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Abstract

This work addresses the direct adaptive trajectory tracking control problem associ

ated with lightweight space robotic manipulators that exhibit elastic vibrations in 

their joints, and which are subject to parametric uncertainties and modeling errors. 

Unlike existing adaptive control methodologies, the proposed flexible-joint control 

techniques do not require identification of unknown parameters, or mathematical 

models of the system to be controlled. The direct adaptive controllers developed in 

this work are based on the model reference adaptive control approach, and manage 

modeling errors and parametric uncertainties by time-varying the controller gains us

ing new adaptation mechanisms, thereby reducing the errors between an ideal model 

and the actual robot system. More specifically, new decentralized adaptation mech

anisms derived from the simple adaptive control technique and fuzzy logic control 

theory are considered in this work.

Numerical simulations compare the performance of the adaptive controllers with 

a nonadaptive and a conventional model-based controller, in the context of 1 2 . 6  m 

x 12.6 m square trajectory tracking. To validate the robustness of the controllers to 

modeling errors, a new dynamics formulation that includes several nonlinear effects 

usually neglected in flexible-joint dynamics models is proposed. Results obtained with 

the adaptive methodologies demonstrate an increased robustness to both uncertainties 

in joint stiffness coefficients and dynamics modeling errors, as well as highly improved 

tracking performance compared with the nonadaptive and model-based strategies.

Finally, this work considers the partial state feedback problem related to flexible- 

joint space robotic manipulators equipped only with sensors tha t provide noisy mea

surements of motor positions and velocities. An extended Kalman filter-based esti

mation strategy is developed to estimate all state variables in real-time. The state 

estimation filter is combined with an adaptive composite controller, to provide a 

closed-loop adaptive partial state feedback control scheme for flexible-joint manipula

tors. In addition to noise, measurement bias is a detrimental characteristic associated 

with motor encoders and tachometers. Therefore, this work also demonstrates that
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the state observation approach developed herein can be modified to compensate for 

unknown sensor biases.
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Chapter 1

Introduction

1.1 Motivation

Ever since the first deployment of the Shuttle Remote Manipulator System (SRMS)— 

the 15.2 meter long, six degrees of freedom (DOF) robotic manipulator known as 

Canadarm—from the cargo bay of the Space Shuttle Colombia in 1981, robotic sys

tems have been used on most space missions, and are also employed on the Inter

national Space Station (ISS). Due to the advances in space robotics, some manip

ulators can move even more freely than human arms, and are therefore well suited 

to support, or even replace, astronauts for accomplishing precise, complex or risky 

manoeuvres. For example, with the addition of the two-arm robot Special Purpose 

Dexterous Manipulator (SPDM) to the Space Station Remote Manipulator System 

(SSRMS), fine assembly tasks that were previously performed by astronauts during 

spacewalks axe now carried out by highly advanced robotic systems [1]. In addition, 

robotic manipulators are well suited to execute highly repetitive tasks tha t would be 

too time-consuming and expensive if performed by astronauts. Also, space robots re

quire much less infrastructure than humans (e.g. life support systems), which makes 

them important to the overall ability to operate in space [2]. For these reasons, 

robotic manipulators are attractive for several types of space missions, particularly 

on-orbit servicing missions. In fact, the National Aeronautics and Space Administra

tion (NASA) realized the importance of on-orbit servicing to protect their assets in 

space as early as the 1980s. On-orbit servicing refers to the maintenance of space sys

tems in orbit, including the maintenance, repair, assembly, refueling and/or upgrade 

of spacecraft after their deployment. An exhaustive list of possible applications of 

robotic on-orbit servicing can be found in [3] and [4].

However, to date, typical manipulation tasks have been restricted to the assembly 

of space structures or satellite servicing missions, such as maintenance of the Hubble

1
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Space Telescope (HST). The HST mission, a unique example of an unmanned space

craft designed to be regularly serviced, highlights the significant benefits of developing 

an on-orbit servicing infrastructure for space systems. One of the most remarkable 

HST missions was the first servicing mission, intended to correct an optical flaw in 

the primary mirror of the telescope that was causing blurred observations. The tele

scope would have been inoperable without this repair. The HST is also an example 

of the benefits possible with space robotics. Many instruments were replaced to take 

advantage of new technologies, providing the scientific community with an up-to-date 

telescope at less cost than if the spacecraft had to be replaced.

Besides the HST, most of the space robotic technology has been driven by the 

ISS program requirements. The SRMS was the first general-purpose robotic manip

ulator designed specifically for use in space; it has been on over 70 shuttle flights and 

retrieved more than a dozen satellites [5]. The SRMS was also the first robotic ma

nipulator to demonstrate the principle of robotic servicing. In addition to the SRMS, 

a number of cargo-handling manipulators designed to operate on the ISS have been 

developed by international space agencies. The main ISS robotic system, known as 

the ISS Mobile Servicing System, comprises the SSRMS, the SPDM and the Mobile 

Remote Servicer Base System, which was jointly developed by Canada and NASA 

and acts as a movable platform for the SSRMS and SPDM. The Japanese Experi

ment Module Remote Manipulator System (JEMRMS), built by the Japan Aerospace 

Exploration Agency, is a robotic manipulator system for supporting experiments con

ducted on the Japanese Experiment Module (JEM) Exposed Facility. The European 

Robotic Arm (ERA), developed by the European Space Agency, is an 11 meter ma

nipulator with seven DOF and two links, which is attached to the Russian segment 

of the ISS. Originally designed for the deployment and retrieval of large payloads, 

these cargo-handling robotic systems have proven their versatility, from serving as 

platforms for extravehicular activities (EVAs) to performing inspection operations.

Unfortunately, the manned on-orbit servicing currently performed on the ISS is 

prohibitively expensive, and is not a viable architecture for future space missions. 

The control of these cargo-handling robotic arms is not yet fully autonomous; human 

assistance is still required to accurately position the end-effector of the manipulator.
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(a) (b)

F ig u re  1.1: Typical robotic manipulation tasks (pictures courtesy of NASA), (a) 
Space Shuttle Remote Manipulator System used as a platform for an extravehicular 
activity to repair the Hubble Space Telescope, (b) Space Station Remote Manipulator 
System servicing the International Space Station.

To date, control of space robots is either achieved locally from a control console, or 

remotely by ground operators on Earth, which can involve significant time delays [2]. 

For example, operational control of ERA is performed by astronauts, either through 

an EVA man-machine interface, or via an intravehicular activity man-machine inter

face when the operator is inside the Russian Service Module. The JEMRMS control 

console is located inside the JEM Pressurized Module, and provides either manual 

or semi-autonomous control through pre-programmed trajectories [6]. In fact, astro

nauts require specialized training to operate the robotic arms with hand controllers 

or keyboards, and the procedure often results in overcorrections until the end-effector 

of the robotic arm is correctly positioned. The accuracy of the positioning of the 

end-effector is thus dependent on the ability and dexterity of the astronauts. As 

explained in [6], such extended duration manipulations are delicate operations, and 

can take more than seven hours.

1.2 P ro b le m  S ta te m e n t

The growing research interest in space robotic systems capable of accurately perform

ing manipulation tasks within an acceptable execution time without human assistance
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has led to an increased demand for lightweight robot arms with load-to-weight ratios 

comparable to tha t of the human arm. As stated by Reintsema et al. [7], ongoing 

development of space robotics technology must focus on intelligent, sensor-controlled 

lightweight robots. One well-known problem of such lightweight space manipulators 

in space applications is the increased structural flexibility, and various control strate

gies have been proposed in the literature to minimize the resulting vibrations [8-15]. 

In addition to link flexibility, the benefits of lightweight space robotic manipulators 

are gained a t the expense of higher elasticity in the joints, which is a  major drawback 

of large manipulators [16]. Indeed, joint flexibility is often considered more impor

tant than link flexibility, at least in the operational range of space robots [17], and 

in most cases, this is the limiting factor to achieving satisfactory performance [18]. 

As a result, accelerating and stopping the arm produces large vibrations, making 

precise positioning of the end-effector very difficult. Although current space robots 

with planetary gear trains, such as the SSRMS, can exhibit considerable joint elastic

ity effects [19,20], these flexible behaviors are particularly important in lightweight 

manipulators equipped with harmonic drives [7], such as the Lightweight Robot III de

veloped by the German Aerospace Center (DLR). Harmonic drive joint mechanisms 

are becoming increasingly popular for space applications, due to their low weight, 

compactness, high torque capabilities, wide operating temperature range and reli

able repeatability. However, the flexibility effects of this type of gear mechanism in 

the joints of robotic manipulators are significant enough to make real-time operation 

challenging, particularly when accurate end-effector positioning is required [21]. Joint 

flexibility effects are also significant for manipulators where elastic bands, or motor 

with long shafts are used. Neglecting joint elasticity effects in control system design 

can also lead to instability [22]. The impacts of joint flexibility on the control sys

tem performance of space robotic manipulators were highlighted by Cetinkunt and 

Book [23]. Also, the additional flexible dynamics introduce two more state variables 

for each joint, which means the complete description of the dynamics model (includ

ing joint elasticity) requires four variables for each joint: position and velocity of 

the motor, and position and velocity of the link. Therefore, since the flexible-joint
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dynamics do not have an independent control input for each DOF, most control al

gorithms designed for rigid-joint robots do not extend to the flexible-joint case, as 

explained by Ghorbel et al. [24]. Elastic vibration of the joints, coupled with their 

large rotations and nonlinear dynamics, can also induce structural flexibility of the 

links, as discussed by Sasiadek [25]. The flexible-joint problem is further aggravated 

in the case of multi-link robots with several joints. For these reasons, control systems 

design for flexible-joint space manipulators is a difficult and challenging problem.

Thus, achieving accurate trajectory tracking motion and dampening elastic vibra

tions represent the most important control problems for this class of manipulators. 

The performance requirement for this problem is typically very high. For example, 

in some applications it may be necessary to quickly move the end-effector of the 

manipulator to a new position. This must be done in the least possible time, while 

keeping the elastic motion and accompanying trajectory tracking errors within accept

able limits. Consequently, the success of future robotic on-orbit servicing missions 

is strongly dependent on the design and implementation of advanced flexible-joint 

control strategies, which can compensate for weakly damped elasticity in the robot 

joints and achieve high performance motion control [26]. The general objective of this 

work is to address the flexible-joint control problem for space robotic manipulators.

1.3 Previous Work

The section presents a detailed survey of past and present research related to the 

problem of flexible-joint control. The aim of this section is to lay a foundation for 

the remainder of the thesis by identifying what has been done, in order to propose 

innovative control methodologies to fill the knowledge gap identified in the published 

literature.

Detailed literature surveys in specifics areas of flexible-joint control, i.e. the back- 

stepping control approach and the global tracking control approach, have been pre

sented by Bridges et al. [27] and Brogliato et al. [28], respectively. Wide survey papers 

have also been published, namely by Troch and Kopacek [29], Spong [30], and more 

recently by Ozgoli and Taghirad [31]. While the first two are now outdated, the most 

recent one contains many errors and inaccuracies.
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Early Control Approaches
The basic problem of trajectory tracking of robot manipulators with elastic joints 

is not new. Indeed, ever since the first clear demonstration in 1984 by Sweet and 

Good [16] tha t robot manipulators were exhibiting flexible effects in their joints, new 

control strategies developed specifically for this new class of robot systems started 

to emerge. One of the first studies on flexible-joint control was published in 1986 by 

Tomei et al. [32], in which an adaptive controller based on an approximate linearized 

model of the flexible-joint dynamics was proposed. W ith this linear dynamics approx

imation, the Coriolis and Centrifugal forces were namely neglected. Using a  similar 

linearized dynamics representation, Kuntze [33] designed a predictive controller, but 

the performance was not satisfying. By this time, most of the research efforts were 

focused on linear control methodologies. In 1986, for the first time, a nonlinear con

trol method was considered by Marino and Spong [34] for a single-link flexible-joint 

manipulator. In their work, the authors proved that a single-link flexible-joint robotic 

manipulator under static nonlinear state feedback acts like a controllable linear sys

tem.

Proportional-Integral-Derivative Control
Due to their simplicity and ease of implementation, proportional-derivative (PD) 

controllers, which consist of a generic control loop feedback mechanism, have been 

widely used. Tomei [35] proposed a simple PD regulator for flexible-joint robots, 

similar to tha t used for rigid robots. Simulation results for a regulation problem about 

a reference position are provided. An adaptive version of this simple PD regulator 

was derived by Tomei [36]. For the sake of simplicity, actuators dynamics and friction 

were neglected in the control algorithms in those two PD regulation approaches. An 

extension of the PD regulator for robot manipulator considering simultaneously joint 

flexibility, actuators dynamics as well as friction was presented by Lozano et al. [37]. A 

PD controller with on-line gravity compensation was proposed for regulation tasks by 

De Luca et al. [38]. One of the features of this controller is to allow more flexibility 

in the tuning of the proportional gains, as compared with the original controller 

proposed by Tomei [35].

Integral Manifold
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The concept of integral manifold control is similar to the idea of singular perturbation- 

based control [39], in which a fast control component to damp the fast dynamics is 

added to a slow control component. The main difference between the two approaches 

is that with the integral manifold technique, the slow control term contains additional 

corrective terms. For this reason, the resulting integral manifold-based control laws 

are often referred to as corrective control laws. Early references which dealt with 

flexible-joint control approaches in the context of integral manifolds include the work 

of Khorasani and Spong [40], Khorasani and Kokotovic [41], and Spong et al. [22,42]. 

The most important deficiency of the original integral manifold approach is its lack of 

robustness of parametric uncertainties, as explained by Ghorbel et al. [24]. For this 

reason, an extension to an adaptive integral manifold technique has been proposed 

by Ghorbel and Spong [43].

Feedback Linearization
Feedback linearization is one of the most powerful approach for nonlinear control 

system design. Essentially, the objective of this approach is to transform a nonlinear 

dynamic system into a (fully or partly) linear model, so tha t linear control techniques 

can be applied. Feedback linearization of flexible-joint robots was first investigated by 

Cesareo and Marino [44] by using an algorithm which, given the configuration (spatial 

geometry, mass distribution, structural parameters), allows the symbolic generation 

of the equations of motion and the analysis of their controllability properties. Then, 

in 1987, Spong [45] introduced the well-known linear joint stiffness dynamics model 

and showed that it is globally feedback linearizable, and can be reduced to that of 

the standard rigid-joint robot as the joint stiffness values reach infinity; properties 

which naturally led to the early development of several feedback linearization control 

approaches, namely by Nicosia and Tomeo [46] and De Luca [47]. Lin and Yuan [48] 

considered an external linearization scheme combining a linear quadratic regulator 

(LQR) controller with a servo compensator to actively damp out the elastic vibra

tions and yield a complete closed-loop system that is robust to parametric uncertain

ties. De Luca [49] and De Luca and Lucibello [50] suggested dynamic state feedback 

control techniques for a particular class of flexible-joint robots for which conventional 

static state feedback approaches failed to achieve exact linearization and input output
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decoupling. Recently, a static state feedback linearization approach was applied by 

Ge et al. [51] to a class of flexible-joint robots to guarantee global asymptotic stability 

of the closed-loop system. Furthermore, linearization with static and dynamic state 

feedbacks was also investigated by De Luca [52] for robots with mixed flexible/rigid 

joints. More recently, De Luca et al. [53] extended the classic feedback linearization 

problem to include the effects of joint damping in the dynamics representation. Palli 

et al. [54] considered feedback linearization for robotic manipulators with variable 

joint stiffness.

Optimal Control
Optimal control, which consists in the process of determining the control input and 

state trajectories for a dynamic system over a period of time to minimise a perfor

mance index, has also generated interest among the flexible-joint control community. 

An optimal nonlinear position tracking controller for a two-link flexible-joint manip

ulator was proposed by Lahdhiri and ElMaraghy [55]. The controller was designed 

using the concept of feedback linearization and linear quadratic Gaussian (LQG). 

In their work, a new approach for computing the state estimate was presented and 

measurement noise was considered. Recently, Consolini et al. [56] proposed a linear 

programming algorithm to compute the globally optimal minimum-time control for 

rest-to-rest constrained transitions with flexible-joints robots. Taking into account 

both input and output constraints, the optimal bang-bang control was computed by 

discretizing a continuous-time joint model and by solving a  sequence of linear pro

gramming feasibility problems. Another class of controllers which belongs to optimal 

control is predictive control. In 2008, Merabet and Gu [57], applied a  predictive 

control method with a disturbance observer to a single-link flexible-joint robot. The 

controller was shown to be robust with respect to modeling errors and to give good 

tracking performance despite external disturbances.

Adaptive Control
Among the different flexible-joint control techniques available in the literature, adap

tive control methods have generated the greatest interest. Mrad and Ahmad [58] 

proposed an adaptive control scheme which was applicable to manipulators with low
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joint stiffness coefficients. The suggested scheme was derived from a candidate Lyar 

punov function to guarantee asymptotic stability, and bounded parameter errors. 

Similarly, Lozano and Brogliato [59] presented an adaptive control scheme for which 

asymptotic stability was ensured regardless of the joint flexibility value, i.e. the re

sults were not restricted to weak joint elasticity. Furthermore, the values of the 

joint stiffness coefficients were not assumed to be known. Joint position and velocity 

tracking errors were shown to asymptotically converge to zero. Similarly, Yuan and 

Stepanenko [60] derived an adaptive control law taking into account uncertainties 

in the inertia parameters. The asymptotic stability of the adaptive controller was 

established in the Lyapunov sense. Nicosia and Tomei [61] proposed an adaptive 

trajectory tracking control law for a single-link robot with one revolute elastic joint 

whose parameters were assumed to be unknown. Recently, Kim and Lee [62] derived 

a tracking controller for an uncertain parameter robot system without using link and 

actuator velocity measurements. Specifically, the controller used joint stiffness ma

trix estimates to overcome the overparametrization problem, tha t is, the number of 

parameter estimates becomes the same as the number of unknown parameters. An 

adaptive output feedback controller based on a backstepping design was developed by 

Yim [63]. The parameters of the system were assumed to be unknown and only link 

and motor position measurements were used for the synthesis of the controller. Fu 

and Cheng [64] presented a Lyapunov-based adaptive control technique framework 

for flexible-joint robot with time-varying uniformly bounded disturbances, where the 

disturbances were characterized by a combination of unknown and known constants. 

In 2008, a study on the regulation problem of flexible-joint robot with uncertain kine

matics was proposed by Liu et al. [65]. Their proposed adaptive regulation scheme 

considered kinematic uncertainties as well as uncertainties in actuator dynamic pa

rameters, such as the constant joint stiffness coefficients. Simulation results were 

provided to confirm the effectiveness of the proposed adaptive regulator. However, 

the adaptive control scheme required a nonlinear observer which complexified greatly 

the design process.

Robust Control
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Besides adaptive control techniques, several robust control techniques have been pro

posed in the literature to cope with uncertainties, such as the robust controller derived 

by Tomei [6 6 ] for elastic-joint robots with uncertain kinematic and dynamic param

eters and subject to unknown disturbances. Similarly, Dawson et al. [67] presented 

a robust tracking controller that achieves global uniform ultimate bounded tracking 

despite the presence of bounded disturbances and parameter uncertainties. Simi

larly, Jain and Khorrami [6 8 ] proposed a robust controller for a flexible-joint robot 

with both parametric and dynamic uncertainties. However, although rejection of 

any bounded disturbances entering the system was demonstrated, asymptotic sta

bility could not be guaranteed. Elmaraghy et al. [69] presented the development of 

a robust linear controller for a realistic flexible-joint robot which took into account 

friction, nonlinear spring force characteristics and measurement noise. The robust 

controller was designed using LQG techniques and LI and L2 gains. In their work, 

extensive experimental tests were performed using several trajectories. The obtained 

results demonstrated tha t the proposed model/controller provided good tracking and 

regulation performance. More recently, a robust controller was designed by Taghirad 

and Rahimi [70] using the singular perturbation-based dynamics representation of a 

flexible-joint robot, under which the system acts on a two time-scale. In their work, a 

simple PD controller was used to stabilize the fast dynamics while a  robust controller 

designed with the quantitative feedback theory was used in addition to an integral 

manifold corrective term to stabilize the slow dynamics. Taghirad and Shaterian [71] 

designed a nonlinear controller which combined an Hoc control term with an inverse 

dynamics control term. Simulation results for single and multiple-joint manipulators 

showed that the proposed controller achieved satisfactory regulation and tracking 

performance. Moghaddam and Goldenberg [72] analyzed nonlinear properties of har

monic drives tha t cause joint flexibility based on previous experiments. The nonlinear 

dynamics effects were then used in a robust Hoo-based control design process. The 

design procedure to compensate for the nonlinear effects included a link-level motion 

control and an actuator-level torque control. Yim et al. [73,74] proposed a robust 

controller using a recursive design method which contained two steps. First, a ficti

tious Hqo robust controller for the link dynamics was designed as if the link dynamics
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could be controlled independently of the motor dynamics. Second, a robust controller 

was designed recursively by using the Lyapunov second method. The resulting ro

bust controller was applied to a two-link flexible-joint robot. Similarly, a robust Hqo 

control method which satisfies the L2 gain property was proposed by Lee et al. [75]. 

Also, Yeon and Park [76] presented the design of a robust control scheme which com

prised two parts: a model-based computed torque control part, and robust control 

part to maintain the tracking performance using an Ho, controller. The resulting ro

bust controller was applied in numerical simulations to a six DOF flexible-joint robot 

manipulator.

Nonlinear Control
Many researchers have proposed various nonlinear control design techniques for flexible- 

joint robot manipulators. Some early nonlinear control techniques include a nonlinear 

dynamic feedback developed by De Luca et al. [77] and a feedback linearization con

troller based on diffeomorphic coordinate transformations by Khorasani [78]. A non

linear backstepping approach was proposed by Oh and Lee [79]. However, the draw

back of the backstepping control technique is that the closed-loop system becomes 

easily unstable if the system is subject to parametric uncertainties. To overcome this 

limitation, an adaptive backstepping method using tuning function was developed by 

Macnab et al. [80]. In their work, the performance was assessed against a simple PD 

controller in tracking a 15 cm x 15 cm square trajectory. Lee et al. [81] proposed a 

robust backstepping control method for robot manipulators with flexible joints which 

used the nonlinear Hqo and the saturation control method. In each design step, the 

robust input was designed by satisfying the L2-gain property. An advantage of this 

approach is th a t it does not require any acceleration measurements. A nonlinear reg

ulator for flexible-joint robots which achieved constant torque disturbance rejection 

was derived by Abouelsoud [82]. The design of the regulator used the nonlinear inte

grator backstepping technique. Lyapunov-based nonlinear controllers have also been 

considered in the past years. Nicosia and Tomei [83] investigated a nonlinear control 

law which guarantees global convergence either for regulation about a constant refer

ence position or for tracking a desired trajectory. The proposed nonlinear control law 

was applied to a single-link robot. In addition, it was shown how the approach could
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be extended to cases where the robot parameters are not known. Brogliato et al. [84] 

experimentally implemented seven different schemes on a two-link planar manipula

tor: a PD controller, a  rigid-joint adaptive controller, a singular perturbation-based 

algorithm, and four nonlinear controllers derived from the nonlinear backstepping 

and energy-shaping design methodologies. One of the main conclusions of this study 

was that the complex structure of certain nonlinear controllers for flexible-joint robots 

(e.g. nonlinear backstepping and energy-shaping schemes) may be an obstacle to their 

closed-loop behaviour enhancement. The experimental results clearly showed that the 

inputs of such schemes chatter and result in control input magnitudes larger than the 

simpler controllers. Moreover, the authors did not succeed in finding feedback gains 

to stabilize the nonlinear backsteeping controllers. According to the authors, this is 

due to a too-large input magnitude that hampers stabilization. This confirms the 

observations made by Brogliato et al. [28] and showed that a slight modification of 

the backstepping controller gains has a significant influence on the obtained perfor

mance. Brogliato and Rey [85] perfomed further experimentations on a linear but 

highly flexible manipulator system made of two pulleys linked by a spring. This 

second experiment completed the previous one by Brogliato et al. [84] in the sense 

that the manipulator used in the first experiment was nonlinear but with higher joint 

stiffness, whereas the system in the second experiment was linear but with highly 

flexible joints.

Iterative Control
Another class of control technique which was successfully used to improve the tracking 

accuracy for flexible-joint robot manipulators is the iterative learning control method

ology. For accurate tracking control performance, iterative learning control methods 

are namely useful to overcome the lack of knowledge on robot dynamics and joint 

flexibility. The design of iterative control schemes is based on the fact that most 

robots perform repetitive tasks. This is done by using an iterative learning law as 

the manipulation task is repeated over time. Wang [8 6 ] used such learning laws to 

guarantee the convergence of the link trajectory. The learning law was computed 

off-line using link position, velocity and acceleration tracking errors. Also, Fu and 

Sinha [87] proposed a  learning law based on neural network, which was shown to



13

reduce the tracking errors after a few repetitions.

1.4 Thesis Objectives

Despite the considerable research that has been devoted to the dynamics and control 

of flexible-joint robots, the topic remains an important area of contemporary research, 

as noted by Albu-Schaffer and Hirzinger [8 8 ], and Ozgoli and Taghirad [31], and 

several constraints and limitations have yet to be overcome.

Most existing flexible-joint control strategies reported in the literature and re

viewed in the previous section (e.g. nonlinear feedback control, feedback linearization, 

optimal control and robust control) are model-based techniques, and have reasonably 

good tracking performance only when substantial knowledge of the plant mathemati

cal model and its parameters is available. Consequently, if significant or unpredictable 

plant parameter variations arise as a result of joint mechanism degradations, for ex

ample, or if there are modeling errors due to complex flexible dynamics behaviors, 

model-based control approaches could perform inadequately.

Moreover, it is common practice to specify the desired end-effector trajectory in 

the task space (i.e. in terms of Cartesian coordinates) particularly when the desired 

trajectory requires precise control of end-effector motion. In this case, joint-space 

control schemes are usually not suitable, though most existing flexible-joint controllers 

are based on joint-space schemes. Joint-based control schemes refer to controllers in 

which the feedback is based on joint angular positions and velocities. W ith task-space 

control schemes, however, the actual Cartesian description of the end-effector, which 

may be directly measured or computed from joint positions and velocities by means 

of the direct kinematic equations, is compared with the desired Cartesian trajectory 

in order to form errors in the task space. Thus, task-space control schemes are 

those driven by Cartesian position and velocity errors, rather than joint position or 

velocity errors. In addition to rendering improved trajectory tracking performance, 

the main practical advantage of Cartesian-based controllers is tha t the solution of 

the inverse kinematics and inverse Jacobian, required to transform the desired end- 

effector position and velocity into joint position and velocity, is removed. One of 

most popular task-space controllers is the transpose Jacobian rigid-joint control law,
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developed by Craig [89]. However, selecting the control gains is a problem with this 

rigid-joint controller, and tuning involves a tedious trial-and-error procedure. It was 

also observed that, depending on the desired Cartesian trajectory and the actual 

manipulator parameters, retuning of the gains is required; a severe drawback of this 

controller, and unacceptable in practical applications.

These challenges, constraints and limitations of existing control methodologies 

motivate research on task-space robust flexible-joint controllers; tha t is, Cartesian 

position and velocity errors-driven controllers that maintain good trajectory tracking 

performance regardless of modeling errors and parametric uncertainties. To achieve 

this, model-independent, direct adaptive control methodologies—in which the con

troller parameters are adapted in real-time without requiring identification of un

known plant parameters or mathematical models of the system to be controlled— 

could be employed. More specifically, new controller parameters direct adaptation 

mechanisms based on fuzzy logic [90], as well as derived from the simple adaptive 

control (SAC) theory [91], are considered in this work.

Another deficiency of existing control schemes for flexible-joint manipulators is 

that they have been validated in numerical simulations using the common Spong 

model [45]. Considered the centerpiece of most work in the area of flexible-joint 

control, this basic dynamics formulation assumes that each joint is modeled as a lin

ear torsional spring of constant stiffness. However, experimental studies [37,92-97] 

have revealed tha t joint mechanisms are far more complex than linear springs, and 

that they exhibit highly nonlinear effects. Thus, the development of a new compre

hensive flexible-joint dynamics model to better capture nonlinear effects observed in 

experiments is investigated in this work.

Finally, most advanced trajectory tracking flexible-joint control laws are full state 

feedback control techniques. In other words, they require knowledge of all state vari

ables (i.e. link positions and velocities, and motor positions and velocities). This is 

difficult to achieve in lightweight flexible-joint space manipulators, since link positions 

and velocities are typically not measured. Hence, there is a need to develop inno

vative strategies tha t reconstruct all state variables based only on noisy and biased 

measurements from motor encoders and tachometers in flexible-joint manipulator
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systems. Such a partial state feedback control scheme is researched in this work.

To summarize, this work addresses the direct adaptive trajectory-tracking control 

problem associated with flexible-joint space manipulators with parametric uncertain

ties and modeling errors. In addition, dynamics modeling and partial state feedback 

control issues will be explored.

1.5 Task-Space Benchmark Trajectory and Performance Evaluation

The modeling, simulation and performance assessment of all estimation and con

trol strategies developed in this work will be done via numerical simulations, using 

MATRIXx, National Instruments’ software suite for model-based control design. To 

validate the performance of the proposed control systems, the desired end-effector 

trajectory is a 1 2 . 6  m x 1 2 . 6  m square trajectory, which is tracked in 60 seconds 

with a constant velocity (i.e. no deceleration at the corners) in a counter-clockwise 

direction, starting from rest at the lower-right-hand corner. The shoulder joint of 

the manipulator coincides with its fixed (i.e. stabilized) base, located at the center 

of the square trajectory. Compared with other types of Cartesian trajectories, such 

as straight lines or circles, square trajectories represent greater control challenges, as 

each corner of the square entails an abrupt change in direction. This makes square 

trajectories ideal for studying the control of transient vibrations in flexible systems; in 

the literature they are commonly used to assess the trajectory-tracking performance 

of robotic manipulators [12,15,80,98,99]. The speed of the commanded square trajec

tory (15 seconds for each side of the square) is fast enough to render the nonlinearities 

and flexibility effects significant. As a comparison, in Carusone et al. [1 1 ], a 75 cm 

x 75 cm square trajectory is tracked in 40 seconds, and in Macnab et al. [80], a 15 

cm x 15 cm square trajectory is tracked in 60 seconds. For the reasons outlined in 

the previous section, this desired trajectory will be specified directly in terms of end- 

effector Cartesian position and velocity (i.e. in the task space). The resulting square 

trajectory in the task space, and related time histories of the desired end-effector 

position and velocity, are depicted in Figs. 1.2 and 1.3 respectively.

For a square trajectory as specified in the task space, the end-effector of the ma

nipulator system must reach each corner, and redirect itself in an orthogonal direction
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F ig u re  1 .2 : Desired end-effector square trajectory in the task space, illustrating the 
motion of the two-link manipulator in a counterclockwise direction starting from rest 
at the lower-right-hand corner.
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trating abrupt changes in direction a t t =  15 sec., 30 sec. and 45 sec.
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with a minimum positioning overshoot, which is defined as the position deviation ob

served in the task space. Indeed, overshooting the trajectory in the task space could 

lead to collisions and severe operational consequences; while attem pting to grasp a 

spinning satellite, for example. For this reason, all control methodologies developed 

in this work will be assessed by their ability to provide minimum end-effector posi

tioning overshoots at the direction changes, and minimum settling time to a steady 

state along each side, while maintaining stability throughout the entire trajectory.

1.6 Organization

The remainder of this work is organized as follows:

To establish the feasibility of a direct adaptive flexible-joint control scheme based 

on fuzzy logic, Chapter 2: Fuzzy Logic-Based Direct Adaptive Control, presents the 

development of a fuzzy logic-based adaptive controller for the task-space trajectory 

tracking problem by the end-effector of a rigid-joint manipulator. The control strategy 

is based on a new direct adaptive control scheme, in which the controller gains axe 

adapted in real-time according to a fuzzy logic system, such tha t the tracking errors 

between a reference model and the actual robot system outputs are brought to zero. 

Numerical simulations compare the trajectory tracking performance of the fuzzy- 

logic-based adaptive controller with a nonadaptive transponse Jacobian controller.

Based on the recent finding of sufficient conditions tha t allow nonlinear and non- 

stationary systems to become stable and strictly passive via static or dynamic output 

feedback, Chapter 3: A New Class o f SAC-Based Adaptive Controllers, presents the 

theoretical development of a new class of direct adaptive controllers tha t are ap

plicable to nonlinear systems. The proposed control methodology uses a  innovative 

decentralized adaptation mechanism, developed upon the SAC technique. The result

ing direct adaptive control technique is referred to as decentralized simple adaptive 

control (DSAC). A simplification of this new control law, referred to as decentralized 

modified simple adaptive control (DMSAC), is also presented. Furthermore, how these 

new control techniques can be modified to be applicable to practical situations, where 

the trajectory-tracking errors cannot reach zero for some reasons, will be illustrated. 

The formal Lyapunov proof of stability is established in all cases. To illustrate the
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new adaptive control approaches, numerical simulation studies for a robotic trajectory 

tracking problem are presented.

