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Preface

In the �eld of robotics, there is a growing need to provide robots with the ability

to interact with complex and unstructured environments. Operations in such envi-

ronments pose signi�cant challenges in terms of sensing, planning, and control. In

particular, it is critical to design control algorithms that account for the dynamics of

the robot and environment at multiple contacts. The work in this thesis focuses on

the development of a control framework that addresses these issues. The approaches

are based on the operational space control framework and estimation methods. By

accounting for the dynamics of the robot and environment, modular and system-

atic methods are developed for robots interacting with the environment at multiple

locations. The proposed force control approach demonstrates high performance in

the presence of uncertainties. Building on this basic capability, new control algo-

rithms have been developed for haptic teleoperation, multi-contact interaction with

the environment, and whole body motion of non-�xed based robots. These control

strategies have been experimentally validated through simulations and implementa-

tions on physical robots. The results demonstrate the e�ectiveness of the new control

structure and its robustness to uncertainties. The contact control strategies presented

in this thesis are expected to contribute to the needs in advanced controller design

for humanoid and other complex robots interacting with their environments.
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Chapter 1

Introduction

In the past three decades conventional robotic systems have been employed in various

industries. In most cases these systems have consisted of manipulator arms whose

function has been to perform desired tasks using their end-e�ectors. These tasks

have involved programming end-e�ector motion trajectories and then controlling in-

dividual joints to produce the desired motion at the end-e�ector. This has been

accomplished by using kinematic relationships between the end-e�ector pose and the

joint angles and by including the dynamic properties of the system in addition to the

kinematics. A characteristic of many of these tasks is that they only involve motion

in free space. That is, the end-e�ector and the manipulator links are not in contact

with the environment.

With the increasing complexity of tasks that are required of manipulators contact

with the environment has become more common (Figure 1.1). Additionally, appli-

cations for robots have expanded beyond traditional industrial settings into human

environments. Physical interaction between robots, humans, and the environment at

large is no longer a rare occurrence to be avoided but a common operating condition.

Consequently, control strategies that deal with these situations are essential to safely

achieving desired goals.

The motion of a robot in contact with the environment is often referred to as

constrained motion in the sense that the motion is not free but rather constrained

by the environment [9]. Due to these environmental constraints the control schemes

1



CHAPTER 1. INTRODUCTION 2

Figure 1.1: A PUMA560 manipulator in contact.

that have been adopted are often referred to as compliant motion control strategies

since the robot must be controlled in a manner that is responsive and compliant to

the environment [42]. The goal of these control strategies is to successfully perform

the desired tasks without compromising the robot or the environment. While being

constrained by the environment the robot must control the motion and contact forces

simultaneously and responsively.

One di�culty in controlling robots in contact involves maintaining stability. In

particular, instability arises during contact with sti� environments [6]. Since the

system response to contact forces must be fast in this case, sampling time is often

a limitation when implementing a stable controller. Also, the environment that is

in contact with the robot is typically not easily modeled. This results in modeling

uncertainties which cause the controller to perform inconsistently in response to small

changes in the contact environment or the robot itself. These factors motivate the

need for a robust controller.

Given this motivation, a constrained motion controller using a hybrid motion/force

control strategy is proposed in this thesis to overcome these di�culties. The hybrid
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motion/force control structure for the end-e�ector in [31] provides a control struc-

ture that decouples the dynamics of the motion and the contact forces. Using this

framework, this thesis presents the design of a controller that is robust to modelling

uncertainties including environment sti�ness. Active Observers [11] are applied for

contact force control in this design. This is a model reference approach using full

state feedback with a Kalman estimator. Robust contact force control is achieved

using this approach and the implementation has been demonstrated on a PUMA560

robot at the Stanford Arti�cial Intelligence Laboratory.

xmaster

f
contact

Figure 1.2: Haptic teleoperation system. A haptic master device is controlled by
a human operator to control a remote slave robot.

One application for this contact force controller is in the area of haptic teleopera-

tion (Figure 1.2). A basic teleoperation system provides control to a remote robotic

device through a master controller. The applications of such systems are broad and

include space robotics, surgical robotics, and service in nuclear power plants and other

hazardous environments. A typical teleoperation system consists of visual feedback

to the user from the remote environment and a control interface that allows the user

to command the robot through desired position or velocity commands.

When remotely manipulating objects, visual feedback is typically not su�cient

for �ne and precise manipulation. This fact hinders the speed at which teleoperation

tasks can be performed. To mitigate this performance limitations, force re
ection

is introduced to provide the user with additional feedback. It has been shown that

this additional feedback improves the teleoperation task by providing signi�cantly
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greater precision [21]. Transparency refers to the degree to which the force re
ection

felt by the user at the master device emulates the actual feeling associated with

touching the object directly at the remote location. Good transparency implies that

the operator attains tele-presence with the remote environment; that is, the operator

feels as though he or she is actually in the remote environment.

Force re
ected teleoperation is fundamentally dependent on an e�ective compliant

motion strategy since the slave robot is expected to make contact with objects in the

environment as the user guides it from the master device. A major di�culty with

such systems is the trade-o� between system performance and stability when force

re
ection is provided to the user [38]. The criteria for evaluating this performance

include how well the slave robot tracks the master robot in free space and how ac-

curately force re
ection is provided to the user when the slave robot is in contact

with the remote environment. In particular, when the slave robot makes contact the

overall system stability, not just the remote system stability, is critical. This is due

to the fact that the master and slave systems are connected.

To improve performance while maintaining stability the proposed teleoperation

approach uses contact force control on the slave manipulator. This enhances the

stability characteristics of the slave robot in contact with unknown objects, as well as

the stability of the overall system. A virtual spring is used to connect the master and

slave systems such that the slave generates the desired contact force. This contact

force is proportional to the relative position di�erence in the two systems. The user

is provided with high �delity force re
ection by having the contact force controller

track the desired force on the slave and producing the desired force values on the

master device.

The discussion so far has assumed a single contact between the robot and the

environment. Another challenge in compliant motion control involves the scenario of

multiple contacts. Robotic systems are becoming increasingly complicated with more

joints needed to perform complex and subtle motion tasks. Thus, there is a greater

likelihood that robots will encounter multiple contacts on a single link or on multiple

links. An example of this is illustrated in Figure 1.3, where a humanoid robot is

depicted working in a human environment.
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Figure 1.3: A humanoid robot in multiple contact.

In such cases, an appropriate compliant motion strategy is necessary, which is able

to generate compliant motion over all the contacts. This implies that the controller

should be able to control the motion of the manipulator while maintaining all the

contacts as desired. Since motion control and force control in the presence of contacts

in
uence each other, a framework that can decouple these controls is imperative to

achieving high performance.

The hybrid position/force control framework referred to earlier for a single con-

tact decouples the dynamics and control structures for the end-e�ector. To deal with

multiple contacts over multiple links, however, the framework needs to be generalized.

This generalization is initiated by constructing an operational space coordinate asso-

ciated with each contact normal direction. The contact forces can then be controlled

individually in a decoupled manner. The operational space coordinate for motion

control can be augmented to the operational space coordinate for force control. Al-

ternatively, the motion of the manipulator can be controlled in the null space of the

contact force control space.

As mentioned earlier, humanoid robots often involve multiple contacts. Since

Honda released its �rst humanoid robot [23] two decades ago, a great deal of research

e�ort has been placed on developing humanoid systems; speci�cally on developing

humanoid walking controllers. As a result, most current humanoid robots can walk,
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but not necessarily in a human-like manner. While control strategies have been

developed for behaviors other than walking, these have been limited to specialized

behaviors. Therefore, a more general strategy is sought for the whole body control of

a humanoid robot.

