-board micro-controller via a wireless network established by an ESP13 WiFi

shield. The communication are based on client/server architecture. The on-board micro-

controller is an Arduino Due with Atmel SAM3X8E ARM Cortex-M3 CPU and 84 MHz

clock. This board has 12 analog inputs, 2 digital-to-analog converter (DAC), and 54 dig-

ital input/output pins, 12 of which can be configured as pulse width modulation (PWM)

outputs. The operational voltage of the pins is 3.3 V, with an external voltage supply

range of 7 V-12 V. The schematic of the experimental architecture showing the flow of

date is ilustrated in Figure 7.2. The dynamic parameters and dimensions of the Dagu

robotic arm are presented in Appendix A.6.

7.2.2 Dynamic Model of Cooperative Manipulator System

In this section, the modified dynamical model of the cooperative manipulators system

is presented. This model is highly desirable to comply with the most commercial posi-

tion controlled manipulators available in the market, allowing the direct position control

commands. Therefore, the dynamic of the manipulators is firstly amended to incorporate

the electrical and mechanical parts of the motor dynamics, resulting in voltage controlled

manipulators. Thereafter, the model of the internal low-level position controllers of the

servo motors are combined with the dynamic of the manipulated object and coopera-
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Figure 7.2: Schematic of the experimental architecture driven by MATLAB/Simulink

tive manipulators to complete the derivation and obtain an overall position controlled

dynamic model. In Section 5.2, the conventional combined robot-motor dynamics of

the k robotic manipulators with the complete description of the dynamic matrices was

expressed by the following compact form:

MR(q)q̈ + CR(q̇, q)q̇ +GR(q) = τR − τint; τint = JT (q)Fint (7.1)

where q = [qT1 , q
T
2 , ..., q

T
k ]

T ∈ Rkn, MR(q) = blockdiag[MR,1(q1),MR,2(q2), ...,MR,k(qk)] ∈
Rkn×kn, CR(q̇, q) = blockdiag[CR,1(q̇1, q1), CR,2(q̇2, q2), ..., CR,k(q̇k, qk)] ∈ Rkn×kn, GR(q) =

[GR,1(q1)
T , GR,2(q2)

T , ..., GR,k(qk)
T ]T ∈ Rkn, Fint = [F T

int,1, F
T
int,2, ..., F

T
int,k]

T ∈ Rkm, J(q) =

blockdiag[J1(q1), J2(q2), ..., Jk(qk)] ∈ Rkm×kn, and τR = [τTR,1, τ
T
R,2, ..., τ

T
R,k]

T ∈ Rkn. It can

be observed that the above equation admit the torques as the control inputs. However,

these signal are not appropriate to guide the servos of the position controlled manipu-

lators. Therefore, a further modification on the torque controlled dynamics (7.1) will

be carried out to comply with the hardware restriction and accept the direct position

commands as control inputs.

By exploiting equations (2.4) and (4.5) and incorporating the electrical circuit of the

DC servo motors presented in equation (4.4), the equation (7.1) can be rewritten similar
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to equation (4.6):

MR(q)q̈ +
(
CR(q̇, q) + rKaR

−1
a Kbr

)
q̇ +GR(q) = rKaR

−1
a Va − JT (q)Fint (7.2)

where Ka = blockdiag[Ka,1, Ka,2, ..., Ka,k] ∈ Rkn×kn, r = blockdiag[r1, r2, ..., rk] ∈ Rkn×kn,

Kb = blockdiag[Kb,1, Kb,2, ..., Kb,k] ∈ Rkn×kn, Ra = blockdiag[Ra,1, Ra,2, ..., Ra,k] ∈ Rkn×kn,

and Va = [V T
a,1, V

T
a,2, ..., V

T
a,k]

T ∈ Rkn. The combined motor-robot dynamical model (7.2)

of k manipulators is now driven by voltage signals of the motors. However, these signals

cannot be utilized directly to drive the commercial position controlled cooperative ma-

nipulators which admit the position commands only. The servos of these manipulators

adopt internal joint position controllers (e.g., PD controller [181]). The model of the low

level internal controllers for k manipulators can be formulated as follows:

Va = Kp(qcmd − q)−Kd(q̇) (7.3)

whereKp = blockdiag[Kp,1, Kp,2, ..., Kp,k] ∈ Rkn×kn andKd = blockdiag[Kd,1, Kd,2, ..., Kd,k]

∈ Rkn×kn are the parameters of the low-level PD controllers of the k robotic manipulators,

qcmd ∈ Rkn are the position commands of the k manipulators which represent the control

inputs of the modified dynamical model of the cooperative manipulator system. It is to

be mentioned that the term q̇cmd is neglected in equation (7.3) to simplify the dynamic

model. Substituting equation (7.3) in equation (7.2), one can obtain:

MR(q)q̈ +
(
CR(q̇, q) + rKaR

−1
a (Kbr +Kd)

)
q̇ +GR(q)

+ rKaR
−1
a Kpq = rKaR

−1
a Kpqcmd − JT (q)Fint

(7.4)

To complete the derivation, the dynamics of the object should also be considered.

Following the same derivation presented in Section 5.3 and substituting equations (5.13)

and (5.14) in the above equation, the dynamical model of the multiple position controlled

manipulators given in equation (7.4) coupled with the object dynamical equation (5.3)

can be written as follows:

MC(xo)ẍo + CC(ẋo, xo)ẋo +GC(xo) + εq = εqcmd − JT (xo)FI (7.5)

where MC(xo) = MR(q)η(q) + JT (q)W †Mo(xo), CC(ẋo, xo) = MR(q)ι(q) +
(
CR(q̇, q) +

rKaR
−1
a (Kbr + Kd)

)
η(q) + JT (q)W †Co(ẋo, xo), GC(xo) = GR(q) + JT (q)W †Go(xo), and

ε = rKaR
−1
a Kp. The overall dynamic model of the cooperative manipulator system (7.5)

satisfies the same properties (Property 7-Property 9) presented in Section 5.3.
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7.2.3 Problem Formulation

In this chapter, an uncertain position controlled cooperative dual-arm manipulator

system is considered to perform a real-time cooperative manipulation of a common ob-

ject. These manipulators are controlled via a limited bandwidth wireless network in the

controller-to-robot channel. The overall dynamic model of the cooperative manipulators

presented in equation (7.5) can be rewritten as follows.

MC(xo)ẍo + CC(ẋo, xo)ẋo +GC(xo) + εq = εq̄cmd − JT (xo)FI (7.6)

where q̄cmd is the event-triggered position control input.

The inaccuracies in the physical parameters of manipulators, the unavailability of

servo motor models, and the parameters of internal low-level kinematic controller are the

primary sources of uncertainties. To cope with these uncertainties, two adaptation laws

are designed along with the backstepping control scheme to provide a proper tracking

performance during the cooperative manipulation task. Therefore, the assumptions of

known internal controller parameters [183] and the negligence of the electrical dynamics

of the motor [181–183] are relaxed, resulting in a more realistic experimental scenario.

To overcome the limited bandwidth restrictions and reduce the control updates, an

event-triggered (ET) mechanism is placed at the controller-to-robot channel. As a re-

sult, the cooperative manipulator system is not further driven by the actual position

control input qcmd. Instead, it is actuated by the event-triggered control input q̄cmd. The

triggering instants are defined as

q̄cmd(t) = qcmd(tj),∀ t ∈ [tj, tj+1)

tj+1 = inf {t|t > tj, Tcon(em, z1, z2, z3) > 0}
(7.7)

where Tcon(em, z1, z2) denotes the triggering condition to be designed in the subsequent

section and em is the measurement error where em = qcmd − q̄cmd.

The control problem can be stated as follows: Design and implement an event-

triggered adaptive tracking control scheme based on the backstepping approach on com-

mercial position controlled cooperative manipulators. This controller is devoted to ensure

the boundedness of the closed-loop signals and achieve acceptable cooperative manipu-

lation of a common object with minimum transmission over the network in the presence

of uncertainties and limited bandwidth.

