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ABSTRACT

Stability of Haptic Displays in Time-delayed Networked Virtual
Environments

Yang Hong

With the development of Distributed Virtual Environment, haptic simulation is
becoming a popular research field. However, time delay issue is always an obstacle
in haptic simulation because this lag over the network-based haptic display violates
the stability and performance of haptic display. In the research of teleoperations, some
delay Erediction methods have been introduced already; however, the performance
requirements have been decreased to obtain the stability reducing the total loop gain.
The design of virtual coupling, an artificial link between the haptic display and virtual
environment, has been introduced into haptic interaction. However, in the traditional
design, virtual coupling is always coupled with the virtual environment; as a result,
stability condition for the haptic simulation becomes too tight because zero order hold
has the phase lag over frequency. To guarantee the stability in the presence of
unpredictable time delays new control design strategies are required.

In this thesis, two-port network theory is introduced to design the virtual
coupling to guarantee stability of haptic display in time-delayed Distributed Virtual
Environments. By decoupling the hatpic display control problem from the design of
virtual environments, the use of a virtual coupling network frees the developer of
haptic-enabled virtual reality models from the issues of mechanical stability. Passivity
criteria in two-port networks are introduced to guarantee stability of haptic interface
with a unit time delay. Furthermore, two kinds of virtual environments models —

“spring” and “spring-damping” have been simulated. Steady state error and transient

il




response for the interaction between haptic displays and above virtual environments
models are investigated. This technique overcomes the influence of time delay to

violate the stability of the system and reduces the human risk involved.
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Chapter 1

Introduction

Haptic is a sense of touch and also a sense of body position and motion
(kinesthesia). A haptic interface is a device that conveys a kinesthetic sense of
presence to a human operator interacting with a computer-generated (virtual)
environment. This haptic interface can be viewed as a generator of mechanical
impedances or admittances.

Currently, virtual reality (VR) and environment is an active research topic. In
this research area, a number of other areas such as in 3-D graphic generation, audio
transmission and protocols, network and communication architectures are utilized.
However, an operator interacting with a virtual environment needs to know what the
reaction of VR will be when that operator applies a force to it. Vision and audio from
VR are usually not able to provide enough information to determine the true reaction
of VR. The feedback virtual force generated by VR would be significant for the
operator to take the next action. In other words, human neuromuscular and decision
responses close the information communication between the VR and the operator. For
example, when an operator tries to grasp a virtual object, the operator has to ensure
he/she has held that virtual object well before he/she takes the next action. However,
vision and audio from VR could not offer this information to the operator efficiently.
Therefore, it is necessary that a virtual sense could be generated by VR after a virtual
object is touched. This virtual sense would help the operator know the properties of
this virtual object which he/she has held, such as the shape, stiffness, and the

roughness characteristics and properties.




Presently, a typical haptic interface involves a manipulator capable of force
reflection (often called a manipulandum). The PHANToM, developed by SensAble
Technologies, Inc., is one example of a commercial haptic interface used in many
research labs. Other examples include a force-feedback joystick and mouse (e.g.,
Logitech iFeel mouse, Logitech WingMan Force Feedback Mouse, Nostromo n30
Game mouse, and Gravis Destroyer Joystick), which are capable of providing a moré
interactive interface between a computer and its human operator. There are numerous
applications of a haptic system, which are involved in entertainment,

education/training, and industrial applications, etc.

1.1 What is “Distributed VR”

With recent increases in network bandwidth and graphics performance in
desktop computers, there is a growing interest in distributed visual simulation systems
that allow multiple users to interact in a shared 3D virtual environment. Also we can
state that the simulated world runs not on one computer, but on several. Further the
users using those computers connected over a network (possibly the global Internet)
are able to interact in real time, sharing the same virtual world. This shared
information includes 3D graphic vision, stereo audio, and the feeling of touching
virtual objects. As each user is represented in the shared virtual environment by an
entity (avatar) whose state is controlled by user input and kept up-to-date on
participating workstations via messages, these systems support visual interactions
between multiple users in a shared 3D virtual environment. Applications for this
technology include distributed training simulations, collaborative design, virtual

meeting, and multiplayer games [1].