Building on the new adaptive control methodologies presented in Chapters 2 and 

3, Chapter 4: Direct Adaptive Composite Control Methodologies, addresses the prob

lem of adaptive trajectory tracking control of space manipulators tha t exhibit elastic 

vibrations in their joints and are subject to parametric uncertainties and modeling 

errors. First, it presents a comprehensive study of rigid-joint and linear flexible- 

joint stiffness dynamics models, in order to propose a new dynamic formulation that 

includes nonlinear effects, such as soft-windup and time-varying joint stiffness. Sec

ondly, it develops innovative fuzzy-logic and SAC-based adaptive composite control 

schemes for tracking the end-effector of a two-link flexible-joint manipulator. All 

new control schemes consist of a direct model reference adaptive system, designed 

to stabilize the rigid manipulator dynamics, and a linear correction term to improve 

damping of vibrations at the joints. A Tychonov-based stability analysis is used to 

analyze the closed-loop stability of the adaptive composite control approaches. Nu

merical simulations compare the performance of the adaptive composite controllers 

with a nonadaptive control technique, and with a conventional model-based nonlinear 

backstepping control strategy.

In Chapter 5: Partial State Feedback Adaptive Composite Control, an extended 

Kalman filter (EKF) strategy to estimate all state variables from noisy and bi

ased measurements in a flexible-joint manipulator system modeled with the linear 

flexible-joint stiffness dynamics model is provided. An extension for the new nonlin

ear flexible-joint stiffness dynamics formulation is then presented. In both cases, a 

nonlinear observability analysis based on Lie derivatives is provided, to establish the 

theoretical applicability of the observation schemes. The state estimates are coupled 

to one of the direct adaptive composite controllers, to provide a partial state-feedback 

adaptive composite control strategy. Numerical simulations are used to demonstrate 

the approach.

Finally, Chapter 6 : Conclusion, provides an overview of the significant contribu

tions this work makes in various areas related to the field of direct adaptive control
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theory with applications to rigid and flexible-joint space manipulator systems. Sug

gestions for future research directions are also proposed.



Chapter 2

Fuzzy Logic-Based Adaptive Control

To establish the feasibility of a direct adaptive flexible-joint control scheme derived 

from the fuzzy logic theory, this chapter presents the development of a new fuzzy- 

logic based adaptive controller for tracking a square trajectory by the end-effector of a 

rigid-joint manipulator. The control strategy is based on a new direct adaptive control 

scheme in which the controller gains are adapted in real-time according to a fuzzy 

logic system, such tha t the tracking errors between a reference model and the actual 

manipulator system outputs are brought to zero. Numerical simulations compare the 

trajectory tracking performance of the fuzzy logic-based adaptive controller with a 

nonadaptive transponse Jacobian controller.

2.1 Introduction

Over the years, different fuzzy logic methods have been proposed to control rigid- 

robot manipulators, and these have provided various results. One of the earliest 

fuzzy control approaches for rigid-joint robots, in which a fuzzy logic system tuned 

the gains of a PID controller was developed by de Silva [100]. The performance of 

this controller was evaluated while tracking a square trajectory. However, although 

satisfactory results were obtained, the square trajectory was specified to reduce the 

desired end-effector velocity to zero at each corner of the trajectory, which facilitated 

the tracking task. Yi and Chung [101] investigated the robustness of a fuzzy logic 

controller for a two-link robot manipulator with uncertainties. In their work, the per

formance was validated by numerical simulations while tracking a circle trajectory. 

Green and Sasiadek [102] developed a strategy using two fuzzy controllers to substi

tu te for the dynamics equations of a two-link robot tracking a 1 2 . 6  m x 1 2 . 6  m square 

trajectory. Compared to a nonadaptive controller, end-effector transient vibrations at 

direction switches were significantly reduced with the fuzzy control strategy. A control

20
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scheme comprising a sectorial fuzzy control term and a full nonlinear robot dynamics 

control term was developed by Santibanez et al. [103]. Experimental comparison of 

the proposed fuzzy logic control strategy with both a conventional fixed-gain and a 

variable-gain control developed by Llama et al. [104] was presented. More recently, 

Ham and Johnson [105] proposed a fuzzy logic controller designed to guarantee good 

tracking performance, in which each fuzzy set included a nonlinear robust control 

term designed using Lyapunov’s direct method. The resulting controller was com

pared with a  standard nonlinear robust controller in simulations for a manipulator 

with friction and disturbances, and the results demonstrated slightly improved track

ing performance. Islam and Liu [106] designed a controller by combining a fuzzy 

system with a robust adaptive control algorithm. In their work, the fuzzy system was 

used to approximate a certainty equivalent-based optimal controller, while the robust 

adaptive algorithm was used to cope with uncertainties due to external disturbances 

and modeling errors. Simulation results demonstrated the feasibility of this robust 

fuzzy approach.

The objective of this chapter is to propose an innovative direct adaptation mech

anism for tuning the gains of a transpose Jacobian controller using a fuzzy logic 

adaptation system. The adaptive fuzzy control scheme seeks to bring the trajectory 

tracking errors between the reference model outputs and the plant outputs to zero. 

In contrast with earlier strategies, this new direct adaptive fuzzy control approach 

does not require the identification of plant parameters, does not rely on any math

ematical models of the manipulator system dynamics, and is simple to implement, 

thus decreasing the computational resources required for implementation.

2.2 Rigid-Joint Dynamics

A typical closed form of the nonlinear dynamics of a multilink robot with rigid joints 

is derived in terms of kinetic and potential energies stored in the system by the 

Euler-Lagrange formulation [18,107-110]. Given an independent set of generalized 

coordinates, where n is the number of DOF of the system, the total kinetic and poten

tial energies stored in the rigid n-DOF system, denoted by Tr, Ur €  R, respectively, 

are defined by the Lagrangian
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L(qi,Qi) = T r — Ur; i =  l , . . . , n  (2.1)

For a robot subjected to a generalized force t* £ R acting on generalized coordinates 

qi £ R, the nonlinear dynamics equations of motion are given by

d f d L \  dL
T‘ = dt {M)"ei ] * =  (22 )

In the case of a rigid manipulator, the only source of potential energy is gravity. 

However, for space robot applications, the potential energy of the links Ur is omitted. 

Assuming tha t the kinetic energy of the manipulator is a quadratic function of the 

link angular rates, Tr is obtained as follows

T'  = I £  £  “  \ i TM{q)q (2.3)
i=l j=1

where My £ R represents the components of the symmetric positive-definite link 

inertia matrix denoted by M(q) £ Rnxn, and q £  Rn represents the link angle vector.

The Lagrangian function of the rigid robot is

L = i qTM(q)q (2.4)

Applying the partial derivatives (2.2) to the Lagrangian yields the following Euler- 

Lagrange rigid-joint dynamics equations of a n-DOF space-based rigid-joint manipu

lator

T  = M(q)q + C(q,q)q (2.5)

where C(q,q) £  Rnxn represents the centrifugal-Coriolis matrix, and r  € Rn denotes 

the control input vector. For the two-link robot shown in Fig. 2.1, M(q) £ R2 * 2 and 

C(q,q) £ R 2 x 2  are given by [18,108]
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M(q)
m ill, +  m 2(l\ +  ll2 + 2ZiZC2 c o s  q2) + h  + h  m 2{l2C2 + l\lC2 cosq2) +  h  

m 2{l%t +  hlcicos 92) +  h  m2ll2 +  h

C(q,q) =  —m 2l\lC2 sing2
92 9 i +  92

- 9 i  0

(2 .6)

(2.7)

where, Vi =  1 ,2 ,1, e  R denotes the length of link i, € R denotes the distance from 

the previous joint to the center of gravity of link i, and m* € R denotes the mass of 

link i. The moment of inertia of link i about an axis perpendicular to the xy  plane 

passing through the center of gravity of link i, denoted by € R, is given by

mil]
12

(2.8)

Endpoint

Rcvolutc 
Elbow Joint

Revolute Shoulder 
Joint

F ig u re  2.1: Schematic of the two-link robot manipulator

The detailed derivation of the dynamics equations is presented in Appendix A.

The physical characteristics of the robot are based on previous studies on intel

ligent control of space robots by Banerjee and Singhose [12], and Green and Sasi- 

adek [15, 1 1 1 ], and are given by m \ =  m 2 = 1.5075 kg, Zx =  Z2 =  4.5 m, and 

Zc 1 =  ZC2 =  2.25 m. W ith these values, M(q) and C(q,q) are given by
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M(q) =
50.8781 +  30.5269 cos q2 10.1756 +  15.2634 cos q2 

10.1756 +  15.2634 cos <72 10.1756
(2.9)

C(q,q) =  -15.2634 sin q2
92 9i +  92 

-9 i  0
(2.10)

2.3 Nonadaptive Transpose Jacobian Control Development

As a benchmark control strategy, the following intuitive task-based nonadaptive trans

pose Jacobian control law developed by Craig [89] is considered

where J{q) € R 2 x 2  denotes the robot Jacobian matrix, K p,Kd  € R2 x 2  represent 

the proportional and derivative control gains respectively, and ye. £ RVi =  1, . . .  ,4 

denotes the component of the trajectory tracking error vector ye £ R 4 that is defined 

between the desired end-effector Cartesian position and velocity vectors, denoted by 

xu  £ R 2 and x Td £ R2, and the actual end-effector position and velocity vectors, 

denoted by x r £ R 2 and xr £ R2, as follows

The control torque actuating each joint obtained with the control law (2.11) feeds 

into the inverse flexible dynamics equations to give an angular acceleration vector, 

which is double integrated to obtain link positions and velocities. Link positions 

transform into xT using the direct kinematics relations given by

k  cos 9 i + 12 cos (qi + q2j\ 
x T =  (2-13)

li sin <71 + 12 sin (<71 +  q2)\

and the end-effector velocity x r is obtained by time-differentiating (2.13), as follows

(2 .11)

y e - V d - y  = (2 .12)
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X T =
- h  sin (qi) qi -  l2 sin (gi +  q2) (gi +  g2) 

/i cos (gi) qi + l2 cos (9 1  +  q2) (qi +  g2) .
(2.14)

2.4 Fuzzy Adaptive Control Development

The proposed fuzzy adaptive control scheme automatically calculate the gains of the 

transpose Jacobian control law in (2.11) as a function of the tracking errors between 

the actual plant output vector y  G R4 and the output vector of a reference model 

ym G R4. Thus, the control objective consists in minimizing the output tracking error 

vector denoted by e„ G R 4 and defined as follows

(2.15)

where the reference model defines the ideal response to  the  desired square trajectory. 

In this work, the reference model is designed to incorporate the desired input-output 

plant behavior, which is expressed in terms of the ideal damping ratio £ G R and the 

undamped natural frequency wn G R, as follows

A X rm Xp
= y m - y  = —

X r

Am =

---
--

1

O 0 0

1

0 1
O 0 1 0 "

0 0 0 0
B m  =

0 0 0 1

0 - 2 C  U n 0 - w « 0 0 0

1..
... O —CJ2 0 1 to £ ■

0 “ " n 0 0

(2.16)

Cm I4 (2.17)

and where the reference model state vector x m and input vector um are given by

3-m —
X Tm

G R 4 , —
x rd

i r m _ P Td.

Adopting a decentralized adaptive fuzzy control strategy, the proportional and
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derivative control gains of the transpose Jacobian controller, K p and Kd, are respec

tively replaced by diagonal time-varying control gains, as follows

Kp(t) =  diag /i,A,(i), fc2 A2 (f)] (2.18)

Kd(t) — diag h^Xsty), h ^ ^ t )

As a result, the direct adaptive fuzzy control law is given by

(2.19)

r = J T(q)
{

hiXi( t ) 0 e Vl +
h^X^t) 0 e V3

0 /&2A2(t) _e V2. 0 h^X^t) .ev*.
(2.20)

Four normalized fuzzy logic systems (FLS) are used, each dedicated to one diago

nal element of the control gains. Each FLS takes one component of the tracking error 

vector e„ through scaling gains as an input, and outputs its corresponding parameter 

Aj G RVi =  1 , . . . ,  4. Figures 2.2 and 2.3 show the FLS membership functions for nor

malized input and output variables respectively. Universes of discourse range from 

-2 to 2 m for eyi and e„2, from -10 to 10 m /s for eV3 and ew, and from 0 to 1 for A*. 

The input scaling gains are selected as g\ =  =  0.5 and <73 =  <74 =  0.1 causing the

left-most membership function to saturate (i.e. to peak) at - 1  and the right-most at 

+ 1  for both the input and output universe of discourse, hence resulting in normalized 

FLS. Output scaling gains hi e  RVi =  1, . . .  ,4 multiply their corresponding output 

variable A<, in order to modify their base widths and provide greater tracking accuracy 

toward asymptotically zero position errors as the scaling gain increases. Increasing 

the output scaling gains actually has the effect of spreading the output membership 

functions, thereby making the meaning of their associated linguistics quantify larger 

numbers, as noted by Passino and Yurkovich [112].

Each normalized FLS is a Mamdani type, and their single input variable is de

signed with nine Gaussian membership functions, while all output variables are de

signed with five Gaussian membership functions. Similar to Green and Sasiadek [15], 

verbal descriptors for positive maximum  (PM), positive very high (PVH), positive
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NVH NH NL NVL ZERO PVL PL PH PVH

1.0- 1.0 0

F ig u re  2.2: Membership functions for normalized input variables

ZERO PL PM PH PM AX

1.00

F ig u re  2.3: Membership functions for normalized output variables

high (PH), positive medium (PM), positive low (PL), positive very low (PVL), zero 

(ZERO), negative very low (NVL), negative low (NL), negative high (NH), and neg

ative very high (NVH) are used in the generation of the fuzzy rules of the form

IF  eVl is PVL T H E N  Ax is PVL 

IF  ew is NH T H E N  A2 is PH

All four FLS are designed intuitively, so tha t as the magnitude of a given tracking 

error varies positively or negatively, the control parameter A* related to that tracking
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ey< N V H N H N L N V L ZER O P V L P L P H P V H
Ai NVH NH NL NVL ZERO PVL PL PH PVH

T able  2.1: Fuzzy logic system rule table

error varies according to the magnitude of the tracking error. The value of Aj is 

maintained >  0, ranging from ZERO for zero tracking error to PVH for the largest 

tracking error, either positive or negative, resulting in the symmetric fuzzy rule given 

in Table 2 .1 .

W ithin each FLS, the implication, aggregation and defuzzification methods are 

MIN, GEOMETRIC, and CENTROID, respectively. Fuzzification simply determines 

the degree of membership 0  <  fi < 1 associated with their input crisp datum value. 

The MIN implication operator determines the minimum value of \i causing the trun

cation of the output membership function. The CENTROID method defuzzifies an 

implicated fuzzy membership curve (i.e. converts it to a crisp output value) by cal

culating its center of area (COA), which results in a \x value corresponding to a crisp 

value for Aj, as follows

c o a = t o t  (221)

Each crisp datum  variable appears in all rules. Hence, each rule assigns a defuzzified 

value to the crisp datum Aj. The GEOMETRIC aggregation method [1 1 2 ] determines 

the final crisp value from the results of all the rules.

As explained by Green [113], a general framework for the stability analysis of 

fuzzy logic control systems has not yet been developed. So far, several methods have 

been proposed in attem pts to analyze the stability of fuzzy logic control methodolo

gies, including include hyperstability, Lyapunov, bifurcation, interval matrix, linguis

tic, graphical, parameter plane and rule firing trajectory observation [112,114,115]. 

Among these, the Lyapunov method is the most highly developed with respect to 

general wide acceptance. However, this method is only applicable to Takagi-Sageno 

type fuzzy inference systems, in which the consequents are represented by singletons 

or first-order polynomials as opposed to membership functions. Thus, this stability 

analysis is not well suited for the proposed application. In addition, most of the other
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methods involve several restrictions to general use, and are most often only suited for 

linearized plants. In view of the above discussion, the stability of the proposed fuzzy 

adaptive control scheme is assessed in closed-loop numerical simulations.

2.5 Simulation Results

Modeling and simulation of both control strategies were evaluated in numerical simu

lations. For the sake of simplicity, to demonstrate the applicability and performance 

of the proposed fuzzy logic-based control approach, the MATRIXx fuzzy logic block 

was used to implement the adaptive fuzzy controller within a standardized block- 

diagram control-logic structure [116]. The nonadaptive control gains were tuned in 

numerical simulations, to provide optimal tracking results. For the specified square 

trajectory, the control gains were set to

K p = 67.24h  K d = 10.59/a

Typically, achieving good results with a fuzzy controller with suitable output scaling 

gains requires several iterations in numerical simulations. W ithin the context of this 

work, the best tracking results were obtained with the following scaling gains

hi =  h2 = 300 h3 = h4 = 525

Figures 2.4 and 2.6 show the results of end-effector tracking trajectories. For 

the nonadaptive transpose Jacobian control scheme shown in Fig. 2.4, pronounced 

overshoots of 0.29 m occur at each direction switch due to large trajectory tracking 

errors, as illustrated in Fig. 2.5. However, the trajectory for the direct adaptive fuzzy 

control strategy shown in Fig. 2.6 exhibits minimal positioning overshoots of 0.10 m 

at each corner, and rapidly settles to a steady state with small tracking errors (see 

Fig. 2.7). These results show that using the proposed FLS adaptation mechanism 

greatly improves the tracking accuracy, particularly at each corner of the trajectory, 

and provides smaller tracking errors, resulting in tracking tha t is close to a straight



30

line along each side of the square trajectory.

As shown in Fig. 2.8, proportional control gain components K Pu(t) and K n2(t) 

are relatively low, varying from 3.9 to 4.8 along the each side of the trajectory, and 

peaking at 7.8 at each direction change. As shown in this figure, K Pn(t) reaches a 

maximum only at the second direction change (£—30 sec.), since this control gain 

is associated with the input variable eyi which must be stabilized particularly at 

the second direction change, when the overshoot occurs about the x-direction. At 

the first and third direction changes (£—15 sec. and £=45 sec.) the output control 

gain K Pn (t ) nevertheless fluctuates rapidly, thereby providing additional stabilization 

and damping. A similar behavior can be observed for output control gain AP22(f) 

associated with input variable ey2, which peaks at the first and third direction change 

and provides additional damping at the second direction switch.

Similarly, as illustrated in Fig. 2.8, derivative control gain components Kdn (t) 

and Kd23(t) remain stable a t a value of 8.4 along each side of the square trajectory 

and increase sharply to 26.8 at each direction change, which provides good velocity 

tracking control at each direction change.

2.6 Summary

As a first step toward the development of a fuzzy logic-based direct adaptive con

trol methodology for flexible-joint manipulators, this chapter presented an effective 

fuzzy adaptive rigid-joint control strategy. The direct adaptation scheme consists of 

fuzzy adaptation of the nonadaptive transpose Jacobian control gain parameters as 

a function of the tracking errors between the reference model outputs and the ac

tual plant outputs. The numerical simulation results presented in this chapter not 

only establish the feasibility and applicability of the approach, but also demonstrate 

greatly improved trajectory tracking results compared to the nonadaptive transpose 

Jacobian control law.
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Chapter 3

A New Class of SAC-Based Adaptive Controllers

Recently, the passivity results for linear time-invariant systems were successfully ex

tended to nonlinear and nonstationary systems, thus guaranteeing stability of adap

tive control of nonlinear square systems. Based on this theoretical breakthrough, this 

chapter presents the development of a new class of direct adaptive controllers, which 

employ a new decentralized adaptation law mechanism that is developed from the sim

ple adaptive control technique. The resulting direct adaptive control methodology is 

referred to as decentralized simple adaptive control (DSAC). A simplification of this 

new control algorithm, referred to as decentralized modified simple adaptive control 

(DMSAC), is also presented. In addition, how to modify both control methodologies 

can be modified to avoid divergence in practical situations, where the trajectory track

ing errors cannot reach zero, is presented. The formal Lyapunov proof of stability is 

established in all cases. As well, a numerical simulation study for a trajectory track

ing problem by a rigid-joint manipulator is presented to illustrate the new adaptive 

control approaches.

3.1 Introduction

A well-known result in control theory that plays an important role in guaranteeing 

stability in adaptive control is the notion of passivity, which requires the plant to be 

strictly passive (SP). For linear time-invariant (LTI) systems, this stability condition 

is equivalent to requiring the input-output transfer function to be strictly positive real 

(SPR). However, as most real-world systems are not inherently SP, this condition can 

be mitigated for LTI systems for which any constant output feedback gain (unknown 

and not required for implementation) could render the (fictitious) closed-loop system 

SP. Such systems, th a t are only separated from strict passivity by a constant output 

feedback, have been referred to as almost strictly passive (ASP), and their transfer

34
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function as almost strictly positive real (ASPR) (see Barkana and Kaufman [117]). 

Many studies have attem pted to clearly define what classes of systems satisfy the ASP 

conditions. Although some early results were obtained for both SISO and MIMO 

systems by Fradkov [118,119], these basic conditions had been considered difficult to 

satisfy and remained unclear. It was finally shown by Barkana [120,121] and Weiss et 

al. [1 2 2 ] tha t the ASP conditions required to guarantee stability with adaptive control 

are equivalent to requiring an LTI system with state-space realization {A, B, C} to 

be ASP, or in other words, to be strictly minimum phase and with the product CB 

positive definite symmetric (PDS). Furthermore, it was demonstrated by Huang et 

al. [123] tha t if a system cannot be made SP via constant output feedback, no dynamic 

output feedback can render it SP.

Over the years, a variety of direct model reference adaptive control (MRAC) 

techniques have been developed to address the problem of time-varying the gains 

of a controller so tha t the plant closed-loop characteristics match those defined by a 

reference model [124], In particular, this approach found many successful applications 

to robot control. This general interest in MRAC schemes is mainly due to the fact 

that adaptive control theory is well suited to robotic manipulators whose dynamics 

is highly nonlinear. Classical adaptation mechanisms for MRAC systems include the 

gradient method (also known as the MIT rule), the Lyapunov second direct method 

and the Popov hyperstability theory [125].

Dubowsky and DesForges [126] introduced the first MRAC technique for robotic 

manipulators, by using the gradient method as the adaptation law. Then, Takegaki 

and Arimoto [127], and Craig et al. [128] presented an MRAC strategy for manip

ulators using a Lyapunov method. An alternative to Lyapunov methodologies, a 

Popov hyperstability-based MRAC approach for a nonlinear industrial robot system, 

was developed by Nicosia and Tomei [129]. Horowitz and Tomizuka [130] used the 

hyperstability theory to derive an MRAC scheme for linearizing and decoupling the 

nonlinear manipulator dynamics. Although not an MRAC technique, the algorithm 

developed by Slotine and Li [131], referred to as the SLI control law, is one of the 

most popular adaptive control methods for manipulator systems. However, the SLI 

technique is not a direct adaptive control scheme, in that the controller gains are kept
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constant. Instead, this indirect adaptive control law depends on unknown manipulator 

parameters, which are estimated (adapted) in real-time.

The drawback associated with classical MRAC adaptation mechanisms is their 

considerable computational burdens. When applied to robotic control, this short

coming is often due to the computation of the Euler-Lagrange dynamics formulation, 

which prevents the use of such MRAC schemes for space robots. As with any space 

applications, available on-board computing resources are highly limited. The compu

tational load problem inherent to classical MRAC techniques is further aggravated 

in real-time applications. The SLI control scheme also suffers from computational 

complexity, largely due to the parameter estimation process. Moreover, most MRAC 

methods are based on the assumption that prior knowledge of the unknown plant is 

available, and/or requires the plant to be of the same order as the reference model.

To mitigate these limitations, the SAC approach was developed by Sobel et al. 

[132], Barkana et al. [133] and Barkana and Kaufman [134]. Using the ASP results, 

the stability of the SAC technique for square LTI systems was rigorously established 

by Kaufman et al. [91]. This direct adaptive output feedback method is based on the 

command generator tracker methodology developed by Broussard and O ’Brien [135], 

and requires the plant to track the reference model that is the ideal representation 

of the plant only as far as its outputs represent the desired output behavior of the 

plant. For this reason, this MRAC-based approach has been successfully applied to 

the control of a number of large-scale systems, without requiring large-order adaptive 

controllers. Sometimes, for practicality, the SAC algorithm is robustified by adopting 

Ioannou and Kokotovic’s idea [136,137], in which a sigma-term, or forgetting factor, 

is introduced in the algorithm to avoid divergence of the time-varying control gains. 

The stability of the adaptive algorithm with the sigma-term for LTI systems was also 

demonstrated in [91].

However, although the complexity of SAC technique is greatly reduced when com

pared with standard model following techniques, it still presents a design complexity 

issue due to the large number of parameters and coefficients to be selected. In fact, 

the calculation of the control input involves a stabilizing output feedback control gain 

and two feedforward control gains, each calculated as the summation of a proportional
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and an integral control gain component. To mitigate this design complexity, the modi

fied simple adaptive control (MSAC) idea proposed by Ulrich and de Lafontaine [138] 

exploited the concept that only the stabilizing output feedback gain is absolutely 

necessary to guarantee the stability of the closed-loop system. In other words, with 

MSAC, the feedforward control gains are ignored.

In spite of successful implementations of SAC/MSAC, the conditions required to 

guarantee the stability of these adaptive algorithms for nonlinear systems remained 

unclear for a long time. This is why, until recently, the SAC/MSAC adaptive algo

rithms were designed ad hoc and validated by simulations. Then, in 2010, the ASPE 

results for LTI systems were successfully extended to nonlinear and nonstationary 

systems by Barkana [139], which ensured the stability of nonstationary control ap

plied to nonlinear square systems. In addition, this work demonstrated the stability 

and applicability of a reduced SAC method that used only the integral component of 

the time-varying control gains.

Based on this theoretical breakthrough, this chapter presents the theoretical de

velopment of two novel SAC-based control schemes for nonlinear systems: (1) a decen

tralized simple adaptive control (DSAC) methodology, and (2 ) a decentralized modi

fied simple adaptive control (DMSAC) methodology. In these two control techniques, 

only the diagonal of the time-varying gain matrices are considered. This way, the 

computational requirements of the new approaches are decreased in comparison with 

SAC/MSAC, thus facilitating real-time implementation. Compared to centralized 

control approaches, the computational efficiency advantage of decentralized control 

techniques make them attractive for applications in complex dynamical systems, such 

as nonlinear multilink space robot manipulators. The stability of the DSAC/DMSAC 

for general nonlinear square ASP systems is also formally established in the sense of 

Lyapunov. In addition, this chapter provides illustrative examples to compare the 

tracking performance of the proposed DSAC and DMSAC approaches for square and 

nonsquare rigid-joint manipulator systems.
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3.2 S y stem  a n d  D efin itions

Consider a class o f m x m  nonlinear square systems described by the following for

mulation

x(t) = A(x, t)x(t) +  B (x , t)u(t) (3-1)

y(t) = C x(t)

where

x  —

(3.2)

Xl Ui Vi
; € Rn, u = • m II •

y ,m.

----1I

€  R"

are the states, inputs and outputs, respectively. The following definitions and the

orem applicable to the nonlinear square system (3.1)-(3.2) will be exploited in the 

subsequent development. Refer to the work of Barkana [139] for more details. 

D efin ition  3.1: U n ifo rm ly  S tr ic tly  M in im u m -P h ase

Any nonlinear systems { A (x ,t) ,B (x ,t) ,C }  with the square state-space realization

(3.1)-(3.2) is uniformly strictly minimum-phase if its zero dynamics is uniformly sta

ble, or in other words, if there exist two matrices M ix , t) and N (x , t ) satisfying the 

following relations

C M  = 0 (3.3)

N B  =  0 (3.4)

N M  = Im

such that the resulting zero dynamics given by

(3.5)
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z =  {N +  NA )Mz (3.6)

is uniformly asymptotically stable.

D efin ition  3.2: S tr ic t  P ass iv ity  in  T im e-D om ain

Any nonlinear systems {A (x ,t) , B (x ,t) ,C }  with the square state-space realization

(3.1)-(3.2) is strictly passive (SP) if there exists two positive definite symmetric (PDS) 

matrices P (x, t) and Q(x, t) such that the following two conditions are simultaneously 

satisfied

The Lyapunov differential equation (3.7) shows that an SP system is uniformly asymp

totically stable, whereas the second relation (3.8) shows that

which implies tha t the product CB is PDS.

As most real-world systems are not inherently SP, a class of almost strictly passive 

(ASP) systems can be defined by Definition 3.3.

D efin ition  3.3: A lm o st S tr ic t P assiv ity  in  T im e-D om ain  

Any nonlinear systems { A (x ,t) ,B (x ,t) ,C }  with the square state-space realization

(3.1)-(3.2) is ASP if there exists two PDS matrices P (x, t) and Q(x, t) and a constant 

output feedback gain K e, such that the closed-loop system

P  + P A  + A t P  =  - Q (3.7)

P B  = C t (3.8)

B t P B  =  B t Ct  =  (C B f  =  C B (3.9)

x(t) = A (x, t) — B (x, ^ATeCj x(t) (3.10)

y(t) = C x(t) (3.11)

simultaneously satisfies the following relations
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P  + P ( A -  B K eC) + ( A -  B K eC)TP  =  - Q  (3.12)

P B  =  CT (3.13)

T h eo rem  3.1: Any uniformly strictly minimum-phase nonlinear system 

{ A (x ,t) ,B (x ,t) ,C }  with the square state-space realization (3.1)-(3.2), and with the 

product C B (x , t) being PDS, is ASP.

3.3 C o n tro l O b jec tiv e

The control objective is to design decentralized SAC-based controllers which ensure 

that the nonlinear square system tracks the output vector ym(t) of the following (not 

necessarily square) reference model

x m{t) = A mxm{t) +  B mu{t) (3.14)

Vm(t) =  Cmxm(t) (3.15)

where

1
E r̂ai F

i

• e R nm, Um  = e KPm, ym = ; G Rm

. X ™ * m . ,U™Pm . Vrnmm

are the reference model states, inputs and outputs, respectively. To quantify this 

control objective, an output tracking error, denoted by ev(t) € Rm, is defined as

£y — Vm ~ y  (3.16)

When the system tracks the reference model perfectly (i.e. ym =  y* = Cx*), it moves 

along a bounded ideal state trajectory, denoted by x*(t) 6  1 " , To facilitate the



41

subsequent analysis, a state error, denoted by ex(t) € Rn, is defined as

ex = x* — x  (3.17)

Thus, (3.16) can be rewritten as

ey =  Cx* - C x  = Cex (3.18)

A ssu m p tio n  3.1: Both the order and the number of inputs of the reference model, 

nm and pm, are multiples of m, and thus satisfy the following relationships

nm = knm  (3.19)

pm =  K m  (3.20)

where kn, fcp € l  are positive scalars.

3.4 D ecen tra lized  S im ple A d ap tiv e  C o n tro l D evelopm en t

The standard SAC algorithm is adopted [91]

u  =  K e(t)ey + K x(t)xm +  K u(t)um (3-21)

where K e(t) € Rmxm is the time-varying stabilizing control gain matrix, and K x(t) £

Rmxnm and K u(t) € Rmxm are time-varying feedforward control gain matrices that

contribute to maintaining the stability of the controlled system, and to bringing the 

output tracking error to zero. Each control gain matrix is calculated as the summation 

of a proportional and an integral component, as follows:

K e{t) = K Pm{t) + K Im(t) (3.22)

K x(t) = K Px(t) + K Ix(t) (3.23)
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K u(t) = K Pu(t) + K Iu(t) (3.24)

where only the integral adaptive control terms are absolutely necessary to guaran

tee the stability of the direct adaptive control system. However, also including the 

proportional adaptive control terms increases the rate of convergence of the adaptive 

system toward perfect tracking. This is demonstrated in Section 3.4.2.

Proposing a DSAC adaptation mechanism, the proportional and the integral com

ponents of the stabilizing control gain in (3.22), Kpe(t) ,K ie(t) €  Rmxm, are both 

updated by the output tracking error, which results in the following adaptive law

K Pe{t) =  diag {e„ej} TPc (3.25)

K h (t) =  diag{e„ej’} r /e (3.26)

where diag {A}  denotes the diagonalization operation on the square m atrix A  € Rn> 

whose elements are denoted Ojj, as follows

diag {A}

oi,i 0 • • • 0

0 02,2 ■ ' ■ 0

0 0 an

(3.27)

The components of the feedforward control gain matrices Kpx(t) ,K ix(t) € Rmx"m 

and Kpu(t) ,K iu(t) € Rmxpm are updated as follows

K Px{t) =  /?Tdiag {ReyX1̂ }  r Pi (3.28)

K ix{t) =  R Tdiag {ReyX^} Tix (3.29)

K Pu(t) = T Tdiag{Teyu l } r Pu (3.30)
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*.(«) = fd iag fr^ Jr ,. (3.31)

with

’/m"

1---—
i

R  =
Im T

Im i a" •—..
...

G Rp" (3.32)

and where Tpt , TJe G Rmxm, TPx, TIx G RnmXnm, and r Pu, T/u € RPmXpm are constant 

diagonal matrices tha t control the rate of adaptation.