146

TH-3046_186103022



7.3 Position-based Event-Triggered Adaptive Controller Design

7.3 Position-based Event-Triggered Adaptive Con-

troller Design

Here, the event-triggered adaptive backstepping controller presented in Section 5.4

is extended to provide the direct joint position signals which are adequate to guide the

position controlled cooperative manipulator system in the real time scenarios. The error

variables are defined similar to equation (5.18) as follows:

z1 = δ

t∫
0

(xo − xo,d)dt , z2 = xo − α1 , z3 = ẋo − α2 (7.8)

where α1 and α2 are the virtual controller intended to stabilize the subsystems based

on the Lyapunov function. The derivation of these virtual controllers can be obtained

following Step 1 and Step 2 of controller design in Subsection 5.4.1 as follows:

α1 = −k1δ
t∫

0

exodt+ xo,d

α2 = −z1 − k2z2 − k1δexo + ẋo,d

(7.9)

Here, the third step of the controller design is devised to obtain the control laws that

provide the direct position command for the position controlled manipulators.

Step 3: By exploiting Property 7, the Lyapunov function candidate is proposed as

follows.

V̄3 = V̄2 +
1

2
zT3 η

TMC(xo)z3 (7.10)

Differentiating V̄3 with respect to time and utilizing equation (7.8) and Property 8, one

can obtain:

˙̄V3 =
˙̄V2 + zT3 η

TMC(xo)ż3 +
1

2
zT3
d
(
ηTMC(xo)

)
dt

z3

= ˙̄V2 + zT3 η
T
(
−MC(xo)α̇− CC(ẋo, xo)α−GC(xo) + εq̄cmd − εq − JT (xo)FI

) (7.11)

By exploiting Property 9 and knowing that WFI = 0, the derivative of Lyapunov

candidate is expressed as follows:

˙̄V3 =
˙̄V2 − zT3 Πxoφxo + zT3 η

T
(
εq̄cmd − εq

)
(7.12)

Due to the inaccuracies in the physical parameters of the robots and the unavailability of

servo motor models and internal low level controllers, an adaptive controller is required to

be designed to deal with these uncertainties and compensate for the unknown parameters.

Therefore, a new Lyapunov function is defined as V = V̄3+
1
2
φ̃T
xo
Γ−1
1 φ̃xo +trace(1

2
ε̃TΓ−1

2 ε̃).
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Here, φ̃xo and ε̃ are the estimation errors of the uncertainties and defined as φ̃xo =

φxo − φ̂xo and ε̃ = ε− ε̂. ε̂ and φ̂xo denote the estimation of unknown parameters ε φxo ,

respectively. Γ1, Γ2 are arbitrary positive constants. Using equations (5.23) and (7.12),

the derivative of the last Lyapunov function V can be obtained as:

V̇ = ˙̄V2 − φ̃T
xo
Γ−1
1

˙̂φxo + trace(−ε̃TΓ−1
2

˙̂ε)

= −zT1 k1z1 − zT2 k2z2 + zT2 z3 + zT3 η
T
(
ε̃(q̄cmd − q) + ε̂(q̄cmd − q)

)
− zT3

(
Πxoφ̃xo +Πxoφ̂xo

)
− φ̃T

xo
Γ−1
1

˙̂φxo + trace(−ε̃TΓ−1
2

˙̂ε)

(7.13)

By taking the transpose of zT3 Πxoφ̃xo and zT3 η
T ε̃(q̄cmd − q) and utilizing the trace proper-

ties, the above equation can be written as

V̇ = −zT1 k1z1 − zT2 k2z2 + zT3 η
T
(
η(ηTη)−1z2 + ε̂qcmd − ε̂em − ε̂q

)
− zT3 Πxoφ̂xo

− φ̃T
xo
(ΠT

xo
z3 + Γ−1

1
˙̂φxo) + trace

(
ε̃T (ηz3(q̄

T
cmd − qT )− Γ−1

2
˙̂ε)
) (7.14)

where zT2 z3 = zT3 z2 = zT3 η
Tη(ηTη)−1z2. Now, if the control law and the adaptive laws are

chosen as follows

qcmd = ε̂−1
(
η(ηTη)−1(−z2 +Πxoφ̂xo)− (ϑ∥Πxo∥2 + k3)ηz3

)
+ q (7.15)

˙̂φxo = −Γ1Π
T
xo
z3 and ˙̂ε = Γ2ηz3(q̄

T
cmd − qT ) (7.16)

then, the derivative of the Lyapunov function becomes

V̇ = − zT1 k1z1 − zT2 k2z2 − zT3 η
T (k3 + ϑ∥Πxo∥2)ηz3 + zT3 η

T ε̂em (7.17)

Based on the measurement error appeared in the last term of equation (7.17), the

triggering mechanism will be designed to maintain the negative semi-definiteness of the

Lyapunov function derivative V̇ . Using the same derivation followed in equations (5.41-

5.43), the triggering function defined in equation (7.7) can be formulated as follows.

Tcon(em, z1, z2, z3) = ∥em∥2 − 2ζ

(
zT1 k1z1 + zT2 k2z2 + zT3 η

T
(
k3 + ϑ∥Πxo∥2

)
ηz3

)
+ ∥zT3 ηT ε̂∥2

(7.18)

It can be proved directly similar to the analysis of Proposition 3 that the position

controlled cooperative manipulator system presented in equation (7.5) actuated by the

control law designed in equation (7.15) and the adaptation law (7.16) with the triggering

mechanism (7.18) is stable in the sense of Lyapunov and all the state signals are ultimately

bounded. Moreover, the Zeno behavior is excluded under the designed event-triggered

condition.
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Table 7.1: Performance analysis of cooperative manipulation task under internal low-level controller,
proposed controller with and without adaption.

Controller

Tracking errors (mm) Resource utilization

X-direction Z-direction
# Control update % Channel usage % Saving

RMSE IAE RMSE IAE

Internal low-level controller 1.82 22.07 0.33 3.78 1256 100 0

Proposed controller w/o adaptation 0.44 5.18 1.03 12.52 235 18.72 81.28

Proposed controller w/ adaptation 0.19 2.05 0.17 1.80 179 14.25 85.74

7.4 Experimental Results and Comparative Study

To validate the obtained theoretical results and illustrate the applicability of the

proposed event-triggered adaptive position control strategy, the real-time cooperative

manipulation of a common object is carried out using the dual-arm manipulator sys-

tem presented in Subsection 7.2.1, available in Mechatronics and Robotics Laboratory

of IIT Guwahati. The experiment is performed under non-ideal conditions (e.g., the

inaccuracies of robotic dynamic, unavailability of the motors parameters by the manu-

facturer, and limited communication). The manipulation scenario is to move the firmly

grasped object through a predefined circular trajectory i.e., xo,d(t) = [0.04 cos(ωdt) +

0.22, 0, 0.04 sin(ωdt) + 0.03]T , ωd = 1 rad
s
. The object is grasped via two grippers on the

end effector of each Dagu manipulator, allowing no relative motion between the object

and the end-effector. The position control signals are applied upon the second, third

and fourth joints of each Dagu arm (2L/2R, 3L/3L, 4L/4R). The remaining joints are

constrained at the zero positions. The physical parameters and the detailed descriptions

of the dynamical model matrices of the utilized 3-DOFs Dagu arm are given in Appendix

A.6. The total duration of the performed experiment is t = 12.57 s with 0.01 ms as

sampling time. The initial conditions of the parameter estimation are set to be zero

(i.e., φ̂xo(0) = ε̂(0) = 0). The designed controller parameters are selected as follows:

k1 = diag(0.1, 0.1, 0.1), k2 = diag(0.1, 0.1, 0.1), k3 = 5.4I6, δ = 5, ϑ = 7I6, Γ1 = 0.1I,

Γ2 = 0.2I6, and ζ = 0.8. The effectiveness of the designed control scheme is evaluated

during the manipulation task based on the following comparison cases.