Figure 1.4: A humanoid robot in contact with the ground.

Humanoid systems intrinsically require contact with the environment, in partic-

ular the ground, in order to achieve stability (Figure 1.4). Therefore, it is critical

to correctly deal with contacts when controlling the system. An approach proposed

in this thesis is the contact consistent control framework. In this framework contact

forces are accounted for in the composition of the control torque. That is, the mo-

tion/force control of the whole body, including the dynamics of the environment in

contact, is considered. In this way the contact forces on the feet are treated as inter-

nal forces. The contact forces are, therefore, not explicitly controlled, but generated

consistent with the loop closure between the robot and the ground. The contact con-

sistent control framework successfully integrates the generalized hybrid motion/force

control structure such that the motion and contact forces are controlled in the same

manner as a �xed based manipulator. Figure 1.5 depicts a climbing scenario that is

presented in this thesis. The robot encounters numerous contacts on both its hands

and feet while the motion is controlled to move upward.

The results of implementing this contact consistent control are generated in the
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Figure 1.5: A humanoid robot climbing.

SAI simulation environment [32]. SAI has been developed in the Stanford AI Labora-

tory over the past �ve years. The simulations provide forward dynamics integration,

multiple contact resolution, and a graphical user interface/display. The interactive

nature of the environment facilitates the development of controllers and the testing

of di�erent situations by the user.

To summarize this work, the main contribution has been the development of con-

trol frameworks for robots operating at multiple contacts. Speci�cally, the proposed

contact force control approach incorporates a modi�ed Kalman observer (AOB) into

the operational space control framework. The experimental results demonstrate its

performance and robustness to modelling errors and unknown disturbances. A new

haptic teleoperation approach is developed based on this contact force control. The

end-e�ector of the slave robot is rendered transparent by compensating for the highly

nonlinear slave dynamics using the force control. The use of a virtual spring and online

sti�ness estimation provides the teleoperation system with robustness with respect

to communication time delay and abrupt changes of the contact environment. Next,

the motion/force control framework is further generalized to control contact forces at
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multiple links and motion while maintaining contact. This generalization is accom-

plished by constructing an operational space coordinate associated with each contact

normal direction. Each contact force can then be controlled independently without

a�ecting each other. Lastly, a contact consistent control framework is proposed for

non-�xed base robots such as humanoids. It derives the dynamics of the system by

considering a robot in contact with the environment as a constrained system. The

constrained dynamics are utilized in the composition of control for the whole body

behavior of the robot. This framework enables us to apply the motion/force control

framework to the non-�xed base robot. Therefore, the whole body motion can be

generated by designing the trajectories not only in joint space but also in task space.



Chapter 2

Contact force control

Robot manipulators must often make contact with the environment when executing

tasks. Properly controlling robots in contact is important not only to the successful

achievement of the task but also to the mutual safety of the robot, environment,

and most importantly any human present in the environment. Since most robots

are designed to follow motion trajectories accurately and with high bandwidth, the

resulting motion is characteristically sti�. This is due to the need for good distur-

bance rejection characteristics in the presence of unexpected external forces. When

a robot is in contact with the environment, however, motion control is not always

su�ciently precise due to uncertainties in the models associated with the robot and

the environment. Consequently, motion control alone is not su�cient to successfully

control a robot in contact, even with detailed environment information. Therefore,

compliant motion control strategies are necessary, not only for controlling the contact

forces but also to ensure safe interaction with the environment.

Compliant motion control strategies can be categorized into two main areas. These

are indirect force control and direct force control [60, 10, 67]. Indirect force control

seeks to create a desirable compliance/impedance state at the robot contact point,

most typically the end-e�ector, in the contact directions. That is, if the robot is in

point contact with a plane, the normal direction of the plane would be chosen to be a

compliant direction [51] (Figure 2.1). This approach is implemented by choosing the

position control gains in the end-e�ector space di�erently depending on the directions

9
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that one is interested in. For example, the proportional gains for the compliant direc-

tion would be chosen to have a desired sti�ness and the gains for the other directions

would be chosen to achieve the desired motion control bandwidth. This approach is

referred to as sti�ness control [54] for static behaviors and impedance control [24] for

dynamic behaviors. Also, we di�erentiate between active versus passive compliant

motion control depending on whether an external force sensor is used in generating

the desired compliance [57].

Motion Control

Force Control

Figure 2.1: Compliant frame selection.

Directly controlling the contact forces is di�erent than indirect force control in

the sense that the control law is based on the errors between the desired and mea-

sured contact forces rather than position errors. Impedance/sti�ness control does not

explicitly control the contact forces. However, given perfect knowledge of the envi-

ronment, the desired contact force can be generated by composing the goal position

using the environment sti�ness. In reality, perfect knowledge is not obtained and it

may be necessary to specify contact forces that are to be precisely tracked. In this

case di�erent control approaches may be needed, that is, an approach which controls

the contact forces directly.

One approach in direct force control involves designing an external feedback loop
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around the position control loop [57]. This takes advantage of the existing motion con-

trol and uses the measurement of the contact forces to correct the input to the motion

controller. Design of the external force controller is accomplished by incorporating

a model of the environmental sti�ness. Using this sti�ness model an appropriate

position command can be determined to achieve the desired contact forces. Thus,

knowledge of the contact environment is critical for proper controller design. In prac-

tice, a simple linear spring model is used as a model of the environment since most

of the objects in the contact environment are passive static systems [60].

Another direct force control approach is the hybrid position/force control strategy

[51, 42]. This approach has two separate control loops providing position control and

force control, respectively. The original approach for this control did not fully utilize

the dynamic properties at the end-e�ector; thus, it could not provide a decoupled

control structure for each position and force control loop. The operational space

approach [31] extended the concept of hybrid position/force control by decoupling

the controllers. Since this approach provides a dynamically decoupled control system

with feedback linearization, there is more 
exibility to choose di�erent control sub-

systems in the controller design. This approach is used to compose the motion and

force controllers in this thesis.

In all of the force control strategies discussed thus far robustness to unknown

disturbances and modeling errors is an important and challenging issue. This is also

true of stability in contact with sti� environments. Typical direct force controller

designs use proportional-integral (PI) control to ensure zero steady state error. A

simple interaction model, with an estimated environmental sti�ness, is included as

a parameter of the controller. Based on this environmental sti�ness and the desired

bandwidth, the PI gains are adjusted. However, these controllers tend to be very

sensitive to disturbances or mismatch in the models, resulting in poor performance

or instability in tracking contact forces.

This problem is exacerbated when the environmental sti�ness is very high, as it is

harder to estimate the real sti�ness. Consequently, error in sti�ness matching often

leads to instability. Also, because of the sti� environment and sensor characteristics,

the system response of the contact force is fast compared to the servo rate of the robot
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controller. This factor further limits the performance of the force controller. There-

fore, one of the most important characteristics needed in force control is robustness

with respect to modeling errors, especially errors in environment sti�ness.

The approach proposed in this thesis is to implement the Active Observer (AOB)

design [11] in the operational space control framework. The hybrid motion/force

control structure along with the operational space framework realizes decoupled lin-

earized sub-systems through the nonlinear dynamic decoupling [19, 31]. This control

architecture allows the speci�c linear control schemes to be applied individually. The

nonlinear dynamic coupling method for robots is e�ective since inaccuracies of the

model used for decoupling have a minor e�ect compared to unknown disturbances,

unmodeled friction, and parameter errors in the environment model. The AOB design

is then applied on each linear second order system to deal with these uncertainties.