The adaptive algorithm can be rewritten in the following concise form

u = K (t)r ( t) (3.33)

where K (t)  G Rmx(m+n™+P"0 and r(t) G Rm+"m+Pm are respectively defined as:

K (t)  =  ^Ke(t) K x(t) K u(t)\ =  K P(t) + K ,{t) (3.34)

r =  [cj X* u^] (3.35)

W ith this representation, the total proportional and integral adaptive control gains, 

denoted by K p (t) ,K i( t)  G Rmx(m+nm+Pm), are updated as follows:

K p = STdiag {SeyrT } TP (3.36)

K ! =  STdiag {Se„rr } T/ (3.37)

where r P , T/ G R(m+n™ +Pm)x(m+nm +Pm)  ̂ anfj scaling matrix S  is given by
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S  = ^(rn+Um+Pm) xm (3.38)

3.4.1 E r ro r  D ynam ics

The time derivative of (3.17) is

ex = x* — x  =  A*x* + B*u* — A x  — B u (3.39)

Adding and subtracting Ax* to (3.39), and rearranging gives

e , =  Aex +  (A* -  A) x* + B*u* -  B u (3.40)

Adding and subtracting Bu* to (3.40), results in

ex = Aex +  (A* -  A) x* + B  (u* - u )  + (B* -  B ) u* (3.41)

Adding and subtracting B K eey to (3.41), and substituting ev from (3.18) in the first 

term of the right-hand side of (3.41), yields

ex =  (A  -  BKeC'j ex + (A* -  A) x* + B  (u* - u )  + (B * - B ) u *  + B K eey (3.42)

Noting tha t the tracking error ey along the ideal trajectory is zero, the ideal control 

input vector u* is given by

u — K xx m -j- K uur, (3.43)

Thus, substituting (3.33) and (3.43) into (3.42) gives
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c , =  (A  -  B K eC )  ex + (A * -  i4 )® * + 5 J^ sm+ B J^tltim- B lf r + ( B *  -  B )u * + B ^ eev

(3.44)

Equation(3.44) can be rewritten as

ex = ( A -  B K eC )  ex +  (A* -  A) x* + (B * -  B)u*  -  B  ( k  -  k )  r  (3.45) 

with K  € Rm*(m+n">+Pm) defined as

K e K x K u (3.46)

Finally, substituting K  from (3.35) yields

ex = ( A -  B K eC j ex +  (A* -  A) x* + (B* - B ) u * -  B K Pr  - B ^ K I - K ^ r  (3.47)

3.4.2 Stability Analysis

Theorem 3.2: The adaptive control law given by (3.21) with DSAC adaptation 

mechanism (3.22)-(3.31) ensures that all system signals are bounded under closed- 

loop operation, and results in asymptotic convergence of the state and output tracking 

errors, in the sense that

||ey|| -» 0  and ||es || —»■ 0  as t -> oo 

where ||-|| denotes the standard Euclidean norm of a vector.

Proof: Let V  6 R be a continuously differentiable positive-definite symmetric func

tion given by

1/ =  eTx Pex +  tr [(* /(* ) -  k )  T j 1 (.K j(t) -  t f ) r J (3.48)

The time-derivative of (3.48) is obtained as
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V  = e lP e t  + e lP e , + e lP e , + t r \ k , { t ) r j '  [ K , ( t ) ~  k ) T]

+  t r [ ( j f i ( t ) - * ) r 7 lK j'(t)] (3.49)

Substituting ey from (3.18), K P(t) from (3.36), K i(t)  from (3.37) and ex from (3.47) 

into (3.49) gives

V  = eTx \ p  + P  ( A -  B K eC )  +  ( A -  M ec ) r pJ ex

-  2e£PB STdiag {SC exrT} TPr

-  rT [Kt (t) -  k ] T B TPex -  eTx P B  [ff/(f) -  K

+  [{A* -  A) x* + (B* -  B) u*]r  Pex + eTx P  [(>1* -  A) x* +  (B* -  B) u*] 

5 Tdiag {SC exrT } T jT J1 (# ,(* ) -4-tr 

4- tr (Ki( t )  -  R )  r j ^ / d i a g  {SC exrT } S ] (3.50)

Using the ASP conditions (3.12) and (3.13), the expression in (3.50) can be simplified

as

V  = -<ZQe,

— 2eTx CTSTdiag { SC exrT } TPr

-  rT [/Cr(0 -  A"] Cex -  eTx CT [ff/(t) -  k \ r

+ [(A * -  A) x* + (B* -  B ) u ' f  Pex +  eTx P  [(A* -  A )x* + (B* -  B) «*]
- \ r l

+  tr  j s r diag {SC exrT} (jKi(t) -  k j  

+  tr [(# /(* )  -  k ' j  diag [SC exrT j  S (3.51)

Due to the diagonal forms of the results inside the trace functions, the following terms 

cancel one another
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tr  S Tdiag {SC exrT} ( f f ,( t)  -  t f ) TJ -  rT [ff/(t) -  Cex =  0 (3.52)

and similarly

tr  [( iO (t)  -  # )  diag {SC exrT} s ]  -  eTx CT [ff/(«) -  k \ r  = 0 (3.53)

Thus, (3.51) can be simplified to

V  =  - e x Qex -  2ex CTS Tdiag {SC exrT j  I > r  

+  [(A * -  A) x* + (B* -  B ) u*)T Pex 

+ eTx P  [(,4* -  A) x* + (B* -  B ) u*} (3.54)

Assuming tha t the system parameters vary slowly compared to the control dynamics,

such that

A* = A  and B* =  B  (3.55)

allows (3.54) to be simplified to

V  =  —ex Qex — 2ex CTS Tdiag{SC exrT } Tpr  (3.56)

The Lyapunov derivative V  in (3.56) is uniformly negative definite with respect to

e*, but only negative semidefinite with respect to the entire state space [ex,K (t)]. A 

direct result of the Lyapunov stability theory is that all dynamic values are bounded. 

Also, according to LaSalle’s invariance principle [91, p. 43], all states and adaptive 

gains are bounded, and all system trajectories ultimately end in the domain defined 

by V  =  0. Since V  is negative definite in ex, it implies th a t the system ultimately ends 

with ex = 0 , which proves that the adaptive control system demonstrates asymptotic 

convergence of the states and output errors, and boundedness of the adaptive gains.
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R em ark  3.1. Compared to the stability results obtained by Barkana [139], the addi

tional negative term in (3.54) introduced by considering K p(t) in the DSAC algorithm 

contributes to the negativity o f the Lyapunov derivative function and thus improves 

the rate o f asymptotic convergence of the states and output tracking errors.

R em ark  3.2. Based on Ioannou and Kokotovic’s work [136,137], to robustify the

DSAC algorithm, forgetting terms can be introduced in the adaptation law to avoid

divergence of the integral adaptive control gains in cases where the tracking error

would not reach zero. With this adjustment, the time-varying integral control gain

matrices are obtained as follows

K Ie(t) =  diag {eye$} r /e -  aeK h (t) (3.57)

K iA t)  =  R T (diag {R eyxlf} TIx -  diag {axR K Ix(t)}) (3.58)

K Iu(t) =  T t  (diag {T eyu l }  T Iu -  diag {auT K Iv(t)}) (3.59)

and similarly,

K i(t) = S T (diag {SeyrT} T/ — diag {o iS K i }) (3.60)

where a e € a x € R (n"»xn">), cru € R (pmXPm), and crj €  R (m+ n"*+P"*)x(m+nm+Pm)

denote the forgetting coefficient matrices. With this modification to the DSAC algo

rithm, the Lyapunov derivative function becomes

V  = - e Tx Qex -  2e^CT5 r diag {SC exrT } TPr

— 2 tr STdiag {crjSK ^t)} T j 1 (.K j(t) -  (3.61)

Thus, according to Lyapunov-Lasalle theorem, the application of the DSAC algorithm 

with the a-terms results in bounded error tracking. Note that, although it affects the 

proof o f stability, the use of the DSAC control law with this adjustment is preferable 

in most applications. Indeed, without the a-terms the integral adaptive gains are



49

allowed to increase for as long as there is a tracking error. When the integral gains 

reach certain values, they have a stabilizing effect on the system and the tracking error 

begins to decrease. However, i f  the tracking error does not reach zero for some reasons, 

the integral gains m il continue to increase and eventually diverge. On the other hand, 

•with the forgetting coefficient matrices the integral gains increase as required (e.g. due 

to large tracking errors), and decrease when large gains are no longer necessary. In  

fact, with the a-terms the integral gains are obtained as a first-order filtering of the 

tracking errors, and cannot diverge unless the tracking errors diverge.

R em ark  3.3. In the general case given by (3.54), it can be shown that the term

(A* -  A) x* + (B* -  B) u* (3.62)

is bounded. Nevertheless, (3.62) affects the proof of stability, and the tracking errors 

converge to the final magnitude of (3.62). However, it is clear that the Lyapunov 

derivative (3.54) is negative semidefinite for large ex, which guarantees that the system  

is stable with respect to boundedness.

□

3.5 D ecen tra lized  M odified  S im ple  A d ap tiv e  C o n tro l D evelopm en t

To further decrease the number of operations required to implement the SAC algo

rithm in real time, Ulrich and de Lafontaine [138] proposed the idea of using a modi

fied version of the SAC algorithm, referred to as the modified simple adaptive control 

(MSAC) law. The MSAC algorithm is obtained by retaining only the error-related 

adaptive gains Kpe(t) and K [,(€). In fact, as mentionned by Barkana et al. [117], 

only the stabilizing control gain matrix K e(t) is absolutely required for the stability 

of the adaptive system. However, Ulrich and de Lafontaine [138] did not investigate 

the stability of the MSAC approach in their work, as the required ASP theorem for 

nonlinear systems had not yet been developed.

Adopting a MSAC control approach yields the following adaptive law

u =  K e(t)ey = [KPe(t) +  KiXt)) ev (3.63)
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where Kpe(t) and K je{t) are adapted with the decentralized adaptation law (3.25)- 

(3.26).

3.5.1 E r ro r  D ynam ics

W ith the proposed DMSAC approach, since the tracking error ey along the ideal 

trajectory is zero, the ideal control input vector u* is also zero. Thus, the time 

derivative of (3.17) is

ex = x* — x  = A*x* — A x  — B u  (3.64)

Adding and subtracting Ax* to (3.64) and rearranging gives

ex =  Aex + (A* -  A) x* -  B u  (3.65)

Adding and subtracting B K eey to (3.65), and substituting ey from (3.18), yields

ex = ( A -  B K eC ) ex +  (A* -  A) x* -  B  ( u -  K eey)  (3.66)

Substituting (3.63) into (3.66) gives

ex = ( A -  BKeC'j ex +  (A* - A ) x * - B  ( K e(t) -  K ^j ey (3.67) 

Finally, substituting K e(t) from (3.22) yields 

ex =  (A  -  B K eC j ex +  (A* -  A) x* -  B K Ptey -  B  [k Ic -  t f e)  ey (3.68)

3.5.2 S ta b ility  A nalysis

T h eo rem  3.3: The DMSAC algorithm given by (3.63) with adaptation mechanism 

(3.25)-(3.26) ensures that all system signals are bounded under closed-loop operation, 

and results in asymptotic convergence of the state and output tracking errors in the 

sense that
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||ey|| -4 0 and Hê H —» 0 as t — > oo

P ro o f: Let V  € R be a continuously differentiable positive-definite symmetric func

tion given by

V  =  ex Pex +  tr (* :,.(I) -  k . )  r j '1 ( K ,.( t) -  * « ) T] (3.69)

The time-derivative of (3.69) is obtained as

V  =  eTx Pex + e lP e ,  + eTx P ix +  tr [ t f / .W r j , 1 -  A-C) T]

+ tr[(ir ,.(i)-A '.)rr,lA:jw] (3.70)

Substituting ey from (3.18), Kpe(t) from (3.25), K ie{t) from (3.26) and ex from (3.68) 

into (3.70) gives

V  = el P  + P  ( A -  B K eC ) +  (,4 -  B K ec Y  pJ ex 

-  2eJPPdiag  {CexeTx CT } TPeCex

~ e Tx CT K u - K e K h - K eB TPex -  eTx P B  

+  [(A* -  A) x*]T Pex +  ex P  {A* -  A) x*

+  tr  [diag {CexeTx CT } T j J l 1 (.Ku (t) -  k t f

+  tr [(* ,.(* ) -  K e)  r^ T /.d ia g  {CexeTx C T}] (3.71)

Using the ASP conditions (3.12) and (3.13), the expression in (3.71) can be simplified 

as
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V  =  - e lQ e x

-  2 e£Cr diag {Cexe lC T } TPeCe:
~  ^T

eTx CT K , -  K . Cex -  e lC T K h - K e Cex

+  [(A * -  A) x ')T Pex +  eTx P  (A* -  A) x '
-  \ T

+

+

tr  jdiag {Cexex CTj  T/ ^ 1 ( K h {t) -  K e)  

tr  [ (K Ie(t) -  K e)  T ^ d i a g  {CexeTx CT }\ (3.72)

Due to the diagonal forms of the results inside the trace functions, the following terms 

cancel each other

tr diag{C eI eJC r } r f,r7 il ( i f , , ( ( ) - ^ e) r l  -  g C ?  [ k u  -  Cex =  0 (3.73)

and similarly

tr [(* ,.(* ) -  K e) rj/I'/.diag {CexeTx CT}] -  eTx CT [ k u  -  K e] Cex =  0 (3.74)

Thus, (3.72) can be simplified to

V  -  —ex Qex

-  2 e£CTdiag {CeI eJC T} TPcCex 

+  [(A * -  A) x*)T Pex + eTx P  (A * -  A) x* (3.75)

As before, assuming that the system parameters vary slowly in comparison with the 

control dynamics results in

V  = - e lQ e x -  2e*CTdiag {CexeTx CT } FPeCex (3.76)
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The Lyapunov derivative V  in (3.76) is uniformly negative definite with respect to ex, 

but only negative semidefinite with respect to the entire state space [ex,K (t)\. There

fore, as before, the adaptive control system demonstrates asymptotic convergence of 

the states and output errors, and boundedness of the adaptive gains.

R em ark  3.4. By considering <re, the time-varying integral control gain matrix is 

obtained as (3.57). With this modification to the DMSAC algorithm, the Lyapunov 

derivative function becomes

V  =  ~ exQ ex — 2 e£CTdiag {Cexe^C T } TPcCex

— 2 tr
-  \ T

(3.77)

and the same conclusions stated in Remark 3.2 can be drawn.

R em ark  3.5. Regarding the general case given by (3.75), the same conclusions stated 

in Remark 3.3 can be drawn.

□

3.6 A p p lica tio n  E xam ples

In this section, the applicability of both new control schemes to square and nonsquare 

systems is demonstrated.

3.6.1 S q u are  M a n ip u la to r System s

To facilitate the following demonstration, let the nonlinear rigid-joint dynamics of a 

space manipulator (2.5) be rewritten in the task space as follows

A (q)xr(t) +  II {q, q)xr(t) = F (t) (3.78)

where A(q),U(q, q) € R2 x 2  and F(t) € R 2 denote the PDS pseudo-inertia matrix, 

the centripetal-Coriolis matrix in task space, and the control force vector, which are 

respectively defined as
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A(q) = J  T(q)M (q)J l (q) (3.79)

n (q,q) = J  TC {q,q)J \q )  + A (q )J (q )j \q ) (3.80)

F(t) = J~T(q)r(t) (3.81)

where J  1 (q) is defined as

(3.82)

The nonlinear system dynamics given by (3.78) can be expressed in a standard 

state-space representation with

A(g, q) B(q) —
o I2

0  - k - x(q)Yl(q,q)

Defining the scaled-position-plus-velocity output matrix as

(3.83)

0/2 12 (3.84)

where a  € M is a known scaling factor related to the sensors, and the state vector is 

given by

x  =
x r

Xf
(3.85)

It is easy to see the product CB is PDS, as follows

CB(q) = 0 / 2  / 2J

10 
1

1

> 1 ♦— ST

A- '(q ) > 0 (3.86)

Moreover, a simple selection of matrices that satisfies (3.3)-(3.5) is
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M  =  12 N  = \ l 2 0
—a / 2

(3.87)

Computing

A z =  N A (q ,q )M  = - J 2 (3.88)

and thus

z = A zz =  —z (3.89)

which shows tha t the zero dynamics is stable and the nonlinear dynamics is minimum- 

phase. This demonstrates that a two-link rigid-joint manipulator system is ASP.

Similar to the depiction in Chapter 2, the reference model was designed to incor

porate the desired input-output plant behavior, and aside from the scaling parameter

£ and undamped natural frequency uin as in (2.16), but with output m atrix defined 

as

The integral structure of the integral time-varying gains is computed online via a 

standard Tustin algorithm. All integral control gains were initialized to  zero, and the 

reference model parameters were selected as (  = 0.9, uin = 10 rad /s and a  =  2.5. 

Two simulation experiments were conducted, the first without (DMSAC), and the 

second with (DSAC) the time-varying control gain matrices K x(t) and K u(t).

which is assumed to be known, the reference model is not based on any modeling of 

the plant. The matrices A m and Bm are designed in terms of the ideal damping ratio

(3.90)

The following control gains and parameters were used

r Pe =  15 h  r /e =  30 h  r Pi =  r Pu =  io /4 r lx = r /u =  i5 /4 

ae =  O.OI8 / 2  ox — ou — 0.5 / 4
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The trajectory tracking results obtained with the DMSAC controller, and the 

DSAC controller are depicted in Fig. 3.1 and 3.4, respectively. The positioning over

shoots achieved with the DMSAC controller are 0.142 m, 0.115 m and 0.101 m for 

the first, second and third direction change respectively. Comparison to trajectory 

tracking results of zero overshoot for the proposed DSAC controller indicates that 

the DSAC yields improved tracking performance. This is also demonstrated in Figs.

3.2 and 3.5, where an increased damping of the tracking errors with smaller settling 

times are obtained with the DSAC strategy. However, this increase in performance 

comes at the expense of greater complexity in the controller structure. The successive 

increase in tracking performance along each side of the trajectory for the DMSAC 

strategy is explained by analyzing the adaptation history of the control gains depicted 

in Fig. 3.3, which shows that the gains are increasing after each direction change, and 

thereby providing improved tracking results. In must be noted tha t this particular 

behavior is mainly due to the specific control parameters selected herein, and that a 

different behavior could be obtained with different parameters. On the other hand, 

the time-varying control gains for the DSAC algorithm shown in Figs. 3.6 to 3.8 do 

not exhibit such behavior, thus providing similar tracking performance at each corner 

of the trajectory.

3.6.2 Nonsquare Manipulator Systems

As Theorem 3.1 is only applicable to square systems, the stability of the decentralized 

adaptive control algorithms developed in this chapter can only be guaranteed for 

these systems. Nevertheless, in this section the performance and the applicability 

of the proposed DSAC and DMSAC control methodologies to nonsquare systems is 

established in numerical simulations. To this end, consider the nonsquare robotic 

manipulator described by (2.5), with output vector given by

V =
x r

X T
(3.91)

and with the output of the reference model given by
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F ig u re  3.1: Trajectory tracking results obtained with the DMSAC controller applied 
to the square rigid-joint manipulator. The dashed line corresponds to the desired 
end-effector position x rd(t), and the solid line corresponds to the actual end-effector 
position x r{t).
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F ig u re  3.2: Trajectory tracking errors (ey (t) = ym (t ) — y (t)) obtained with the 
DMSAC controller applied to the square rigid-joint manipulator.
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F ig u re  3.3: Adaptation history of the DMSAC controller gains K e(t) when applied 
to the square rigid-joint manipulator.

x.
Vm =

I'm

urm _
(3.92)

The dimensions of the time-varying gain matrices are adapted accordingly

K P'{ t ) ~ W Td\s,g{eyeTy } Y P' (3.93)

K h (t) =  [diag {eyeTy } Tu  -  diag {aeW K Ie}] (3.94)

K Px(t) = W^diag {eyx£} TPm (3.95)

k i x(t) =  W T [diag {eyX^} TIm -  diag {axW K im}) (3.96)

K Pu(t) = W Tdiag {eyUT j  r Pu (3.97)

k / u(t) = W T [diag {eyuTm} r /tl -  d iag{auW K Iu}] 

where the scaling matrix W  is

(3.98)
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F ig u re  3.4: Trajectory tracking results obtained with the DSAC controller applied 
to the square rigid-joint manipulator. The dashed line corresponds to the desired 
end-effector position x Td(t), and the solid line corresponds to the actual end-effector 
position xr(t).
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F ig u re  3.6: Adaptation history of the DSAC controller gains K e(t) when applied to 
the square rigid-joint manipulator.

As done previously, two simulation experiments were conducted: the first without 

(DMSAC) and the second with (DSAC) the time-varying control gain matrices K x(t) 

and K u(t). In the first case, the gains for the controller tha t resulted in the best 

tracking performance were determined as follows

r Pe =  diag [120 120 15 15

r/e=diag[l80 180 30 30

<Te =  O.OI8 /4

In the second case, the following adaptation parameters and coefficients were selected 

to provide satisfactory tracking performance

TPe =  T/e =  diag 1500 1500 125 125

rPu = r/u = rPl = rIm = ioo/4
(Te =  O.OI8 /4  Ox  =  Ou =  0 .5 /4

As illustrated in Figs. 3.9 and 3.12, the DSAC approach provided better tracking 

performance than the DMSAC methodology: 0.001 m, 0.002 m, and 0.002 m for the 

first, second and third direction switch respectively, compared to 0.151 m, 0.129 m and 

0.104 m at the first, second and third corner, respectively. This is also demonstrated
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by the smaller trajectory tracking errors obtained with the DSAC algorithm (see 

Figs. 3.10 and 3.13). However, as previously, this increase in performance comes at 

the expense of greater controller structure complexity. The time-varying control gains 

behave correctly in both control strategies, as shown in Figs. 3.11, and 3.14 to 3.16; 

they increase and decrease in accordance with the specific tracking situation, with 

sudden increases at each direction switch to reduce the positioning overshoots.

3.7 Summary

This chapter introduced the concept of almost strict passivity for nonlinear and non- 

stationary systems, based on which two new control methodologies, the decentralized 

simple adaptive control (DSAC) and the decentralized modified simple adaptive con

trol (DMSAC), were proposed. The DMSAC methodology represents a simplification 

of the DSAC method, in that the feedforward control gain matrices are ignored. Both 

decentralized adaptive control methodologies consider only the diagonal elements of 

the control gain matrices. As a result, compared to the existing SAC scheme for non

linear systems, the number of control parameters is reduced and the efficiency of the 

calculations is greatly improved. In addition, the Lyapunov stability analysis revealed 

that the rate of asymptotic convergence of the states and output tracking errors is 

improved, compared with the recently-developed reduced SAC control methodology 

for nonlinear systems. Further investigation was carried out in order to modify both 

methodologies to avoid divergence of the integral control gains in situations where 

perfect tracking cannot be achieved. Although stability can only be rigorously guar

anteed for square systems, the applicability of both control schemes to square and 

nonsquare systems was validated in numerical simulations applied to rigid-joint ma

nipulators. As anticipated, the injection of knowledge about the reference model in 

the DSAC control structure leads to improved trajectory tracking results compared 

with DMSAC. W ith the fuzzy logic-based adaptive controller presented in the pre

vious chapter, these newly developed adaptive control methodologies form the basis 

for investigation of direct adaptive control schemes for flexible-joint manipulators.
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F ig u re  3.9: Trajectory tracking results obtained with the DMSAC controller applied 
to the nonsquare rigid-joint manipulator. The dashed line corresponds to the desired 
end-effector position x r<t(t), and the solid line corresponds to the actual end-effector 
position xr(t).
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F ig u re  3.12: Trajectory tracking results obtained with the DSAC controller applied 
to the nonsquare rigid-joint manipulator. The dashed line corresponds to the desired 
end-effector position x rd(t), and the solid line corresponds to the actual end-effector 
position x r(t).
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F ig u re  3.13: Trajectory tracking errors (ey (t) =  ym (t ) — y (t)) obtained with the 
DSAC controller applied to the nonsquare rigid-joint manipulator.
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Chapter 4

Direct Adaptive Composite Control Methodologies

This chapter addresses the problem of adaptive trajectory tracking control of space 

manipulators tha t exhibit elastic vibrations in their joints, and are subject to para

metric uncertainties and modeling errors. It first presents a comprehensive study of 

the rigid and linear joint stiffness models, in order to propose a new dynamics for

mulation th a t includes nonlinear effects observed in experiments such as soft-windup 

and time-varying joint stiffness. Then, using a singular perturbation-based approach, 

it develops novel fuzzy logic and SAC-based adaptive composite control schemes for 

tracking the end-effector of a two-link flexible-joint space manipulator system. The 

new control schemes consist of a direct model reference adaptive system designed to 

stabilize the rigid manipulator dynamics, and a linear correction term to improve 

damping of vibrations at the joints. Numerical simulations compare the performance 

of the adaptive controllers with both their nonadaptive counterpart and a conven

tional nonlinear model-based flexible-joint control strategy.

4.1 Introduction

Several fuzzy logic techniques have been used to address the trajectory tracking con

trol problem associated with flexible-joint manipulators. Fuzzy logic controllers axe 

known to render good tracking performance in situations where mathematical model

ing of the plant is uncertain; with flexible-joint manipulators for example. Goulet et 

al. [140] applied a complex multi-layer approach, with a conventional control bottom 

layer, a preprocess layer and an intelligent fuzzy logic top layer, to a two-link flexible- 

joint manipulator composed of revolute and prismatic joints. Ahmad et al. [141] used 

a fuzzy control system designed with triangular membership functions, to vary the 

voltage of the robot actuator in response to the end-effector position error and change- 

of-errors for a linearized state-space model of a single-link flexible-joint manipulator.

68
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The performance of this fuzzy control scheme, combined with an input shaping tech

nique, was evaluated in numerical simulations in a set-point control scenario. Park 

and Cho [142] designed a fuzzy model reference adaptive control strategy and applied 

it to a single-link elastic-joint manipulator that was mathematically modeled by a 

Takagi-Sugeno (TS) fuzzy model. The design of this controller was based on the TS 

dynamics model using a parallel distributed compensation technique. Poor perfor

mance occurs when tracking a sine-wave trajectory described in the joint space, as 

demonstrated by the ±  2 degree oscillating tracking error along the desired trajectory. 

Weiming et al. [143] proposed a fuzzy proportional-integral (PI) controller, with the 

link position and velocity errors chosen as inputs, and an incremental control input 

torque vector selected as the controller output. The strategy included an inner-loop 

system that controlled the variation of the incremental control gain, which signifi

cantly increased the complexity of the control scheme, largely due to the real-time 

integration of various signals.

In addition to conventional fuzzy logic controllers, a number of studies addressing 

the problem of adaptive trajectory control of flexible-joint manipulators are based on 

the singular perturbation approach [144], in which a flexible-joint robot exhibits a 

two time-scale behavior. W ith this approach, the flexible system can be separated 

into two subsystems which describe a fast and a slow dynamics. Notably, the singular 

perturbation theory allows the formulation of stability conclusions based on the star 

bility properties of the separated subsystems, similar to the procedure of the analysis 

of cascaded control systems in the linear case. Using this dynamics representation, 

composite controllers consisting of a slow control term and a fast control term can 

be developed. In particular, several adaptive composite controllers consisting of a 

slow adaptive control law designed on the basis of the rigid-joint robot model, and a 

simple fast control law designed to dampen the elastic oscillations a t the joints, were 

proposed by Spong [145,146], Ghorbel et al. [24] and Chang and Daniel [147]. O tt 

et al. [148] verified the well-known Slotine and Li adaptive composite controller ex

perimentally, and though good tracking results were achieved, the proposed strategy 

relied on joint torque measurements, suggesting the use of additional sensors. Huang 

et al. [149] presented an adaptive composite controller for a flexible-joint robot with
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uncertain parameters and constrained motion, and though their tracking results were 

also good, the controller used force feedback measurements. Neural network adap

tive composite control laws have also been proposed for flexible-joint manipulators. 

Subudhi and Morris [150] developed an approach in which a  neural network replaced 

the inverse dynamics control for the slow dynamics, in order to cope with model un

certainties. Cao and de Silva [151] applied neural network-based adaptive composite 

control to a flexible manipulator which included both revolute and deployable links.

These existing adaptive composite control methodologies cope with parametric un

certainties by identifying the unknown robot parameters used explicitly in their con

trol algorithm, an approach known as indirect adaptive control. For example, [151] 

used neural networks to approximate the unknown manipulator’s inertia, and the 

Coriolis matrices used in their control law. One adverse consequence of such identi

fication procedures is the increased computational burden associated with real-time 

computation of unknown parameters. This drawback could rule out the use of such 

adaptive controllers for space operations, where available computational resources are 

limited. In addition, these indirect adaptive controllers rely on an exact structure of 

the dynamics model, and could perform inadequately if the structure is different than 

the nominal one, due to modeling errors.

The key original contribution of this chapter is the design of direct adaptive con

trol methodologies for flexible-joint robot manipulators. These novel control strate

gies employ diverse automatic controller tuning mechanisms, enabling them to adapt 

to different system conditions. Unlike existing adaptive flexible-joint composite con

trollers, the proposed designs do not require identification of unknown parameters, 

or mathematical models of the system to be controlled. Specifically, the controllers 

described in this chapter are based on the developments presented in Chapters 2 and 

3. As a result, the new composite control methodologies deal with modeling errors 

and parameter uncertainties by time-varying the controller gains using a fuzzy logic 

system, the DSAC algorithm, and the DMSAC adaptation mechanism, thereby re

ducing the errors between an ideal model and the actual robot system. In addition, 

the proposed direct adaptive composite control schemes are simple to implement, and
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render effective trajectory-tracking performance regardless of large parametric uncer

tainties and dynamics modeling errors. Moreover, unlike other flexible-joint control 

methodologies, the proposed adaptive controllers are independent of acceleration and 

torque signals.

Another deficiency of existing control schemes for flexible-joint manipulators is 

that they have been validated in numerical simulations using the classic Spong model 

[45]. Considered the foundation of nearly all work in the area of flexible-joint con

trol, this basic dynamics formulation assumes tha t each joint is modeled as a linear 

torsional spring of constant stiffness. However, studies [37,92-97] have revealed that 

joint mechanisms are far more complex than linear springs, and tha t they exhibit 

highly nonlinear effects. Therefore, in order to better capture the nonlinear effects 

observed in experiments, a new comprehensive dynamics model tha t simultaneously 

considers friction, nonlinear stiffness, soft-windup and inertial cross-coupling is pro

posed in this paper. Both models will be used in numerical simulations to validate 

the performance of the adaptive controllers.

This chapter is organized as follows: Section 4.2 presents the derivation of the 

nonlinear joint stiffness dynamics model, Section 4.3 describes the control objective 

and Section 4.4 presents the detailed development of the direct adaptive compos

ite methodologies. Finally, the simulation studies in Section 4.5 demonstrate the 

performance of the proposed adaptive control systems, compared with a nonadap- 

tive controller and a nonlinear model-based controller, in the presence of parametric 

uncertainties and modeling errors.

4.2 Dynamics Modeling

This section first reviews the linear joint stiffness equations of motion for a two-link 

flexible-joint manipulator, after which the details of the derivation of the proposed 

nonlinear joint dynamics formulation are provided. The linear joint stiffness model 

will be used for the design and preliminary validation of the adaptive controller per

formance, and the nonlinear joint stiffness model will be used to assess the robustness 

of the proposed flexible-joint adaptive composite control strategies to modeling errors.

As with previous studies on the control of flexible space manipulators [8-12,14,
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15,99,111], a stabilized platform (base) is assumed in this work. Also, gravitational 

potential energy is omitted for space robot applications.

4.2.1 Linear Joint Stiffness Dynamics

As with the rigid-joint model, the well-known dynamics equations proposed by Spong 

[45] for robots with links elastically coupled to the actuators (i.e. the rotors of DC mo

tors) are derived in terms of kinetic and potential energies stored in the system by the 

Euler-Lagrange formulation. In this model, each joint is modeled as a linear torsional 

spring of constant stiffness, and the resulting dynamics of flexible-joint manipulators 

consists of two second-order differential equations. Due to the introduction of elastic 

coupling between the motor shafts and the links, the dynamics model has n-DOF 

link dynamics and n-DOF motor dynamics. The ith  flexible joint, in which the rotor 

is directly coupled to its link, is shown schematically in Fig. 4.1. Referring to this 

figure, let qm £ Rn be the vector denoting the angular displacements of the motor 

shaft angles, where the elastic joint vibration vector is defined as q — qm. The joint 

flexibility effect is accounted for by augmenting the kinetic energy of the rigid-joint 

model with the kinetic energy of each rotor, which is assumed to be due to its own 

rotation only, and by considering the elastic potential energy of the flexible joints. 

The kinetic energy of the rotors Te E R, and the elastic potential energy Ue E R are 

respectively given by

1 n  n  j

 ̂5 3  5 3  =  ^Qm r̂nQm (4 -1 )
t=l j =1

1 n  n j

Ue =  g ^   ̂5   ̂ ~  9m>)((7mi ~ Qm, ) =  g (? — Qm) k(q — qm) (4.2)
t=l j=l

where Jm € Rnxn denotes the positive-definite motor inertia matrix and the stiffness 

of the flexible joints is modeled by k E R”xn, the diagonal positive-definite stiffness 

matrix of the joints. By combining elastic terms with rigid-dynamics equations, the 

following dynamics equations of a flexible-joint robot with revolute joints actuated 

directly by DC motors are obtained
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M{q)q + C(q,q)q -  k(qm - q ) =  0 (4.3)

JmQm ~i~ k[qm Q') — 7~ (4.4)

In such a dynamics model, the link dynamics (4.3) and the actuator dynamics (4.4) 

are only coupled by the elastic torque term k(qm — q).