Case 1. In this case, the performance of the proposed dynamic control scheme

(with/without adaptation) is compared against the internal low-level kinematic controller

in which the desired joint trajectories are directly feed to the servos as control commands.

The effect of uncertainties is mimicked and introduced to the cooperative system by

placing an additional mass of 100 g at the center of the object.

Discussion 1. The experimental results for the first comparison study are presented

in Figures 7.3-7.6. Figure 7.3 illustrates the desired and actual trajectory of the object
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Figure 7.3: Experimental results of object trajectory tracking in x-z plane for internal low-level con-
troller, proposed controller with and without adaption. (a) Desired and actual object trajectory. En-
larged view of the tracking performance at (b) left side and (c) bottom side
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Figure 7.4: Experimental results of object position tracking for internal low-level controller, proposed
controller with and without adaption. Desired and actual trajectories in (a) X-direction and (b) Z-
direction. Position tracking errors in (c) X-direction and (d) Z-direction.
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Figure 7.5: Control inputs under event-triggered and time triggered implementation of proposed control
scheme for first manipulator at: (a) first joint, (b) second joint, (c) and third joint.
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Figure 7.6: Control inputs under event-triggered and time triggered implementation of proposed control
scheme for second manipulator at: (a) first joint, (b) second joint, (c) and third joint.
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COM and tracking errors under the proposed controller (with/without adaptation) and

the internal kinematic control scheme. The time-dependent trajectory tracking in X- and

Z-directions of the object with the tracking errors are presented in Figure 7.4. It can be

observed that the manipulation task can be precisely achieved using the designed event-

triggered dynamic control scheme (with adaptation). The deactivation of the adaptation

law may cause a slight deviation from the desired trajectory and larger tracking errors.

However, the proposed dynamic controller with the two variations (with/without adap-

tation) can still results in smaller tracking errors compared to the kinematic controller,

as shown in Figure 7.4. The time-triggered and event-triggered control inputs for the

first and second Dagu arms under the proposed controller are depicted in Figure 7.5 and

Figure 7.6, respectively. From these two figures, the control signals under the designed

event-triggered condition are found to be updated aperiodically and held constant during

the manipulation task. This results in a smaller number of transmission over the network

while maintaining an outstanding tracking performance. Figure 7.10 shows the triggering

instants under the proposed Lyapunov based triggering mechanism. It can be noted that a

significant reduction in the updated/transmitted control signals can be guaranteed using

the proposed mechanism compared with the time-triggered implementation. To quanti-

tatively highlight the performance of the proposed control scheme, the root-mean-square

error (RMSE) and integral absolute error (IAE) are calculated for the three different

control strategies and brought in Table 7.1. Moreover, the channel usage along with the

number of transmitted control signals is also presented in Table 7.1. The proposed control

scheme (with/without adaptation) scores less RMSE and IAE compared to the internal

low-level controller. However, the presence of the adaptation laws allow the controller to

overcome the effect of uncertainties and achieve better tracking performance with mini-

mum RMSE and IAE. It can be concluded that the proposed dynamic controller can be

easily implemented on the position controlled robotic manipulators to provide the direct

position commands. Moreover, this controller presents a superior tracking performance

with minimum tracking errors and significant reduction in the control updates compared

to the internal kinematic controller.

Case 2. In this case, the designed triggering condition is compared with the well-

known triggering rules presented in the literature, i.e., (relative [147] and fixed [151,186]

thresholds). The same manipulation task conducted in the first case is repeated to further

verify the effectiveness of the proposed control scheme. The thresholds design parameters

are selected to maintain an acceptable tracking performance with the lowest number of

transmissions over the network.

Discussion 2. The experimental results of the tacking performance, control inputs,

and triggering instants for the fixed threshold, relative threshold, and designed event-
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Figure 7.7: Experimental results of object trajectory tracking in x-z plane for fixed threshold, relative
threshold, and proposed dynamic controller. (a) Desired and actual object trajectory. Enlarged view of
the tracking performance at (b) left side and (c) bottom side.
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Figure 7.8: Control inputs under fixed threshold, relative threshold, and proposed dynamic controller
for first manipulator at: (a) first joint, (b) second joint, (c) third joint.
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Figure 7.9: Control inputs under fixed threshold, relative threshold, and proposed dynamic controller
for second manipulator at: (a) first joint, (b) second joint, (c) third joint.
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Figure 7.10: Experimental results of triggering instants for fixed threshold, relative threshold, and
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7.5 Summary

Table 7.2: Performance analysis of cooperative manipulation task under fixed threshold, relative thresh-
old, and proposed controller.

Controller

Tracking errors (mm) Resource utilization

X-direction Z-direction
# Control update % Channel usage % Saving

RMSE IAE RMSE IAE

Fixed threshold 0.34 3.78 0.19 1.96 381 30.33 69.66

Relative threshold 0.20 2.13 0.17 1.83 538 42.83 57.16

Proposed controller 0.19 2.05 0.17 1.80 179 14.25 85.74

triggered dynamic controller are presented in Figures 7.7-7.10. The RMSE, IAE, and

channel usage (CS) are summarized in Table 7.2. Figure 7.7 shows that almost a similar

trajectory tracking is achieved using the three different triggering condition. However,

this saving in the control updates is associated with sudden hikes in the control inputs

of the first and second robotic manipulator under the fixed threshold, as shown from

Figure 7.8 and Figure 7.9. However, it is evident from Figure 7.10 that the proposed

triggering mechanism results is less number of control updates compared to fixed and

relative thresholds. Therefore, it can be emphasized from Figure 7.10 and Table 7.2

that a significant saving in the resources with acceptable tracking performance and non-

considerable change in the tracking errors can be achieved under the designed event-

triggered controller compared to the relative and fixed thresholds.

7.5 Summary

In this chapter, the dynamic control of position commanded dual-arm manipulator

system has been designed based on the backstepping approach to perform a cooperative

manipulation task under hardware restrictions, uncertainties, and limited communica-

tion. Firstly, the coupled dynamic model of the object-manipulator has been modified

to overcome the hardware restriction of position-controlled manipulators, allowing the

direct position commands without any modifications in the hardware. Thereafter, the

adaptive backstepping control law proposed previously in the thesis has been extended to

cope with the parametric uncertainties due to the unavailability of internal servos models

and inaccuracies in the robots and object parameters. The Lyapunov-based triggering

condition has been further employed to alleviate the control updates and communication

burden. Based on the experimental results, the proposed dynamic control scheme has

been successfully implemented on the position-controlled dual-arm manipulator, resulting

in outstanding tracking performance and a significant reduction in the control updates.
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8.1 General Conclusion

This thesis presented results on two important research areas: the control of a single

robotic manipulator in medical applications and the control of multiple robotic manipu-

lators in cooperative manipulation tasks. The summary of the thesis and suggestions on

possible extensions and further improvement of this work are outlined in the following

sections.

8.1 General Conclusion

This thesis attempts to design event-triggered adaptive position-force control strate-

gies for a single robotic manipulator during different interaction scenarios in medical

applications in the presence of parametric uncertainties and limited bandwidth chan-

nel circumstances. It is also an attempt to extend the developed control schemes to

tackle the more complex control problem of multiple uncertain manipulators during the

cooperative manipulation of a common object while regulating the internal forces and ob-

ject/environment interactions under the limited communication challenge. Moreover, it

tries to validate the feasibility of implementing the proposed control schemes on real-time

robotic manipulators in different medical and cooperative manipulation applications. The

chapters of the thesis are briefly concluded as follows.