The AOB design uses a Kalman observer and full state feedback. The model in

this Kalman observer includes an additional state, which is an equivalent disturbance

at the input command, due to unmodeled dynamics, parameter mismatches, and

unknown disturbance. This state is referred to as active since the estimated values

are directly canceled at the input to the system. This active role forces the system

response to closely match the desired closed-loop system response. The active state

enables us to increase bandwidth of the system by choosing higher feedback gains,

resulting in higher tracking performance. Therefore, the AOB design realizes a model

reference control approach [1]. By model reference control we mean a control scheme

which adaptively follows the desired model of the system response rather than simply

tracking a reference trajectory. Another interpretation of the AOB design is to regard

it as a disturbance accommodation technique [27]. It allows the existence of input

disturbance and compensates for the disturbance by adding its estimate to the input

command.

The development of the force controller within the operational space formulation

is the main focus of this chapter. The experiments for force control in this chapter

are conducted for one point contact at the end-e�ector. That is, the force control di-

rection is selected to be a normal direction to the contact surface. Other translational

directions and orientation are controlled by motion control. Signi�cant improvement
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on the performance and robustness have been demonstrated over PID controllers

through these experiments.

This chapter begins with a brief explanation of the hybrid motion/force control

structure. Force control design with the AOB is then discussed to illustrate the design

procedure and also to explain how the active state works. Sensitivity to mismatches

in sti�ness is analyzed and the performance is demonstrated with a PUMA560 robot

making contact with di�erent sti�nesses.

2.1 The operational space formulation

2.1.1 Dynamics of the robot in contact

The dynamic equations of a manipulator in free space are described by

A(q)�q + b(q; _q) + g(q) = �, (2.1)

where q, A(q), b(q; _q), g(q), and � are the vector of joint angles, the mass/inertia

matrix, the Coriolis/centrifugal torque, the gravity torque in joint space, and the

vector of joint torques, respectively. When the end-e�ector of the robot is in contact,

the dynamics of the manipulator include the contact forces at the end-e�ector. That

is,

A(q)�q + b(q; _q) + g(q) + JTfc = �, (2.2)

where J is the Jacobian corresponding to the end-e�ector and the vector, fc, is the

contact force/moment at the end-e�ector.

To control the motion and contact force at the end-e�ector, while compensating

for the dynamic e�ects of the robot, an operational space description of the dy-

namics is required. We de�ne the Jacobian, J , to correspond to the instantaneous

linear/angular velocity, #, of the end-e�ector. That is,

# = J _q. (2.3)
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The dynamics of the end-e�ector can then be obtained by projecting Equation

(2.2) into an operational space speci�ed as the end-e�ector space [31]. This yields

�(q) _#+ �(q; _q) + p(q) + fc = F (2.4)

�(q) = (JA�1JT )�1 (2.5)

�(q; _q) = �(JA�1b� _J _q) (2.6)

p(q) = �JA�1g (2.7)

where �(q), �(q; _q), and p(q) are the inertia matrix, the vector of Coriolis/centrifugal

forces, and the vector of gravity forces in operational space, respectively.

2.1.2 Decoupled control structure

The control force, F , in Equation (2.4), can be composed to provide a decoupled

control structure by choosing

F = �̂(q)f � + �̂(q; _q) + p̂(q) + f̂c (2.8)

where the :̂ denotes estimates of the quantities. Furthermore, to select the force

control and motion control directions, the generalized selection matrices, 
f and 
m,

are used in composing f �. Raibert and Craig [51] introduced a selection matrix to

select force and motion control directions in the Cartesian global frame. A generalized

selection matrix was presented in [31]. The generalized selection matrix selects the

directions in the contact frame. Chapter 4 describes the selection matrix for the case

of multi-contact.

f � = 
mf
�
m + 
ff

�
f (2.9)
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For the experimental setup of one point contact, the matrix, 
f , is chosen to select

the normal direction to the contact surface. And the matrix, 
m, selects the other

translational directions and orientation. In the case that the contact normal direction

is the vertical direction in the global frame, the selection matrices are


f =

2

6

6

6

6

6

6

6

6

6

6

4

0 0 0 0 0 0

0 0 0 0 0 0

0 0 1 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

3

7

7

7

7

7

7

7

7

7

7

5

; 
m =

2

6

6

6

6

6

6

6

6

6

6

4

1 0 0 0 0 0

0 1 0 0 0 0

0 0 0 0 0 0

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

3

7

7

7

7

7

7

7

7

7

7

5

(2.10)

This results in decoupled second order equations in both the force and motion control

directions,

�xm = f �
m (2.11)

�xf = f �
f (2.12)

The composition of the control input, f �
m, for desired motion can be accomplished

by using a linear control method such as PD or PID control. However, the control

input for contact force, f �
f , requires the relationship between motion, xf , and contact

force, fc. A model of the relation between motion and contact force is described in

the following subsection. Subsequently, the generation of the control input, f �
f , using

the model is presented.

After composing proper control inputs, f �
m and f �

f , for the decoupled linearized

systems, the control force, F , is computed using Equation (2.8). To generate the

control force, F , the control torque to the robot is selected as

� = JTF +NT �0 (2.13)
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NT = I � JT �JT (2.14)

�JT = �JA�1 (2.15)

where NT is the dynamically consistent null space projection matrix and �J is the

dynamically consistent inverse of J [31]. The dynamically consistent inverse is a

generalized inverse that results when the number of rows of the matrix is smaller

than the number of columns. Additionally, the dynamically consistent inverse uses

the inertia matrix, A, as a weighting term. The �rst term, JTF , in Equation (2.13)

generates the control force, F , on the end-e�ector and the second term, N T �0, is the

control in the null space of the end-e�ector control. The pre-multiplication by the

null space projection matrix, NT , guarantees that this null space control torque, �0,

will not generate any force on the end-e�ector. The block diagram of the operational

space control framework is shown in Figure 2.2. In the case of the 6 DOF PUMA560

manipulator, there is no null space if the 6 DOF end-e�ector is fully controlled by

motion and force control.

Ωm

Ωf

JT

Γ

NT

Σ

µ̂ + p̂

Λ̂Σ

Σ
In contact

Robot

Sensor
Force

f ∗

f̂c

fc

q, x

f ∗

f

MotionControl

Null Space Control
Γ0

xd

fd

f ∗

m

Vd

Force Control

Figure 2.2: The operational space control framework for a manipulator.
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2.1.3 A linear spring model for the contact environment

ks

Figure 2.3: Model of the contact environment.

The design of force control involves composing the control input, f �
f , in Equation

(2.12). As part of the control design it is necessary to know the relation between

the contact force and the motion of the end-e�ector in the force control direction.

In practice it may not be possible to identify a precise mathematical model for the

actual contact environment. However, a simple spring model [33] can be used for the

controller design. In this case the environment is assumed to have a constant sti�ness

(Figure 2.3). Although this model seems too simple to represent the environment for

control purposes, it captures the important characteristic that contact force on most

passive objects increases with de
ection.