P ro p e r ty  4.1. The linear joint stiffness dynamics model is a direct extension of the 

rigid-joint model, since the rigid model can be recovered from (4.3) and (4.4), when 

the joint stiffness tends to infinity. Indeed, assuming k  —> oo implies q = qm and 

Q -  Qm-

P ro p e r ty  4.2. The linear joint stiffness robot dynamics can be expressed in a stan

dard singular perturbation form [146], as shown in the following development. Let k 

be defined as

with ki € R2*2, and where e € R is a small positive scalar. Also, let L  € R2 define 

the torque vector transm itted through the flexible joints as

This allows the dynamics equations (4.3) and (4.4) to be rewritten as a singular

(4.5)

(4.6)
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perturbation system, as follows

M(q)ij + C(q,q)q = l  (4.7)

tV „ L  =  *h ( T - J mq - L )  (4.8)

where L  and L  are the fast variables, and where the link variables q and q are the slow 

variables. Solving for q in (4.7), substituting in (4.8), and multiplying the resulting 

expression by J " 1 gives

£2L =  k, { J - ' t  + M -'(q )C (q , q)g -  (J~ ' +  M _ l(«)) L }  (4.9)

Using the singular perturbation theory [152], the system (4.7) and (4.9) can be ap

proximated by a quasi-steady state (slow) subsystem, and a boundary-layer (fast) 

subsystem. Letting e —► 0 , the joint stiffness tends to infinity, which is equivalent to 

assuming tha t the transients due to the fast modes are instantaneous. W ith e —► 0 in 

(4.8) yields

La — Ta Jmqa (4‘10)

where the subscript s stands for slow variables defined in the slow time scale t, i.e. 

at c -» 0. Substituting (4.10) into (4.7) at e —> 0 results in the following quasi-steady 

state subsystem

(.M(qa) +  Jm) q3 + C(qs, qs)q3 = t 3 (4.11)

Note tha t (4.11) has the form of the rigid-joint manipulator dynamics model, with 

the inertia matrix equal to M  (q3) + Jm.

Defining r) = L — Ls and T/ =  r  — t 3 , the boundary-layer subsystem is obtained 

by expressing (4.9) in the fast time scale £', and setting e =  0, as follows

^  =  *, { J - ' t  + M -'(q )C (q , q)q -  (Jm' + L )  (4.12)

where the slow variables, q and q, are considered frozen during the fast transients.
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0 =  h  + M -'(q )C (q , q)q -  (J +  M ~ l(q)) L ,}  (4.13)

The boundary-layer subsystem, which is obtained by subtracting (4.13) from (4.12), 

is given by

^ l = k 1 { J - 'T l - ( J - '  + M - '( q ) ) n } (4.14)

Note tha t since the variable q is considered constant in (4.14), the boundary-layer 

subsystem of the flexible-joint manipulator is linear and time-invariant (LTI).

4.2.2 Nonlinear Joint Stiffness Dynamics

Since the development of the linear joint stiffness model, several experiments have 

been conducted to increase understanding of flexible effects in the joints of robotic 

manipulators, as accurate modeling is key to the successful design of advanced flexible- 

joint control laws. The most relevant nonlinear effects are related to nonlinear joint 

stiffness. To replicate experimental joint stiffness curves, most researchers [92,94] 

recommended approximating the stiffness torque using a nonlinear cubic function, 

while others suggested a simple piecewise linear stiffness curve approximation [96]. A 

recent experiment by Li et al. [97] confirmed that the nonlinear cubic model better 

represents nonlinear stiffness effects. Therefore, in (4.3) and (4.4) the term k(qm — q) 

is replaced by a time-varying nonlinear cubic function [97]

k(Q,Qm)(qm ~  q) = Ol +  a2(qm - q )  (4.15)
(?mi ft)

,(9m2 -  f t )3.

Another important characteristic related to nonlinear joint stiffness was demon

strated in experiments by Kircanski and Goldenberg [95]. They observed that the 

torque-torsion characteristic was deformed toward the torque axis in the region from 

0 to 1 Nm. In this region, the stiffness is lower due to the soft-windup effect, which 

can be mathematically modeled as a saddle-shaped function, as follows [95]
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K sw(.Qi Qm) —
g  “  Q aw  (<?m 1 “ <21) ̂  

0

0
3 — (Is  w  (<j?m2 Q2 ) ^

(4.16)

where fcslu € Rnx" and asw € M denote a diagonal positive-definite matrix and a 

parameter defining the soft-windup function respectively.

In addition to nonlinear stiffness effects, it was determined tha t friction could 

not be neglected and must be modeled appropriately [153]. In the literature, several 

models of friction in joint mechanisms are available, most developed to reproduce 

friction curves observed in experiments. In this work, friction is assumed to have the 

following form as in [154,155]

/(<?) =  7 i[tanh(7 2g) -  ta n h ^ g )]  +  7 4  tanh(7 5 g) +  7 6g (4.17)

where 7 , € RVz =  1 , . . . ,  6  denotes positive constants defining different friction com

ponents. The continuous friction model in (4.17) has the following properties: 1) it 

is symmetric about the origin; 2) it has a static coefficient of friction; 3) it exhibits 

the Stribeck effect, where the friction coefficient decreases from the static coefficient 

of friction with increasing slip velocity near the origin; 4) it includes a viscous dissi

pation term; and 5) it has a Coulombic friction coefficient in the absence of viscous 

dissipation. To a good approximation, the static friction coefficient is given by 7 1 + 7 4 , 

and the Stribeck effect is captured by tanh(7 2g) — tanh(7 3 g). The Coulombic fric

tion coefficient is given by 7 4  tanh(7 5g), and the viscous dissipation is given by 7 6 q. 

Compared with other experimental-based friction models, this formulation offers two 

advantages. First, it efficiently captures major nonlinear friction effects observed in 

experiments without involving discontinuous or piecewise continuous functions; most 

friction models are either discontinuous or only piecewise continuous, which can be 

problematic in the development of real-time estimation and control systems. Second, 

this friction model was successfully validated by Lightcap [156], and Lightcap and 

Banks [157] in experimental work that required accurate estimation and control in 

a flexible-joint robot system, indicating that friction effects in flexible-joint mecha

nisms can be efficiently described by the continuous and symmetric model given by 

(4.17). Other experimental evidence that symmetric friction models are appropriate
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for flexible-joint manipulator applications includes the work of ElMaraghy et al. [69].

Another extension to the linear joint stiffness model can be made by removing the 

simplifying assumption of Spong’s model regarding the kinetic energy of the rotors. 

In reality, the kinetic energy of the second rotor is also influenced by the rotation of 

the first link qi, tha t is,

=  i a + < g j  (4.18)

In view of the above, the following nonlinear joint stiffness dynamics model for 

flexible-joint manipulator systems, which overcomes the limitations of the model given 

in (4.3) and (4.4) by encorporating prior experimental knowledge, is obtained herein 

as follows:

M{q)q +  Sqm + C(q, q)q + f(q ) -  k{q, qm) (qm -  q) = 0 (4.19)

S Tq + JmQrn +  % ,  Qm){Qm -  q) = r  (4.20)

where the strictly upper triangular matrix S  € Rnx" represents the inertial couplings 

between motor and link accelerations introduced by the dependency of the second 

rotor’s kinetic energy on the first link’s angular velocity. The last term on the left 

side of (4.19) and (4.20) can be rewritten as

gO «uj(9m j —9 l ) 2 Q

Q e O«B, (4rr>2 —9 2 )2

(4.21)

Similar comprehensive dynamics models have been used by others in the litareture 

to validate flexible-joint control systems, including: Moghaddam and Goldenberg [72] 

to validate an H «  controller, and ElMaraghy et al. [69] to assess the performance 

of a linear robust controller designed with linear-quadratic-Gaussian/loop transfer- 

recovery techniques. However, the first disregards the inertial coupling and assumes 

only static and viscous friction terms, and the second neglects the soft-windup effect 

and uses a simplified friction model, which is linear in its parameters.

{Qm 1 Q l)

(Qm2 ~  Q tf
+  02 {qm - q ) - k 3
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4.3 Control Objective

The control objective consists in designing direct adaptive composite controllers which 

ensure tha t the output vector y(t) £ R4 of the flexible-joint manipulator system 

tracks the time-varying reference model output ym(t) £ R4, despite uncertainties and 

modeling errors in the dynamics model. To quantify this objective, a tracking error, 

denoted ey(t) £ R4, is defined as

e, = ym - V  (4.22)

where the reference model defines the ideal response to the desired square trajectory. 

As in previous chapters, the reference model is expressed in terms of the ideal damping 

ratio C, and undamped natural frequency uin.

4.4 Composite Control Strategies Development

The following proposed control strategies all use the composite control design method

ology. As shown in Fig. 4.2, this methodology consists of separating the control input 

into a slow and a fast control term, as follows

r  =  Ts (q,q) + Tf(rj,r)) (4.23)

where the slow control term rs stabilizes the quasi-steady state subsystem, and the 

fast control term r /  is applied to the boundary-layer subsystem. Applied to flexible- 

joint manipulators, composite controllers typically consist of a fast control torque 

that adds damping to the elastic vibrations at the joints, and a slow control torque 

which controls the rigid dynamics. As mentioned previously, the quasi-steady state 

subsystem has the form of an equivalent rigid-joint manipulator dynamics model. 

Thus, any controllers for rigid-joint robots may be considered for rs, providing they 

satisfy some considerations discussed below.

An important theorem for composite control systems, known as Tychonov’s the

orem [144], is presented in the following. This theorem is based on equation (4.11)
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Slow controller

Fast controller

Flexible-joint
manipulator

F ig u re  4.2: Block diagram representation of the composite control design method
ology applied to flexible-joint manipulators, where t 3 controls the rigid dynamics and 
Tf improves damping of the elastic vibrations at the joints.

and (4.14) and will be useful for justifying the flexible-joint controller design method

ologies.

T h eo rem  4.1. If the quasi-steady state subsystem (4.11) has a unique solution 

q3 defined on an interval t € [0,fy], and if the boundary-layer subsystem (4.14) is

exponentially stable, uniformly in (t,q a), then, there exists t* such tha t Ve € [0,e*],

the solution q, L  of the exact system satisfies

L = L 3 + r) + O (e) (4.24)

q = q3 + 0 (e )  (4.25)

Similar conclusions are also applicable to L , and q.

R em ark  4.1. To clarify the above theorem, the composite control objective consists 

of designing: (1)  a fast control term that guarantees the exponential stability o f the 

closed-loop boundary-layer subsystem, and (2)  a slow control term that guarantees 

convergence of the tracking error for the closed-loop quasi-steady state subsystem. 

This ensures that the tracking error will not deviate more than of the order 0  (e) 

from its quasi-steady state on a finite time interval. Thus, the smaller e is, the 

greater the tracking accuracy. From (4-5), it can be concluded that better tracking 

results are achieved when the joint stiffness matrix k is greater; in other words, when 

the boundary-layer is considerably faster than the quasi-steady state subsytem.
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R em ark  4.2. Tychonov’s theorem above holds only for a finite time interval. Al

though an extension of this theorem to the infinite time interval [144] does exist, and

may be applied in an attempt to show asymptotic stability for sufficiently small e, it 

requires exponential stability of the quasi-steady state subsystem.

By virtue of Tychonov’s theorem defined above, the control torque separation ap

proach results in two important practical design considerations [158]. First, to ensure 

that the quasi-steady state subsystem has a unique solution, rs must only be a func

tion of the state of the quasi-steady state model, and must not contain a feedback 

of the control torque r . The rigid-joint adaptive fuzzy control law and the DSAC 

and DMSAC control algorithms satisfy this design consideration, thus providing ad

equate candidate control laws for use as slow control terms in a composite control 

scheme for flexible-joint manipulators. In addition, when applied to square systems it 

was demonstrated in Chapter 3 that the DSAC and DMSAC control schemes achieve 

asymptotic stability, thereby guaranteeing convergence of the tracking errors. While 

the closed-loop stability of the rigid-joint fuzzy adaptive control methodology devel

oped in Chapter 2  cannot be formally guaranteed, the applicability of a composite 

control scheme using a similar fuzzy logic adaptation system as the slow control term 

is nevertheless presented in the following subsection.

The second design consideration imposed by Tychonov’s theorem implies that the 

fast control torque T/ must be designed such tha t it does not affect the quasi-steady 

state model. To do so, 1 7  must meet the following condition

Recalling tha t the boundary-layer subsystem is LTI, a simple linear correction of the 

form

□

(4.26)

(4.27)

is selected as the fast control term, where K v € K2 x 2  is a constant diagonal control 

gain th a t provides additional damping of the elastic vibrations at the joints, and is
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defined as

K v ±  —  (4.28)
e

where k2 G R2x2. Solving for (q -  qm) in (4.6) and substituting the result, as well as

(4.28), into (4.27), yields

Tf  =  - t k 2k ^ L  (4.29)

Since Ls is considered constant in the boundary-layer subsystem, (4.29) becomes

Tf ~  —tk ik ^r}  (4.30)

which clearly demonstrates that the chosen Tf does not affect the quasi-steady state 

subsystem, is equal to 0 when e -4 0, and thus qualifies as a fast control term.

In addition, a fast control term of the form (4.27) yields an exponentially stable 

closed-loop boundary-layer subsystem, as demonstrated by the following theorem 

[146].
T h eo rem  4.2. The linear control law given by (4.27) results in an exponentially 

stable closed-loop boundary-layer subsystem.

P ro o f: Substituting (4.30) into (4.14) yields

+  J - % ^  +  k , ( J - ‘ +  ,  =  0 (4.31)

Equation (4.31) represents the closed-loop fast subsystem. Since ki, k2, and Jm are

positive definite diagonal matrices, and M ~x(q) is uniformly positive definite in q, the

following positive definite Lyapunov function is considered

v f  = +  \ v Th  (J~ l + M ~l (q)) r) (4.32)

where rf denotes drj/dt'. The fast time scale derivative of (4.32) is

^  = ,V +'/rM-C1+M-1(4)K
Evaluating (4.33) along (4.31) results in

(4.33)
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< o (4-34)

Global asymptotic stability of the closed-loop boundary-layer subsystem then follows

from the Lyapunov-LaSalle theorem. The stability is also exponential for frozen q, 

since the system is linear and is uniform due to the uniform positive definitiveness of 

M(q).

□

4.4.1 Nonadaptive Composite Control

The following nonadaptive composite control strategy using the intuitive transpose 

Jacobian nonadaptive control law presented in Section 2.3 as the slow control term 

is used as a benchmark flexible-joint controller.

r  =  J T(q)Keye + K v ( q -  qm) (4.35)

where ye € M4 represents the tracking error defined previously by (2.12). In (4.35),

6 K2x4 can be defined as

K '& [ k p K d] (4.36)

where K p,K d  G K2x2 are the constant proportional and derivative diagonal control 

gain matrix, respectively. A block diagram depiction of (4.35) is shown in Fig. 4.3.



Task
spaceFlexible-joint

manipulator

F ig u re  4.3: Block diagram representation of the nonadaptive transpose Jacobian composite controller.
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4.4.2 Fuzzy Logic-Based Adaptive Composite Control

Adaptive control is achieved by replacing the constant control gain K e in (4.36) with

a time-varying control gain, which results in the following adaptive control law

where, K e(t) € R 2 x 4  can be defined in terms of a time-varying proportional K p(t) G 

R2 x 2  and a derivative control gain Kd(t) € R2x2, as follows

Adaptation of these two control gains is achieved via a  fuzzy logic mechanism, 

which updates the gains as a function of the tracking errors between the actual plant 

outputs and the reference model outputs. Adopting a decentralized approach, K p(t) 

and Kd{t) are updated as follows

where the time-varying control parameters Ag € Wiq =  1 , . . . ,  4 represent the outputs 

of a normalized fuzzy logic system (FLS). As shown in (4.39) and (4.40), each A, 

is dedicated to the control of a single element of the tracking error vector along a 

single axis, resulting in a decentralized approach. More specifically, the proportional- 

based control parameters Ai and A2 are applied to the position tracking errors eVl 

and eV2 respectively, whereas the derivative-based control parameters A3 and A4 are 

applied to the velocity tracking errors ey3 and eVi respectively. Whenever possible, the 

adaptation mechanism of each control parameter is based on its associated tracking 

error and its time-derivative. Thus, since no acceleration measurements are assumed, 

the adaptation mechanisms of A3 and A4 are based only on eM and ey4 respectively. 

Figures 4.4 and 4.5 respectively illustrate the block scheme implementation of the 

direct fuzzy adaptive system, and the details of the control gains computation are

T  = J T( q ) K J t ) e ,+ K J q ~ i ,m) (4.37)

(4.38)

Kr (t) =  diag Ai(i)/ii, X7(t)h2 (4.39)

(4.40)
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described in the following subsections. In contrast to Chapter 2, the fuzzy adaptation 

mechanism presented in this chapter was implemented in a script file for MATRIXx, 

without using a pre-programmed fuzzy logic block. For this reason, a more detailed 

treatment of the fuzzy logic adaptation mechanism, including the relevant equations, 

is provided in the following. The details of the simulation code to calculate the 

time-varying parameters Xq can be found in Appendix B.
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Fuzzyfication

The universes of discourse are ±  2/3 m for eyi and eV2, ±  10 m /s for eV3 and e„4, 

and 0 to 1 for Xq. The input scaling gains gt € M, are selected as pi =  </2 =  1.5 

and <73 =  <74 =  0 .1 , such tha t the universe of discourse f/j for the normalized crisp 

inputs Ui € RVi =  1 , . . . ,  4, is defined in Ui = — 1 l j . Constant linguistic variables 

denoted by and A9, are used to describe the time-varying crisp inputs Ui and outputs 

Xq, respectively. Here, u\ = position tracking error along the x-axis, u% = position 

tracking error along the y-axis, u3 = velocity tracking error along the x-axis, U4 = 

velocity tracking error along the y-axis, Ai =  proportional control parameter along 

the x-axis, X2 =  derivative control parameter along the y-axis, A3 =  derivative control 

parameter along the x-axis, and A4 =  derivative control parameter along the y-axis. 

Linguistic variable Ui take on elements from the set of nine linguistic values denoted 

by Ai = ^Aj  : i =  1 , . . .  ,4 : j  =  1 , . . . ,  9 j ,  where Aj  denotes the j th linguistic value. 

Similarly, B/Vi =  1 , 2  denotes the j th linguistic value for linguistic variables Ai and 

A2 , both of which take on elements from the set of nine linguistic values denoted by 

B i ,2 =  i =  l , 2 : j  =  1 , . . . , 9  j ,  and BfVz =  3,4 denotes the j th linguistic value 

for linguistic variables A3 and A4 , both of which take on elements from the set of five 

linguistic values denoted by B3)4 =  : i = 3,4 : j  =  1 , . . . ,  5 j .  Similar to Green

and Sasiadek [15], linguistic values are defined as negative very high (NVH), negative 

high (NH), negative low (NL), negative very low (NVL), zero (ZERO), positive very 

very low (PVVL), positive very low (PVL), positive low (PL), positive medium (PM), 

positive high (PH), positive very high (PVH), positive very very high (PVVH) and 

positive maximum (PMAX).

Through fuzzification, crisp input itj are first mapped into fuzzy sets denoted by 

A?, and defined as

^  ~  (u*)) ' Ui ^  * =  3 = 1 , . . . , 9  (4.41)

where the membership function pAj (Ui) associated with Aj  maps Ui to 0 l j , in 

order to determine the degree of certainty that Ui with linguistic description may 

be classified linguistically as Aj .  All input u, and output variables A, are designed with
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Gaussian membership functions. Notably, unlike triangular or trapezoidal functions, 

Gaussian membership functions render non-zero degrees of membership over the entire 

universe of discourse. Moreover, a recent work by Green and Sasiadek [99] established 

heuristically th a t Gaussian functions result in improved tracking results. In this work, 

input Gaussian membership functions are modeled as

tiA i(ui) = e \  /  i = 1 , . . . , 4  j  =  1, . . .  ,9 (4.42)
*

where cAj , aAs €  R represent the center and width (shape) of the functions, respec

tively. Output Gaussian functions n Bi (A,) are also described mathematically with 

the same model. The resulting membership functions for input variables are shown 

in Fig. 4.6, and the membership functions for output variables in Figs. 4.7 and 4.8.

Note tha t these membership functions are defined for normalized input and output

variables, suggesting tha t the left-most membership functions saturate (peak) at -1, 

and the right-most at 4-1.

NVH NH NL NVL ZERO PVL PL PH PVH

- 1.0 1.00

F ig u re  4.6: Membership functions for normalized input variables ui, U2, u3 and u4

R ule-B ases

The previously-defined linguistic values are also used to generate linguistic rules of 

the form
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ZERO PVVL PVL PL PM PH PVH PVVH PMAX

1.00

F ig u re  4.7: Membership functions for normalized output variables Ai and A2

ZERO PL PM PIl PMAX

1.00

F ig u re  4.8: Membership functions for normalized output variables A3  and A4

IF is NH A N D  u3 is PL T H E N  Ai is PH 

IF u2 is PVL A N D  u4 is NL T H E N  A2 is PL 

IF u3 is PVH T H E N  A3 is PMAX 

IF u4 is NL T H E N  A4 is PM

The rules are designed intuitively; as the magnitude of a given tracking error along 

an axis varies positively or negatively, the associated control parameter A, varies
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accordingly. The values of Xq are maintained at > 0, ranging from ZERO for zero 

tracking errors to PMAX for the largest tracking errors, either positive or negative. As 

mentioned, the adaptation of Ai and A2 is also based on the magnitude of the velocity 

tracking errors, and varies accordingly. The resulting symmetric rule matrices are 

given in Tables 4.1 and 4.2.



{ U u U j }

|A i, A2} N V H N H N L N V L Z E R O P V L P L P H P V H
N V H PMAX PMAX PVH PH PM PH PVH PMAX PMAX
N H PMAX PMAX PH PM PL PM PH PMAX PMAX
N L PVH PH PM PL PVL PL PM PH PVH
N V L PH PM PL PVL P W L PVL PL PM PH

{,£t3,'U4} Z E R O PM PL PVL P W L ZERO P W L PVL PL PM
P V L PH PM PL PVL P W L PVL PL PM PH
P L PVH PH PM PL PVL PL PM PH PVH
P H PMAX PMAX PH PM PL PM PH PMAX PMAX
P V H PMAX PMAX PVH PH PM PH PVH PMAX PMAX

T ab le  4.1: Fuzzy logic system rule table for Ai and A2
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{ti3,u 4} N V H N H N L N V L ZER O P V L P L P H P V H

{ a3, a4} PMAX PH PM PL ZERO PL PM PH PMAX

T ab le  4.2: Fuzzy logic system rule table for A3 and A4

In ference  M echan ism

For rules involving two premise terms (i.e. rules with a consequent of either Ai or

A2), the degree of certainty to which the ith rule applies is quantified with the MIN

operator, as follows

m { u \,u z) =  m i n j / i ^  (u i) ,n Ak (u3)} z =  1 , . . . , 81  j  =  l , . . . , 9  fc =  l , . . . , 9

(4.43)

/ii(u2,n 4) =  m i n | / i ^  (u2) , ^ f c ( u 4)} i =  1 , . . . , 81  j  =  l , . . . , 9  fc =  l , . . . , 9

(4.44)

Otherwise, for rules with a consequent of either A3 or A4, the degree of certainty to 

which the ith rule applies is simply obtained as

Mi K )  =  M4  («s) i =  1 , . . .  ,9 (4.45)

Hi (n4) =  (u4) i =  1 , . . . ,  9 (4.46)

Next, the membership function (A?) Vg =  1, . . .  ,4 of the implied fuzzy set 5* for

the ith rule is computed with the MIN operator, as follows

Mb* (Ai ) = mm{ i M( u1, u3) , f i Bp(Xi)} * = 81 (4.47)

Mb* (^2 ) =  min {/ij (u2,n4) , p bp (A2) } * =  1 , . . .  ,81 (4.48)
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Mb* (^3 ) =  min {/X* (u3) , f i Bp (A3)} i =  1 , . . . ,  9 (4.49)

fJ>B\ (^4 ) =  min {(a (it4) , nBp (A4)} i = 1 , . . . ,  9 (4.50)

where the implied fuzzy set B %q specifies the certainty level at which the qth control 

parameter should be a specific crisp value, taking only rule i into consideration. The 

resulting membership function nBi (Xq) is a function of Xq, and the MIN operator 

truncates the top of the fiBp (Xq) membership function associated with the output 

fuzzy set B % of the ith rule. Since the MIN operator works on each point of a given 

output membership curve, the final shape of the implied membership function could 

change, depending on the number of points used to generate the membership func

tions. In this work, each output membership function was modeled with 100 points, 

evenly distributed across the output universe of discourse.

As an alternative to using implied fuzzy sets to perform the inference step, the 

overall implied fuzzy set with membership function fiBq(Xq), which represents the 

conclusion reached by all rules simultaneously, can be computed; as it was in Chapter 

2 and in [15,99]. However, as stated by Passino and Yurkovich [112], the use of the 

overall implied fuzzy set is not recommended for real-time applications, due to the 

increased computation complexity of the overall implied fuzzy set itself, and of the 

defuzzification step, which is usually based on the center of area (COA) method.

D efuzzyfication

The center of gravity (COG) defuzzification method calculates a crisp control param

eter Aq\fq =  1 , . . .  ,4 based on the area and center-of-area of all implied fuzzy sets. 

W ith this method, the crisp value for the control parameter Xq is given by

A, = !4 ----------------  9 = 1.......4 (451)
X .  /  PBL (A q )  d \g  
*=1

where n e t  denotes the number of rules (81 for A) and A2 , and 9 for A3 and A4), and
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5? € R denotes the center of area of the membership function of B? associated with 

the implied fuzzy set £ ‘ for the iih rule.

Finally, output scaling gains hq e  RVg =  multiply their corresponding

control parameter A„ thereby modifying the base widths and providing greater track

ing accuracy as the scaling gains increase. Increasing output scaling gains spreads 

out the output membership functions, and makes the meaning of their associated 

linguistics quantify larger numbers [1 1 2 ].

Nonlinear Control Surfaces

The resulting nonlinear adaptation surface and nonlinear adaptation curve that con

cisely represent all the information in the fuzzy adaptation mechanism are shown in 

Figs. 4.9 and 4.10 respectively. Note that decreasing the input scaling gains would 

rescale the axes and decrease the slope of the adaptation surface and adaptation 

curve, thus reducing the controller’s overall sensitivity to small tracking errors. Con

versely, setting the input scaling gains too high would cause the membership functions 

to saturate at low values, resulting in oscillations or chattering. The ripple effects 

observed in Figs. 4.9 and 4.10 are created by the interpolation between the different 

rules. Ultimately, tuning the scaling gains, selecting the membership functions, and 

defining the rules modifies the shape of the adaptation surface and adaptation curve, 

which could affect the closed-loop behavior.

4.4.3 DSAC-Based Composite Control

Adopting the DSAC control law developed in Section 3.5 as the slow control term to 

stabilize the quasi-steady-state subsystem yields the following direct adaptive com

posite control law

r  =  J T(q) \Ke(t)ey +  K x(t)xm +  K u(t)um] +  K v(q -  qm) (4.52)

where the time-varying control gains can be defined as

(4.53)
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Velocity 
Tracking 
Error (m/s)

Position Tracking Error (m)

(a)

-0.667 -0.333 0 0.333 0.667
Position Tracking Error (m)

(b)

F ig u re  4.9: Adaptation of Ai and A2 (a) Three-dimensional nonlinear adaptation 
surface (b) Contour map of the adaptation surface
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F ig u re  4.10: Nonlinear adaptation curve for A3 and A3

K x(t) = [KXp(t) K Xd(t)\ = K Px(t) + K Ix(t) (4.54)

Ku{t) ^  [.KUp{t) K Ud(t)] =  K Pu(t) +  K lu(t) (4.55)

The adaptation mechanism of the time-varying control gains K pe(t), K i e(t), K p x(t), 

K Ix(t), K Pu{t) and K Iu(t) is given by (3.93)-(3.98). The corresponding composite 

controller block diagram is shown in Fig. 4.11.

4.4.4 D M S A C -B ased  C o m p o site  C o n tro l

In this section, adaptive control is achieved by using the DMSAC control law (3.63) 

as the slow control term; in other words, by considering only the output feedback 

control gain K e(t) in (4.52) and disregarding the feedforward control gains K x(t) and 

K u(t), as follows

r  =  J T(q)Ke(t)ey +  K v{q -  qm) (4.56)
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where, for convenience, the time-varying control gain K e(t) can be defined as in (4.53), 

with K Pe( t ) ,K ie(t) being updated as (3.93) and (3.94). The resulting block diagram 

is shown in Fig. 4.12.



Flexible-joint
manipulator

Ideal
model

F ig u re  4.11: Block diagram representation of the DSAC composite controller.
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F ig u re  4.12: Block diagram representation of the DMSAC composite controller.
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P a ra m e te r V alue U n it
mi 1.5075 kg
m 2 1.5075 kg
h 4.50 m
k 4.50 m
k 2.25 m
k 2.25 m
Jm. h kg-m2

k 500/2 N-m/rad

T ab le  4.3: Nonminal linear joint stiffness manipulator characteristics 

4.5 S im u la tio n  R esu lts

This section presents the numerical simulations used for validating and comparing 

the different composite controllers developed in this chapter. To simplify comparison 

with the other control strategies, the DSAC and DMSAC composite control schemes 

will only be applied to the nonsquare flexible-joint manipulator. The results of these 

two control laws for a square manipulator are presented and discussed in Appendix 

C. To validate the nomined trajectory tracking performance, the control strategies 

were applied to the linear joint stiffness robot manipulator given by (4.3) and (4.4). 

Although Readman [159] suggests joint stiffness values on the order of 104 N-m/rad 

for a harmonic drive joint, and 103 N-m/rad for a flexible coupling joint, the joint 

parameters are based on Cao and de Silva [151], and are representative of manip

ulators with obvious flexible effects in their joints. The parameters of the two-link 

flexible-joint robot are summarized in Table 4.3.

The integral structure of the integral adaptive control gains in (3.57)-(3.59) is 

computed online using a standard Tustin algorithm. In addition, all integral control 

gains were initialized to zero. The reference model parameters selected were ujn — 10 

rad/s and (  =  0.9. The control gains of the nonadaptive transpose Jacobian composite 

control law (4.35) were selected as

K p =  7 h  K d = 10 h  K v = 35/ 2
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The fuzzy adaptive composite controller (4.37) was designed with the following output 

scaling parameters and control gain matrix

h1 = h2 = 100 h3 = hi = 270 K v = 35 h

The parameters, gains, and coefficients of the DSAC composite control algorithm 

given by (4.52) were determined as follows

K v =  12012

Finally, for the DMSAC composite controller (4.56), the control parameters, gains 

and coefficients were selected as follows

In all cases, the control gains, parameters and coefficients were selected to provide 

satisfactory tracking performance along each side of the 1 2 . 6  m x 1 2 . 6  m square 

trajectory, with acceptable transient response at the corners when applied to the

TPc =  diag 80 80 50 50

=  TIe =  diag 150 150 25 25

a e =  diag 0.008 0.008 0.023 0.023

K v =  35/ 2

two-link flexible-joint robot modeled with the nominal linear joint stiffness dynamics
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representation described by (4.3) and (4.4), and with physical characteristics listed 

in Table 4.3. Note tha t the values of the selected a-coefficients are relatively small, 

since they are only to prevent the integral adaptive gains from reaching excessively 

high values, or diverging in time. Figures 4.13 to 4.25 show the trajectory-tracking 

results for the nominal linear joint stiffness manipulator system described above, with 

all four composite control strategies .

As shown in Fig. 4.13, when the nonadaptive transpose Jacobian composite control 

strategy is used, pronounced positioning overshoots of 0.553 m occur at each direction 

change, due to the large trajectory tracking errors illustrated in Fig. 4.14. Improved 

results were obtained with the fuzzy adaptive composite scheme, as shown in Fig. 

4.15, where the trajectory exhibits minimal overshoots of 0.089 m at each direction 

change, with rapid settling to a steady-state along each side of the trajectory. This 

improvement in performance is also demonstrated in Fig. 4.16 by lower magnitude 

of trajectory tracking errors, particularly with the position-related tracking errors 

(i.e. eyi and e„2). The corresponding time-varying control gains K p(t) and Kd(t), 

shown in Fig. 4.17, are relatively low in magnitude and almost constant between two 

direction changes, and they increase sharply when the end-effector reaches each corner 

of the square trajectory, thus adapting the control law to reduce tracking errors and 

positioning overshoots. It is also important to note that as observed in this figure, 

the adaptation rates (i.e. the rates of change of the adaptive gains) at each direction 

switch are large. These high adaptation rates ensure tha t the required gains are 

provided at the correct time, with peaks occuring only at the corners of the square 

trajectory. Fast adaptation rates allow the controller to use low gains, and to increase 

them only when necessary.