� The first part of the thesis presented two variants of event-triggered adaptive

position-force control schemes based on the backstepping technique for a single

robotic manipulator in medical applications. The hybrid position-force control

scheme was introduced in Chapter 2 by combining the adaptive backstepping po-

sition control and PID force control scheme. This controller was implemented to

track the desired trajectory, compensate for parametric uncertainties of the manip-

ulator, and maintain the robot-human interaction at the required level to achieve

a visible robot-assisted ultrasound examination. The communication restrictions

were considered in the controller-to-robot channel. For this purpose, the triggering

condition was derived in the last step of the backstepping procedure by ensuring

the stability of the overall system. For applications where the compliant behavior

is of more interest than the precise regulation of contact forces at a certain level,

the event-triggered adaptive admittance control scheme was proposed in Chapter

3. This controller was devised to tackle reflex-based interaction forces and provide

compliant behavior to the patient during the robot-assisted therapeutic exercises.

The derived Lyapunov-based triggering condition was utilized to handle the limited

communication problem and provide aperiodic control updates of the rehabilitation

robot. The adaptive backstepping approach was also devised to provide accurate

rehabilitation exercises and maintain robustness against dynamic uncertainties.
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� In the second part of the thesis, the theoretical results of the previously discussed

algorithms were extended for cooperative manipulation problems. The closed kine-

matic chain dynamic model of the multiple robotic manipulators and the manip-

ulated object was discussed. An improved version of the event-triggered adaptive

hybrid position-force control scheme was proposed in Chapter 5. The performance

of this controller was enhanced by incorporating the integral action and nonlin-

ear damping term in the steps of the backstepping procedure. This controller was

devoted to simultaneously tracking the position and internal forces of the manip-

ulated object in the face of parametric uncertainties. Furthermore, the dynamic

event-triggered condition was derived to reduce the instances of communication

between the manipulators and control unit without affecting the stability of the

combined dynamical system. The control of the interaction between the manip-

ulated object and the external environment during the cooperative manipulation

task was further considered in Chapter 6. This environmental interaction and inter-

nal forces were addressed using external and internal admittance control schemes.

The improved event-triggered adaptive backstepping motion controller presented

in Chapter 5 was devised to provide proper object position tracking against the

parametric uncertainties and limited communication challenges. It was shown that

the modified event-triggered adaptive hybrid position-force control scheme outper-

forms its traditional time-triggered control schemes in terms of position and force

tracking errors. Additionally, the proposed Lyapunov-based triggering condition

results in fewer control updates than the various triggering conditions presented in

the literature.

� From a practical point of view, the thesis attempted to demonstrate the appli-

cability of the designed control schemes in real-time applications. The developed

event-triggered adaptive position controllers were implemented and validated exper-

imentally using two robotic systems, i.e., a single robotic manipulator and coopera-

tive dual-arm manipulators. In Chapter 4, the robot-assisted passive rehabilitation

exercises were conducted on different healthy subjects using the single robotic ma-

nipulator in the presence of load variations, unknown parameters of the robot and

motors, and limited communication. To overcome the hardware restriction of many

robotic manipulators, which can be actuated by direct voltage commands only, a

modified dynamic model was first derived, allowing the successful implementation

of the proposed control schemes. In Chapter 7, the improved event-triggered adap-

tive backstepping controller was further implemented on real position-controlled

dual-arm manipulators to perform the cooperative manipulation of a common ob-

ject. The hardware constraint of the position-controlled manipulators, which admit
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only position commands, was also tackled by modifying the combined robots-object

dynamic model without needing to know internal controller gains and servo motors

parameters. This conversion allows the exploitation of the advantages of the pro-

posed dynamic controllers against the parametric uncertainties while providing the

required position commands to the servos of the manipulators. The experimen-

tal results obtained in both applications demonstrated promising potential for the

practical applicability of the proposed control schemes in different medical and co-

operative manipulation applications.

8.2 Specific Conclusion

8.2.1 Event-Triggered Adaptive Hybrid Position-Force Control
for Robot-Assisted Ultrasonic Examination System

� The ETAHPFC scheme is introduced to simultaneously track the desired position

and force trajectories in two different sub-spaces for the remotely controlled ul-

trasound robots. The proposed control scheme not only guarantees satisfactory

ultrasound examination but also significantly improves channel bandwidth utiliza-

tion.

� This scheme presents an alternative solution to the time-triggered approaches,

which assume periodic transmission over the network. Moreover, it provides a

general framework that can be easily implemented in different networked control

robotic applications during human-robot or robot-environment interaction tasks

where the direct regulation of position and force is required.

� Rather than the fixed and relative thresholds, an event-triggered mechanism is de-

signed based on Lyapunov analysis to alleviate the communication over the network

and maintain the stability of the closed-loop system. This triggering mechanism

results in more savings of the network resources (about 80%) compared with 51.3%

and 17% for fixed and relative thresholds, respectively.

� The performance of the proposed adaptive backstepping position control scheme in

the presence of parametric uncertainties has been found better by 58% and 65%

compared with APFC and ACTC, respectively.
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8.2.2 Event-Triggered Adaptive Admittance Control for Upper-
Limb Robot-Assisted Passive and Active Rehabilitation
Exercises

� The ETABAC scheme presents an essential framework for the remote applications of

rehabilitation robots, which enables the indirect regulation of interaction forces and

accurate tracking of the rehabilitation trajectories in the presence of uncertainties

and limited communication. This scheme can be further implemented in different

active-resist rehabilitation exercises.

� The proposed ETABHPC has outperformed the PID and ASMC by 87.72%, 93.44%

and 79.76%, 89.88% for tracking of admittance generated reference trajectories in

X- and Y-directions, respectively.

� The designed Lyapunov-based triggering condition has led to 80.67% saving in the

network resources during the passive rehabilitation with sudden reflex. Moreover,

an 86.4% saving has been achieved in the case of active-assist rehabilitation mode

without noticeable implication on the accuracy of reference trajectory tracking.

� The decreased admittance parameter has allowed flexibility to the robot and the

safety of the subject in case of active-assist rehabilitation.

8.2.3 Experimental Implementation of Event-Triggered Adap-
tive Control for Upper-Limb Robot-Assisted Passive Re-
habilitation Exercises

� The designed voltage-based event-triggered adaptive position control scheme has

been implemented successfully on an electrically driven end-effector type rehabil-

itation robot allowing the direct voltage commands to overcome the hardware re-

strictions.

� The experimental results have shown the efficiency of the proposed controller in

providing passive rehabilitation exercises for various subjects. The tracking perfor-

mance has been improved by 33.3% and 58.57% in Y- and Z-directions, respectively,

as compared with the TT-ACT control scheme.

� The designed triggering condition results in aperiodic control updates and a huge

reduction in the communication burden with 11% of channel usage compared with

100% in the case of TT-PID and TT-ACT.

� The increase of ζ values leads to more savings in the network resources. However,

the tracking errors in the Y- and Z-directions are slightly increasing as the parameter

160

TH-3046_186103022



8.2 Specific Conclusion

ζ reaches one. Therefore, the balance between acceptable tracking performance and

network utilization can be obtained by adjusting the parameter ζ.

8.2.4 Event-Triggered Adaptive Hybrid Position-Force Control
for Cooperative Manipulators

� The advantages of the integral action in alleviating steady-state errors and enhanc-

ing the system response in the presence of uncertainties has been exploited. More-

over, the nonlinear damping term has been implemented to improve the transient

performance and reduces the number of transmitted signals over the communication

channel during the cooperative manipulation tasks.

� The integration of the state variable and the nonlinear term in the controller design

process has improved the performance of the controller and led to a significant

saving in the network resources (68%) compared with ET-AB (38.3%) and ET-

AUAB (42.5%) control algorithms.

� The results also have shown that the proposed control can still outperform the

ET-SMC and ET-AC with minimum position and force tracking errors and less

transmission over the network during the cooperative manipulation task.

8.2.5 Event-triggered Adaptive Admittance Control for Coop-
erative Manipulators

� The simulation results have shown the efficiency of the proposed control scheme

to comply with the two different environmental interaction scenarios during the

cooperative manipulation task of a common object.