A higher order model for passive environments is a second order model with mass,

damping, and sti�ness. The linear spring model is a special case of this model. When

the sti�ness of the contact object is identi�ed, adding a mass property to the model

makes the system slower. Therefore, the simple linear spring model can be considered

a conservative model in terms of stability. The use of a linear spring model on the

actual second order system may decrease the performance. So, the proposed approach

is to utilize the sti�ness model and design a controller. Then, the performance issues

will be compensated for by an adaptive controller using AOB.

For each contact i, we use the sti�ness model

_fc;i = ks;i#c;i, (2.16)
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where fc;i is the ith contact force. The term #c;i is the instantaneous velocity in the

contact normal direction and ks;i is the ith contact environment sti�ness.

With this model and Equation (2.12), the equations of motion for each contact,

i, are

�fc;i = ks;if
�
f;i. (2.17)

2.2 Contact force control design

A common approach for contact force control involves the use of a proportional-

integral (PI) controller with damping based on the velocity of the end-e�ector. One

of the main di�culties with this approach involves hard contact. In this case, the

dynamics of contact with the environment are already very fast, so there is a limitation

in the proportional gain that can be employed. Thus, the proportional gain must be

kept small, which in practice results in large steady state error. This error can be

reduced by adding integral control, however, this is problematic since it may adversely

a�ect the stability of the system.

In addition to this di�culty associated with classical PI controllers, the sti�ness

of the environment is di�cult to identify and may even change during contact when

de
ection occurs. Classical PI controllers cannot deal with these di�culties since they

do not account for uncertainties in the system. These facts motivate a force control

strategy which employs an observer that can account for uncertainties in a systematic

way.

Active Observers (AOB) [11] use a modi�ed Kalman estimator with an additional

state, called an active state. The active state is the estimate of the disturbance to the

input of the system. Full state feedback is implemented with estimated states that

correspond to the contact force and the derivative of the contact force. In addition,

the estimated input disturbance (active state) is directly subtracted from the input

to compensate for the error. This AOB method is best applied to systems which can

be modeled as linear systems with input disturbance. The linearized contact force

control system is one such system. In this case feedback linearization is achieved
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through the use of the operational space formulation. A simple spring model is used

for the environment and as such modeling uncertainties need to be considered. In

addition to these modeling uncertainties most robots cannot accurately provide the

commanded torque to the system and this mismatch between commanded torque and

actual torque can be treated as an input disturbance.

2.2.1 Discretized system plant

We begin our force control design with the second order dynamic equation associated

with each contact, Equation (2.17). When there is a dead-time, Td, (delay of the

input command)

�fc;i = ks;if
�
c;ie

�sTd. (2.18)

In practice, it is not easy to stabilize the system with damping based on the

derivative of the contact force. Therefore, an additional damping term is composed

using the velocity of the end-e�ector in the contact force direction, i.e.,

f �
c;i = �kd#c;i. (2.19)

where kd is the damping coe�cient. Using the spring model (2.16) this can be ex-

pressed as

f �
c;i = � kd

ks;i

_fc;i. (2.20)

With this additional damping term the system equation becomes

�fc;i = �kd
_fc;ie

�sTd + ks;if
�
c;ie

�sTd . (2.21)

The transfer function, G(s) = Fc;i=F
�
c;i, from Equation (2.21) is

G(s) =
ks;ie

�sTd

s(s+ kde�sTd)
. (2.22)
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When the time-delay, Td, is small, it can be approximated by

G(s) � ks;ie
�sTd

s(s+ kd)
. (2.23)

for a wide range of frequencies. The equivalent temporal representation is

�y + kd _y = ks;iu(t� Td) (2.24)

where y is the plant output (contact force at the end-e�ector), f , and u is the input,

f �. De�ning the state variables x1 = y and x2 = _y, Equation (2.24) can be written

as

"

_x1

_x2

#

=

"

0 1

0 �kd

#"

x1

x2

#

+

"

0

ks

#

u(t� Td). (2.25)

and,

y =
h

1 0
i

"

x1

x2

#

. (2.26)

In compact form,
8

<

:

_x = Ax(t) +Bu(t� Td)

y(t) = x1

(2.27)

Discretizing Equation (2.27) with sampling time h, the equivalent discrete time

system is
8

<

:

xr;k = �rxr;k�1 + �ruk�1

yk = Crxr;k

(2.28)

with

Td = (d� 1)h+ � 0 (2.29)

0 < � 0 � h (2.30)

xr;k = [xT
k uk�d : : : uk�2 uk�1]

T (2.31)
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�r =

2

6

6

6

6

6

6

6

6

6

6

4

�1 �1 �0 0 : : : 0

0 0 1 0 : : : 0

0 0 0 1 : : : 0
...

...
...

...
. . .

...

0 0 0 0 : : : 1

0 0 0 0 : : : 0

3

7

7

7

7

7

7

7

7

7

7

5

(2.32)

�r = [0 0 : : : 0 1]T (2.33)

and

Cr = [1 0 : : : 0 0]: (2.34)

The matrices �1, �0, and �1 are given by

�1 = eAh = �(h) (2.35)

�0 =

Z h�� 0

0

�(�)d�B (2.36)

and

�1 = �(h� � 0)

Z � 0

0

�(�)d�B (2.37)

The term xk has two states representing the force and force derivative. The other

states appear due to dead-time. The continuous state transition and command ma-

trices are

�(t) =

"

1 1�e�kdt

kd

0 e�kdt

#

; B =

"

0

ks

#

. (2.38)
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2.2.2 AOB design

Recalling the discrete state space representation of Equation (2.28), the theory of

AOB [11] can be applied to this system in a straightforward manner to achieve adap-

tive control in the presence of uncertainties. A special Kalman �lter must be designed

to achieve a model reference adaptive control architecture. An extra state (active

state), pk, is generated to eliminate an equivalent disturbance referred to the system

input. This equivalent disturbance exists whenever the response of the physical sys-

tem is di�erent from the desired model. This estimated disturbance to the input is

directly compensated for at the input by subtracting the value of the active state.

Therefore, its role is similar to the integral control in classical PID controllers. How-

ever, rather than generating the input by accumulating the error between the desired

values and measured values, the active state is generated by the error between the

estimated values and measured values. This term, therefore, realizes the model ref-

erence adaptive control. In general, the Nth order dynamic model can be applied

to the input disturbance [11]. For force control applications a �rst order AOB will

be described and implemented here. The block diagram of the AOB design for force

control is shown in Figure 2.4.

Inserting the active state, pk, in the loop, the overall system can be described by1

xk = �xk�1 + �uk�1 + �k

yk = Caxk + �k,
(2.39)

where

xk =

"

xk

pk

#

; � =

"

�r �r

0 1

#

(2.40)

� =

"

�r

0

#

; C = [Cr 0] (2.41)

and the stochastic inputs �k and �k are model and measurement uncertainties.

1The subscript i is omitted in the state space form since the system equation is the same for all
the contacts.
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L1 G(s)
rk

Σ
- -

Lr Observer

Σ

p̂k

fc,if ∗
c,ifc,i|desired

x̂r,k

Figure 2.4: AOB design for force control. The term G(s) is the system transfer
function from the command, f �

c;i, to the contact force, fc;i. The term fc;ijdesired is the
desired contact force. The terms rk, x̂k, and p̂k are reference input, state estimate,
and input error estimate. The terms Lr and L1 are a full state feedback gain and a
scaling factor to compute reference input, rk, respectively.