It is clear that there are a number of obstacles to be overcome in achieving this
goal. The fact that we want people to be able to access from their homes means that
we have to be able to turn over relatively limited-bandwidth links, such as 28.8k
modems. The fact that we want to run over the Internet means that we have to tolerate
certain amount of latency in the delivery of update information. Finally, the fact that
people are running on different computer systems with different hardware and
different software means that we must design the system for portability [2].

A distributed virtual environment (DVE) provides a graphical representation of
a virtual world that may be navigated by geographically dispersed users. Mechanisms
are provided to enable users to interact with the world, and each other, in real-time.
Sound and tactile feedback may be used in the presentation of a world to enhance user
interaction. DVE applications have been used successfully for collaborative work [3]
[7], training individuals via military simulations [4] [8] [9], and social play Via

multiplayer games [5] [6].

1.2 Terminology

Before we start the discussion about haptic display, it is better for us to define
the terminology of this new field because we found terms are intermixed and may
lead to confusion in the technical community.

In human haptic system, we classify it into two subsystems, which is tactile
system and kinesthetic system. The tactile system refers to the sense of contact with
an object, receives information mediated by the response of mechanoreceptors in the
skin within and around the contact area, while the kinesthetic system refers to the
position and motion of limbs along with the associated forces, receives information

from sensory receptors in the skin around the joints, joint capsules, tendons, and




muscles, as well as from motor-command signals [10]. Actually, tactile and
kinesthetic systems play different roles in situations when the human touches the
object. Based on this understanding, the scientists also set two kinds of sense (tactile
feedback and force feedback) in the human simulation research. In the book [11],
authors described that tactile feedback is sensed by receptors placed close to the skin,
with the highest density being found in the hand, while force feedback is sensed by
low-bandwidth receptors placed deeper in the body, typically on muscle tendon
attachments to bones and joints. These terms differ also in functionality, namely the
ability to oppose actively the user volitional hand movement [12]. Force feedback (at
large levels) can stop the user’s motion, whereas tactile feedback cannot. It therefore
cannot prevent virtual or robotics hands from possibly destroying remotely grasped
objects [11].

Haptic feedback. From the Greek haptesthai, meaning to touch, is synonymous
with tactile feedback [13]. The author in [13] and others extend its meaning to that of
force feedback [11].

Kinesthetic feedback. Synonymous with proprioception, it refers to kinesthesia,
a sense mediated by end organs located in muscles, tendons, and joints and stimulated
by bodily movements and tensions [13]. Some authors use kinesthetic feedback to
group both tactile and force feedback in single definition, but this is somewhat
incorrect [11].

Proprioceptive feedback. Relates to stimuli arising within the organism. It
provides information related to body posture and is based on receptors located at the
skeletal joints, in the inner ear, and on impulses from the central nervous system

(memory effect) [11].




Haptic Display. A mechanical device configured to convey kinaesthetic cues to
a human operator. They vary greatly in kinematic structure, workspace, and force
output [16].

Haptic Interface. It includes everything that comes between the human

operator and the virtual environment [16].

1.3 Types of Haptic Display

In recent years, haptic interfaces have been developed for an impressive array of
applications. In general, two main types for a haptic system are categorized:
impedance type and admittance type. The impedance display type will sense the
position from the manipulator and a computer simulation will calculate the force
output to the manipulator, in other words, it measures motion and display force. Most
haptic interfaces use impedance displays, such as the well-known Phantom [15]
family of haptic displays, the McGill University Pantograph [14], and the University
of Washington Pen-Based Force Display [17]. This is the simplest and least expensive
choice because it requires only an actuator and position or velocity sensor. This kind
of haptic display has low inertia and is highly back drivable. The admittance display
type will sense the force from the manipulator and a computer simulation will
calculate the position output to the manipulator, which means it measures force and
displays motion. This kind of haptic display includes Carnegie Mellon University’s
WYSIWYTF Display [18] and the Iowa State/Boeing virtual aircraft control column
[19], both of which are based upon PUMA 560 industrial robots. This type of display
usually is used in a heavy industrial robot, since it is non-back drivable; furthermore,
admittance display is often high-inertia. Because of the force input, an expensive

force sensor is needed for the admittance type of haptic system.