� The proposed controller has been found to be better than TT-PID and TT-GCC

in tracking the reference trajectory. Moreover, it has shown a smoother interaction

without sudden hikes in the external forces compared with TT-PID and TT-GCC.

� A similar reference trajectory tracking behavior has been observed with the imple-

mentation of fixed and relative thresholds. However, the proposed triggering mech-

anism has shown a better saving in resource utilization (about 86%) compared with

the fixed threshold (67%) and relative threshold (38.5%).
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8.2.6 Experimental Implementation of Event-Triggered Adap-
tive Control for Cooperative Manipulators

� The devised dynamic model of the cooperative manipulator system admits the direct

position control signal instead of the torque or voltage commands, complying with

the most commercial position-controlled manipulators available in the market.

� Rather than the kinematic control schemes, the proposed dynamic adaptive back-

stepping position control approach has been utilized to deal with the parametric

uncertainties and estimate the unavailable model parameters. The assumptions of

known internal controller parameters and the neglecting of the electrical dynamics

of the motor have been relaxed, resulting in a more realistic experimental scenario.

� Instead of the fixed and relative thresholds, a dynamic triggering mechanism has

been adopted to reduce the number of control updates while ensuring the negative

semi-definiteness of the Lyapunov function.

� The proposed ET adaptive control scheme has outperformed the internal kinematic

controller by 89.5% and the same proposed control scheme without activation of

the adaptation law by 56.8% for trajectory tracking in the X-direction. More-

over, the proposed triggering mechanism has resulted in more savings of the re-

sources (85.74%) compared with the fixed threshold (69.66%) and relative threshold

(57.16%).

8.3 Recommendations for Future Work

The future research directions with respect to the event-triggered adaptive control

schemes of robotic manipulators can be outlined as follows.

� In all studied frameworks of the thesis, the network constraints are assumed to

be in the controller-to-robot channel and the triggering condition is placed at this

channel. However, in practice, these constraints could also be present in the robot-

to-controller channel. Therefore, the design of the position-force controllers while

considering the robot-to-controller triggering configuration needs to be investigated.

However, this extension is not straightforward, as the available controllers need to

be redesigned based on the event-triggered states.

� The implementation of the networked control system for robotic applications is

accompanied by other challenges, such as state and input delays and packet loss.

These challenges can deteriorate the performance of the robotic system and may
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affect the stability of the whole system. These challenges shall be investigated in

the future.

� The controllers designed in the thesis deal with the structured uncertainties due to

the inaccuracies of robot and motors parameters and load variations. However, un-

structured uncertainties caused by external disturbances and nonlinear friction can

also affect the performance of the robotic system. Therefore, the design and anal-

ysis of control schemes that tackle both structured and unstructured uncertainties

along with the network constraints is a promising avenue to research.

� All the feedback states of the robotic systems utilized in the proposed event-

triggered control strategies are assumed to be accessible and available from the

sensory signals. However, this may not be the case in practice. Thus, an observer-

based output feedback controller is worth exploring to relax this assumption.

� The operation of each manipulator participating in the cooperative manipulation

is assumed away from the singularity. This assumption is strict and simplifies the

control problem. Hence, a future direction can be devoted to address the operation

near singularity and singularity avoidance problem.

� The extension of the developed control schemes to achieve prescribed transient and

steady state performance should also be attempted. Moreover, the constraints on

system states and outputs are worth exploring due to saturation and safety issues.

� The experimental validations of the proposed control schemes are limited to the

passive rehabilitation exercises and cooperative manipulation tasks without robot-

human or object/environment interaction due to the unavailability of the required

subject and time constraints. Therefore, future efforts may focus on performing

different clinical active-assist rehabilitation exercises and robot-assist ultrasound

examinations to investigate the performance of the proposed control schemes. More-

over, the real-time object/environment interaction scenario may also be attempted

during the cooperative manipulation task.
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A.1 SCORBOT-ER VPlus

A.1 SCORBOT-ER VPlus

A.1.1 Specifications of the Robot

This manipulator has a 5-DOFs with five revolute joints (RRRRR). The end effector

is a gripper type with additional degree of freedom, as shown in Figure A.1. The first

joint is utilized to provide a rotational motion for the whole body of the robotic ma-

nipulator. Furthermore, the second and third joints (shoulder, elbow) are employed to

provide the up and down motion for the first and second link, respectively. The pitch

and roll motions of the gripper are achieved by the fourth and fifth joints (wrist), re-

spectively. Figure A.2 presents schematic and line diagrams of the robotic arm. The

maximum reachability of the Scorbot-ER 5 Plus is 610 mm, 610 mm, and 830 mm in the

X-, Y-, and Z-directions, respectively. The whole range of joint variables are tabulated

in Table A.1.The physical characteristics of SCORBOT-ER VPlus are listed in Table A.2.

Figure A.1: Scorbot-ER 5 Plus [203].

A.1.2 Dynamics of SCORBOT-ER VPlus

The derivation of the complete dynamic model for the robot is achieved using the

Robotics Toolbox developed by Peter Corke and integrated with Matlab based on re-

cursive Newton-Euler algorithm [204]. The elements of the inertia matrix MR can be

obtained from the equations (A.1-A.8). The elements of Coriolis and centrifugal forces
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Figure A.2: Scorbot-ER 5 Plus. (a) Schematic diagram (b) Line diagram

CR are shown in the equations (A.9-A.19). The components of the developed gravita-

tional torques on the robot GR are presented in the equations (A.20-A.21). Since all the

joints are of a revolute type, the joint variables are defined as qi = θi. Moreover, to achieve

the dynamic model of the utilized 3-DOFs manipulator, the following assumptions are

Table A.1: Ranges of joint angles

Joints Ranges (deg)

First joint (base) -155 to 155

Second joint (shoulder) -35 to 130

Third joint (elbow) -130 to 130

Fourth joint (wrist pitch) -130 to 130

Fifth joint (wrist roll) -570 to 570
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Table A.2: Physical parameters for SCORBOT-ER VPlus

Link Length (m) Mass (kg) Motor inertia (kgm2) Moment of inertia (kgm2) Gear ratio

ai mi Jmi Ii Ixxi Iyyi Izzi ri

1 0.025 2 1.5× 10−5 1.616 0.866 1.616 1.95 127.1

2 0.22 3 1.5× 10−5 12.44 12.49 12.49 12.49 127.1

3 0.22 3 1.5× 10−5 12.44 12.49 12.49 12.49 127.1

4 0 1 1.5× 10−5 0 0 0 0 65.5

5 0.135 0.7 1.5× 10−5 8.79 8.79 8.79 8.79 65.5

made: m4 = m5 = 0, d5 = 0, I4 = I5 = Izz5 = 0, Jm4 = Jm5 = 0, G4 = G5 = 0.