A full state feedback gain, Lr, is designed using pole placement method (Acker-

mann’s formula) [18]. Combining the state feedback with the direct compensation of

the input error estimate, the input to the system is

uk�1 = rk�1 � Lx̂k�1 (2.42)

L = [Lr 1]. (2.43)

A Kalman estimator is designed based on Equation (2.39) and (2.42).

x̂k = x̂kj(k�1) +Kk(yk � ŷk) (2.44)

x̂kj(k�1) = �closedx̂k�1 + �rk�1 (2.45)

�closed =

"

�r � �rLr 0

0 1

#

(2.46)

ŷk = Cx̂kj(k�1) (2.47)

The Kalman gain Kk is

Kk = P1kC
T [CP1kC

T +Rk]�1 (2.48)
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with

P1k = �Pk�1�
T +Qk (2.49)

Pk = P1k �KkCP1k: (2.50)

The system noise matrix, Qk, represents model uncertainty. The term Rk is the

measurement noise variance matrix. The term Pk is the mean square error matrix of

the states.

2.3 Sensitivity analysis

L1 G(s)
rk

-

Observer

Σ
fc,if ∗

c,ifc,i|desired

L
x̂k

Figure 2.5: The breakpoint for loop transfer function.

Sensitivity analysis in the presence of modeling errors is important in designing a

controller. The loop transfer function of the system is used to analyze the gain/phase

margin of the closed loop system. The break point to derive the loop transfer function

is chosen at the input to the real system in Figure 2.5 [15].

The system with an active state is

xk = �xk�1 + �uk�1. (2.51)

We de�ne the nominal system matrix, �n, as the system matrix used in the control

design, and �� as the error between the real system matrix, �, and the nominal
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system matrix. Thus

� = �n + ��. (2.52)

Ratio ks,actual/ks,nominal
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Figure 2.6: Gain margin when ks;nominal = 100:0N=m.

The state estimate is based on the nominal system matrix, �n, and is given by

x̂k = �n;closedx̂k�1 +Kk[yk � C(�n;closedx̂k�1)] (2.53)

where

�n;closed = �n � �L (2.54)

De�ning the estimation error of xk as

ek = xk � x̂k, (2.55)

we have

"

x̂k

ek

#

=

"

M11 KkC�

M21 (I �KkC)�

#"

x̂k�1

ek�1

#

+

"

KkC�

(I �KkC)�

#

uk�1, (2.56)
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Figure 2.7: Phase margin when ks;nominal = 100:0N=m.

where

M11 = �n � �L+KkC(�� + �L)

M21 = (I �KkC)(�� + �L).
(2.57)

The output of loop transfer function is Yk = Lx̂k, i.e.

Yk = [L 0]

"

x̂k

ek

#

(2.58)

From Equation (2.56) and (2.58), the transfer function is given by

HLTF (z) = [L 0][I � �az
�1]�1�az

�1, (2.59)

where �a and �a are the state transition and command matrices in Equation (2.56),

respectively. The Bode plots can be used to analyze the gain and phase margins of

the control system with respect to the uncertainty, ��.
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Nominal Stiffness ks,nominal
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Figure 2.8: Stability characteristics over nominal sti�nesses. The critical ratio
of ks;actual to ks;nominal indicates when the system becomes unstable. The controller
is stable up to the actual sti�ness of 8.5 and 3.8 times the nominal sti�ness at the
nominal sti�ness of 100 N=m and 9000 N=m, respectively.

Among the many possible modeling errors in the system, the sti�ness of the envi-

ronment is the most signi�cant uncertainty since the dynamic and kinematic param-

eters of the robot are relatively well known. In practice, the environment sti�ness is

not only di�cult to measure in advance, but it is also changing over di�erent mag-

nitudes of contact forces applied by the robot. Therefore, it is important to analyze

the robustness of the control system with respect to the mismatch of environment

sti�ness.

By de�ning ks;n as the nominal sti�ness of the environment which will be used for

AOB design

ks = ks;n + �ks. (2.60)

The transition matrices �, �n, and �� can be computed for the analysis.

Figures 2.6 and 2.7 show the gain and phase margins of the system when the

actual sti�ness of the system di�ers from the nominal sti�ness. The nominal sti�ness

is chosen as 100N=m for the plot. The general shape of the plots for other nominal

sti�nesses remains the same. The gain and phase margins are plotted by changing the
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ratio of ks;actual to ks;nominal. As can be seen in the plot, the system becomes unstable

if the ratio exceeds approximately 8:5. The same analysis has been conducted for

di�erent nominal sti�nesses and the result is plotted in Figure 2.8. The system

becomes unstable if the actual sti�ness is beyond this critical ratio of ks;actual to

ks;nominal. For example, the controller with a nominal sti�ness of 100.0N=m is not

stable if the actual sti�ness is bigger than 8.5 times the nominal sti�ness of 100.0N=m.

2.4 Experiments

2.4.1 Experimental setup

A PUMA560 manipulator and a DELTA haptic device (Force Dimension) were used in

the development and performance analysis of the force controller. The PUMA560 was

connected to a PC running the QNX operating system through a TRC205 ampli�er

package from Mark V Corporation. This setup allowed a user to program joint torques

or motor currents as inputs to the robot. A JR3 force sensor with 6 axis measurements

was mounted on the wrist of the manipulator to measure contact forces at the end-

e�ector. To create environments with speci�ed sti�nesses the DELTA haptic device

was utilized. The haptic device was programmed to have a speci�c sti�ness and

damping. Although this device created the speci�ed sti�nesses in open loop control,

the generated sti�ness had an error within 20 %. A picture of this setup is shown in

Figure 2.9.

Analysis of the performance was conducted in the vertical direction of the robot

end-e�ector. That is, the other translational directions and orientations were con-

trolled by position control of the end-e�ector. The corresponding selection matrices

are in Equation (2.10). No null space control was required since there was no redun-

dancy.

The results of the AOB based force controller are compared by those of a PID

controller to clearly demonstrate the improved robustness and performance. The

proportional/integral gains and damping coe�cient were speci�ed to have the same

bandwidth as the AOB based controller. These gains were parameterized with the
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Figure 2.9: PUMA560 in contact with DELTA. A DELTA haptic device is
programmed to have a speci�ed sti�ness.

environment sti�ness such that the controller would have the same responses at any

known sti�ness of the environment. The following sections provide the experimental

results using both a PID controller and an AOB based controller.

2.4.2 Environments with known sti�nesses

The experiments were conducted for the case when the environment in contact was

known. The purpose is to analyze the performance of the controllers when the envi-

ronment model is accurately known. However, there are still unmodeled dynamics or

disturbances. Therefore, the result of this experiment demonstrates the robustness

of the controllers with respect to the unmodeled dynamics.

Both PID and AOB controllers were designed to have the same bandwidth, which

was 20 rad=sec in this experiment. In the process of choosing PID gains, proportional

and damping terms were �rst chosen to have the proper bandwidth. The choice of

the integral gain was done by trial and error in the experiments. Since the system

of Equation (2.17) has a pole at the origin, the integral term is not necessary if the

system is ideal. However, the model of a robot in contact possesses many uncertainties

which typically a�ect much of the contact force response. Therefore, the use of integral

control is necessary in order to achieve zero steady state error. In the experiment,
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the tuning of the integral gain was done for an environment with a sti�ness of 2000.0

N=m. That is, the DELTA device was programmed to this speci�ed sti�ness. Several

experimental runs were conducted until the desired response was achieved.