Figure 4.17 also shows that the adaptive gains reached higher peak magnitudes 

than the constant gain values selected for the nonadaptive transpose Jacobian control 

strategy. As a result, the control torque magnitudes and the rates associated with 

the fuzzy adaptive control strategy are higher than those related to the nonadap

tive transpose Jacobian control scheme. Therefore, when tuning the fuzzy adaptive 

controller for use in practical applications with sudden increases in tracking errors, 

the peak magnitudes in adaptive gains must not result in unrealistic control torques



104

that could not be implemented by the joint mechanism hardware selected. The same 

consideration must be taken into account when tuning the nonadaptive controller as 

well. To allow better tracking performance over the complete trajectory, the constant 

gains of the nonadaptive controller, K p and K j  would have to be increased to suf

ficiently high values. Switching direction at high constant gains, however, would be 

more demanding in terms of required torque amplitudes and torque rates, and could 

also result in torque profiles tha t could not be handled by typical joint mechanisms, 

such as harmonic drives or planetary gear drives. The maximum control torque peak 

magnitudes (not shown in the figures) obtained are 52.9 N-m and 30.2 N-m for joints 

1 and 2 for the nonadaptive transpose Jacobian controller, compared with 142.5 N-m 

and 81.4 N-m for joints 1 and 2  for the fuzzy adaptive controller. These peak control 

efforts occur initially as a single impulse to increase the Cartesian velocity of the 

end-effector along the y-axis from rest to 0.84 m/s. Thereafter, the control torque 

magnitude reaches a maximum level at each direction change of 18.0 N-m and 10.5 

N-m for joints 1 and 2 for the nonadaptive transpose Jacobian strategy, compared 

with 46.2 N-m and 30.5 N-m for both joints for the fuzzy adaptive strategy. This 

demonstrates tha t the improved tracking accuracy provided by the fuzzy adaptive 

strategy is obtained at the costof greater control torque efforts. Nevertheless, both 

nonadaptive and fuzzy adaptive control torque profiles could be implemented by a 

typical lightweight flexible-joint mechanism (HFUC-2 A, Harmonic Drive AG).

Again from Fig. 4.17, it is clear that both components of the proportional and 

derivative time-varying control gain matrices are bounded by lower limits, given by 

8.05 and 5.67 respectively. Indeed, after each subsequent trajectory direction switch, 

the tracking errors tend toward zero, reaching the minimum points on the nonlinear 

adaptation surface and adaptation curve, which correspond to 0.0805 for Ai and A2 , 

and 0.0210 for A3 and A4. The multiplication of these minimum points by their 

associated output scaling gains, hi, corresponds to the lower bounds of the time- 

varying control gains observed in Fig. 4.17.

Significant improvements over the nonadaptive transpose Jacobian controller and 

the fuzzy adaptive controller were achieved with the DSAC composite control strategy. 

This is illustrated in Fig. 4.18, where positioning overshoots of 0.031 m, 0.030 m and
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0.030 m for the first, second, and third direction changes respectively are obtained, 

respectively, and in Fig. 4.19 where trajectory tracking errors of lower magnitudes 

are obtained. Moreover, tracking with the DSAC composite controller is closer to 

a straight line along each side of the trajectory. Hence, the response obtained with 

the DSAC composite control approach is much closer to a square than that of non

adaptive and fuzzy adaptive responses. Figures 4.20 to 4.22 demonstrate tha t the 

control gains perform correctly and similarly to those obtained with the fuzzy adap

tive control scheme; that is, they increase and decrease in accordance with the specific 

tracking situation, with sudden increases at each direction switch so tha t an improved 

transient response is achieved, compared to the nonadaptive transpose Jacobian con

trol methodology. Among the control gain adaptation histories provided in Figs. 4.20 

to 4.22, Fig. 4.20, which illustrates the adaptation of the stabilizing control gains 

K €p(t) and K ed(t) as a function of time, provides a good depiction of the convergence 

of the trajectory tracking errors, since both gains are shown to asymptotically con

verge to zero between each direction change. Indeed, recall that K ep(t) and K ed(t) 

are adapted only as function of the trajectory tracking error ey(t). Similar behavior 

can be observed in Figs. 4.21 and 4.22 for K Xp(t) and K Xd(t), and K Up(t) and K Ud(t) 

respectively, where a convergence to zero is shown. Note tha t the behavior of the 

time-varying control gains observed in these last two figures is almost identical, since 

the signals x m and um are similar and the DMSAC composite controller was designed 

with TPx = rPu, rIx =  r/u, and ax =  ou.

Finally, the trajectory for the DMSAC-based composite controller shown in Fig. 

4.23 has positioning overshoots of 0.107 m, 0.104 m and 0.082 m for the first, sec

ond and third direction changes respectively. In addition, as with the other direct 

adaptive composite methods developed in this chapter, Fig. 4.25 demonstrates that 

the control gains behave correctly (i.e. according to the tracking errors with sudden 

increases at each corner). The successive increase in tracking performance at each 

corner of the trajectory, shown in Fig. 4.24, is explained by analyzing the adaptation 

history of the stabilizing adaptive control gains provided in Fig. 4.25. As discussed 

earlier, the integral term of both K ep(t) and K ed(t) is obtained from a first-order 

filtering of the tracking error. Therefore, once the tracking errors start to decrease
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as a function of time the integral terms also decrease, due to the contribution of 

their respective previous values. The decrease in the integral terms occurs at a rate 

proportional to the <r-term. Thus, the greater these forgetting coefficients are, the 

faster the adaptive gains will decrease between two direction changes. W ith the DM- 

SAC composite controller, the two coefficients selected are relatively small; hence, 

the rate of decrease of the adaptive gains is also small, and it does not fully com

pensate for the sudden increase of the adaptive gains a t each direction change. This 

results in slightly higher values of K Cp(t) and K ed(t) at each direction change, and 

successive improvement of the tracking performance at each corner and along each 

side of the trajectory. These results highlight the importance of the using the cr-term 

in the DSAC and DMSAC-based algorithm in a way tha t avoids instability due to 

excessively high values of the adaptive control gains, particularly for the present ap

plication, in which sudden increases in tracking errors occur periodically. Although 

the DMSAC composite strategy provides better tracking results compared to both 

the nonadaptive transpose Jacobian and fuzzy adaptive control methodologies, the 

results are not as good as the those achieved with the DSAC composite algorithm. As 

anticipated, these results clearly suggest that injecting information about the refer

ence model into the controller structure through the use of the adaptive feedforward 

control gains K x(t) and K u(t) improves the tracking performance.
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F ig u re  4.13: Trajectory tracking results obtained with the nonadaptive transpose 
Jacobian composite controller applied to the nominal linear joint stiffness manipulator 
(k =  500/2 N-m). The dashed line corresponds to the desired end-effector position 
x rd(t), and the solid line corresponds to the actual end-effector position x r(t).
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F igure 4.14: Trajectory tracking errors (ye (t) =  yd (t ) -  y  (t)) obtained with the
nonadaptive transpose Jacobian composite controller applied to the nominal linear
joint stiffness manipulator (k =  5OO/2  N-m).
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F ig u re  4.15: Trajectory tracking results obtained with the fuzzy adaptive composite 
controller applied to the nominal linear joint stiffness manipulator (k  =  500/2 N-m). 
The dashed line corresponds to the desired end-effector position x rd(t), and the solid 
line corresponds to the actual end-effector position x r(t).
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F ig u re  4.16: Trajectory tracking errors (ey (t ) =  ym (t) — y( t ) )  obtained with the
fuzzy adaptive composite controller applied to the nominal linear joint stiffness ma
nipulator (k =  500/2 N-m).
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F ig u re  4.17: Adaptation history of the fuzzy controller gains K p(t) and Kd(t) when 
applied to the nominal linear joint stiffness manipulator (k  =  500/2 N-m).
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F ig u re  4.18: Trajectory tracking results obtained with the DSAC composite con
troller applied to the nominal linear joint stiffness manipulator (k =  500/2 N-m). The 
dashed line corresponds to the desired end-effector position x rd(t), and the solid line 
corresponds to the actual end-effector position xr(t).
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F ig u re  4.19: Trajectory tracking errors (e„ (t) =  ym (t) — y ( t )) obtained with the
DSAC composite controller applied to the nominal linear joint stiffness manipulator
(Jfc =  500/2 N-m).
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F ig u re  4.20: Adaptation history of the DSAC composite controller gains K ep(t) 
and K ed(t) when applied to the nominal linear joint stiffness manipulator (k = 500/2 
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F ig u re  4.21: Adaptation history of the DSAC composite controller gains K Xp(t) 
and K Xd(t) when applied to the nominal linear joint stiffness manipulator (k =  500/2 
N-m).
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F ig u re  4.22: Adaptation history of the DSAC composite controller gains K Up(t) 
and K Ud(t) when applied to the nominal linear joint stiffness manipulator (k =  500/2 
N-m).



113

10

5

E

Q.
>

-5

-10
-10 -5  0 5 10

X Position (m)

F ig u re  4.23: Trajectory tracking results obtained with the DMSAC composite con
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corresponds to the actual end-effector position x T(t).
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DMSAC composite controller applied to the nominal linear joint stiffness manipulator
(k =  500/2 N-m).
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F ig u re  4.25: Adaptation history of the DMSAC composite controller gains K ej>{t) 
and K ed(t) when applied to the nominal linear joint stiffness manipulator (k — 500/2 
N-m).

4.5.1 Robustness to Parametric Uncertainties

Numerical simulations using a manipulator with joints of significantly lower stiffness 

were performed to assess the robustness of the controllers to parametric uncertainties 

in the system. The same composite controllers previously tuned with the nominal 

robot manipulator were applied to a robot with a joint stiffness m atrix of k =  2 0 0 / 2  

N-m/rad, representing an uncertainty of 60%. The obtained results are presented in 

Figs. 4.26 to 4.38. As shown in Fig. 4.26, the tracking performance of the nonadaptive 

transpose Jacobian control strategy is further aggravated, and a positioning overshoot 

of 0.637 m occurs a t each direction change. Trajectory tracking errors are also higher 

than those obtained for the nominal linear joint stiffness robot system, as illustrated 

in Fig. 4.27.

The end-effector trajectory for the fuzzy adaptive controller shown in Fig. 4.28 

exhibits slightly greater positioning overshoots than those of the nominal case: 0.108 

m at each direction change. In response to the higher flexibilities in the manipulator 

system, oscillations in the time-varying control gains, illustrated in Fig. 4.30, are
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greater than in the nominal case. This provides efficient damping of the elastic 

vibrations while keeping the tracking errors as low as possible, as shown in Fig. 

4.29. These findings demonstrate that compared with the nonadaptive transpose 

Jacobian control scheme, the fuzzy adaptive algorithm is not significantly sensitive 

to uncertainties in the system parameters.

When validated under parametric uncertainties, the DSAC composite control 

strategy achieved smaller positioning overshoots than all other: 0.080 m, 0.083 m and 

0.083 m for the first, second, and third direction change, as well as smaller tracking 

errors as showndemonstrated in Figs. 4.31 and 4.32. While the DSAC-based com

posite control methodology achieved superior tracking performance in terms of peak 

positioning overshoot magnitudes, the settling times between two direction changes 

are greater, due to a decreased damping of the oscillations in the trajectory tracking 

error signals, as illustrated in Figs. 4.32 to 4.35. Despite the increased oscillations, 

the control gains behave correctly and stabilize the tracking errors, as indicated by 

the convergence to zero of the stabilizing adaptive control gain K e(t) in Fig. 4.33. The 

oscillating behavior can be explained by the larger control inputs associated with the 

DSAC strategy, due to the introduction of additional feedforward control terms in 

the control structure. Indeed, these terms increase the overall control effort required 

to improve the tracking performance. However, this makes the controller more sen

sitive to sudden changes in the desired trajectory, which in turn results in greater 

oscillations and settling times when applied to a manipulator with excessively low 

joint stiffness coefficients, as demonstrated by the results obtained.

Finally, the trajectory for the DMSAC composite controller shown in Fig. 4.36 

exhibits overshoots similar to those of the nominal case: 0.095 m, 0.112 m and 0.094 m 

for the first, second and third direction changes respectively. In addition, as shown in 

Fig. 4.37, the trajectory tracking errors are minimized, despite the increased flexibility 

in the joints. Similar to the other direct adaptive composite control methodologies 

proposed in this chapter, greater adaptation rates occur in the time-varying control 

gains, illustrated in Fig. 4.38, in order to provide the correct gain values at the 

precise time required to reduce the tracking errors as much as possible. These results 

illustrate the robustness of the DMSAC controller, and demonstrate that once the
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DMSAC algorithm is correctly designed under nominal conditions, the results are not 

overly sensitive to uncertainties in the system parameters.
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F ig u re  4.26: Trajectory tracking results obtained with the nonadaptive transpose 
Jacobian composite controller applied to the uncertain linear joint stiffness manipula
tor (k =  200/2 N-m). The dashed line corresponds to the desired end-effector position 
x rd(t), and the solid line corresponds to the actual end-effector position x T(t).
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F ig u re  4.27: Trajectory tracking errors (ye (t) =  yd (t ) — y(t ))  obtained with the
nonadaptive transpose Jacobian composite controller applied to the uncertain linear
joint stiffness manipulator (k =  200J2 N-m).
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F ig u re  4.28: Trajectory tracking results obtained with the fuzzy adaptive composite 
controller applied to the uncertain linear joint stiffness manipulator (k  = 200/2 N-m). 
The dashed line corresponds to the desired end-effector position x rd(t), and the solid 
line corresponds to the actual end-effector position xr(t).
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F ig u re  4.29: Trajectory tracking errors (ey (t ) =  ym (t ) — y( t ) )  obtained with the
fuzzy adaptive composite controller applied to the uncertain linear joint stiffness
manipulator (k =  2OO/2 N-m).
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troller applied to the uncertain linear joint stiffness manipulator (k = 200/2 N-m). 
The dashed line corresponds to the desired end-effector position x rd(t), and the solid 
line corresponds to the actual end-effector position xr(t).
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F ig u re  4.36: Trajectory tracking results obtained with the DMSAC composite con
troller applied to the uncertain linear joint stiffness manipulator (k  =  200/2 N-m). 
The dashed line corresponds to the desired end-effector position x rd(t), and the solid 
line corresponds to  the actual end-effector position x r(t).
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F ig u re  4.37: Trajectory tracking errors (ey (t) =  ym (t ) — y (£)) obtained with the
DMSAC composite controller applied to the uncertain linear joint stiffness manipu
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F ig u re  4.38: Adaptation history of the DMSAC composite controller gains K ep(t) 
and K ed(t) when applied to the uncertain linear joint stiffness manipulator (k = 200/2 
N-m).

4.5.2 R o b u stn e ss  to  M odeling  E rro rs

As mentioned previously, for most practical applications the linear joint stiffness 

model is not satisfactory, as several unknown or unpredictable nonlinear effects can 

affect the actual end-effector motion. For this reason, it is important to determine the 

controller’s capability to handle unmodeled dynamics. To achieve this, the composite 

controllers designed for the nominal robot manipulator were applied without retuning 

the control parameters and scaling gains to the more realistic nonlinear joint stiffness 

model described in Section 4.2.2. The parameters for the nonlinear joint stiffness 

dynamics model are presented in Table 4.4. W ith these parameters, the nonlinear 

joint stiffness and friction curves are shown in Figs. 4.39(a) and 4.39(b) respectively, 

where the joint torsion is defined as qm — q.

Similar to the previous cases, all direct adaptive control composite methodologies 

achieved smaller overshoots at each direction change, compared with the nonadaptive 

transpose Jacobian controller. This is demonstrated in Fig. 4.40 where a position

ing overshoot of 0.207 m occurs at each corner of the trajectory for the nonadaptive
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P a ra m e te r V alue U n it
m i 1.5075 kg
m 2 1.5075 kg
h 4.50 m
h 4.50 m
lc\ 2.25 m
lc2 2.25 m
Jm h kg-m2
ai 500/2 N-m/rad
02 500J2 N-m/rad
ksxu 10/2 -
&SU) 3000 -

7i 0.5 -

72 150 -
73 50 -
74 2 -

75 100 -

76 0.5 -

s 0 Jmi 
0 0

kg-m2

T ab le  4.4: Nonlinear joint stiffness manipulator characteristics

transpose Jacobian strategy, compared to 0.134 m for the fuzzy adaptive controller 

(see Fig. 4.42). As illustrated in Figs. 4.45 and 4.50, further improvements were ob

tained with both the DSAC and DMSAC control methodologies, with overshoots of 

0.077 m at each directing change for the DSAC controller, and overshoots of 0.111 m, 

0.092 m and 0.081 m for the first, second, and third direction changes respectively for 

the DMSAC controller. These diminished positioning overshoots are due to smaller 

trajectory tracking errors, as shown in Figs. 4.41, 4.43, 4.46, and 4.51, for the non- 

adaptive transpose Jacobian, fuzzy adaptive, DSAC, and DMSAC control schemes, 

respectively.

It is also notable tha t the response obtained with the nonadaptive control strategy 

failed to converge to a straight line along each side of the square trajectory, as depicted 

in Fig. 4.40. This is because the nonlinear effects introduced in the dynamics model 

would have required larger gains to stabilize the end-effector correctly along the square 

trajectory. Indeed, as shown in Figs. 4.44, 4.47 to 4.49, and 4.52, all adaptive gains
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reached greater magnitudes than previously attained, as required to minimize the 

tracking errors. This suggests that the proposed direct adaptive control schemes 

cope with modeling errors as expected: by adjusting their control gains to maintain 

similar tracking performance to that achieved with the nominal linear joint stiffness 

model.

As discussed earlier, all controllers were tuned in numerical simulations with the 

nominal linear joint stiffness model. Hence, these results clearly indicate tha t the 

direct adaptive control methodologies are more robust with respect to modeling errors, 

and demonstrate the ability of the adaptive controllers to provide acceptable and 

constant performance without modification of the control parameters, coefficients or 

gains.
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F ig u re  4.39: Joint stiffness and friction characteristics for the nonlinear joint stiff
ness dynamics model (a) Nonlinear joint stiffness curve with soft windup effect in the 
region around 0 deg (b) Continous and symmetric friction curve tha t includes static, 
Stribeck, viscous, and Coulombic effects
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F ig u re  4.40: Trajectory tracking results obtained with the nonadaptive transpose 
Jacobian composite controller applied to the nonlinear joint stiffness manipulator. 
The dashed line corresponds to the desired end-effector position x rd(t), and the solid 
line corresponds to the actual end-effector position x r(t).
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F ig u re  4.41: Trajectory tracking errors (ye (t ) =  yd (t ) —y(t))  obtained with the
nonadaptive transpose Jacobian composite controller applied to the nonlinear joint
stiffness manipulator.
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F ig u re  4.42: Trajectory tracking results obtained with the fuzzy adaptive compos
ite controller applied to the nonlinear joint stiffness manipulator. The dashed line 
corresponds to the desired end-effector position xTd{t), and the solid line corresponds 
to the actual end-effector position x r(t).
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F ig u re  4.43: Trajectory tracking errors (ey (t) =  ym (t) — y (£)) obtained with the
fuzzy adaptive composite controller applied to the nonlinear joint stiffness manipula
tor.
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Figure 4.44: Adaptation history of the fuzzy controller gains K p(t) and K d{t) when 
applied to the nonlinear joint stiffness manipulator.
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F ig u re  4.45: Trajectory tracking results obtained with the DSAC composite con
troller applied to the nonlinear joint stiffness manipulator. The dashed line corre
sponds to the desired end-effector position x rd(t), and the solid line corresponds to 
the actual end-effector position x r(t).
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F ig u re  4.46: Trajectory tracking errors (ey (t) =  ym (t ) — y (£)) obtained with the
DSAC composite controller applied to the nonlinear joint stiffness manipulator.
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F ig u re  4.50: Trajectory tracking results obtained with the DMSAC composite con
troller applied to the nonlinear joint stiffness manipulator. The dashed line corre
sponds to the desired end-effector position x rd(t), and the solid line corresponds to 
the actual end-effector position x r(t).
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F igure 4.51: Trajectory tracking errors (e„ (£) =  ym (t) — y  (£)) obtained with the
DMSAC composite controller applied to the nonlinear joint stiffness manipulator.
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F ig u re  4.52: Adaptation history of the DMSAC composite controller gains K ep(t) 
and K ed(t) when applied to the nonlinear joint stiffness manipulator.

4 .5 .3  C o m p ariso n  to  a  M odel-B ased  F lex ib le -Jo in t C o n tro lle r

For completeness, and to demonstrate the benefits of using a model-independent di

rect adaptive control approach, the composite controllers developed in this chapter 

are compared to a conventional model-based controller. For this purpose, the nonlin

ear backstepping controller proposed by Brogliato et al. [28] is used. The nonlinear 

backstepping control law is given by [28]

T =  Jm [Qma ~  2(4m — Qmd) ~  2(?m — Qmd) "b s)] +  k(qm — q) (4.57)

where s G R" is given by

s =  (q -  Qd) +  A (q -  qd) (4.58)

with A e  Knxn denoting a constant gain matrix. In (4.57), qmd, qmd, qmd G Rn denote
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the desired motor angular position, velocity and acceleration vectors respectively, 

which are given by

In (4.59)-(4.61), the term tsli denotes the well-known adaptive control law for rigid- 

joint robots proposed by Slotine and Li [160]. More details on the nonlinear back- 

stepping controller, including the proof of stability, can be found in Appendix D.

As previously, the control gains of this control law were selected in numerical 

simulations, to provide good trajectory tracking results when applied to the nomi

nal linear joint stiffness manipulator system. The backstepping control gains were 

determined as

The results obtained with this control strategy show rapid settling to a straight 

line along each side of the trajectory and no overshoots at the corners, as illustrated 

in Figs. 4.53 and 4.54. However, the high trajectory tracking accuracy obtained for 

the nominal manipulator dynamics is achieved at the expense of greater complexity in 

the controller structure, which involves physical parameters of the system in a  highly 

nonlinear way, as shown in Appendix D. This problem is typical with model-based 

controllers. W ith this specific controller, the increased complexity is largely due to 

the real-time analytical calculation of the inverse of the robot inertia matrix M ~ 1(q), 

and the time-derivative of the inertia and the Coriolis/centrifugal matrix, M(q)  and 

C(q,q) respectively.

When applied to the manipulator system with uncertainties in its joint stiffness 

matrix (k  =  200/2 N-m/rad), the response of the controller was unstable. This is due 

to the dependence of the backstepping control algorithm on exact knowledge of k,

qmd =  k ^ T s u  +  Q

qmd = k~l f SLi + q 

qmd = k~1TSLI +  q

(4.59)

(4.60)

(4.61)

K p =  2 /2 A =  I2
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the joint stiffness matrix, as observed in (4.59)-(4.61). As a result, any discrepancies 

between the stiffness coefficient values used in the control law and the actual values 

causes poor tracking performance, or even closed-loop instability. This divergence 

occurred even when tested with a manipulator with a stiffness m atrix of k = 400/2 

N-m/rad, which represents a significantly smaller deviation from the nominal stiffness 

matrix (k  =  500J2 N-m/rad).

The same unstable behavior was also observed when the controller was applied 

to the nonlinear joint stiffness model. Indeed, the development of the backstepping 

control law in (4.57) is based on exact knowledge of the dynamics model structure. 

Any variations in the actual dynamics or system structure have a detrimental effect 

on the tracking performance, and can potentially lead to an unstable closed-loop 

response, as suggested by the results obtained. The results support those obtained 

by Brogliato et al. [28], and illustrate the lack of robustness to uncertainties and 

modeling errors of conventional model-based flexible-joint controllers.

In addition, this model-based controller may not be the best for practical use, 

since the very high control torque magnitudes initially required to increase the end- 

effector velocity from rest to 0.84 m /s along the y-axis (538 N-m and 9.30 x 103 

N-m for joints 1 and 2 respectively) cannot be achieved by typical joint mechanisms. 

Finally, another drawback of this joint-based controller is the real-time calculation of 

the robot inverse kinematics required to transform the desired end-effector trajectory 

into joint positions and velocities.
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F ig u re  4.53: Trajectory tracking results obtained with the nonlinear backstepping 
controller applied to the nominal linear joint stiffness manipulator (k  = 500/2 N-m). 
The dashed line corresponds to the desired end-effector position x rd(t), and the solid 
line corresponds to the actual end-effector position x r(t).
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F ig u re  4.54: Trajectory tracking errors (ye (t ) =  yt* (t ) — y (t)) obtained with the
nonlinear backstepping controller applied to the nominal linear joint stiffness manip
ulator (k =  500/2 N-m).
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4.6 Summary

To overcome the limitations of the usual linear joint stiffness dynamics model, this 

chapter developed a new nonlinear joint stiffness formulation. This proposed nonlin

ear dynamics model for flexible-joint manipulators takes several factors into account 

that are disregarded neglected in most existing flexible-joint models: soft-windup, 

friction, inertial coupling and nonlinear and nonstationary characteristics of joint elas

ticity. To the best of our knowledge, this is the first time such a realistic flexible-joint 

model has been presented. This newly developed model formed the basis for the in

vestigation of the controller robustness to modeling errors in this work. Subsequently, 

novel direct adaptive composite controllers were developed, in which a transpose Jaco

bian slow control term is added to a fast-control term designed to dampen the elastic 

vibrations at the joints of a flexible-joint manipulator system. The control gain adap

tation mechanisms of the proposed control methodologies are based on a  normalized 

fuzzy logic system, the DSAC algorithm and the DMSAC algorithm. These adaptive 

systems calculate time-varying control parameters in response to tracking errors be

tween the actual system outputs and the outputs of a reference model, then adapt 

the control gains to minimize trajectory tracking errors. The applicability and effec

tiveness of the adaptive controller methodologies under adverse conditions, such as 

parametric uncertainties and modeling errors, were demonstrated in numerical sim

ulations with both the classic linear joint dynamics model and the derived nonlinear 

joint stiffness model. Simulation results established that the proposed direct compos

ite control methodologies effectively manage significant uncertainties and modeling 

errors in the manipulator system, by time-varying the control parameters accord

ingly. The developed adaptive strategies achieved better tracking results than both a 

nonadaptive model-independent controller and a conventional nonlinear model-based 

control scheme. The findings clearly indicate that the newly-developed direct adap

tive control strategies provide better tracking results than conventional model-based 

control techniques or nonadaptive model-independent methodologies, regardless of 

the presence of uncertainties and modeling errors in the manipulator system.



Chapter 5

Partial State Feedback Adaptive Composite Control

Most advanced trajectory tracking control laws for robot manipulators require knowl

edge of all the state variables. For lightweight flexible-joint space manipulators this is 

difficult to achieve, since link positions and velocities are typically not measured. This 

chapter first develops an extended Kalman filter (EKF) strategy to estimate all state 

variables from noisy and biased measurements in a flexible-joint manipulator system 

modeled with the linear joint stiffness dynamics model. Secondly, an extension of 

the EKF for the new nonlinear joint stiffness dynamics formulation is presented. The 

state estimates are coupled to the DMSAC composite controller, to provide a partial 

state feedback control scheme. Numerical simulations are used to demonstrate the 

trajectory tracking performance of the resulting partial state feedback strategy for 

both dynamics representations.

5.1 Introduction

The main drawback of most existing flexible-joint controllers is tha t their implementa

tion requires measurements of all the state variables (i.e. link position q, link velocity 

q, motor position qm and motor velocity qm). Although some advanced space robot 

systems have access to measurements providing knowledge of joint elasticity effects, 

such as the DLR’s Lightweight Robot III that is equipped with joint torque and link 

position sensors [161], typical robot manipulators are instrumented to measure only 

motor variables, qm and qm, with an encoder and a tachometer on each motor axis 

of the manipulator [156]. In practice, measurement devices (or sensors) add extra 

weight and cost to the system. On the other hand, any velocity measurements pro

vided through numerical differentiation are prone to contamination from noise, which 

degrades the controller performance.

139
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To reduce the number of sensors required for state variable measurements, par

tial state feedback (i.e. output feedback) control algorithms have been suggested in 

the literature. These output feedback controllers are usually designed based on re

constructing the missing signals from the available physical measurements. Oh and 

Lee [162] proposed an output feedback controller that makes the link positions track 

the reference signal semiglobally exponentially fast while keeping all the remaining 

signals bounded. The controller was based on the integrator backstepping method 

where two observers are used to substitute link and actuator velocity measurements. 

A nonlinear tracking controller based on singularity perturbed systems and sliding- 

mode techniques, tha t could ensure that link positions approached the reference signal 

semiglobally asymptotically based on link position measurements only was provided 

by De Leon-Morales et al. [163]. Lim et al. [164] proposed an adaptive semiglobal 

tracking controller, assuming link positions and motor positions were available from 

measurements. Based on the work Loria [165] on a single-link rigid-joint robot, Dixon 

et al. [166] addressed the global output feedback tracking control problem of flexible- 

joint robots. More specifically, they proposed an output feedback controller that 

ensures global asymptotic link position tracking, and only requires link position mea

surements. In their approach, hyperbolic trigonometric functions were introduced in 

both the observer-based controller and the stability analysis, to automatically enlarge 

the domain of attraction while keeping the controller and observer gains constant. A 

drawback of this strategy is tha t the resulting control law contains terms that in

crease exponentially, thus yielding high control input signals to the system. Nicosia 

et al. [167] proposed a procedure to construct approximate nonlinear observers using 

an approach to derive observers based on the geometric nonlinear control theory, was 

combined with an approximation technique. Selecting the link coordinates and their 

time derivatives as the system outputs, Tomei [168] proposed a nonlinear observer 

which reconstructs all state variables. Chatlatanagulchai et al. [169] designed a neural 

network observer to determine link and motor positions and velocities, and combined 

it with a robust controller. Similarly, Abdollahi et al. [170] presented a stable neural 

network-based observer for flexible-joint robots. Nicosia and Tomei [171] proposed a
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controller that requires only link positions, with the other state variables provided by 

a nonlinear observer. A global asymptotic link position tracking controller that re

quires only link and motor position measurements was proposed by Dixon et al. [172]. 

Specifically, the authors used a nonlinear link velocity filter to eliminate link velocity 

measurements, while a set of linear filters was employed to eliminate the need for 

motor velocity measurements. Kim and Lee designed an adaptive controller based 

on link and actuator position measurements only, with link and motor velocity filters 

used to estimate the unknown velocity terms [173]. Using link and motor positions, 

Melhem and Wang [174] proposed a controller that ensures the link positions globally 

track the desired trajectory, while keeping all the remaining signals bounded. Their 

controller used a partial state feedback linearization technique combined with the 

integrator backstepping control design method, with a filter and an observer were 

used to remove the requirement of link and actuator velocity measurements. A major 

problem with all the above methods is that link angular position measurements axe 

required in the observation process.

As well as using nonlinear observers, another way to estimate in the state variables 

in real-time tha t not available through measurements is to apply the Kalman filter 

(KF) theory. Goudreau and Schwartz [175] developed an extended Kalman filter 

(EKF) to estimate joint positions and velocities based on joint measurements and 

control torques for a direct-drive two-link rigid-joint manipulator. Lertpiriyasuwat 

and Burg [176] proposed a KF that combines end-effector position measurements 

obtained from a laser tracker sensor with link position measurements, to estimate 

end-effector positions and orientations in an industrial robot. However, in these 

studies the K F/E K F designs are based on a rigid-joint dynamic representation.

Timcenko and Kircanski [177] developed a linear KF to estimate the control torque 

in a flexible-joint robot, and used it in a feedforward/feedback controller scheme. 

Hollars and Cannon [178] used a constant-gain EKF (CGEKF) to estimate the state 

variables of a planar two-link robot arm with rigid links and flexibility in its joints, for 

use by a state feedback control law. A significant advantage of the CGEKF approach 

is that the computational load is much less than that of the EKF. However, as stated 

in [179], the stability of such a system must be carefully evaluated, since the problem is
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inherently nonlinear. In 2010, Lightcap and Banks [157] presented an EKF to estimate 

link and motor positions/velocities based on motor measurements. Although their 

approach did not use directly link position measurements, a real-time knowledge 

of link positions was provided by sets of retro-reflective markers positioned on the 

links; an uncommon sensor for robotic manipulators, particularly those operating in 

space. A major problem with these Kalman filter-based methodologies for flexible- 

joint robots is that, despite the fact that experimental studies have shown that flexible 

gears are much more complex than a linear spring [92], their designs and simulation 

validations were based on the classical dynamic representation proposed by Spong 

[45], which models each joint as a linear torsional spring of constant stiffness.

The first contribution of this chapter is the design of two EKFs th a t estimate link 

and motor positions/velocities for a flexible-joint space robotic manipulator: (1) the 

first EKF is designed for a robot modeled with the linear joint stiffness model, and (2) 

the second EKF is proposed for a space manipulator modeled with the novel nonlinear 

joint stiffness dynamics formulation proposed in Chapter 4. While the second EKF 

expands on previous work by incorporating nonlinear flexible effects in the process 

model, such as nonlinear joint stiffness and soft-windup, both EKFs are innovative in 

the sense tha t their applicability to a manipulator equipped only with motor encoders 

and tachometers is demonstrated.