M11 = r21Jm1 + I1 +
(I235 + Ixx2 + Ixx3 + 2Iyy1 + Izz5)

2
+ a1

2m2345 + (m2 + 4m345)
a2

2

8

+ (m3 + 4m45)
a3

2

8
+
m5d5

2

8
+ (

I2 − Ixx2
a22

+
m2

4
+m345)a2

2C2θ2
2

+ [
I3 − Ixx3
a32

+ (
m3

4
+

m45)]a3
2C2θ23

2
+ (

m3

2
+m45)a2a3 cos(2θ2 + θ3) + (m3 + 2m45)a1a3Cθ23 + (

m2

2
+m345)

2a1a2Cθ2 + (
m3

2
+m45)a2a3Cθ3 −

[
m5d5

2 + 4(I5 − Izz5)
] C2θ234

8
−m5a1d5Sθ234

− m5d5
2

{a2[(sin(2θ2 + θ3 + θ4) +
Sθ34
2

] + a3[(sin(2θ2 + 2θ3 + θ4) +
Sθ4
2

]}
(A.1)

M12 = M21 = 0, M13 = M31 = 0, M14 = M41 = 0, M15 = M51 = − Izz5Cθ234
(A.2)

M22 = I235 + r22Jm2 +
m5d5

2

4
+ (

m2

4
+m345)a2

2 + (
m3

4
+m45)a3

2 + (m3 + 2m45) (A.3)

a2a3Cθ3 −m5d5(a3Sθ4 + a2Sθ34)

M23 =M32 = I35+(
m3

4
+m45)a3

2+
m5d5

2

4
+(

m3

2
+m45)a2a3Cθ3−m5d5(a3Sθ4+

a2Sθ34
2

)

(A.4)

M24 =M42 = I5 +
m5d5

2

4
−m5d5

a3Sθ4 + a2Sθ34
2

,M25 =M52 = 0 (A.5)

M33 = I35 + r23Jm3 +
m5d5

2

4
+ (

m3

4
+m45)a3

2 −m5d5a3Sθ4 (A.6)

M34 =M43 = I5 +m5d5(
d5
4

− a3Sθ4
2

), M35 = M53 = 0 (A.7)

M44 = I5 + Jm4r
2
4 +

m5d5
2

4
,M45 =M54 = 0,M55 = Jm5r

2
5 + Izz5 (A.8)
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C11 = −{(m2 + 2m345)a1a2Sθ2 + (
I2 − Ixx2
a22

+
m2

4
+m345)a2

2S2θ2 + (m3 + 2m45)a1a3Sθ23

+ (m3 + 2m45)a2a3 sin(2θ2 + θ3) + (
I3 − Ixx3
a32

+
m3

4
+m45)a3

2S2θ23 + (−I5 + Izz5)S2θ234

− m5d5
2S2θ234
4

+m5d5[(a1Cθ234 + a2 cos(2θ2 + θ3 + θ4) + a3 cos(2θ2 + 2θ3 + θ4)]}
θ̇2
2
− {(m3

2

+m45)a2a3Sθ3 + (m3 + 2m45)a1a3Sθ23 + (
m3

2
+m45)a2a3 sin(2θ2 + θ3) + (

I3 − Ixx3
a32

+
m3

4

+m45)a3
2S2θ23 + (Izz5 − I5)S2θ234 −

m5d5
2

4
S2θ234 +m5d5[

a2Cθ34
2

+ a1Cθ234 +
a2
2
cos(2θ2+

θ3 + θ4) + a3 cos(2θ2 + 2θ3 + θ4)]}
θ̇3
2
− {(−I5 + Izz5)S2θ234 +m5d5[−

d5
4
S2θ234 +

a3
2
Cθ4+

a2
2
Cθ34 + a1Cθ234 +

a2
2
cos(2θ2 + θ3 + θ4) +

a3
2
cos(2θ2 + 2θ3 + θ4)]}

θ̇4
2

(A.9)

C12 = −C21 = −{(m2 + 2m345)a1a2Sθ2 + (
I2 − Ixx2
a22

+
m2

4
+m345)a2

2S2θ2 + (m3 + 2m45)

[a1a3Sθ23 + a2a3 sin(2θ2 + θ3)] + (
I3 − Ixx3
a32

+
m3

4
+m45)a3

2S2θ23 + (−I5 + Izz5)S2θ234−

m5d5
2

4
S2θ234 +m5d5[a1Cθ234 + a2 cos(2θ2 + θ3 + θ4) + a3 cos(2θ2 + 2θ3 + θ4)]}

θ̇1
2

+ Izz5Sθ234
θ̇5
2

(A.10)

C13 = −C31 = −{(m3

2
+m45)a2a3Sθ3 + (m3 + 2m45)a1a3Sθ23 + (

m3

2
+m45)a2a3 sin(2θ2

+ θ3) + (
I3 − Ixx3
a32

+
m3

4
+m45)a3

2S2θ23 + (Izz5 − I5)S2θ234 −
m5d5

2

4
S2θ234 +m5d5

[
a2
2
Cθ34 + a1Cθ234 +

a2
2
cos(2θ2 + θ3 + θ4) + a3 cos(2θ2 + 2θ3 + θ4)]}

θ̇1
2
+ Izz5Sθ234

θ̇5
2
(A.11)

C14 = C41 = −{(−I5 + Izz5)S2θ2 +m5d5[−
d5
4
S2θ234 +

a3
2
Cθ4 +

a2
2
Cθ34 + a1Cθ234

+
a2
2
cos(2θ2 + θ3 + θ4) +

a3
2
cos(2θ2 + 2θ3 + θ4)]}

θ̇1
2
+ Izz5Sθ234

θ̇5
2

(A.12)
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C15 = C51=
Izz5
2
Sθ234θ̇234, C22 = −{[(m3 + 2m45)a2a3Sθ3

+m5a2d5Cθ34]
θ̇3
2
+m5d5[a3Cθ4 + a2Cθ34]

θ̇4
2
}

(A.13)

C23 = −[(m3 + 2m45)a2a3Sθ3 +m5a2d5Cθ34]
θ̇23
2

−m5d5(a3Cθ4 + a2Cθ34)
θ̇4
2

(A.14)

C24 = −m5d5(a3Cθ4 + a2Cθ34)
θ̇234
2
, C25 = −C52 = −Izz5Sθ234

θ̇1
2

(A.15)

C32 = [(
m3

2
+m45)a2a3Sθ3 +

m5d5a2
2

Cθ34]θ̇2 −m5a3d5Cθ4
θ̇4
2

(A.16)

C33 = −m5a3d5Cθ4
θ̇4
2
, C34 = −m5a3d5Cθ4

θ̇234
C35 = −C53 = −Izz5

2
Sθ234θ̇1 (A.17)

C42 = m5d5(a3Cθ4 + a2Cθ34)
θ̇2
2
+m5d5a3Cθ4

θ̇3
2

(A.18)

C43 =
m5

2
d5a3Cθ4θ̇23, C44 = 0, C45 = −Izz5

2
Sθ234θ̇1, C55 = 0 (A.19)

G1 = 0, G2 = −[(
m2

2
+m345)a2Cθ2 + (

m3

2
+m45)a3Cθ23 −

m5

2
d5Sθ234)]g (A.20)

G3 = −[(
m3

2
+m45)a3Cθ23 −

m5

2
d5Sθ234]g, G4 =

m5

2
d5Sθ234g, G5 = 0 (A.21)

where a1, a2, a3 denotes the length of the first, second, and third link, respectively, d5 is

the distance from the tip of the fourth link to the robot end-effector, mi is the mass of

the defined link, Ii is the moment of inertia for the respected link, g is the gravitational

acceleration, and ri is the ratio of the motor gears. Moreover, Cθi = cos(θi), Sθi =

sin(θi), Cθij = cos(θi+ θj), Sθij = sin(θi+ θj), Cθijk = cos(θi+ θj + θk), Sθijk = sin(θi+

θj + θk), mij = (mi +mj), mijk = (mi +mj +mk), mijkl = (mi +mj +mk +ml), Iij =

(Ii+Ij), Iijk = (Ii+Ij+Ik), Iijkl = (Ii+Ij+Ik+Il), θ̇ij = (θ̇i+ θ̇j), θ̇ijk = (θ̇i+ θ̇j+ θ̇k).
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A.2 Time-triggered PID and ASMC Schemes

The control laws for the contrast controllers (i.e., TT-PID [97] and TT-ASMC [196])

utilized in the comparison analysis along with their selected gain parameters are given

in this Appendix. These controller gains are selected heuristically to obtain the accurate

tracking performance of the reference training trajectory and attain a compliant behavior

during patient-robot interaction.

In the case of TT-PID, the control law is defined as follows:

τR = kp,x(xe,r − xe) + kI,x

∫
(xe,r − xe)dt+ kd,x(ẋe,r − ẋe) (A.22)

where kp,x, kI,x, and kd,x represent the user-defined PID control parameters and selected

as kp,x = diag(10000, 10000, 10000), kI,x = diag(10, 10, 10), kd,x = diag(950, 950, 950).