Figure 2.11 (a) shows the results of the PID controller in contact with the DELTA

device. The device was programmed to 2000.0 N=m. Several runs are plotted to show

the consistency of the controller. The data were gathered by commanding four square

inputs from �5 to �15. Thus, it contains four falling steps from �5 to �15 and four

rising steps from �15 to �5. The plots of rising steps were converted to the scale of

falling steps for easy comparison.

The parameters for the AOB controller were chosen based on the response at the

sti�ness of 2000.0 N=m. The control gains were chosen to have the same speed of

response and the stochastic parameters were chosen to have the desired response of

the system. The same experiments as those for the PID controller were conducted

and plotted in Figure 2.11 (b). The results demonstrate more consistent performance

from the AOB controller than from the PID controller.

This is further demonstrated in additional step responses at various sti�nesses.

Figure 2.12 shows the step responses of the PID and AOB force controllers when they

are applied to environments with di�erent sti�nesses. The control gains and param-

eters for both controllers are correspondingly modi�ed to these di�erent sti�nesses.

The AOB controller produces consistent results at di�erent sti�nesses. However, the

PID controller fails to have consistent results for di�erent sti�nesses. In the responses

of the PID controller, the proportional controller always dominates at the beginning

of the response but the integral part acts too fast for the softer contact and too slow

for the harder contact. This is related to the integral gains which are in fact lower at

the harder contact and higher at the softer contact since they are parameterized by

the contact sti�ness. This observation indicates that the disturbance or unmodeled

dynamics are not directly related to the environment sti�ness.
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2.4.3 Environments with unknown sti�nesses

In this section, the experiments were designed to demonstrate the robustness with

respect to the modeling errors in the environment model. Both PID and AOB con-

trollers were tuned for an environment with a sti�ness of 5000 N=m. Step responses

were gathered while the sti�ness of the DELTA device was set to certain sti�nesses,

varying from 1000 N=m to 9000 N=m. These sti�nesses of the DELTA were di�erent

from those in the controllers. Thus, the step responses demonstrate the performance

of the controllers in the presence of the model parameter mismatch. This type of

model uncertainty is important to address in addition to the unmodeled dynamics,

which was analyzed in the previous section. In most of the applications of contact

force control, the model of the environment is not easily obtained. Thus, �rst order

models are typically used. The use of low order models and the uncertainty of the

physical parameters introduce unmodeled dynamics. Therefore, the robustness to

both facts are important characteristics for given controllers as a part of the perfor-

mance measurement.

The step responses for this experiment are plotted in Figure 2.13. The results

for the PID controller show larger variance and greater inconsistency. The AOB

controller succeeds in consistently adapting to di�erent sti�ness environments and

demonstrates a favorable characteristic of the model reference approach in the AOB

controller.

2.4.4 Rigid contact

The last experiment was conducted on a table made of particle board with an alu-

minum frame (Figure 2.10). The sti�ness was at least 50,000 N=m and can be con-

sidered as a rigid contact. Both PID and AOB controllers were set for the sti�ness

of 10,000 N=m and tested on the table. The results are plotted in Figure 2.14.

Rigid surfaces are challenging for contact force control since it is di�cult to achieve

a desired performance without causing instability. Typically, due to the high sti�ness

of the system, the gains are set low. The integral control gain is limited due to

stability characteristics of the system. The resulting responses of PID control exhibit
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Figure 2.10: PUMA560 in contact with a table.

a long settling time and inconsistency.

Figure 2.14 (a) depicts plots for the PID controller, which has a fast system

response at the beginning and then slow convergence to the desired value. The initial

system responses are fast even with a very low proportional gain because of the fast

open loop system characteristics. The integral controller is incorporated to obtain

accurate steady state response. This illustrates why it is di�cult to design a robust

controller using conventional PID control. The theoretically designed controller works

very well only in the simulator. Special tuning of the gains is required to achieve the

desired response. The tuned values vary a great deal depending on the environmental

sti�ness and the con�guration of the robot. This procedure is even more di�cult in

dealing with rigid contact. Thus, the performance is very sensitive to changes in the

system.

The AOB design alleviates these di�culties in the control design by introducing a

model reference adaptive approach. Cancelling out the estimated input disturbance

term at the input command forces the system to follow the desired closed loop system

model. This di�ers from the integral part in a PID controller in that the integral con-

troller generates the control input based on the di�erence between the measurement

and reference value.
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2.5 Conclusion

A force control approach is implemented using Active Observers (AOB) in the oper-

ational space framework. The experimental results show the characteristic that the

closed loop system is robust to unmodeled dynamics and the mismatch of the param-

eters in the model. This characteristic critical since these uncertainties are always

present whenever we deal with contact. The use of contact force control in teleoper-

ation is an example where model uncertainties are signi�cant. This will be discussed

in detail in Chapter 3.

In the composition of the contact force controller, the operational space control

framework is applied to dynamically decouple the overall system into linearized sub-

systems. The AOB approach is then used in the linearized contact force control

system. Using the operational space framework we can implement a modular and

hierarchical control approach. This approach simpli�es each controller and provides

various design options. The AOB controllers are implemented on the decoupled linear

second order systems for each translational direction. Employing estimators for a

highly nonlinear robotic system would yield a very complex and high dimensional

control system.

AOB controllers use a Kalman estimator with an additional state associated with

the disturbance at the system input. This implementation realizes the model adaptive

reference approach. This approach has been demonstrated to be more robust than

a conventional PID controller through experiments. The role of the active state is

to reduce the di�erences in the system responses between the closed loop model and

the actual system. Therefore, its adaptive response can be more aggressive than the

pure integral action. In addition, the design procedure is systematic by allowing the

existence of the input disturbance in the model.

Further demonstration of this force control framework will be presented in the

areas of haptic teleoperation and multi-link multi-contact control. The results in

these application areas will also demonstrate high performance and robustness.
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Figure 2.11: Step responses of force controllers for a known sti�ness of 2000
N=m. The controllers are designed for a known sti�ness of 2000 N=m. Results from
eight runs are plotted. (a) results from PID controller (b) results from AOB controller
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Figure 2.12: Step responses of force controllers for various known sti�nesses.
The controllers are designed for each sti�ness, ranging from 1000 N=m to 8000 N=m.
(a) results from PID controllers (b) results from AOB controllers
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Figure 2.13: Step responses of force controllers for a sti�ness of 5000 N=m
with various unknown sti�nesses. The controllers designed for a sti�ness of 5000
N=m is tested for di�erent unknown sti�nesses. (a) results from PID controller (b)
results from AOB controller
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Figure 2.14: Step responses of force controllers in contact with a table. The
controllers are designed for a sti�ness of 10000 N=m. Results from eight runs are
plotted. (a) PID controller (b) AOB controller



Chapter 3

Haptic teleoperation

The goal of haptic teleoperation is to allow a user to remotely control a slave robot

through a master device while feeling forces from the remote environment. Such

systems o�er great potential, but connecting master/slave stations in a coherent way

is a challenging task. While the master station is controlled by a human operator,

the slave station often interacts with an unknown and dynamic environment. The

nature of this interaction greatly in
uences overall system performance.

Many teleoperation schemes have been developed to improve telepresence and

stability when position and force measurements are available on both the master and

slave [38, 68, 36]. Telepresence is achieved when transparency of the teleoperation

system is realized, i.e., accurate position tracking in free space operation, and force

or impedance matching during contact [22, 38, 66]. A common control architecture

is to use PD type position feedback control with direct feedforward force control to

track the position and contact force of the counterpart system. This approach would

provide perfect telepresence and stability in an ideal situation where measurements

of acceleration are available and the feedforward contact force is perfectly applied

[38, 66]. In practice, however, these conditions are not easily met. Speci�cally, the

feedforward contact force command may not be realized due to uncertainties such as

friction and modelling errors.