In addition, the proposed nonlinear estimation schemes are modified to consider 

measurement biases. Finally, the state variable estimates are coupled to the DMSAC- 

based composite control methodology developed in Chapter 4 to provide a closed-loop 

partial state feedback trajectory tracking strategy that requires only motor position 

and velocity measurements. For completeness, a brief review of the EKF theory is 

provided in Appendix E.

5.2 Partial State Feedback Objective

The partial state feedback control objective consists in designing EKF-based state 

estimation techniques which, when combined with the DMSAC-based composite con

troller, ensure th a t the estimated output vector y(t) € R4 of the flexible-joint manip

ulator system tracks the time-varying reference model output ym(t) € R4, considering



that noisy and biased measurements are provided by motor encoders and tachometers. 

To quantify this objective, a tracking error, denoted ey(t) € R4, is defined as

ev ~  Vm y (5.1)

where the estimated output vector is calculated as a function of the estimated link 

positions and velocities, denoted by q, q € R2, respectively.

5.3 Flexible-Joint Manipulator Estimation

Let define the state vector, denoted by x  € R8, as

x  = QT f  Qm 9, (5.2)

such tha t x  = f ( x ,u ) ,  and the partial derivatives of the robot dynamics with respect 

to the states are

d f ( x , u) 
dx

0 h  0 0

F21 F22 F23 0

0 0 0 I2

Fai 0 F43 0

(5.3)

5.3.1 Linear Joint Stiffness Dynamics

For the linear joint stiffness dynamics model given by (4.3) and (4.4), / (x , u) is given 

by

f { x ,u )  =
M  1(q)[k(qm - q ) ~ C ( q , q ) q ]

Qm

Jm [t ~  Hqm -  q)} 

and the partial derivatives in (5.3) are given by

F21 =  ~ M ~ \ q )
dM(q) dC{q ,q)x , t  

q H 5  q +  K
dq dq

(5.4)

(5.5)
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F22 =  - M ~ \ q )
'9C(q,q)

- g r - q  + C fa q ) (5.6)

F23 =  M ~ l {q)k (5.7)

F4 i =  JZ lk (5.8)

7̂ 43 =  —̂ 41 (5.9)

In (5.5), the partial derivative of the robot inertia matrix and Coriolis matrix with 

respect to  the link positions is given by

0 M(q ) .. . . .
— =  - m 2h l c2 sin q2 

dq
0 2q\ +  q2

0 qi

9 C ( q , q ) .  , ,  rn„n9 — ni2titC2 cos q2
0 q\q2 +  q2 (q\ +  9 2 ) 

0 ~q\

(5.10)

(5.11)

and the partial derivative in (5.6) necessary for the computation of F22 is given by

dC(q,q)  . , , .
— —— q -  - m 2/i/ca smg2 

dq
92 (? i +  92)

- 9 1  0
(5.12)

5.3.2 N o n lin ear Jo in t S tiffness D ynam ics

Considering the nonlinear joint stiffness model given by (4.19) and (4.20), f ( x , u )  is

f ( x , u ) =
M  l (q) [k(q, 9m)(9m -  9 ) “  f A )  ~  C(q, q)q -  Sq„

Qm

Jj  [T -  k(q,qm)(qm -  q) -  S'7-9 ]

(5.13)

and the partial derivatives of the robot dynamics are



*21 =  - M ~ 1(q)
dM(q)  „ , dC(q,q)A dk{q,qm) ^  N

9 q_ 9 q_ (9m Q)~^~k[q,qm)dq dq dq

* 2 2  =
dC(q,q) df(q) , .
_ a i_ ,  +  _ a r  +  c ( , '?)

F 23 =  M  (g)

* 4 1  =  - * - 1

* 4 3  =  -./m 1

dk  ((q,qm) 
dqm

dk  (g, gm)

(gm -  g) +  *: (g, gm)

dq

dk  (g, gm) 
dqm

(gm — q) — k (g,gm)

(g m -g ) +  fc(g,gm)

where

dfc (gm -  g ) ^  __ (gm -  g)
\Qm Q) — r\ \Qm Q)dq dqn

a 0  

0  b

with

d m  _ [*/(*> M ill =
C O'

dq dq 1 092 J
0  d

a — 2  (gmi gi) flin +  kawna,3tue *”’(,mi ?1)

b = - 2  (gm 2 -  g2 ) 2 a l22 +  kSW22a3We “ « " ( * » 2  9s) ]

c =  7i [7 2 sech2 (7 ^ )  -  7 3sech2 (7 3 ^ )  +  7 4 7 5sech2 (7 5 9 1 ) +  7 6]

d =  7i [7 2 sech2 (7 2g2) -  7 3sech2 (7 3 g2) +  7 4 7 5sech2 (7 5 ^ )  +  7e]
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(5.14)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)
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5.3.3 Measurement Model

By considering that the only available measurements are provided by an encoder and 

tachometer on the motor sides, the measurement model denoted by h(x) € R4 can be 

defined as

h(x) = T  * T

Qm Qm (5.25)

The linearization of this measurement model for the robot dynamics is thus given by

H
dh(x ) 

dx
0 0 I2 0

0 0 0 / 2
(5.26)

5.3.4 O b serv ab ility  A nalysis

In control theory, the concept of observability refers to a measure of how well internal 

states of a system can be inferred by knowledge of its external outputs. A system is 

observable if, for any possible sequence of state and control input vectors, the actual 

state can be determined in finite time using only the outputs. In other words, the 

outputs contain all sufficent information to completely determine the behaviour of 

the system. Thus, a system is not observable when the values of some of its actual 

states cannot be determined through output measurements. A suitable method to 

determine the observability of a system is the observability matrix rank condition. 

For nonlinear systems with the state-space realization

x  = f ( x , u )  (5.27)

y  =  h(x) (5.28)

the rank condition is tied to the Lie derivative of the measurement functions h(x) 

along the process function f ( x ,u ) ,  denoted by (Cfh)(x), and defined as [180]

(£fh)(x)  =  V h ( x ) f ( x ,u ) (5.29)
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where V denotes the gradient operator. By definition, the zeroth-order Lie derivative 

denoted by (£°/i)(x) is

(C°f h)(x) 4  h{x) (5.30)

such tha t the gradient of (£°/i)(x) is given by

V (£ jh)(x) =  H  (5.31)

The higher-order Lie derivatives are defined as

(Ckf h)(x) 4  V (£ j_1/i)(x )/(x ,« ); Vfc > 0 (5.32)

Defining the observation space O  as the space containing all Lie derivatives of h(x) 

up to order N  — 1, where N  € E  is the order of the system, the observability matrix 

denoted 0  is obtained as the gradient of O, as follows

0  =

V(£°h)(x)

(5.33)

iV O C j^W aO j

The number of columns of O is equal to n  € K, the dimension of the state vector 

x, while the number of rows is determined by m the dimension of the measurement 

model h(x) and by N ,  and is equal to m  ■ N .  However, in the present case, recalling 

that the dynamics model consists in two second-order differential equations, the order 

of the system is 2JV, with N  =  2. As a result, Lie derivatives up to the third order 

will be required.

Formally, the nonlinear system with state-space realization (5.27) and (5.28) is 

said to be locally observable at xo € Rn if there exists a neighborhood Uq C Rn of xo 

in which every state x ^  xo is distinguishable from x0. In other words, there must 

exist a unique mapping between each observation and respective state. The sufficient 

condition for the nonlinear system to be locally observable in the neighborhood Uq 

containing the origin is
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rank(O) =  n (5.34)

In other words, O must be full rank. Note tha t (5.34) is a necessary and sufficient 

condition for observability in nonlinear systems.

Considering the state vector given by (5.2) and measurement model defined in 

(5.25) and (5.26), the first Lie derivative and its gradient are respectively obtained 

as follows

(.C)h)(x) =  H f( x ,u )

Q

0 0 I2 0 q

O O O /2  Qm

Qm
(5.35)

V(£}fc)(*) (5.36)

The second Lie derivative and its gradient are given as
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(C2f h)(x) = V(C)h) (x ) f (x ,u )

0 0 0 h
F41 0  F43 0

Qm

F41 q +  F^Qm

Q

Q

Qm

Qm

V{C)h){x)  =
F41 0  F43 0

0  F41 0 F43

Finally, the third Lie derivative and its gradient are obtained as

{C)h){x) -  V(C 2fh )(x ) f (x ,u )

F41 0  F43 0

0 F41 0 F43

F41Q + F4zqm 

F41Q +  F43qm

Q

Q

Qm

Qm

0 F41 0 F43

F41F21 + F43F41 F41F22 F4 1F23 +  F43F43 0

(5.37)

(5.38)

(5.39)

(5.40)

This leads to the observability matrix
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0 0 h  0

0 0 0 h
0 0 0 / 2

0  F43 0

f 4i 0  f 43 0

0  F41 0  F 43

0  F41 0  F 43

(5.41)

F 4 1F 21 +  F4 3 F41 F41F22 F 11F 23 +  F4 3F43 0

For a matrix where the number of rows is greater than the number of columns, the 

maximum rank is equal to the number of columsn. In (5.41), O has m  • 2N  =  16 rows 

and n  =  8 columns. Thus, the maximum rank is 8, the number of state variables in 

the EKF. Upon inspection, all columns in O are linearly independent. The matrix is 

then said to be full rank. In other words, his rank is the maximum rank, i.e. 8. Note 

that the matrices F41 and F43 are linearly dependent upon each other, but this does 

not affects the rank of the observability matrix.

5.4 Bias Estimation

One of the underlying assumptions of the EKF formulation is tha t the measurement 

noise is zero-mean Gaussian, with a standard deviation a. However, measurements 

are commonly corrupted by biases as well, hence the need for on-board calibration. In 

this section, the bias-free extended Kalman filter (EKF) estimation strategy developed 

in Section 5.3 is modified to compensate for measurement biases in real-time. The 

proposed strategy is to augment the state vector with an additional state representing 

the unknown measurement biases. Let the augmented state vector denoted by x aug € 

R8+m be defined as

where b € Rm denotes the measurement bias vector. Typically, since there is no a 

priori information about b, it is assumed that

Xaug — x T bT (5.42)
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6 =  0 (5.43)

which indicates tha t the biases are varying slowly with respect to the plant dynamics. 

Because of this dynamics model, the propagation of 6 is obtained as

"7c+l h (5.44)

where 6j”+1, 6* €  Rm respectively denote the propagated measurement bias vector and 

the estimate of the measurement bias vector. For the two-link robot manipulator 

application, it is assumed that the motor angular positions and velocities are ob

tained from the motor encoder and tachometer noisy and biased measurements, thus 

resulting in the following augmented state vector and measurement model

6 f € r ,  12 (5.45)

h (xaug) — (qm +  be)T (qm + bt )7 E R4 (5.46)

where 6e, bt € R2 denote the encoder and tachometer bias vector, respectively. Hence, 

the partial derivatives of the robot dynamics with respect to x aug is given by

F  =  r aug *“
9 f  (#augi w) 

dx

^aug)

Htaug
dhr (^aup)

dx{aug

0 h 0 0 0 0

F21 F22 F23 0 0 0

0 0 0 h 0 0

F41 0 F43 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0_

1 respect to x aug can be

0 0 I2 0 h o '

0 0 0 h 0 h

(5.47)

(5.48)

The observability matrix, taking into account x aug and haug, becomes
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0 0 *2 0 *2 0

0 0 0 *2 0 *2

0 0 0 *2 0 0

f 4 1 0 *43 0 0 0

*41 0 F 43 0 0 0

0 *41 0 *43 0 0

0 *41 0 *43 0 0

* 4 1 * 2 1  +  *4 3 * 4 1 * 4 1 * 2 2 * 4 1 * 2 3  +  *43  *43 0 0 0

The observability m atrix O given by (5.49) has m ■ 2N  =  16 rows and n  =  12 

columns. Thus, the maximum rank is 12, the number of state variables in the EKF. 

As previously, all columns in O are linearly independent and O is full rank. As a result, 

the observability rank condition is satisfied, a necessary and sufficient condition for 

observability in nonlinear systems.

5.5 Simulation Results

In this section, the linear joint-based EKF is applied to the linear joint stiffness dy

namics (4.3) and (4.4), and the nonlinear joint-based EKF is applied to the nonlinear 

joint stiffness dynamics (4.19) and (4.20). The sample MATRIXx programming code 

that implements the nonlinear joint stiffness-based EKF is provided in Appendix 

F. To achieve a  complete closed-loop adaptive partial state-feedback strategy, and 

to demonstrate the applicability of both estimation schemes, the DMSAC control 

methodology presented in Chapter 4.4.4 is used, as follows

r  =  J T(q)Ke(t)ey + K v(q -  qm) (5.50)

A block diagram realization of the complete estimation and control strategy is shown 

in Fig. 5.1.



Ideal
model K #)ey

Encoder 
noise and bias

Flexible-joint
manipulator EKF

Tachometer 
noise and bias

Task
space

F ig u re  5.1: Block diagram representation of the adaptive partial state  feedback composite control strategy.
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In the first scenario, random zero-mean (bias-free) Gaussian noise with standard 

deviations of 1 deg and 1 deg/s were added to the measurement of each motor position 

and velocity respectively. The following covariance matrices were selected to optimise 

the estimation performance in numerical simulations

P0 =  10~3/ 8 Qk =  10~6/ 8 R k = 7t/180/4

Figures 5.4 and 5.7 illustrate the state estimation errors for both estimators. From 

these results, it is evident that both EKFs provide good estimation accuracy, since 

the estimation errors remain small despite large measurement noises. Figures 5.2 

and 5.5 show the results of tracking end-effector trajectories with both EKF-DMSAC 

combinations. As shown in Fig. 5.2, the linear joint-based strategy exhibits minimal 

overshoots at each corner of the trajectory, while the nonlinear joint-based strategy 

yields slightly degraded performance, as illustrated in Fig. 5.5. Though both EKFs 

yield similar estimation accuracy, this slight decrease in trajectory tracking perfor

mance for the nonlinear joint stiffness dynamics is due to the addition of the highly 

nonlinear effects and friction torques, which make the trajectory tracking control task 

more difficult. Finally, it must be noted that when the linear joint-based EKF is ap

plied to the nonlinear joint dynamic model the estimation results diverge, resulting in 

an unstable trajectory. This demonstrates the benefits of using the nonlinear joint- 

based EKF in a practical application, where the dynamics of the manipulator is likely 

to be affected by highly nonlinear effects, such as inertial cross-coupling and friction.

In the second scenario, in addition to the measurement noise, biases of 2 deg and 

2 deg/s were added to the motor variable measurements without considering them 

in the EKF estimator. For consiseness, in this scenario, only the nonlinear joint 

stiffness-based EKF was considered. The tuning of the EKF covariance matrices 

was not modified. The trajectory tracking results obtained with the bias-free EKF- 

DMSAC combination are highly aggravated, as the control feedback loop is relying 

on biased estimated variables. Indeed, with the bias-free EKF, no compensation of 

unknown measurement biases is performed. This is shown in Fig. 5.8, where the robot 

end-effector trajectory fails to adequately follow the desired square trajectory.
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F ig u re  5.2: Trajectory tracking results obtained with the linear joint stiffness-based 
EKF /  DMSAC composite controller combination applied to the linear joint stiffness 
manipulator. The dashed line corresponds to the desired end-effector position x Td(t), 
and the solid line corresponds to the actual end-effector position x r(t).

Finally, in the third scenario measurement biases were considered in the EKF 

estimator. Since it is assumed that there is no a priori knowledge of the unknown
A____________________

measurement biases, the EKF bias estimator was initialized with bo =  0. The process 

noise covariance m atrix was selected as follows

'l(T 6/ 8

10- 12/ 2

10~6/ 2

In this case, calibrating the measurement biases in real-time (i.e. by augmenting 

the state vector with the additional states representing the unknown biases) provides 

results similar to those obtained with zero-mean Gaussian noise measurements, as 

shown in Fig. 5.9. Thus, these results give an indication of the increased robustness 

to measurement biases provided by the bias EKF estimator strategy.

POaug ~  10 3I \2 Qkaug ~
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F ig u re  5.3: Estimation results obtained with the linear joint stiffness-based EKF /  
DMSAC composite controller combination applied to the linear joint stiffness manip
ulator. The red lines correspond to the true link variables q(t),q(t), and the black 
lines correspond to the estimated link variables q(t),q(t).
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F ig u re  5.4: Estimation errors obtained with the linear joint stiffness-based EKF /
DMSAC composite controller combination applied to the linear joint stiffness manip
ulator.
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F ig u re  5.5: Trajectory tracking results obtained with the nonlinear joint stiffness- 
based EKF /  DMSAC composite controller combination applied to the nonlinear 
joint stiffness manipulator. The dashed line corresponds to the desired end-effector 
position and the solid line corresponds to the actual end-effector position x r(t).

5.6 Summary

In this chapter, a partial state feedback composite control scheme that requires only 

motor position and velocity measurements was proposed. The control scheme com

bines the DMSAC composite controller with an extended Kalman filter (EKF) esti

mator developed for a flexible-joint space manipulator, modeled with both the well- 

established linear joint stiffness dynamics model and the novel nonlinear joint stiffness 

dynamics model proposed in this work. Numerical simulation results were presented 

to demonstrate the effectiveness of the proposed new partial state feedback control 

schemes. In addition, by augmenting the EKF state vector with the unknown biases, 

a simple strategy to calibrate the measurement biases in real-time was provided.
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manipulator. The red lines correspond to the true link variables q(t),q(t), and the 
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F ig u re  5.8: Trajectory tracking results obtained with the nonlinear joint stiffness- 
based EKF /  DMSAC composite controller combination applied to the nonlinear joint 
stiffness manipulator. The measurements are corrupted by biaises of be = 2 deg and 
bt = 2 deg/s, but without considering them in the EKF estimator. The dashed line 
corresponds to the desired end-effector position xrd(t), and the solid line corresponds 
to the actual end-effector position x r(t).
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F ig u re  5.9: IVajectory tracking results obtained with the nonlinear joint stiffness- 
based EKF /  DMSAC composite controller combination applied to the nonlinear joint 
stiffness manipulator. The measurements are corrupted by biaises of be = 2 deg and 
bt = 2 deg/s, which are considered in the EKF estimator. The dashed line corresponds 
to the desired end-effector position x rd(t), and the solid line corresponds to the actual 
end-effector position x r(t).



Chapter 6

Conclusion

In this chapter, the general objective of this research project is recalled and the 

significant contributions this work made to the field of rigid-joint and flexible-joint 

direct adaptive control techniques are outlined. A list of publications in which these 

contributions are documented is provided. Finally, a discussion on suggestions for 

future research directions is presented.

6.1 Thesis Summary

The literature review on the control of flexible-joint manipulators identified that most 

existing control strategies are model-based techniques, and thus achieve reasonably 

good tracking performance only when substantial knowledge of the plant mathemat

ical model and its parameters is available. Consequently, existing control approaches 

could perform inadequately under adverse conditions, such as plant uncertainties or 

modeling errors. The objective of this work was to develop model-independent, task- 

space direct adaptive control methodologies, in which controller parameters adapt in 

real-time without requiring identification of unknown plant parameters or mathemat

ical models of the system to be controlled.

This work first presented theoretical development of a new rigid-joint direct adap

tive fuzzy controller, in which the control gains of a transpose Jacobian control law 

were adapted using a fuzzy logic system in response to tracking errors between a 

reference model and the actual robot system outputs. Numerical simulations in 

the context of 12.6 m x 12.6 m square trajectory tracking by the end-effector of a 

rigid-joint manipulator modeled with the Euler-Lagrange dynamics formulation com

pared the performance of the fuzzy-logic-based adaptive controller with a nonadaptive 

transponse Jacobian controller. Results established that the fuzzy adaptive controller
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yields improved trajectory tracking performance when compared with the nonadap- 

tive controller, particularly at each corner of the trajectory where the nonlinearities 

in the system are significant.

Based on a recent theoretical breakthrough in defining the almost strictly passive 

conditions for nonlinear and nonstationary systems, this work presented the theoret

ical development of two novel direct adaptive control schemes applicable to nonlinear 

systems with adaptation mechanisms derived from the simple adaptive control (SAC) 

theory: (1) the decentralized simple adaptive control (DSAC) methodology, and (2) 

the decentralized modified simple adaptive control (DMSAC) methodology. Similar to 

the direct adaptive fuzzy control law, these two decentralized control techniques only 

consider the diagonal of the time-varying gain matrices, thereby increasing the compu

tational efficiency in comparison to centralized algorithms. The stability of both the 

DSAC and DMSAC control methodologies waw rigorously established in the sense of 

Lyapunov for any nonlinear square systems satisfying the recently-developed almost 

strictly passive conditions. The two new approaches were first applied in numeri

cal simulations for a rigid-joint manipulator modeled as a square system, then the 

DSAC/DMSAC control algorithms were applied to the nonsquare rigid-joint manip

ulator. Although the stability cannot be established in the latter case, simulation 

results demonstrated the applicability of the adaptive techniques for nonsquare sys

tems. In both cases, the results obtained when tracking the square trajectory showed 

improved tracking performance for the DSAC approach compared with the DMSAC 

algorithm, though a t the expense of greater complexity in the controller structure.

The fuzzy logic-based and SAC-based direct adaptive control techniques for rigid- 

joint manipulators were then extended to flexible-joint manipulators by applying the 

singular perturbation-based theory. Using this theory, the control input torque actu

ating the robot motors was separated into a slow control term designed to stabilize 

the rigid-joint dynamics, and a fast control term designed to improve damping of the 

elastic vibrations at the joints. Invoking Tychonov’s theorem rigorously established 

the analytical stability of the resulting composite controllers. Extensive numerical 

simulations testing the trajectory tracking performance of the developed adaptive 

control methodologies were performed on a flexible-joint robot manipulator following
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the square trajectory. Despite abrupt changes in direction tha t caused vibrations in 

the joints, the proposed adaptive control schemes all exhibited good trajectory track

ing performance, with minimal overshoots when applied to the nominal linear joint 

stiffness dynamics model (k  =  500J2 N-m). To validate the robustness to parametric 

uncertainties, the composite controllers tuned for the nominal manipulator were ap

plied to a robot with significantly lower joint stiffness (k  =  2 OO/ 2  N-m). The adaptive 

control gains responded accordingly to the higher flexibilies and provided improved 

damping of the elastic vibrations, while minimizing the tracking errors, compared to 

a nonadaptive composite control strategy. These results clearly demonstrated that 

the proposed adaptive composite controllers were more robust to large uncertainties 

in the systems. Furthermore, the same composite controllers tuned for the nominal 

manipulator were applied to a manipulator modeled with the nonlinear joint stiffness 

formulation derived in this work. This new dynamics formulation includes nonlinear 

effects tha t were observed in experimental studies, but were disregarded in most ex

isting flexible-joint dynamics models. The effects considered in this nonlinear joint 

stiffness model axe: nonlinear and nonstationary joint stiffness matrix, joint friction, 

soft-windup effect and dynamics coupling between joint and motor accelerations. The 

motivation for testing the adaptive controllers with this new dynamics formulation 

was tha t complex and unpredictable flexible dynamics behaviors can arise, and the 

controllers must be robust enough to handle dynamics effects tha t are not included 

in the basic model used for tuning the controllers. Simulation results demonstrated 

significantly improved trajectory tracking when applied to the nonlinear joint stiffness 

model, and robustness to modeling errors when compared to the nonadaptive control 

strategy.

Finally, this work addressed the partial state feedback problem associated with the 

limited number of measurements provided by noisy and biased sensors. Most existing 

flexible-joint control techniques, including all direct adaptive control methodologies 

developed in this work, require full state feedback. However, since typical robot ma

nipulators are only equipped with motor position and velocity sensors, the remaining 

state variables (i.e. link positions and velocities) had to be estimated. To address 

this issue, two extended Kalman filters were developed to estimate all state variables
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in real-time; one for the classic linear joint stiffness model and one for the newly- 

developed nonlinear joint stiffness model. Observability analyses were carried out for 

both estimation schemes, and numerical simulations demonstrated good estimation 

and control results when the state estimates were used by the DMSAC composite 

controller to track the square trajectory. In addition, it was shown that both estima

tion strategies could be successfully extended to cases with measurements that were 

were also corrupted by biases, as demonstrated by the simulation results.

6.2 Significance o f W ork

The significance of this research work is evidenced by the publications and presenta

tions in control engineering-related journals and conferences, as listed below:

Jo u rn a l A rtic les

U lrich , S., and Sasiadek, J. Z., ’’Direct Fuzzy Adaptive Control of a Manipulator 

with Elastic Joints,” Journal o f Guidance, Control, and Dynamics, accepted for 

publication, to appear. [181]

U lrich , S., Sasiadek, J. Z., and Barkana, I., ’’Modeling and Direct Adaptive 

Control of a Flexible-Joint Manipulator,” Journal of Guidance, Control, and 

Dynamics, Vol. 35, No. 1, 2012, pp. 25-39. [182]

U lrich , S. and Sasiadek, J. Z., ’’Trajectory Tracking Control of Flexible-Joint 

Space Manipulators,” Canadian Aeronautics and Space Journal, Vol. 58, No. 1, 

2012, pp. 47-59. [183]

B ook C h a p te r

U lrich , S. and Sasiadek, J. Z., ’’Real-Time Estimation and Adaptive Control of 

Flexible Joint Space Manipulators,” Robot Motion and Control, edited by K. 

Kozlowski, Vol. 442 of Series on Lecture Notes in Control and Information 

Sciences, Springer-Verlag, 2012, ISBN 978-1-4471-2342-2, pp.215-224. [184]

C onference  P ro ceed in g s



165

U lrich , S., Sasiadek, J. Z., and Barkana, I. On a New Class of Direct Adaptive 

O utput Feedback Controllers for Nonlinear Square Systems. 51st IEEE Conference 

on Decision and Control, Maui, Hawaii, 10 - 13 December, 2012, accepted for 

presentation. [185]

U lrich , S., and Sasiadek, J. Z.. Composite Simple Adaptive Control for 

Flexible-Joint Space Manipulators with Uncertainties and Modeling Errors. ASM E  

Dynamic Systems and Control Conference, Fort Lauderdale, Florida, 1 7 -1 9  

October, 2012, accepted for presentation. [186]

U lrich , S. and Sasiadek, J. Z., ’’Direct Fuzzy Adaptive Control of a Manipulator 

with Elastic Joints,” AIAA Guidance, Navigation and Control Conference, 

Minneapolis, MN, 13-16 August, 2012. [187]

U lrich , S., Sasiadek, J. Z., and Barkana, I. Decentralized Simple Adaptive Control 

for Nonsquare Euler-Lagrange Systems. American Control Conference, Montreal, 

Quebec, 27 - 29 June, 2012. [188]

U lrich , S. and Sasiadek, J. Z., ’’Methods of Trajectory Tracking for Flexible Joint 

Space Manipulators,” 18th IFAC World Congress, Milan, Italy, 28 August - 2 

September, 2011, pp. 10307-10312. [189]

U lrich , S. and Sasiadek, J. Z., ’’Direct Adaptive Fuzzy Control for a Two-Link 

Space Robot,” 16th IEEE/IFAC International Conference on Methods and Models 

in Automation and Robotics, Miedzyzdroje, Poland, 22-25 August, 2011, pp.

290-295 [190]

U lrich , S. and Sasiadek, J. Z., ’’Control Strategies for Flexible Joint 

Manipulators,” AIA A  Guidance, Navigation, and Control Conference, Portland,

OR, 8-11 August, 2011. [191]

U lrich , S. and Sasiadek, J. Z., ’’Extended Kalman Filtering for Flexible Joint 

Space Robot Control,” American Control Conference, San Francisco, CA, 29 June-1 

July, 2011, pp. 1021-1026. [192]
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U lrich , S. and Sasiadek, J. Z., ” Real-Time Estimation and Adaptive Control of 

Flexible Joint Space Manipulators,” 8th International Workshop on Robot Motion 

and Control, Bukowy Dworek, Poland, 15-17 June, 2011. [193]

U lrich , S. and Sasiadek, J. Z., ” Direct Model Reference Adaptive Control of a 

Flexible Joint Robot,” AIAA Guidance, Navigation and Control Conference and 

Exhibit, Toronto, Canada, 2-5 August, 2010. [194]

U lrich , S., and Sasiadek, J. Z. Modified Simple Adaptive Control for a Two-Link 

Space Robot, American Control Conference, Baltimore, Maryland, 30 June-2 July, 

2010, pp. 3654-3659. [195]

U lrich, S. and Sasiadek, J. Z., ’’Control of Rigid and Flexible Joint Space 

Manipulators,” 15th CASI Conference on Astronautics, Toronto, Canada, 4-6 May, 

2010. [196]

U lrich , S. and Sasiadek, J. Z., ’’Autonomous Control for Flexible Joint Space 

Robotic Manipulators,” 60th International Astronautical Congress, Daejeon, Korea 

12-16 October, 2009. [197]

6.3 R eco m m en d a tio n s  for F u tu re  W ork

The main contribution of this work is the pioneer theoretical study on the development 

and evaluation of two new SAC-based control methodologies for both rigid-joint and 

flexible-joint space manipulators: the decentralized simple adaptive control (DSAC) 

and the decentralized modified simple adaptive control (DMSAC). As such, this work 

can be viewed as establishing the foundation for more detailed theoretical studies to 

develop better understanding of this new class of direct adaptive control methodolo

gies. Additionally, many other novel contributions related to the control of rigid-joint 

and flexible-joint space robot manipulators have been made in this work, including 

fuzzy logic-based adaptive control, dynamics modeling and nonlinear state estima

tion, and these should lead to further studies in these areas. Some suggestions are 

provided herein to guide future efforts.
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A lm ost S tr ic tly  P assive  C o n d itio n s  for N o n sq u are  S ystem s: Although the 

applicability of the DSAC and DMSAC control methodologies developed in this work 

to nonsquare systems was demonstrated through extensive numerical simulations, the 

extension of the almost strictly passive conditions recently developed by Barkana [139] 

would be required to guarantee stability of this new class of adaptive controllers to 

such systems. However, those conditions do not yet exist, even for the linear time- 

invariant (LTI) case, although inroads to solving this problem for LTI systems have 

been made by Fradkov [198].

E x p o n en tia lly  S tab le  S A C -B ased  Q u asi-S tead y  S ta te  S ub sy stem : As noted 

in Chapter 4, Tychonov’s theorem to guarantee the stability of adaptive composite 

controllers holds only for a finite time interval. Though there is an extension of this 

theorem to the infinite time interval (see [144]) which could be applied in an attem pt 

to show asymptotic stability for sufficiently small e, this would require exponential 

stability of the quasi-steady state subsystem. Future efforts could focus on modifying 

the SAC-based adaptive controllers to yield an exponentially stable quasi-steady state 

closed-loop subsystem for flexible-joint manipulators.

Fuzzy Logic T ype-2  C o n tro l: The fuzzy logic system designed to stabilize the 

quasi steady-state in Chapter 4 was based on the type-1 fuzzy logic control theory, a 

control methodology known for its ability to compensate for structured and unstruc

tured uncertainties. However, a new type-2 fuzzy logic control theory to specifically 

yield improved performance under larger degrees of uncertainties has been devel

oped by Mendel [199], Mendel and John [200], and Hagras [201]. This theory is also 

suitable for nonstationary systems subject to modeling errors, such as robot manipu

lators. One of the first attem pts to design and implement a type-2 fuzzy logic control 

architecture for flexible-joint manipulator systems took place in 2008, and can be 

found in [202] where the authors proposed a type-2 fuzzy controller strategy based on 

a sliding mode control approach. Their controller is also compared to its type-1 coun

terpart, and numerical simulations illustrated the superiority of type-2 controller in 

compensating for large uncertainties. More recently, in 2011, Biglarbegian et al. [203] 

presented an interval type-2 Takagi-Sugeno-Kang fuzzy logic controller for a rigid- 

joint manipulator with parametric uncertainties. Trajectory tracking results show
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that for some configurations, the fuzzy controller can outperform well-known linear 

and nonlinear controllers. Based on these two studies, development of a type-2 fuzzy 

logic-based adaptive composite controller for flexible-joint manipulators should be 

pursued.

A p p lica tio n s  to  F ree -F lo a tin g  a n d  F ree-F ly ing  Space M an ip u la to rs : As in

previous studies on the control of flexible space manipulators [8-12,14,15,99,111], the 

new controllers developed in this work were applied to a space manipulator attached 

to a full controlling base, with both its position and orientation controlled through 

je t thrusts and reaction wheels to compensate for the manipulator motions. However, 

a particular problem with space robots is how to handle the dynamics coupling be

tween the robot manipulator and its base. In reality, the position and orientation of 

the base spacecraft fluctuates due to the manipulator motion, and vice versa. Space 

robots attached to a moving base can be classified into two categories [204]: (1) free- 

floating, where neither the position nor the orientation of the base is controlled to 

save energy, and (2) free-flying, where only the orientation of the base is controlled 

through reaction wheels to maintain a communication link with the ground and to 

generate electrical power from the solar panels. In either case, the issue of coordina

tion or isolation between the base and a flexible-joint manipulator dynamics should 

be investigated.