In the case of TT-ASMC, the control and adaptation laws are given as follows:

τR = Πφ̂+ JT (q)
(
Fint −Ksign(sx)

)
, ˙̂φ = −ΓΠTJ−1sx (A.23)

where sx = ẋe−ẋs, ẋs = ẋe,r−c(xe−xe,r), c, K, and Γ are the TT-SMC design parameters

and selected as: c = diag(10, 10, 10), K = 100, and Γ = diag(0.01, 0.01, 0.01).

170

TH-3046_186103022



A.3 Description of Matrix Π and Vector of Dynamic parameters φ

A.3 Description of Matrix Π and Vector of Dynamic

parameters φ

The elements of the known matrix Π(θ, θ̇, θ̈) ∈ R3×15 and the vector of the unknown

parameters φ ∈ R15 are given in detail as follows.

Π(1, 1) = Π(1, 2) = θ̈1,

Π(1, 3) = 1
2
cos 2θ2θ̈1 − sin 2θ2θ̇1θ̇2,

Π(1, 4) = 1
2
cos 2θ23θ̈1 − sin 2θ23θ̇1θ̇23,

Π(1, 5) = (cos θ3 + cos(2θ2 + θ3))θ̈1 − sin(2θ2 + θ3)θ̇1θ̇23 − sin θ3θ̇1θ̇3,

Π(1, 6) = cos θ23θ̈1 − sin θ23θ̇1θ̇23,

Π(1, 7) = cos θ2θ̈1 − sin θ2θ̇1θ̇2,

Π(1, 8) = Π(1, 9) = Π(1, 10) = Π(1, 11) = Π(1, 12) = 0,

Π(1, 13) = θ̇1, Π(1, 14) = Π(1, 15) = 0;

Π(2, 1) = 0, Π(2, 2) = 2θ̈2, Π(2, 3) =
1
2
sin 2θ2θ̇

2
1,

Π(2, 4) = 1
2
sin 2θ23θ̇

2
1,

Π(2, 5) = cos θ3(2θ̈2 + θ̈3) + sin(2θ2 + θ3)θ̇
2
1 − sin θ3(2θ̇2θ̇3 + θ̇23),

Π(2, 6) = 1
2
sin θ23θ̇

2
1, Π(2, 7) =

1
2
sin θ2θ̇

2
1,

Π(2, 8) = θ̈2, Π(2, 9) = θ̈3, Π(2, 10) = 0,

Π(2, 11) = − cos θ2g, Π(2, 12) = − cos θ23g,

Π(2, 13) = 0, Π(2, 14) = θ̇2, Π(2, 15) = 0;

Π(3, 1) = Π(3, 2) = Π(3, 3) = 0, Π(3, 4) = 1
2
sin 2θ23θ̇

2
1, Π(3, 5) = cos θ3θ̈2 +

1
2
(sin θ3 +

sin(2θ2 + θ3))θ̇
2
1 + sin θ3θ̇

2
2,

Π(3, 6) = 1
2
sin θ23θ̇

2
1, Π(3, 7) = Π(3, 8) = 0,

Π(3, 9) = θ̈23, Π(3, 10) = θ̈3, Π(3, 11) = 0,

Π(3, 12) = − cos θ23g, Π(3, 13) = Π(3, 14) = 0,

Π(3, 15) = θ̇3.

φ1 = r21Jm1 + I1 +
Ixx2+Ixx3+2Iyy1

2
+ l21m23,

φ2 =
I23
2
+

(m2+4m3)l22+m3l23
8

,

φ3 = ( I2−Ixx2
l22

+ m2

4
+ m3)l

2
2, φ4 = ( I3−Ixx3

l23
+ m3

4
)l23, φ5 = m3l2l3

2
, φ6 = m3l1l3, φ7 =

(m2 + 2m3)l1l2, φ8 = r22Jm2, φ9 = I3 +
m3l23
4

, φ10 = r23Jm3,

φ11 = (m2

2
+m3)l2, φ12 =

m3l3
2

,

φ13 = r21(Bm1 +Ka1R
−1
a1Kb1), φ14 = r22(Bm2 +Ka2R

−1
a2Kb2), φ15 = r23(Bm3 +Ka3R

−1
a3Kb3).

where θij = θi + θj, mij = mi + mj, Iij = Ii + Ij, cos θij = cos(θi + θj), sin θij =

sin(θi + θj). For i = 1, 2, 3, mi and Ii denote the mass and moment of inertia for the i-th

link, respectively, g represents the gravity acceleration, ri gear ratio of the i-th motor,

and li is the length of the i-th link.
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A. Appendix

A.4 Traditional and State Augmented Adaptive Back-

stepping Control Schemes

Here, the traditional and state augmented adaptive backstepping control laws utilized

in the simulation result Section 5.5 are stated. Moreover, the event-triggered sliding mode

control law and triggering condition used in Section 5.5 are given for the cooperative

manipulator system based on the results reported in [146]. The force controller is designed

to be the same in all three cases.

For traditional adaptive backstepping control (AB) [125]:

τR = η
(
ηTη

)−1
z1 + c2ηz2 +Πxoφ̂xo + JT

(
FI,d + kfI ,pefI (t) + kfI ,i

∫
efI (t)dt

)
(A.24)

where z1 = x2 and z2 = x3 − c1z1.

For state augmented adaptive backstepping control (AUAB) [126]:

τR = η
(
ηTη

)−1
z2 + σ3ηz3 +Πxoφ̂xo + JT

(
FI,d + kfI ,pefI (t) + kfI ,i

∫
efI (t)dt

)
(A.25)

where z1 = x1, z2 = x2−α1, and z3 = x3+z1−σ1δx2+σ2z2. For the sake of fair comparison

and to illustrate the effect of the non-linear damping term on the controller performance,

the parameters of AB and AUAB control schemes are chosen similar to the proposed

control scheme. For AB: c1 = k2 = diag(30, 30, 30), c2 = k3 = 8.5I6, Γ = 6500I6,

kfI ,p = 0.1I6, kfI ,i = 20I6, and ζ = 0.9. For AUAB: σ1 = k1 = diag(0.1, 0.1, 0.1),

σ2 = k2 = diag(30, 30, 30), σ3 = k3 = 8.5I6, δ = 0.5, Γ = 6500I6, kfI ,p = 0.1I6,

kfI ,i = 20I6, and ζ = 0.9.

For sliding mode control (ET-SMC) [146], the sliding manifold is expressed as:

Si = {x̃i ∈ R6 : si = cix̃i = 0} (A.26)

where for i = 1, 2, ci = [ci,1 I] with ci,1 ∈ R3×3, x̃i =

[
x̃i,1

x̃i,2

]
=

[
qi − qd,i

q̇i − q̇d,i

]
, and

q̇r,i = q̇d,i − ci,1x̃i,1. The sliding mode control law can be written as follows.