To address this di�culty, local force control is proposed in [20, 36, 2, 66, 22].

One of the main challenges in this approach is to design a local force controller that

38
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works for an environment that is not known a priori [20]. Also, the overall stability

is degraded when the measured contact force of one system is used as the desired

contact force of its counterpart. This problem is exacerbated if the mass properties

of the master and slave di�er signi�cantly [14].

Another inherent characteristic of teleoperation systems is time delay in the com-

munication link. Enhanced robustness to time delays using local force control is

presented in [22]. To guarantee the stability of the overall system, passivity-based

approaches have been extensively studied [2, 46, 47, 53]; however, loss of performance

is inevitable in the approaches.

Virtual

Spring

Force

Control

f

Environment

c

f

f

d

d

Figure 3.1: Illustration of teleoperation approach with a virtual spring and
force control. The desired force, fd, is produced by the virtual spring based on
the position di�erence between the master and slave robot end-e�ectors. The force
controller on the slave robot enforces the contact force, fc, to track the desired force
while the desired force is fed-back to the user at the master device.

This chapter introduces a new teleoperation approach, which is based on three

components: a virtual spring to connect the master and slave systems, the operational

space framework to provide a decoupled dynamic controller, and a local contact force

controller to realize tracking of the contact force. This approach is illustrated in

Figure 3.1 and the block diagram is shown in Figure 3.2. In this approach, a virtual

spring connects the master and slave systems. When the positions of the master and
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Figure 3.2: A block diagram for the proposed teleoperation approach. The
master and slave system are connected by a virtual spring with a spring constant,
kvir. The terms, sp and sf , are the scale factors for position and force, which are
used to adjust di�erent workspaces and force magnitudes for the two systems. The
block diagram in the dotted block on the right side shows the motion/force control
structure for redundant robots.

slave system do not match, the virtual spring produces a force proportional to the

di�erence in positions. This force acts as a desired contact force which is tracked by

local force control on each side. This scheme thus provides the human operator with

all contact forces within the bandwidth of the force controller. The robot control

for each system is simply contact force control. Even in free space operation of the

slave system the controller assumes that the robot is in contact with a very compliant

environment.

Position tracking in free space is implicitly accomplished by the force control

and the virtual spring. When the slave robot is in free space, the force control

at the slave commands the robot to move toward the master’s position until the

di�erence in positions is zero, since the virtual spring produces the desired contact

force in that direction. This approach greatly simpli�es the overall teleoperation

architecture. Furthermore, the stability characteristics with respect to time delays
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and the di�erence between the inertial properties of the master and slave system are

improved since the measured contact force is not used as the desired contact force at

the counterpart system. No switching is required in the robot control structure since

the robot is considered to be always in contact with the environment, even in free

space.

Local force control is the most important part of the proposed approach since

telepresence depends on how much bandwidth the force controller has. Also, imple-

mentation on a complex mobile manipulation system is non-trivial. The operational

space formulation [31] decouples the dynamics of the mobile manipulator into end-

e�ector task dynamics and posture dynamics. Moreover, each end-e�ector DOF can

be independently controlled. The control of the base can be separately synthesized

since its dynamics are decoupled from that of the end-e�ector. Based on this formu-

lation a local force control and teleoperation scheme is applied for each end-e�ector

DOF.

To deal with uncertainties and time-varying parameters (e.g. dynamic environ-

ments), the force control on the slave robot uses Active Observers (AOB) [11] that

modify the Kalman estimation structure to achieve model-reference adaptive control.

The AOB is designed to cover a medium range of sti�ness values. For large variations,

on-line sti�ness estimation is necessary [12] to improve robustness and telepresence.

This on-line sti�ness estimation is important in order to produce a signi�cantly large

bandwidth for the force controller over di�erent environments, so that the teleopera-

tion system can provide the user with accurate contact forces. In addition, the virtual

spring sti�ness is modi�ed with the change in the estimated environmental sti�ness

for better telepresence.

This architecture is especially suited for systems where force sensing is limited

to the slave robot and when the master device is relatively light and frictionless.

Speci�cally, our setup which uses a PHANTOM device and a PUMA robot mounted

on a mobile base, meets this criteria. While it is imperative to use local force control

on the slave mobile manipulation system, the light-weight frictionless haptic device

generates relatively accurate commanded forces. Time delay associated with the

wireless LAN network is also analyzed for our system.
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3.1 Control for a manipulator

3.1.1 Task control

The dynamic equation of a mobile manipulator is described by

A(q)�q + b(q; _q) + g(q) + Jc(q)
Tfc = �, (3.1)

where q, A(q), b(q; _q), and g(q) are the vector of joint angles, the mass/inertia matrix,

the Coriolis/centrifugal torque, and the gravity torque in joint space, respectively.

The term Jc denotes the Jacobian for the contact point. The equations of motion

for the end-e�ector of a robotic manipulator can be described using the operational

space formulation [31]. This yields

�(q) _#+ �(q; _q) + p(q) + fc = F (3.2)

where �(q), �(q; _q), and p(q) are the inertia matrix, the vector of Coriolis/centrifugal

forces, and the vector of gravity forces in operational space, respectively. The term

# denotes the instantaneous velocity in operational space coordinates and fc is the

contact force at the end-e�ector. The control torque is selected as,

� = JTF +NT �0 (3.3)

F = �̂(q)f � + �̂(q; _q) + p̂(q) + f̂c (3.4)

where NT is the dynamically consistent null space projection matrix and f � is the

command to the unit mass system. The �̂ indicates an estimate of a particular quan-

tity. The following decoupled equations of motion for the end-e�ector are obtained

when the estimates are perfect.

_# = f � (3.5)

The command f � is composed of force and motion control components that are
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projected by the selection matrices, 
f and 
m, respectively.

f � = 
ff
�
f + 
mf

�
m (3.6)

In the experimental setup, force control is used to control only the Cartesian

position of the end-e�ector since the master device does not provide force feedback

on the orientation. The selection matrices are


f =

"

I3 03

03 03

#

; 
m =

"

03 03

03 I3

#

(3.7)

where I3 is the 3� 3 identity matrix and 03 is the 3� 3 zero matrix.

The control of the mobile base is applied to �0 in Equation (3.3). The dynamically

consistent null space projection matrix NT prevents control of the mobile base from

a�ecting the end-e�ector control. The overall control framework is illustrated in

Figure 2.2.

3.1.2 Posture control

In the case of a redundant robot posture control is composed in the null space of the

task control. This control can be designed by taking account of the task dynamics

in addition to the whole system dynamics [34]. This approach ensures the perfor-

mance of the posture control. Without accounting for task and robot dynamics in

the composition of the posture control the posture behavior may not be consistent in

di�erent con�gurations of the robot although it is still guaranteed that the posture

control will not interfere with the task control.

One of the experimental setups uses a mobile manipulator, which is considered

as a redundant robot. In this case, the task is the motion and force control of the

end-e�ector. That is the task coordinate is xt. The position and orientation of the

base are chosen as the posture coordinates, xp, and the corresponding Jacobian is

de�ned as Jp. The null space torque, �0, is then selected as JT
p Fpjt. With the control

torque in Equation (3.3), the posture dynamics are obtained by projecting Equation

(3.1) into the posture coordinates.
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�pjt
_#p + �pjt + ppjt + �JT

pjtJ
Tfc = Fpjt + �JT

pjtJ
TF , (3.8)

where

��1
pjt = JpA

�1NTJT
p (3.9)

�JT
pjt = �pjtJpA

�1 (3.10)

�pjt = �JT
pjtb(q; _q)� �pjt

_Jp _q (3.11)

ppjt = �JT
pjtg(q), (3.12)

and F is the control force for the task.