U n scen ted  K a lm an  F il te r  for S ta te  E s tim a tio n : The state estimators used to 

determine the full state vector in real-time were derived using the extended Kalman 

filter (EKF) theory. As discussed in Chapter 5, the EKF propagates the estimated 

states through an exact, nonlinear dynamics model, while the state covariance matrix 

is propagated through a linearized approximation. This linear approximation could 

lead to a variety of complications and limitations [205]. For example, the linearization 

is prohibitive in terms of computation, since it requires determining the exponential of 

a matrix. Another example, is that since the Kalman theory guarantees the stability 

and performance of the filter only for linear systems driven by ideal Gaussian noise 

processes, the inherent nonlinearities of nonlinear systems imply the need for inten

sive simulation validations, to fine-tune the filter parameters to the actual system. As 

a consequence, the filter behaves adequately only for the range of conditions it was
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tuned for, which leads to poor robustness to non-nominal conditions and parameter 

variations. Thus, stability of the EKF is only ensured for small deviations from the 

reference conditions. This was observed in this work through the unstable behavior 

(divergence) in numerical simulations when the linear joint stiffness-based EKF was 

applied to the nonlinear joint stiffness dynamics model. A new class of Kalman-based 

state estimation techniques, known as the unscented Kalman filter (UKF), was de

veloped by Julier and Uhlmann [206]. This technique uses the so-called unscented 

transform (UT) derived from the field of statistics for handling random variables 

transformed by nonlinear functions. The UT allows the optimal computation of the 

exact first and second-order statistical moments (i.e. mean and covariance) of a non

linear function of a random variable, making it far more accurate than conventional 

linearization. The UKF merges the UT within the Kalman filter to avoid issues 

related to linearization. The estimated state variables, with a few well-chosen neigh

bouring points, known as sigma points, are propagated through the exact nonlinear 

dynamics. A specific weighting function of the computed results provides the mean 

and the state covariance prior to the measurement update. In view of the above, 

future efforts could focus on the development of state estimation techniques, using 

the UKF theory for flexible-joint manipulators.



Appendix A

Rigid Kinematics and Dynamics Equations

This appendix presents the detailled development of the kinematics and dynamics 

equations of a two-link robot manipulator.

A .l Kinematics Equations

In this section, the forward and inverse kinematics equations are presented.

A. 1.1 Forward Kinematics

The forward kinematics problem is concerned with the determination of the end- 

effector position and orientation as a function of the individual joint angles. To 

perform the kinematic analysis, a reference frame OiXiUiZi is attached to link i. For 

the two-link planar robot with two revolute joints illustrated in Fig. A .l, the frame 

oqXqVqzo is referred to as the inertial frame and is attached to the base, the frame 

0 \X\y\Z\ is attached to the first link, at the elbow joint, and the frame 0 2 X23/2 2 2 

is attached to the second link, at the end-effector. The position and orientation 

of OiXiyiZi with respect to Oi_iXj_iyj_i,Zj_i can be obtained with the time-varying 

transformation m atrix Ai € K4x4, which varies as the configuration of the robot is 

changed. Assuming tha t all joints are either revolute or prismatic, the matrix Ai is 

obtained as a function of the joint variable € E, as follows [18,107-109]

Ai =  A(Qi) (A .l)

where the transformation A it is determined using the Denavit-Hartenberg, or DH 

convention. W ith this convention, Ai is given by a product of four basic transforma

tions

170
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Ai =  R O T ^ T R A N S ^ T R A N S ^ R O T * ^

COS ft — sin ft 0 0 1 0 0 0 1 0 0 l i 1 0 0 0

sin ft COS ft 0 0 0 1 0 0 0 1 0 0 0 COS ttj — sin aj 0

0 0 1 0 0 0 1 di 0 0 1 0 0 sin aj cosaj 0

0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1

cos ft — sin qi cos a j sin qi sin a* k  cos ft

sin qi cos ft cos aj — cos ft sin a* k  sin qi

0 sin aj cos ai di

0 0 0 1

where Vz =  1,2, the parameters k, a ,, di, qi € M denote the length of link i, twist 

angle of link i, offset distance of link i, and angular position of link i, respectively. 

Neglecting the twist and offset for the two-link planar robot manipulator shown in 

Fig. A .l, the only remaining parameters of interest are k  and ft. From A.2, the A  

matrices are then given by

A\ —

cos ft —sin ft 0 11 cos f t 

sin f t cos ft 0 k  sin ft 

0 0 1 0

0 0 0 1

(A.3)

Ao =

cos q2 -  sin q2 0 l2 cos q2 

sin f t  cos f t  0 ^  sin f t

0 0 1 0

0 0 0 1

(A-4)

The position and orientation of OjXjftZj with respect to OjXjyjZj is then obtained 

with the homogeneous transformation matrix Cy € R4x4 given by



172

-'4i+ij4.i+2. . .  Aj _1 A.j if i <  j

C  ■= * r. if i = j  
if i > j

(A.5)

Therefore, using (A.3) and (A.4), the rotation matrices are given by

Cio =  Ai (A.6)

C20 = A 1A 2 =

cos(?i +  9 2 ) -  sin (qi +  9 2 ) 0 l\ cos qx + l2 cos(<ji +  <72) 

sin(<?i +  9 2 ) cos(<7i +  q2) 0 l\ sin qx +  l2 sin(gi +  q2)

0 0 0 11

The first two entries of the last column of C20 represent the x  and y components 

of the reference frame o2x 2y2z2 attached to the end-effector with respect in the base 

frame, which are given by

Equations (A.8) and (A.9) are called the forward kinematics equations.

A .1.2 Velocity Kinematics - The Jacobian

The velocity kinematics can be conveniently formulated in differential form by deriv

ing a suitable Jacobian that relates the linear and angular velocity of the end-effector, 

denoted by v 2,w 2 E R2, respectively, to the joint velocity q E R2, as follows [18]

x 2 =  h  cos<?i +  l2 cos(gi +  q2) (A.8)

y2 =  h sinq i + l2sin(ql + q2) (A.9)

v2 = M q ) q (A.1 0 )
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F ig u re  A .l :  Two-link revolute joint robot manipulator

^2 =  J M q (A .ll)

where Jv(q), ■/«(?) € R3x2. Equations (A.10) and (A .ll) can be grouped together as

«2,

W2*

W2y

W2,

=  J(?) (A.12)

In the above expression, J(g) G R6x2 denotes the Jacobian matrix, which is given by
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m (A.13)

- h  sin qx -  l2 sin(gi +  q2) - l 2 sin(?i +  q2) 

lx cos qi + 12 cos(<ji +  q2) l2 cos(qx + q2)

0 0

0 0

0 0

1 1

The first two rows of (A.13) gives the linear velocity of the end-effector relative to 

the base, which is obtained by time-differentiating (A.8 ) and (A.9), as follows

x 2 =  - l x sin qxqx -  l2 sin (9 1  +  q2)(qx +  q2) (A.14)

y2 =  lx cosqxqx +  l2 cos(qx + q2)(qx +  q2) (A.15)

The third row of the Jacobian is the linear velocity of the end-effector in the direction 

of Zq, which is indeed zero for a planar two-link manipulator. The last three rows 

of the Jacobian represent the angular velocity of the end-effector, which is simply a 

rotation about the zq axis a t a rate of qx +  q2. In the present case, the orientation of 

the end-effector is of no concern and the Jacobian matrix, denoted by J(q) € R2*2, 

reduces to the first two rows.

A. 1.3 Inverse Kinematics

Inverse kinematics consists of the determination of the joint angles given the coordi

nates of the end-effector frame o2x 2y2z2. Using a simple geometrical approach and 

the law of cosines it can be shown that for the two-link planar robot shown in Fig.

A .l, the joint angle q2 is given by

c o s ^ W - ^  (A .W )

However, a better way to determine q2 is based on the fact that since cos q2 =  D, 

then
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sinq2 =  ± V l  -  D 2 (A.17)

Hence, 9 2  can be found by

9 2  =  tan
_t ± \ / l  -  D 2

D
(A.18)

where the negative and positve sign in (A.18) represent the elbow-up and elbow-down 

confiuration, respectively. The angle q\ is given as a function of q2, as follows

9i =  tan 1 ( — ^ -  tan 1 (  ^  ^ 92
\ x 2J  \ l i  +  / 2 cos 9 2/, , , (A.19)

J l  +  l2 COS 9 2 /

The determination of the joint velocities from the end-effector velocities is per

formed by using the inverse Jacobian

91
=  ^ ( 9 )

X2

.92. K
(A.20)

where the inverse of the Jacobian is given by

l\l2 sin 92

l2 cos(9 i +  q2) l2 sin(9 x +  q2)

-li cos 9 i -  l2 cos(9 i +  9 2 ) - l \  sin 91  -  l2 sin(9 i +  q2)
(A.2 1 )

The determinant of the Jacobian is equal to lil2sinq2. Hence, the Jacobian does not 

have an inverse when q2 =  0 or 92  =  7r, in which case the manipulator is said to be in 

a singular configuration.

A .2 D ynam ics E q u a tio n s

For the two-link planar robot manipulator with two revolute joints shown in Fig. A .l 

where, V* =  1 , 2 , m* € R denotes the mass of link i, lj 6  1  denotes the length of link i, 

l a t R  denotes the distance from the previous joint to the center of mass of link i, and 

Jj € R denotes the moment of inertia of link 1 about an axis perpenticular to the xy 

plane passing through the center of gravity of link i, the dynamics equations of motion
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are derived with the Euler-Lagrange formulation which is defined as a function of the 

kinetic Tr €  R, and potential energy Ur € R of the system as follows [18,107-110]

The kinetic and potential energies are defined in terms of a set of so-called gen

eralized coordinates { q i , . . . ,q n) (which also denote the joint angles) where n is the 

number of DOF of the system. The equations of motions of a two-link rigid-joint 

robot subjected to torques r  € R2 is derived according to the following equation

where are the components of the robot inertia matrix denoted M(q) € R2x2 

which is symmetric and positive definite. In the case of rigid dynamics, the only 

source of potential energy is gravity. The potential energy of the ith  link is computed 

by assuming th a t the mass of the entire link is concentrated at its center of gravity. 

Assuming tha t the potential energy is independent of q, the total potential energy of 

the two-link robot is therefore

L = Tr - U T (A.22)

(A.23)

The kinetic energy is assumed to be a quadratic function of the link position vector 

q of the form

n n

i - 0  j=0

n

i=0

where g G R2 is the vector giving the direction of the gravity in the inertial frame 

and the vector r „ 6 R  gives the coordinates of the center of gravity of the ith  link.

The Lagrangian is given by

(A.26)
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For space robot applications, the gravitational force g is disregarded, and the La- 

grangian is reduced to

- n  n

(A-27)
i=0 j =o

The partial derivative of the Lagrangian with respect to the k th  joint position is given 

by

d L  1 dM ij  . . . .  .
^  =  < )

Hk i=0 j =0 HK

Similarly, the partial derivatives of the Lagrangian with respect to the kth  joint 

velocity is given by

(*■ »)
Hk j =0

and therefore

d d L  A A  . .  .. A d , .  .
J t d f k =  +

j=0 j =o

= M i& + i b i b  (a,3°̂
j =0 t=0 j =0

Thus, for each joint, the Euler-Lagrange equations are given by

Tk

It can be shown that

<A31>j =0 t=0 j =0  ̂ Hx HK }

f  dMkj 1 dM ^  ^  ̂ f  dMki dM ^  |  . .

n n

=  (A-32)
i=0 j=0
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where the terms Cy* are known as the Christoffel symbols. The Euler-Lagrange 

equations of motion can then be written as

n n n

tfc =  ^  ] Mijijj +  ^   ̂^  ] CtjkQiQj'i k = 1 , . . . ,  n, (A.33)
j —0 i=0 j=o

In the above expression, the terms of the type qf are called centrifugal while the terms 

of the type q ^j are called Coriolis terms. Equation (A.33) is often written in matrix 

form as

t  = M(q)q + C{q,q)q (A M )

where the k j th  element of the centrifugal/Coriolis matrix denoted C(q,q) € R2x2 is 

defined as

n

Cjk — ^  (A.35)
»=i

For a  two-link planar robot manipulator, the inertia matrix M (q) is derived in 

terms of linear and angular velocity which are function of the Jacobian matrix and

the derivatives of the joint variables. Using the Jacobian matrix expressions defined

earlier, the linear velocity of link 1 and 2 center of gravity represented by vCl, vC2 € K, 

respectively, are given by

vci — Jvci(q)Q

Xci
— Jve ifa )

91

f t .
(A.36)

‘■'C2 JvC2 (Q)Q

*̂C2
— JvaiQ)

Qi

> 2 . . f t .

(A.37)

where



179

Jvciio) —

—Id sin(gi) 0 

Id cos(gi) 0 

0 0

(A.38)

and

JvC2 (?) —

~ k  sin(gi) -  lc2 sin(qx +  q2) - l e2 sin(gi +  q2) 

k  cos(qx) +  IcQ cos{qi + q2) lc2 cos(<?i +  g2) 

0 0

(A.39)

Hence, the translational contribution to the total kinetic energy, Trv e  E, is

Trv =  -rnxv^Vc,  +  ^ m 2v ^ v C2

= 2? {m l^vci^vci +  ™'2Jvc.i Jvci } <1 (A.40)

Considering that the angular velocity of the ith  link, uju is aligned with the 2 -axis 

of each joint coordinate frame, the rotational kinetic energy, Tru € E, is simply k u f .  

Hence the rotational contribution to the total kinetic energy is

Tru ~  2 ^ h
'l o' \  \

+ h
0 0 1 1

where

Ii
m jlj . 

12 ’
i =  1,2

(A.41)

(A.42)

The inertia matrix M(q) is obtained by adding the two matrices in (A.40) and (A.41), 

as follows

M(q) =
M u M \2 r p  r p h  +  h  h

— Tfl\JVClJ VCl +  m 2JVC2Jvc2 "b
_M2 x m 22 l

(A.43)

Expanding the previous equation, and using standard trigonometric identities cos2(0)+



sin2(6) = 1, cos(a) cos(/3) +  sin(a) sin(/5) =  cos(a -  (3) yields
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M \\ =  m i ^  4- m 2{l\ + +  2ii/c2 cos 9 2 ) +  h  +  ^2

M 12 =  M2i =  m2(/J  +  hlct cosq2) + h  (A.44)

M22 =  rn2llt +  h

W ith the above expressions, the Christoffel symbols can be derived using the 

definition given in (A.32) as follows

Cm

C121 =

c22i =

Cl 12

I d M 11
=  0

2 dqx
1 dM n

C211 =  2~d(fi ~  — m 2 titc2 s in g 2 — h 

dM l2 1 dM 2 2
dq2 

dM 21
2 dqi 
1 dM n

C122 =  C212 =  r

dqx 2 d<?2
1 dM 22
2 dqx

h

- h

=  0

C222 =  „
1 dM 22
2 dg2

0

(A.45)

(A.46)

(A.47)

(A.48)

(A.49)

(A.50)

W ith the definition of the centrifugal/Coriolis matrix given in (A.35), the matrix 

C(q, q) is

C(q,q) — - m 2l\lC2sinq2
92 qi +  9 2  

- 9 i  0
(A.51)



Appendix B

Fuzzy Logic MATRIXx Code

This appendix presents the MATRIXx programming code of the fuzzy logic-based 

adaptation mechanism developed in Chapter 4 to calculate the time-varying control 

parameters A, G RVg =  1 , . . . ,  4.

B .l Initialization File
1 #==«==«========================================:

# Initialization of the adaptive fuzzy controller
# Written by: Steve Ulrich
# Copyright(c) 2011 by Steve Ulrich 
#= = = = = = = = = * = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = :

If !exist(CTL_FUZ, {partition}) then 
NEW PARTITION CTL.FUZ endlf

0 set partition CTL.FUZ

# Control gain and input/output scaling gains
 # -----------------------------------------------------------------------------

Kv = 35*eye(2,2);
g0 = 1.5;

20 gl = 1.5;
g2 = 0.1;
g3 = 0.1;
hO = 100; 
hi = 100; 
h2 = 270; 
h3 = 270;

# Rules
 # ----------------------------------------------------------
rules * [9, 9, 7, 6, 5, 6, 7, 9, 9;

9, 9, 6, 5, 4, 5, 6, 9, 9;
7, 6, 5, 4, 3, 4, 5, 6, 7;
6, 5, 4, 3, 2, 3, 4, 5, 6;
5, 4, 3, 2, 1, 2, 3, 4, 5;
6, 5, 4, 3, 2, 3, 4, 5, 6;

40 7, 6, 5, 4, 3, 4, 5, 6, 7;
9, 9, 6, 5, 4, 5, 6, 9, 9;
9, 9, 7, 6, 5, 6, 7, 9, 9];

181
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rulesVEL = [5,4,3,2,1,2,3,4,5];

# Centers of output membership functions

# [ZERO, PWL, PVL, PL, PMED, PH, PVH, PWH, PMAX]
c - [0, 0.125, 0.25, 0.35, 0.5, 0.625, 0.75, 0.875, 1];
# [ZERO, PL, PMED, PH, PMAX] 
cVEL = [0, 0.25, 0.5, 0.75, 1];

# Gaussian membership function definitions 
60 # ---------------------------------------------------------

nbpts * 100;
X = [0:(1/nbpts):1];
outmf = zeros(9,nbpts+l);
for i=l:9 , , ,, , . N .outmf(i,1:nbpts+1) = EXP(-0.5*((X-c(i))/(l/24))‘2);
endfor

70 outmfVEL = zeros(5,nbpts+1); 
for i=l:5outmfVEL(i,l:nbpts+1) = EXP(-0.5*((X-cVEL(i))/(l/12))“2);
endfor

# Initilization of output fuzzy sets to zero

# 1 = Implied Fuzzy Sets
# 2 = Overall (Aggregated) Fuzzy Set

flag = 1
if (flag==l)then

impmf = zeros(l,nbpts+1); 
impmfVEL = impmf;

90 aggmf = 0;
else impmf = zeros(81,nbpts+1); 

impmfVEL = zeros(9 ,nbpts+1); 
aggmf = zeros(1,nbpts+1);

endif
set partition main;
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B.2 Adaptation Mechanism Function

# Fuzzy adaptation mechanism of control parameter lambda.1
# or lambda 2# Written by: Steve Ulrich
# Copyright(c) 2011 by Steve Ulrich 
# = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =

function [lambda] = TYPEl(t.u)

# Input vector assignation
xl = u(l); # pos_x_err or pos_y_err 
x2 * u(2); # vel_x_err or vel_y_err

# Parameters initialization #------------------------------------------
20 rules = CTL.FUZ.rules;nbpts = CTL.FUZ.nbpts;

X = CTL.FUZ.X ; 
uA = 0;
outmf = CTL.FUZ.outmf; impmf = CTL.FUZ.impmf; 
aggmf = CTL.FUZ.aggmf; 
c = CTL.FUZ.c; flag = CTL.FUZ.flag;

30 #-----------------------------------------------
# Fuzzification #---------------------------------
u_xl = zeros(1,9); 
u_x2 = zeros(1,9);
u_xl(l) s EXP(-0.5*( xl+l)/(l/12))~2); # NVH
u_xl(2) = EXP(-0.5*( xl+0.75)/(1/12))~2); # NH
u_xl(3) as EXP(-0.5*( xl+0.5)/(l/12))“2); # NL
u_xl(4) = EXP(-0.5*( xl+0.25)/(l/12))~2); # NVL
u_xl(5) s EXP(-0.5*( xl)/(l/12))“2); # ZERO
u_xl(6) m EXP(-0.5*( xl-0.25)/(l/12))"2); # PVL
u_xl(7) - EXP(-0.5*( xl-0.5)/(l/12))"2); # PL
u_xl(8) S EXP(-0.5*( xl-0.75)/(l/12))“2); # PH
u_xl(9) s EXP(-0.5*( xl-l)/(l/12))“2); # PVH
u_x2(l) = EXP(-0.5*( x2+l)/(l/12))“2); # NVH
u_x2(2) = EXP(-0.5*( x2+0.75)/(l/12))*2); # NH
u_x2(3) s EXP(-0.5*( x2+0.5)/(l/12))“2); # NL
u_x2(4) = EXP(-0.5*( X2+0.25)/(1/12))~2); # NVL
u_x2(5) as EXP(-0.5*( x2)/(l/12))“2); # ZERO
u_x2(6) as EXP(-0.5*( x2-0.25)/(l/12))“2); # PVL
u_x2(7) = EXP(-0.5*( x2-0.5)/(1/12))“2); # PL
u_x2(8) = EXP(-0.5*( x2-0.75)/(l/12))“2); # PH
u_x2(9) = EXP(-0.5*( x2-l)/(l/12))“2); # PVH

#------------------------------------------------------------------------------------
# Fuzzy inference mechanism - implied fuzzy sets 

60 #----------------------------------------------



if (flag==l) then
area = 0; 
num = 0; 
den = 0;
for 1*1:9for j=l:9
# Antecedent Composition (MIN) 
uA = min(u_x2(i),u_xl(j));
# Implication (MIN - Mamdani) 
impmf = min(outmf(rules(i,j),:),uA);
# Find area under all implied fuzzy sets
area = sum((l/nbpts)*(impmf(l:nbpts) + impmf(2:nbpts+1))/2);
# Defuzzification (COG Numerator) 
num = num + c(rules(i,j))*area;
# Defuzzification (COG Denominator) den = den + area;
endfor endfor
# Crisp Output 
lambda = num/den;
else

Fuzzy inference mechanism - aggregated implied fuzzy set
for ±-1:9 for j—1:9
# Antecedent Composition (MIN) 
uA = min(u_x2(i),u_xl(j));
# Implication (MIN - Mamdani)
impmf((i-l)*9+j,l:nbpts+l) * min(outmf(rules(i,j),:),uA);
endfor endfor
# Aggregation (MAX) 
for i=l:nbpts+1

aggmf(l,i)=max(impmf(:,i))
endfor
Xaggmf = X .*aggmf;
# Defuzzification (COA Numerator)
num = sum((l/nbpts)*(Xaggmf(l:nbpts) + Xaggmf(2:nbpts+1))/2);
# Defuzzification (COA Denominator)
den = sum((l/nbpts)*(aggmf(l:nbpts) + aggmf(2:nbpts+l))/2);
# Crisp Output
lambda = num(1,1,nbpts+1)/den(1,1,nbpts+1); 
endif
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endfunction

# Fuzzy adaptation mechanism of control parameter lambda_3
# or lambda_4# Written by: Steve Ulrich
# Copyright(c) 2011 by Steve Ulrich 
#==========================================================

function [lambda] = TYPElVEL(t,u)
10 #---------------------------------------------------------------------------------------------------# Input vector assignation

 #---------------------------------------------------------------------------------------------
xl = u(l); # vel_x_err or vel_y_err

#-------------------------------------------------------------------------------------------------------
# Parameters initialization
~ruIesviL~="cTLlFuiTrulesVELy 

20 nbpts ■ CTL.FUZ.nbpts;
X = CTL.FUZ.X;
outmfVEL = CTL.FUZ.outmfVEL; 
impmfVEL = CTL.FUZ.impmfVEL; 
aggmf = CTL.FUZ.aggmf; 
cVEL = CTL.FUZ.cVEL; 
flag = CTL.FUZ.flag;

30 #----------------------------------------# Fuzzification #------------------------------------------------------------------
u.xl = zeros(1,9);
u.xl(l) = EXP(-0.5*((xl+l)/(l/12))“2); 
u.xl(2) = EXP(-0.5*((xl+0.75)/(1/12))~2) 
u.xl(3) = EXP(-0.5*((xl+0.5)/(l/12))“2); 
u.xl(4) - EXP(-0.5*((xl+0.25)/(l/12))~2) 
u.xl(5) = EXP(-0.5*((xl)/(l/12))“2);

40 u.xl(6) = EXP(-0.5*((xl-0.25)/(l/12))'2) 
u.xl(7) = EXP(-0.5*((xl-0.5)/(l/12))'2); 
u.xl(8) = EXP(-0.5*((xl-0.75)/(l/12))~2) 
u.xl(9) = EXP(-0.5*((xl-l)/(l/12))“2);

NVH
NH
NL
NVL
ZERO
PVL
PL
PH
PVH

implied fuzzy sets# Fuzzy inference mechanism
 # ----------------------------------------------------------------------------------------

if (flag==l) then
area = 0; 
num = 0; 
den = 0;
for ±-1:9
# Implication (MIN - Mamdani)
impmfVEL « min(outmfVEL(rulesVEL(i),:),u_xl(i));

50



# Find area under all implied fuzzy sets
area * sum((1/nbpts)*(impmfVEL(l:nbpts) + impmfVEL(2:nbpts+1))/2);
# Defuzzification (COG Numerator) 
num * num + cVEL(rulesVEL(i))*area;
# Defuzzification (COG Denominator) den = den + area;
endfor
# Crisp Output 
lambda = num/den;
else

Fuzzy inference mechanism - aggregated implied fuzzy set
# Implication (MIN - Mamdani)
impmfVEL?i,l:nbpts+1) = min(outmfVEL(rulesVEL(i),:),u_xl(i)); 
endfor
# Aggregation (MAX) 
for i=l:nbpts+1

aggmf(l,i) = m ax(impmfV E L ( i));
endfor
Xaggmf = X .*aggmf;
# Defuzzification (COA Numerator)
num = sum((1/nbpts)*(Xaggmf(l:nbpts) + Xaggmf(2:nbpts+1)) /2 );
# Defuzzification (COA Denominator)
den = sum((1/nbpts)*(aggmf(l:nbpts) + aggmf(2:nbpts+1))/2);
# Crisp Output
lambda = num(l,l,nbpts+l)/den(l,l,nbpts+1); 
endif
endfunction



Appendix C

DSAC/DM SAC for Square Flexible-Joint Manipulators

This appendix presents and briefly discusses the simulation results obtained with 

the DSAC/DMSAC composite control methodologies for a flexible-joint manipulator 

modeled as a square system. Although similar results to those presented in Chapter 

4 are obtained, the present chapter is distinctly different, as no formal analytical 

guarantee of closed-loop stability could be obtained in Chapter 4 (recall that the 

closed-loop stability of the DMSAC and DSAC control methodologies can only be 

guaranteed for square manipulators).

C .l Control Objective

The control objective consists in designing a DSAC and a DMSAC composite con

trollers which ensure that the output vector of the flexible-joint manipulator system 

denoted by y(t) e  R2 tracks the time-varying reference model output ym(t) € R2, 

regardless of uncertainties and modeling errors. Let define y(t) and ym(t) as

y = a x r + x r (C .l)

ym — a xrm +  xTm 

such tha t a tracking error, denoted by ey(t) G R2, is defined as

(C.2)

ym - y  = <* (avm -  xr) + (xrm -  xr)] (C.3)

where the reference model defines the ideal response to the desired square trajec

tory, and is expressed in terms of the ideal damping ratio (,  and undamped natural 

frequency u n. The position scaling factor a  was arbitrarily selected as 0.5.
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C.2 DSAC-Based Composite Control

The following DSAC composite control law presented in (4.52) is used

r  =  J T(q) [Ke(t)ey +  K x(t)xm + K u(t)um] +  K v(q -  qm) (C.4)

where the time-varying control gains are defined as in (4.53)-(4.55), and where the 

adaptation mechanism is defined in (3.25), (3.26) and (3.28)-(3.31).

C.3 DMSAC-Based Composite Control

The DMSAC composite controller given in (4.52) is considered

r  =  J T(q)Ke(t)ey +  K v(q -  qm) (C.5)

where the time-varying control gain K e(t) can be defined as in (4.53), with K pe(t), K ie{t) 

updated as (3.25) and (3.26).

C.4 Simulation Results

This section presents the numerical simulations used to validate and compare the 

DSAC and DMSAC composite controllers for a flexible-joint manipulator modeled a 

square system. The parameters, gains and coefficients of the DSAC composite control 

algorithm were determined as follows

r Pe = 15 h  r u = 50 h  r P. =  r Pu = o .i / 4 r , ,  =  r ,„  =  0 .2 / 4

ae =  O.I/ 2

0X = 0u =  diag 0.9 0.9 0.4 0.4

K v = 120/a

and the control parameters, gains and coefficients of the DMSAC composite controller 

were selected as follows



189

r Pe =  15 I2 TIe =  3 5 / 2  <Te = 0 .0 3 / 2  K v = 3 5 / 2

As previously, the control parameters listed above were selected in numerical sim

ulations to provide good trajectory tracking performance for the flexible-joint manip

ulator modeled with the nominal linear joint stiffness dynamics representation.

Results for the DMSAC and the DSAC control laws are shown in Figs. C .l to

C.3, and in Figs. C.4 to C.8, respectively. As in Chapter 4, the DSAC composite 

control strategy provides improved tracking results, when compared to the DMSAC 

composite controller. This is demonstrated in Figs. C .l and C.4, where the DMSAC 

control strategy exhibits greater positioning overshoots; 0.117 m, 0.112 m and 0.104 

m, for the DMSAC control law, in comparison with 0.082 m, 0.079 m and 0.079 m for 

the DSAC control law, at the first, second and third direction change, respectively.

To validate the robustness to parametric uncertainties, the same DMSAC and 

DSAC composite controllers tuned for the nominal robot manipulator were applied to 

the uncertain linear joint stiffness robot model (k  =  2 OO/ 2  N m /rad). The results are 

provided in Figs. C.9 to C.16. Both composite control methodologies achieved similar 

tracking performance in terms positioning errors; 0.124 m, 0.126 m and 0.121 m for 

the DMSAC strategy, compared with 0.127 m, 0.129 m and 0.123 m for the DSAC 

strategy.. However, with the DSAC approach, the settling time between two direction 

changes is greater, as shown in Figs. C.13 to C.16. This endorses the results obtained 

in Chapter 4 with the nonsquare manipulator model, and indicates tha t the DSAC 

composite controller is more sensitive to sudden changes in the desired trajectory 

when applied to a manipulator with excessively low joint stiffness coefficients.

Finally, both adaptive control schemes were applied to the nonlinear joint stiffness 

dynamics model. Similar to Chapter 4, both adaptive control strategies provide a 

stable closed-loop behavior, yet the trajectory obtained with the DSAC control law 

demonstrates improved tracking results, as shown in Figs. C.17 and C.20
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F ig u re  C .l :  Trajectory tracking results obtained with the DMSAC composite con
troller applied to the nominal linear joint stiffness manipulator (k = 500/2 N-m) 
modeled as a square system. The dashed line corresponds to the desired end-effector 
position xTd{t), and the solid line corresponds to the actual end-effector position x r(t).
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F ig u re  C .2: Trajectory tracking errors (ey (t) =  ym (t ) -  y (t)) obtained with the
DMSAC composite controller applied to the nominal linear joint stiffness manipulator
(k =  500/2 N-m) modeled as a square system.
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F ig u re  C .3: Adaptation history of the DMSAC composite controller gains K ep (t)
and K ed(t) when applied to the nominal linear joint stiffness manipulator (k =  500/2
N-m) modeled as a square system.
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F ig u re  C .4: Trajectory tracking results obtained with the DSAC composite con
troller applied to the nominal linear joint stiffness manipulator (k  =  500/2 N-m) 
modeled as a square system. The dashed line corresponds to the desired end-effector 
position xr<t(t), and the solid line corresponds to the actual end-effector position xr(t).
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Figure C .5: Trajectory tracking errors (ey (t) =  ym (t ) -  y  (t))  obtained with the
DSAC composite controller applied to the nominal linear joint stiffness manipulator
(k =  500/2 N-m) modeled as a square system.
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F ig u re  C .6: Adaptation history of the DSAC composite controller gains K tp(t) and
K ed(t) when applied to the nominal linear joint stiffness manipulator (k =  500/2 N-m)
modeled as a square system.
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F ig u re  C .7: Adaptation history of the DSAC composite controller gains K Xp(t) and 
K Xd(t) when applied to  the nominal linear joint stiffness manipulator (k  =  500/2 N-m) 
modeled as a square system.
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F ig u re  C .8: Adaptation history of the DSAC composite controller gains K Up(t) and 
K Ud(t) when applied to the nominal linear joint stiffness manipulator (A; =  500/2 N-m) 
modeled as a  square system.
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F ig u re  C .9: Trajectory tracking results obtained with the DMSAC composite con
troller applied to the uncertain linear joint stiffness manipulator (k  =  200/2 N-m) 
modeled as a square system. The dashed line corresponds to the desired end-effector 
position x u (t), and the solid line corresponds to the actual end-effector position x r(t).
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F ig u re  C .10: Trajectory tracking errors (ey (t ) =  ym (t ) — y (t)) obtained with the
DMSAC composite controller applied to the uncertain linear joint stiffness manipu
lator (k =  2OO/2 N-m) modeled as a square system.
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F ig u re  C . l l :  Adaptation history of the DMSAC composite controller gains K ep(t)
and K ed(t) when applied to the uncertain linear joint stiffness manipulator (k =  200/2
N-m) modeled as a square system.
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F ig u re  C .12: Trajectory tracking results obtained with the DSAC composite con
troller applied to the uncertain linear joint stiffness manipulator (k = 2 OOJ2 N-m) 
modeled as a square system. The dashed line corresponds to the desired end-effector 
position x rd(t), and the solid line corresponds to the actual end-effector position x r(t).
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F ig u re  C .13: Trajectory tracking errors (ey (t ) =  ym (t ) — y (£)) obtained with the
DSAC composite controller applied to the uncertain linear joint stiffness manipulator
(k =  2OO/2 N-m) modeled as a square system.
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F ig u re  C .14: Adaptation history of the DSAC composite controller gains K ep(t)
and K ed(t) when applied to the uncertain linear joint stiffness manipulator (k =  200/2
N-m) modeled as a square system.
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F ig u re  C .15: Adaptation history of the DSAC composite controller gains K Xp(t) and 
K Xd(t) when applied to the uncertain linear joint stiffness manipulator (k  =  200/2 
N-m) modeled as a square system.
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system. The dashed line corresponds to the desired end-effector position x rd(t), and 
the solid line corresponds to the actual end-effector position x r(t).
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DMSAC composite controller applied to the nonlinear joint stiffness manipulator 
modeled as a square system.
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F ig u re  C .20: Trajectory tracking results obtained with the DSAC composite con
troller applied to the nonlinear joint stiffness manipulator modeled as a square system. 
The dashed line corresponds to the desired end-effector position x Td(t), and the solid 
line corresponds to the actual end-effector position x r(t).
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F ig u re  C .21: Trajectory tracking errors (ev (t ) =  ym (t ) — y (t)) obtained with the 
DSAC composite controller applied to the nonlinear joint stiffness manipulator mod
eled as a  square system.
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and K ed(t) when applied to the nonlinear joint stiffness manipulator modeled as a
square system.
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Appendix D

Nonlinear Backstepping Control

This appendix presents the development of the nonlinear flexible-joint controller based 

on the backstepping control theory, as proposed by Brogliato et al. [28].