τR,i =MR,i(qi)q̈r,i+CR(qi, q̇i)q̇r,i+GR(qi)−Kisign(si)+J
T
i

(
F i
I,d + kifI ,pefI

i + kifI ,i

∫
eifIdt

)
(A.27)

with the following triggering rule

Li ∥ci∥ ∥ei∥ < ϱiϖi (A.28)

where ei = x̃i(tj) − x̃i(t) for t ∈ [tj, tj+1). The parameters of the event-triggered sliding

mode controller are chosen to obtain an acceptable tracking performance with a minimum
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A.4 Traditional and State Augmented Adaptive Backstepping Control Schemes

number of transmissions over the network. These parameters are defined as follows: for

i = 1, 2: ci,1 = diag(150, 150, 150), Ki = diag(5, 5, 5), ϱi = 0.5, ϖi = 0.1, Li = 0.5,

kifp,i = 0.1I3, and k
i
fI ,i

= 20I3.
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A. Appendix

A.5 TT-PID and TT-GCC

Here, the control laws along with the design parameters of TT-PID [130] and TT-

GCC [137] utilized during the comparison analysis in Section 6.4 are presented. The

admittance-based Cartesian space reference trajectories xer,i are firstly mapped into the

joint space using the second-order inverse kinematic approach [205]. The corresponding

reference joint position qr,i for each manipulator is calculated by solving the following

equation:

q̈r,i = J†
i (qr,i)(ẍer,i + kpx,i(xer,i − xe,i) + kvx,i(ẋer,i − ẋe,i)− J̇i(qr,i, q̇r,i)q̇r,i) (A.29)

where kpx,i and kvx,i are positive gain matrices, xe,i is the position and orientation for the

end-effector of i-th manipulator obtained by substituting qr,i in the direct kinematic of

the manipulator.

Then, the PID and gravity compensation control laws are applied to generate the

required torques at the joint space level as follows.

For PID:

τR,i = kpq,i(qi − qr,i) + kIq,i

∫
(qi − qr,i)dt+ kdq,i(q̇i − q̇r,i) (A.30)

For GCC:

τR,i = GR,i + cpq,i(qi − qr,i) + cvq,i(q̇i − q̇r,i) (A.31)

The design parameters are selected heuristically to achieve the best performance with a

small tracking error and acceptable compliant behavior during the assigned tasks as fol-

lows:
(
for TT-PID with i = 1, 2: kpx,i = diag(100, 100, 100), kvx,i = diag(100, 100, 100),

kpq,i = diag(1000, 1000, 1000), kIq,i = diag(10, 10, 10), kdq,i = diag(400, 400, 400), for

TT-GCC with i = 1, 2: kpx,i = diag(100, 100, 100), kvx,i = diag(100, 100, 100), cpq,i =

diag(150, 150, 150), cvq,i = diag(60, 60, 60)
)
.
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A.6 Dagu Robotic Arm

A.6 Dagu Robotic Arm

The Dagu robotic arm (shown in Figure A.3) is manufactured by DAGU Hi-Tech

Electronic Co., LTD. for research and school competitions purposes [206]. Each arm has

a 5-DOFs with five revolute joints. The end effector is a gripper type with additional

degree of freedom. The base is of stationary type and each link is made of aluminum

sheets with 3mm-thickness. Dagu arm can reach 390 mm in Z-direction with the full

extended configuration. The full dimensions of single Dagu arm are shown in Figure A.4.

Left Arm Right Arm

L4
L5

L1

L2

L3

R4
R5

R1

R2

R3

Figure A.3: Dual-arm Dagu robotic system (L:=Left arm, R:= Right arm)

A.6.1 Dynamics of Dagu Robotic Arm

The dynamics of the 3-DOFs Dagu arm of the cooperative manipulator system is

achieved using Robotics Toolbox following the recursive Newton-Euler algorithm. The

elements of the inertia matrixMR,i for i-th Dagu arm can be obtained from the equations

(A.32-A.37). The elements of Coriolis and centrifugal forces CR,i of i-th arm are shown

in the equations (A.38-A.44). The components of the developed gravitational torques on

the i-th Dagu arm GR,i are presented in the equations (A.45-A.46). Since all the joints

are of a revolute type, the joint variables are defined as qi = θi and i = 1, 2.

Mi,11 =r
2
i,1Ji,m1 + Ii,123 + (

mi,1

4
+mi,23)a

2
i,1 + (

mi,2

4
+mi,3)a

2
i,2 +

a2i,3
4
mi,3 (A.32)

+ (mi,2 + 2mi,3)ai,1ai,2Cθi,2 + ai,2ai,3mi,3Cθi,3 +mi,3ai,1ai,3Cθi,23
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Figure A.4: Dimensions of Dagu arm in (mm)

Mi,12 =Mi,21 = Ii,23 + (
mi,2

4
+mi,3)a

2
i,2 +

a2i,3
4
mi,3 + (

mi,2

2
+mi,3)ai,1ai,2Cθi,2 (A.33)

+ ai,2ai,3mi,3Cθi,3 +
mi,3

2
ai,1ai,3Cθi,23

Mi,13 =Mi,31 = Ii,3 +
mi,3a3

2

4
+
m3

2
a2ai,3Cθi,3 +

mi,3

2
ai,1ai,3Cθi,23 (A.34)

M22 = r2i,2Ji,m2 + Ii,23 + (
mi,2

4
+mi,3)a

2
i,2

mi,3

4
a2i,3 + ai,2ai,3mi,3Cθi,3 (A.35)

Mi,23 =Mi,32 = Ii,3 +
mi,3

4
a2i,3 +

mi,3

4
ai,2ai,3Cθi,3 (A.36)

Mi,33 = Ji,m3r
2
i,3 + Ii,3 +

mi,3

4
a2i,3 (A.37)

Ci,11 =− [(mi,2 + 2mi,3)ai,1ai,2Sθi,2 +mi,3ai,1ai,3Sθi,23]
θ̇i,2
2

−mi,3ai,3[ai,2Sθi,3 + ai,1Sθi,23]
θ̇i,3
2

(A.38)

Ci,12 = −[(mi,2+2mi,3)ai,1ai,2Sθi,2+mi,3ai,1ai,3Sθi,23]
θ̇i,12
2

−mi,3ai,3(ai,2Sθi,3+ai,1Sθi,23)
θ̇i,3
2

(A.39)

Ci,13 = −mi,3ai,3(ai,2Sθi,3 + ai,1Sθi,23)
θ̇i,123
2

(A.40)
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Ci,21 = [(
mi,2

2
+mi,3)ai,1ai,2Sθi,2 +

mi,3ai,1ai,3
2

Sθi,23]θ̇i,1 −mi,3ai,2ai,3Sθi,3θ̇i,3 (A.41)

Ci,22 = −mi,3ai,2ai,3Sθi,3
θ̇i,3
2
, Ci,23 = −mi,3ai,2ai,3Sθi,3

θ̇i,123
2

(A.42)

Ci,31 = mi,3ai,3(ai,2Sθi,3 + ai,1Sθi,23)
θ̇i,1
2

+mi,3ai,2ai,3Sθi,3
θ̇i,2
2

(A.43)

Ci,32 =
mi,3

2
ai,2ai,3Sθi,3θ̇i,12, Ci,33 = 0 (A.44)

Gi,1 = −[(
mi,1

2
+mi,23)ai,1Cθi,1 + (

mi,2

2
+mi,3)ai,2Cθi,12 +

mi,3

2
ai,3Cθi,123]g (A.45)

Gi,2 = −[(
mi,2

2
+mi,3)ai,2Cθi,12 +

mi,3

2
ai,3Cθi,123]g, Gi,3 = −mi,3

2
ai,3Cθi,123g (A.46)

where ai,1, ai,2, ai,3 denotes the length of the first, second, and third link of i-th robotic

arm, respectively, mi,j is the mass of the defined j link of i-th robotic arm, Ii,j is the

moment of inertia for the respected j link, g is the gravitational acceleration, and ri,j is

the ratio of the j motor gear of i-th robotic arm. Moreover, Cθi,j = cos(θi,j), Sθi,j =

sin(θi,j), Cθi,jk = cos(θi,j + θi,k), Sθi,jk = sin(θi,j + θi,k), Cθi,jkl = cos(θi,j + θi,k +

θi,l), Sθi,jkl = sin(θi,j + θi,k + θi,l),mi,jk = (mi,j +mi,k),mi,jkl = (mi,j +mi,k +mi,l), Ii,jk =

(Ii,j + Ii,k), Ii,jkl = (Ii,j + Ii,k + Ii,l), θ̇i,jk = (θ̇i,j + θ̇i,k), θ̇i,jkl = (θ̇i,j + θ̇i,k + θ̇i,l).
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