The control force, Fpjt, is composed to compensate the dynamics and the control

input for the task.

Fpjt = �̂pjtf
�
p + �̂pjt + p̂pjt + �JT

pjtJ
T
c f̂c � �JT

pjtJ
TF . (3.13)

The total torque to be applied to the robot is

� = JTF +NTJT
p Fpjt. (3.14)

This results in

_#p = f �
p . (3.15)

The operational space control structure provides nonlinear dynamic decoupling

and dynamic consistency for the task and posture. The task and posture behaviors of

the decoupled systems are described in Equations (3.5) and (3.15). The control inputs

f � and f �
p can be designed using a simple PD controller or any other controller. The

stability and performance designed for a given controller at the decoupled system,

Equation (3.5), are achieved at the nonlinear highly coupled system of Equation

(3.2) through the nonlinear dynamic decoupling provided by the control structure of

Equation (3.3) and (3.4) [19, 31]. Because of the redundancy, the asymptotic stability

of the redundant robot (3.1) requires the posture controller of Equation (3.15) to be

asymptotically stable [31]. In the next section we present a speci�c control strategy
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for the force control portion f �
f of f � in Equation (3.6). The motion control inputs

for the task, f �
m, and posture, f �

p , will be designed using simple PD controllers.

3.2 Contact force control with sti�ness estimation

The decoupled unit mass system for each translational direction, Equation (3.5),

is used for force controller design. With the contact model, Equation (2.16), the

equations of motion of contact force for each direction in operational space are,

�fc = ksf
� (3.16)

The system transfer function for contact force control is derived from a decoupled

sub-system (3.16). With an additional damping, kv#, to f � for better stability and a

system input delay, Tinput;d, the overall system can be approximated by

G(s) =
kse

�sTinput;d

s(s+ kv)
; (3.17)

where kv is a positive scalar. The discretized state space form of Equation (3.17) is

used for discrete Kalman estimation and control.

The detailed formulation and analysis is explained in Chapter 2. The overall force

control scheme is illustrated in Figure 2.4. A Kalman estimator is designed to estimate

the states of the system and the additional state, input error. The estimate of the

input error is then directly canceled at the input command (Figure 2.4). Full state

feedback is applied with the estimated states of the system. The use of input error as

a state provides an alternative way of implementing integral control. Also, since most

manipulators do not have joint torque sensors, it is not certain how accurately the

input torque command is applied to the corresponding joint. This fact contributes

to one of the major model uncertainties in the system. Thus, the estimate of input

error plays an important role in actual manipulators.
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3.2.1 Sti�ness adaptation

The slave manipulator in teleoperation experiences contact with di�erent environ-

ments. The knowledge of the sti�ness, ks, is important not only for force control but

also for modifying the virtual spring, kvir, in order to provide better telepresence to

the operator. The changes in the environment’s sti�ness can be abrupt and large in

magnitude. Although the contact force controller designed with AOB is robust to

the change of environmental sti�ness, its performance will degrade when there is a

mismatch between estimated and actual sti�ness and the system may be unstable if

the mismatch is beyond the stability margin. These facts are demonstrated in the ex-

periments in the presence of a large mismatch of the environment sti�ness, as shown

in Figure 3.3. Thus, a fast on-line sti�ness estimation strategy is required to cope

with these changes.

A review of estimation methods for contact sti�ness and damping is presented in

[16]. A signal processing method, an indirect adaptive controller [58], a model refer-

ence adaptive controller [61], and a recursive least-squares estimation technique [41]

are reviewed. The signal processing method requires o�-line implementation while the

other three methods are implemented on-line. However, these on-line methods still

require exciting signals over time to compute the model parameters. These algorithms

are based on quantities such as the measured contact force and de
ected position.

Although these approaches have demonstrated convergence between estimated and

actual sti�ness, the time required to achieve this convergence increases as the robot’s

motion slows or when the motion is less than the resolution of the encoders. This

situation often occurs in haptic teleoperation when the robot touches a rigid surface

or is stationary in free space. Therefore, although sti�ness identi�cation is accom-

plished, the performance of the control is severely degraded prior to convergence of

the estimated sti�ness.

While the sti�ness estimation methods reviewed in [16] seek to accurately estimate

sti�ness, in haptic teleoperation obtaining a highly accurate estimate of the sti�ness is

not as critical as achieving consistent performance at all times. Therefore, a di�erent

estimation approach is sought which satis�es the speci�c requirements for haptic

teleoperation.
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Figure 3.3: The results of force control without adaptation. (a) Nominal
sti�ness, k̂s, is 100 N=m and ks changes from free space to 3000 N=m. (b) Nominal
sti�ness, k̂s, is 3000 N=m and ks changes from free space to 300 N=m.
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An approach for sti�ness estimation in a haptically teleoperated system will be

presented. The basis for the sti�ness adaptation law used in this approach is derived

from the fact that the responses of the measured and estimated contact forces are

correlated to the sti�ness modelling errors. Large deviations between the measured

and estimated force responses indicate that the sti�ness modelling error is larger than

expected.

The di�erent relationships between the desired, measured, and estimated contact

force (fd, fm, and fe), shown in Figure 3.3(a) and (b), are noticeable. The estimated or

nominal sti�ness k̂s is used in the design of full state feedback and a Kalman estimator.

Figure 3.3(a) shows the results when ks � k̂s. The high deviation of contact force

in a short time period occurs due to the under-estimation of sti�ness. Because the

controller perceives the environment to be more compliant than it actually is high

feedback gains are chosen to control the contact force. In this case the controller

over-compensates for the errors, resulting in under-damped responses. Eventually

instability could arise if the sti�ness mismatch becomes too large.

In contrast, Figure 3.3(b) demonstrates the typical results when ks � k̂s. In this

case the full state feedback gains are too small due to the over-estimation of sti�ness.

This results in under-compensation for errors and a sluggish response.

We notice that the measured and estimated contact forces in the �rst case (ks �
k̂s) are oscillatory in a very short time period. The estimated contact forces from

the Kalman estimator are computed based on the weighting between two stochastic

parameter matrices (measurement and processing noise uncertainties). The oscilla-

tory response of the measurement in the �rst case causes the estimated values to be

closer to the desired values than to the measured values. This is because the mea-

surement updates in the Kalman estimator are unable to track the rapid changes in

the measured value. Thus the estimate tends to average out over the measurement

oscillations. In the second case (ks � k̂s) we notice that the estimated contact force

tracks the measured contact force reasonably well but that the desired contact force

is not tracked well because of the low gain response of the controller. Figure 3.4

illustrates the di�erences between these two cases. It is observed that the di�erence

between fm and fe is larger than the di�erence between fd and fe when ks � k̂s.
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Figure 3.4: Comparison among the desired, estimated, and measured con-
tact forces in teleoperation without adaptation. (a) Nominal sti�ness, k̂s, is
100 N=m and ks changes from free space to 3000 N=m. (b) Nominal sti�ness, k̂s, is
3000 N=m and ks changes from free space to 300 N=m.