D .l Nonlinear Backstepping Control Development

Brogliato et al. [28] present three nonlinear design techniques for global stabilization 

of flexible-joint manipulators, among them, the so-called nonlinear backstepping con

trol methodology. The backstepping control scheme uses the cascade decomposition 

property of the model combined with the integrator augmentation stabilization of 

Kokotovic and Sussmann [207]. To develop their nonlinear control law, Brogliato et 

al. [28] have adopted the backstepping technique as a step-by-step methodology, in 

order to highlight tha t it is a systematic control design procedure. Several varia

tions are posssible at some stages of the backstepping design. This could lead to a 

controller with better tracking performance, although this may not seem possible to 

obtain other controllers than the one proposed without modifying the initial triangu

lar structure, hence resulting in an antisymmetric system. Another alternative could 

have been to select qm — q as the hypothetical input, as proposed by Nicosia and 

Tomei [61]. However, the controller obtained with qm represents a more general case 

than the one proposed with qm — q. The resulting nonlinear backstepping controller 

is given by [28]

T = Jm [Qma ~  2(9m — 9m )̂ — 2(qm — qmj) ~  (s d- s )] +  k(qm — q) (D .l)

where s £  K" is given by
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a =  (V ~ Qd) +  A (g -  qd) (D.2)

with A € Rnxn denoting a constant gain matrix. In (D .l), qmd, qmd, qmd € R" denotes 

respectively the desired motor angular position, velocity and acceleration vectors, and 

are given by

In (D.3)-(D.5), the term tsli denotes the well-known adaptive control law proposed 

by Slotine and Li [160] for rigid-joint robots. This rigid-joint adaptive control law 

consists of a PD feedback part and a full dynamics feedforward compensation part. 

Although the controller gains and parameters are kept constant, the adaptive property 

of this control scheme comes from the fact that the algorithm relies on the real-time 

estimation of manipulator and payload parameters. For this reason, this adaptive 

controller is referred to as an indirect adaptive control law, as opposed to a direct 

adaptive control law that does not rely on identification or estimation process. Com

pared to most robot control algorithms in the literature, this indirect adaptive control 

strategy does not require the measurement or estimation of joint accelerations nor 

inversion of the identified inertia matrix. Over the years, mainly for these practical 

advantages, this algorithm has become one of the most widely used robot control law, 

and it is now often referred to as the Slotine and Li (SLI) algorithm. Omitting the 

gravitational effects for space applications, the indirect adaptive control law is given

where K d e  Rnxn is a constant control gain matrix, and where M(q), C  (q, q) € Rnxn 

denote respectively the estimated inertia and the centrifugal/Coriolis matrix. To

qmi = k~lTSLi + q 

9md =  k~l t SLi + q 

qmd =  k~l f Su  + q

(D.3)

(D.4)

(D.5)

by

t s l i  = M(q)qr + C  (q, q) qT -  K ds (D.6)
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eliminate any steady-state tracking errors, the desired link position vector qd € Rn is 

replaced by the virtual link trajectory vector qr £  Rn given by

qr =  qd -  A /  { q -  Qd) d* (D.7)
Jo

The idea is to force the steady-state tracking errors to lie on the sliding surface defined 

by s =  0. Accordingly, the time-derivatives of (D.7) in (D.6) are given by

qr =  qd - A ( q - q d) (D.8)

qr = qd - A ( q ~ q d) (D.9)

Note that the SLI control law (D.6) does not contain a K p term since the position 

tracking error (q — qd) is already included in (D.8). The unknown manipulator pa

rameters are estimated online using the following adaptation law

d =  —T-1 Yt  (q, q, qr, qr) s (D.10)

where a £  Rm denotes the vector containing m  unknown manipulator parameters, 

and a € Rm is its estimate, T £ Rmxm is a symmetric positive definite matrice, usually 

diagonal, and T  E Rnxm is a matrix, whose definition can be found in Slotine and 

Li [160].

Practically, the matrices M (q ) and C (q, q) may be updated a t a low rate, whereas 

a high update rate must be used for qr,qr and s, since typically, the error terms vary 

much faster than the system matrices. Further, the adaptation gain matrix T, whose 

calculation is naturally coupled to the dynamics computation, can also be updated 

at the slow rate.

The time-derivatives of tsli in (D.4) and (D.5) are given by

t s l i  = M ( q ) q r + [m (?) + C { q ,g)] qr +  C(q ,q )qr -  K ds (D .ll)
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t s u  =  M ( q y q r + [ 2 M ( q )  +  C(q,q)] q r +  [ M ( q ) +  2C(q ,q) ]qr (D .1 2 )  

+  C(q, q)qr -  K ds

w h e r e

9 r — 9 d +  A (g d — q) (D .1 3 )

"4'r =  T d  +  A ( 9 d - 9 )  (D .1 4 )

s  =  - ( ' -  9 )  -  A (?d -  g ) =  9  -  9 r (D .1 5 )

In  (D .1 3 )  a n d  ( D .1 5 ) ,  t h e  i , j t h  e le m e n t  o f  th e  s p a c e  r o b o t  in e r t ia  a n d  C o r io l is /c e n -

tr ifu g a l m a tr ix  f ir s t  a n d  se c o n d  d e r iv a tiv e s  are g iv e n  b y

M u  =  —3 0 .5 2 6 9  s in (g 2)g2 ( D .1 6 )

Mtyi =  M 21 =  - 1 5 .2 6 3 4  sm(q2)q2 (D .1 7 )

Mr 22 =  0  (D .1 8 )

M r u  =  - 3 0 .5 2 6 9  [cos(? 2)92 +  s i n ^ ) ^ ]  (D .1 9 )

M ri2 =  M 21 =  - 1 5 .2 6 3 4  [cos(<72)92 +  s in (?2 )92] (D .2 0 )

Mr22 =  0  (D .2 1 )
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Cn  =  -15.2634 [cosfe)?! +  s i n ^ ) ^ ]  (D.22)

C 21 =  15.2634 (c o s  (92)9192 +  s i n ( 92 ) 9 i]  (D.23)

C 12 =  C n - C a i  (D.24)

C 22 =  0 (D.25)

C n =  -15.2634 [3 cos(92)9292 -s in (9 2 )9 |+  sin(92) 9 2 ] (D.26)

C 21 =  15.2634 ( s in (92 ) 9 1 +  cos(92)9 i +  c o s ( g 2 )9 i9 2  +  c o s ( g 2 )9 i9 2  (D.27)

— s in  (92) 9192]

C n = C 1 1 - C 21 (D.28)

C22 =  0 (D.29)

To implement this controller, no acceleration or jerk measurements are required. 

Indeed, the signals q and 9 can be obtained analytically by inverting the dynamics, 

that is

q = M ~ l {q) [k(qm -  q) -  C(q, q)q] (D.30)

Time-differentiating (D.30) yields

9 =  M  ^ 9 ) {fc(9m -  9 ) -  C(q, 9 , 9 ) 9  -  [M (9.9) +  C(q, 9 )] 9 } (D.31)

D .2 S ta b ility  A nalysis

T h eo rem  B .l :  The flexible-joint space manipulator system defined by (4.3) and 

(4.4) and the backstepping controller given by (D .l) yield a globally asymptotically 

stable closed-loop system in the sense of Lyapunov.
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P ro o f : The essential idea of the backstepping technique is to start from the knowl

edge of a smooth feedback such that the system is globally asymptotically stable. 

Then, an input error equation is generated and an integrator is added. For the aug

mented system, a new stabilizing feedback law is explicitly designed and shown to 

stabilize a new Lyapunov function, and so on. By following this design procedure, the 

resulting backstepping controller ensures global asymptotic stability of the closed-loop 

system in the sense of Lyapunov. The design procedure of the nonlinear backstep

ping controller is taken from Brogliato et al. [28] and adapted herein for space-based 

robots.

To apply the backstepping methodology, the dynamic system has to be expressed 

as a cascade connection of integrators and link dynamics. This can be achieved with 

the following feedback control law:

T =  Jmv -  k(q -  qm) (D.32)

Substituting (D.32) into the flexible-joint dynamics (4.3) and (4.4) gives

M(q)q -I- C(q, q)q =  k(qm -  q) (D.33)

qm = v (D.34)

Equations (D.33) and (D.34) represents the manipulator system expressed in a cas

cade form, with qm as the input of (D.33). Considering a simple feedback law of 

the form qm =  qm<t, where qmd is defined in (D.3), the closed-loop link dynamics is 

obtained by replacing qm with qmd in the link dynamics equation, a follows

M(q)q + C(q, q)q = k{qmd -  q) (D.35)

Substituting qmd with (D.3) in the previous expression yields, after some manipula

tions

M(q)s  +  C(q, q)s +  K ds = 0 (D.36)
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Let consider the following Lyapunov function [208]

V  = l s TM(q)s  +  qTATK dq (D.37) 

Time-differentiating (D.37) along (D.36) gives

V  = ^ sTM(q)s  +  sT [-£(<7, q)s -  K ds] +  2qTATK dq (D.38)
z

Recalling the skew-symetric property, the previous equation can be simplified to

V  =  - s TK ds + 2qTATK dti (D.39) 

Replacing s in (D.39) with q +  Aq yields

V  = - ( q  +  A q f K dt i  +  Aq) +  2qTATK dt  (D.40)

Expanding the term on the left hand-side gives

V  = - q TK dq -  qTK dAq -  qr K dAq -  qTATK dAq + 2qTATK dq (D.41)

Cancelling the second and the third terms with the fifth term gives

V  =  - f K dq -  qTATK dAq < 0 (D.42)

Hence, from (D.42), it is clear tha t the system (D.36) is globally asymptotically stable 

in the sense of Lyapunov.

Next, an input error equation qm is generated between qm and qmd and an inte

grator is added at the input. Assuming qm is the new input of the link equation, the

augmented system is defined by

M(q)s  +  C(q, q)s +  K ds =  kqm (D.43)

Qm = Q[m Qmd (D.44)

For the augmented system (D.43) and (D.44), let consider the following Lyapunov



212

function candidate

V> =  V  + \ i l k q m ( D .4 5 )

Along the augmented system (D.43) and (D.44), the time-derivative of V2 is given by

V2 =  V  + q l k L  ( D .4 6 )

=  V  +  i m K i m  -  9m ,,) ( D .4 7 )

where V  is given by (D.42) plus the extra term appearing on the right hand side of

(D.43) times sT. Thus, V2 is given

V2 = - i p  K &  -  qTATK dAq +  sTkqm +  q^k{qm -  qm<t) (D.48)

By selecting the feedback law qm = qmi -  qm ~  s, V2 becomes

V2 =  - q TK dij -  qTATK dAq + sTkqm -  q^kqm -  q^ks  (D.49)

hence cancelling the term sTkqm and ensuring global asymptotic stability of the aug

mented system.

As before, an input error equation em is defined, this time between qm and qmd — 

qm — s and an integrator is added at the input. The augmented system then becomes

M(q)s  4- C(q , q)s +  K ds = kqm (D.50)

9m =  9m 9m<j =  Cm 9m 8 (D.51)

Cm =  qm  9mc d" Qm d" 8  (D.52)

Recalling (D.34), (D.52) can be rewritten as

Bm  —  V  9moi d" 9m d" S  (D.53)

For the overall system equations (D.50), (D.51) and (D.53), let consider the following
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candidate Lyapunov function

V  =  V2 + \ e Tmkem (D.54)

and the time-derivative of (D.54) along (D.50), (D.51) and (D.53) is given by

V  = V2 + e l k e m (D.55)

where V2 is given by (D.48) and em is given by (D.53)

V  =  - q r K dq -  qTATK dAq +  sTkqm (D.56)

+ Q mk {Qm -  Qmd ) + 4>(v -  <?m<J + + 8 )

Selecting the feedback law v as

v — em qm -f- qmd Qm s (D.57)

and inserting back in (D.56) yields

V  =  —qTK dq -  qTATK dAq +  sTkqm +  q^kqm (D.58)

-  Qmk Qmd -  e^kem  -  e^ kqm

By substituting em in the last term on the right hand-side of (D.58) by q m — Q m d + Q m + s  

(see (D.51)), (D.58) can be rewritten as

V  -  - q TK dq -  qTATK dAq +  sTkqm -I- q^kqm (D.59)

-  Qmk Qmd -  ehkem  -  Qmk Qm +  Qmdk Qm

-  Qmk Qm -  STkqm

Finally, (D.59) can be simplified to
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V  = - q  K dq -  q1 A 1 K dAq -  e^kem  -  q M m  < 0 (D.60)

which establishes the lobal asymptotic stability of the closed-loop system with the 

nonlinear backstepping control law obtained by inserting (D.57) in (D.32).

□



Appendix E

Extended Kalman Filter Theory

This appendix provides a brief review of the EKF theory. A more detailed derivation 

can be found in the work of Lewis [209]. Let a nonlinear system be described by the 

following dynamics equation

Sfc+ 1  =  f ( x k ,u k,w k) (E .l)

and whose observations are described by the nonlinear measurement equation

Zk = h {xk,v k) (E.2)

where x k G Rn is the state vector, uk 6  Rp is the control input vector, wk G Rn

is the process noise vector, and zk,v k G Rm are the measurement vector and the

measurement noise, respectively, defined at a discrete time tk. It is assumed that wk 

and vk are uncorrelated, zero-mean Gaussian noises with covariance

E  [wkwl] = Q k e  Rnxn (E.3)

E  [vkvl] = R k <E Rmxm (E.4)

where £[•] denotes the expectation. The process noise covariance matrix denoted by 

Qk represents the uncertainties in the dynamics model. In other words, Q k deter

mines the level of confidence the EKF has about the dynamics model. Similarly, the 

measurement noise covariance matrix denoted by R k represents the uncertainties in 

the measurements. The initial mean and covariance of the state vector, denoted by 

X q G R" and P q G Rnxn are respectively given by

x Q = E  [x0] (E.5)
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P0 =  E \ T
( X q —  X q )  ( X q  — X q ) (E.6)

where xq is uncorrelated with Wk and Vk, and where • denotes the estimate of a vector.

Given the initial mean and state covariance matrix, and before taking into account 

any measurements, the estimate of the state vector at time tk denoted by x* € Kn is 

given by

x k =  E  [xfc]

This predicted estimate satisfies the following differential equation

(E.7)

x m  = E  If  (xk, uk)] = f  (x t , ut ) (E.8)

which may be integrated to give x^+1 € Rn, the a priori, or the propagated, state 

vector. In this work, a fifth-order Runge-Kutta integration algorithm has been used 

for this purpose as this method is known to be more accurate than the fourth or

der Runge-Kutta algorithm with a slight trade-off in computation speed. Although 

the propagation of the state vector is done with the exact nonlinear model of the 

dynamics, the propagation of the state error covariance matrix P* € Rnxn defined by

Pk = E (x t -  i t )  ( X k  -  X k ) 1 (E.9)

is done with the discrete-time linearized model of the plant, as follows

p k+i =  EkPkEk +  Qk (E.10)

where € Rnxn is the a priori, or propagated state error covariance matrix and 

where Fk G Rnxn is the discrete state transition m atrix given by

Fk =
_d_
dxi f  f̂c) (E .ll)

uk + 1

Following a measurement, the propagated state vector is updated to take into 

account the measurements, as follows



217

%x+i — ^x+i "f* Kk+1 (%k %k) (E.12)

where x^+l E Rn is the a posteriori, or the estimated state vector, and where the 

predicted measurement, denoted by £*, is given by

zk = h (x~ +l) (E.13)

In (E.12), Kk+i E Rnxm denotes the Kalman gain matrix, which is calculated as

follows

+  R ky '  (E.14)

where Hk E Rmxn denotes the linearized measurement model given by

Hk =  A h ( xk) 
d x k

J-k + 1

Finally, the state error covariance matrix is updated as follows

(E.15)

f? +1 =  P ^ i  -  (Ht P ^ H l  + R t ) i f j+l (E.16)

In (E.16), the term (Zk — Zk) in (E.12) is called the residuals, or innovations. It re

flects the degree to which the model fits the data. The complete EKF implementation 

details are illustrated in Fig. E.l.
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Appendix F

Extended Kalman Filter MATRIXx Code

This appendix includes a sample programming code for calculating the dynamical 

state estimates using the nonlinear joint stiffness-based EKF.

F .l State Estimation Function

# State estimation using a nonlinear joint stiffness-based
# extended Kalman filter (EKF)# Written by: Steve Ulrich
# Copyright(c) 2010 by Steve Ulrich 
#= = = = = = = = = = = = = = === ============ = == = = = = = = == = = = ==============;

function [y] = NAV_EKF_NL(t,u)

# Input vector assignation

q_pre = u(l:2); 
q_dot_pre = u(3:4); 
qm.pre * u(5:6); 
qm_dot_pre = u(7:8);
P.pre = [u(9:16)’;u(17:24)’;u(25:32)’;u(33:40)’;u(41:48)'; 

u(49:56)»;u(57:64)*;u(65:72)»];
20 torque_cmd = u(73:74); 

qm_mes = u(75:76); 
qm_dot_mes = u(77:78); 
q_ddot_pre = u(79:80); 
qm_ddot_pre = u(81:82);

#----------------------------------------------------------------------------------------------------------
# Parameter initialization #----------------------------------------------------------------------------------------------------------

30 T = NAV.EKFCUB.T;Q - NAV_EKFCUB.Q;R = NAV_EKFCUB.R;
# Robot parameters
ml = DYN.FLEXCUB.ml; 
m2 = DYN.FLEXCUB.m2;11 = DYN_FLEXCUB.11;

40 12 - DYN.FLEXCUB.12;
lcl - DYN.FLEXCUB.lcl; lc2 = DYN_FLEXCUB.Ic2;
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11 = DYN_FLEXCUB.I1;
12 = DYN_FLEXCUB.12; 
ksl = DYN.FLEXCUB.ksl; 
ks2 = DYN_FLEXCUB.ks2; 
kw = DYN.FLEXCUB.kw; 
aw = DYN_FLEXCUB.aw; 
al = DYN.FLEXCUB.al;

50 a2 = DYN.FLEXCUB.a2; 
a3 = DYN_FLEXCUB.a3; 
a4 = DYN_FLEXCUB.a4; 
a5 = DYN_FLEXCUB.a5; 
a6 = DYN_FLEXCUB.a6; Jmw - DYN.FLEXCUB.Jmw; 
Jmw_inv = inv(Jmw);
S = DYN.FLEXCUB.S;

60 #----------------------------------------------------------# Propagation phase
 #-----------------------------------------------------------------------------------------------

# State propagation with nonlinear model using a KMI
# algorithm (Kutta-Merson - a Fifth-Order Runge-Kutta)

state.pre = [q_pre;q_dot_pre;qm_pre;qm_dot_pre]; 
ddot.pre = [q_ddot_pre;qm_ddot_pre];

70 K0 = NAV_EKF_NL_D0T([state.pre;torque.cmd;ddot_pre]);Ki s k o*T*
K2 = NAV_EKF_NL_D0T([state_pre+(Kl)/3;torque.cmd;

ddot.pre])*T;
K3 = NAV_EKF_NL_D0T([state_pre+(Kl+K2)/6;torque_cmd;

ddot.pre])*T;
K4 = NAV_EKF_NL_D0T([state_pre+(Kl+3*K3)/8;torque.cmd;

ddot.pre])*T;
K5 = NAV.EKF_NL.D0T([state_pre+(K1+4*K4-3*K3)/2;torque.cmd;

ddot.pre])*T;
80 state.minus = state_pre+(Kl+4*K4+K5)/6;

q.minus = state.minus(1:2); 
q.dot.minus = state.minus(3:4); 
qm_minus = state.minus(5:6); 
qm.dot.minus = state.minus(7:8);
q.ddot.minus_pre = K0(3:4); 
qm.ddot.minus pre = K0(7:8);

90
# Covariance matrix propagation using the linearized model 
# Matrices definition
Mil = ml*lcl“2+m2*(ll“2+lc2~2+2*ll*lc2*cos(q.minus(2)))+11+12; 
M12 = m2*(lc2“2+ll*lc2*cos(q_minus(2)))+I2;
M21 = m2*(lc2“2+ll*lc2*cos(q_minus(2)))+I2;
M22 - m2*lc2~2+I2;

100 M * [Mil, M12; M21, M22];
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M_inv = inv(M);
h = -m2*ll*lc2*sin(q_minus(2));
Cll = h*q_dot_minus(2);
C12 = h*(q.dot.minus(l)+q_dot.minus(2));
C21 * -h*q_dot_minus(l);
C22 = 0;
C = [Cll, C12; C21, C22];110 # Link and motor accelerations
k_minusll = ksl(l,l)*(qm_minus(l)-q_minus(l))“2 + ks2(l,l) 

-kw*exp(-aw*(qm_minus(1)-q_minus(1))”2); 
k_minus22 = ksl(2,2)*(qm_minus(2)-q_minus(2))''2 + ks2(2,2) 

-kw*exp(-aw*(qm_minus(2)-q.minus(2))“2); 
k.minus = [k.minusll, 0; 0, k_minus22];
fsl = tanh(a2*q_dot.minus(l))-tanh(a3*q_dot.minus(1));

120 fs2 = tanh(a2*q_dot.minus(2))-tanh(a3*q_dot.minus(2)); 
fvl = a6*q_dot_minus(l); 
fv2 = a6*q_dot_minus(2); 
fcl = a4*tanh(a5*q_dot_minus(l)); 
fc2 = a4*tanh(a5*q_dot_minus(2)); 
fl = al*fsl+fcl+fvl; f2 = al*fs2+fc2+fv2; 
f.minus = [f1;f2];
q.ddot.minus * M.inv * (k.minus*(qm.minus-q.minus) - f.minus 

130 -C*q_dot.minus - S*qm_ddot_minus_pre);
qm.ddot.minus = Jmw.inv * (torque.cmd

-k_minus*(qm_minus-q_minus)
-S'*q_ddot_minus_pre);

# Psurtial derivatives 
dM.dql.qddot = [0,0;0,0]*q_ddot.minus; 
dM_dq2_qddot = h*[2, 1; 1, 0]*q_ddot.minus;

140 dM.dq.qddot -  [dM.dql.qddot, dM_dq2_qddot]; 
dC.dql.qdot = [0,0;0,0]*q_dot.minus;
dC_dq2_qdot « -m2*ll*lc2*cos(q.minus(2))*[q.dot.minus(2),

(q_dot_minus(l)+q_dot_minus(2));
-q.dot.minus(1), 0]*q_dot.minus;

dC.dq.qdot = [dC.dql.qdot, dC_dq2_qdot];
150 dC.dqldot.qdot = h*[0,l;-l,0]*q_dot_minus;

dC_dq2dot_qdot -  h*[l,l;0,0]*q_dot.minus;
dC.dqdot.qdot = [dC.dqldot.qdot, dC_dq2dot_qdot];
dK.dql.delta * [-2*ksl(l,l)*(qm_minus(l)-q_minus(l)) 

-2*kw*aw*(qm.minus(1)-q.minus(1))
*exp(-aw*(qm_minus(1)-q.minus(1))“2),0;0,0] 

160 *(qm.minus-q.minus);



dK_dq2_delta - [0,0;0,-2*ksl(2,2)*(qm.minus(2)-q.minus(2)) 
-2*kw*aw*(qm.minus(2)-q_minus(2))
*exp(-aw*(qm.minus(2)-q.minus(2)) ~2) ] 
*(qm_minus-q_minus);

dK_dq_delta = [dK_dql.deIta, dK_dq2_delta];
dK.dqml.delta = [2*ksl(l,l)*(qm_minus(l)-q.minus(1)) 

+2*kw*aw*(qm.minus(1)-q.minus(1))
*exp(-aw*(qm.minus(1)-q.minus(1))~2),0;0,0] 
*(qm.minus-q.minus);

dK_dqm2_delta * [0,0;0,2*ksl(2,2)*(qm.minus(2)-q.minus(2)) 
+2*kw*aw*(qm.minus(2)-q.minus(2))
*exp(-aw*(qm.minus(2)-q.minus(2))"2)]
*(qm.minus-q.minus);

dK.dqm.delta = [dK.dqml.delta, dK_dqm2_delta];
df.dqldot = [al*(a2*sech(a2*q_dot_minus(l))“2 

-a3*sech(a3*q_dot_minus(l))“2) 
+a4*a5*sech(a5*q_dot_minus(l))“2 + a6; 0];

df_dq2dot * [0; al*(a2*sech(a2*q_dot_minus(2))“2 
-a3*sech(a3*q_dot_minus(2))“2) 
+a4*a5*sech(a5*q_dot_minus(2))“2 + a6];

df.dqdot = [df.dqldot, df_dq2dot];
# State matrix
Fll = zeros(2,2);
F12 = eye(2,2);
F13 = zeros(2,2);
F14 = zeros(2,2);
F21 * -M_inv*(dM_dq_qddot+dC_dq_qdot-dK_dq_delta+k_minus); 
F22 = -M_inv*(dC_dqdot_qdot+C+df_dqdot);
F23 = M_inv*(k_minus + dK.dqm.delta);
F24 = zeros(2,2);
F31 * zeros(2,2);
F32 = zeros(2,2);
F33 - zeros(2,2);
F34 = eye(2,2);
F41 = -Jmw.inv*(dK.dq.delta - k.minus);
F42 = zeros(2,2);
F43 = -Jmw.inv*(dK.dqm.delta + k.minus);
F44 = zeros(2,2);
F = [Fll, F12, F13, F14;F21, F22, F23, F24;

F31, F32, F33, F34;
F41, F42, F43, F44];

phi = (F*T)*(((F*T)/2)*(((F*T)/3)
*((F*T)/4 + eye(8,8))+eye(8,8))+eye(8,8))+eye(8,8);

P.minus = phi*P_pre*phi’+ Q;
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# Correction phase
 #-----------------------------------------------------------------------------------------------
# Linearized measurement model

230 Hll * zeros(2,2);
H12 = zeros(2,2);
H13 = eye(2,2);
H14 = zeros(2,2);
H21 = zeros(2,2);
H22 = zeros(2,2);
H23 = zeros(2,2);
H24 = eye(2,2);

240 H = [Hll, H12, H13, H14; H21, H22, H23, H24];
# Kalman gain
K = (P_minus*H’)*inv(H*P_minus*H’ + R);

# Previous states
states_minus * [q.minus;q.dot.minus;qm.minus;qm_dot.minus]; 

250 # Measured outputs
obs.mes = [qm.mes;qm.dot.mes];

# Estimated outputs 
obs.est = H*states_minus;

# State correction
260 states.plus = states.minus + K*(obs_mes-obs_est);

q.plus = states_plus(l:2,:); 
q.dot.plus = states.plus(3:4,:); 
qm.plus - states_plus(5:6,:) ; 
qm.dot.plus = states.plus(7:8,:);

# Covariance matrix correction 
P.plus = (eye(8,8) - K*H) * P.minus;

270
 #-----------------------------------------------------------------------------------------------
# Output vector preparation
 #---------------------------------------------------------------------------------------------------------

P.plus = [P.plus(1,:),P.plus(2,:),P.plus(3,:),P.plus(4,:), 
P.plus(5,:),P.plus(6,:),P.plus(7,:),P.plus(8,:)];

q.ddot.plus = q.ddot.minus;
280 qm.ddot.plus = qm.ddot.minus;

y = [q.plus’,q.dot.plus’,qm.plus’,qm.dot.plus’,
P.plus,obs.est(l),obs_est(2),obs_est(3),obs_est(4), 
q.ddot.plus’,qm.ddot.plus’];

endfunction
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F.2 State Derivative Calculation Function

# State derivative calculation# Written by: Steve Ulrich
# Copyright(c) 2010 by Steve Ulrich 

function [minus] = NAV_EKF_NL_DOT(pre)

10 # Input vector assignation
#----------------------------------------------

q_pre = pre(l:2); 
q.dot_pre = pre(3:4); 
qm.pre = pre(5:6); 
qm.dot.pre = pre(7:8); 
torque.cmd = pre(9:10); 
q.ddot.pre = pre(ll:12); 
qm.ddot.pre = pre(13:14);

# Parameter initialization #-----------------------------------------

# Robot parameters
ml = DYN.FLEXCUB.ml; m2 = DYN.FLEXCUB.m2;

30 11 - DYN.FLEXCUB.11;
12 = DYN.FLEXCUB.12; 
lcl - DYN.FLEXCUB.lcl; lc2 = DYN.FLEXCUB.Ic2;
11 = DYN.FLEXCUB.II;
12 = DYN.FLEXCUB.12; 
ksl = DYN.FLEXCUB.ks1; ks2 - DYN.FLEXCUB.ks2; kv = DYN.FLEXCUB.kw; 
aw = DYN.FLEXCUB.aw;

40 al - DYN.FLEXCUB.al;
a2 = DYN.FLEXCUB.a2; a3 = DYN.FLEXCUB.a3; 
a4 = DYN.FLEXCUB.a4; 
a5 = DYN.FLEXCUB.a5; 
a6 = DYN.FLEXCUB.a6;
Jmw = DYN.FLEXCUB.Jmw; 
Jmw.inv * inv(Jmw);
S = DYN.FLEXCUB.S;

# Dynamics equations
 #----------------------------------
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# Matrices definition
Mil = ml*lcl“2+m2*(ir2+lc2~2+2*ll*lc2*cos(q_pre(2)))+Il+I2;
M12 * m2*(lc2~2+ll*lc2*cos(q_pre(2)))+I2;
M21 * m2*(lc2''2+ll*lc2*cos(q_pre(2)))+I2;

60 M22 * m2*lc2~2+I2;
M = [Mil, M12; M21, M22];
M_inv = inv(M);
h * -m2*ll*lc2*sin(q_pre(2));
Cll * h*q_dot_pre(2);
C12 = h*(q_dot_pre(l)+q_dot_pre(2));
C21 * -h*q_dot_pre(l);
C22 * 0;

70 C » [Cll, C12; C21, C22];
# Nonlinear stiffness and friction
k_prell * ksl(l,l)*(qm_pre(l)-q_pre(l))~2 + ks2(l,l)

-kw*exp(-aw*(qm_pre(l)-q_pre(l))~2); 
k_pre22 = ksl(2,2)*(qm_pre(2)-q_pre(2))‘2 + ks2(2,2)

- kv*exp(-aw*(qm_pre(2)-q_pre(2))~2); 
k_pre = [k.prell, 0; 0, k_pre22];

80 fsl * tanh(a2*q_dot_pre(l))-tanh(a3*q_dot_pre(l)); 
fs2 = tanh(a2*q_dot_pre(2))-tanh(a3*q_dot_pre(2)); 
fvl * a6*q_dot_pre(l); 
fv2 = a6*q_dot_pre(2); 
fcl * a4*tanh(a5*q_dot_pre(l)); 
fc2 = a4*tanh(a5*q_dot_pre(2)); 
fl * al*fsl+fcl+fvl; 
f2 = al*fs2+fc2+fv2; 
f_pre = [f 1; f 2] ;

90 # Derivatives of state variables
q_dot ■ q_dot_pre;
q_ddot = M_inv * (k_pre*(qm_pre-q_pre)

- f_pre - C*q_dot_pre - S*qm_ddot_pre);
qm_dot = qm_dot_pre;
qm.ddot = Jmw_inv * (torque.cmd

- k_pre*(qm_pre-q_pre) - S’*q_ddot_pre);
100 minus = Cq_dot;q_ddot;qm_dot;qm_ddot]; 

endfunction
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