1.4 Review of Applications

Before virtual reality was introduced into our research area, researchers used
force/tactile feedback control in the teleoperator systems and the remote control
robotic systems. In these systems, the operator controls a “master” arm that transmits
his commands to the remote slave. Sheridan [20] defines the master-slave teleoperator
as following:

In a teleoperation sense, a master-slave teleoperator system has two subsystems:
(1) the master device, which typically is a multi-degree-of-freedom, more-or-less
anthropomorphic (having a serial-kinematic form like a human arm) mechanical
device, positioned directly by a human operator; and (2) a slave device, which
typically is isomorphic to (having the same form as) the master. The latter is often
equipped with an end effector (a hand for grasping, or a specialized tool to perform
some specialized task).

The slave follows the master input and interacts with a (usually) harmful
environment (such as nuclear, outer-space, or underwater sites) [11]. The first
teleoperator systems had purely mechanical linkages so that the slave was in close
proximity to the master arm [11]. A newer electrical servomechanism was developed
in 1954 by Goertz and Thompson [21] at Argonne National Laboratory. In this system,
the electrical servoactuators in the master arm received feedback signal from the slave
sensors and applied forces to the user’s hand grasping the master. As a result, the user
felt as if he/she was manipulating the remote environment directly. Later, Frederick
Brooks, Jr. and his colleagues at the University of North Carolina at Chapel Hill
developed the longest research project in virtual force feedback. They hoped to
challenge the real-time simulation of three-dimensional molecular docking forces.

Within 20 years, they continually designed GROPE (1967), GROPE I (1971) and




GROPE II (1976) to try the simulation of three-dimensional virtual forces. Finally, in
1990, after introducing much faster computing hardware into their systems, they
reached their original goal of a three-dimensional molecular docking simulation [20].

Jones and Thousand, who in 1966 patented one of the first dextrous master
manipulators, developed a much simpler and safer design using pneumatic bladders.
In his concept, the user’s hand position was measured by a sensing glove and
transmitted to a slave robot gripper. Errors between user and robot hands could appear
when the robot grasped objects. A pressure proportional to the measured position
error was used to inflate pneumatic bladder actuators placed in the palm of the master.
Thus the user received a very natural sensation, as if he/she was grasping the object
directly [11].

However, all of above masters were developed originally for telerobotic
applications and not to serve as 1/O devices for Virtual Reality (VR), a field that
appeared in the late 1970s. The “Sandpaper” system developed at the Massachusetts
Institute of Technology Media Laboratory [22] was one of the first prototypes to
provide tactile feedback from a graphics simulation. This design consisted of a two-
degree-of-freedom (2-DOF) joystick with large electrical actuators in an enclosure
placed by the computer.

In 1992, Salcudean [23] designed the UBC magnetically levitated (maglev)
joystick, which has a high frequency response, frictionless, back-drivable device with
limited 6-DOF ranges. Its assembly sketch is shown in Figure 1-1 and its
characteristics are given in Table 1-1.

The device has six Lorentz actuators, arranged in a start configuration with 120°
symmetry. Each actuator consists of a flat coil immersed in the magnetic field of four

rectangular magnets attached to permeable plates that contain the flux, and produces a




force proportional to the current passing through it. In keeping with the terminology
of Hollis et al. {24], the actively levitated joystick handle is referred to as the “flotor.”
The location of the flotor with respect to the stator is detected by sensing the
projections of three narrow beam LEDs on the surfaces of three dimensional Position
Sensing Diodes, as described in Hollis et al. [24]. The actuator coils are driven by
current drivers each having a maximum continuous current of 10 A.

The maglev joystick flotor is kept in controlled “flight” by a VME-based

SPARC™ processor running the VxWorks™ real-time operating system, and
associated input-output cards. A Silicon Graphics workstation is used for graphical
display and communicates with the haptic interface control processor via a serial link

[25].

Table 1-1 Summary of the UBC maglev joystick characteristics

Dimensions Cylinder with
r =66mm
h=110mm

Stator mass 2 kg

Flotor mass 0.65 kg

Payload (continuous)
Translation range

Rotation range

2kg (along the z-axis)
+4.5mm from center

+ 6deg from center

Resolution < 5 um (trans.)
<10urad (rot.)

Force/torque freq. resp. > 3kHz

Close-loop position freq. resp. > 30Hz (trans.)
> 15Hz (rot.)

Actuator force constant 2 N/A

Max. continuous current 3 A/coil

Peak current 10 A/coil

Although the UBC wrist can produce the same forces and only slightly reduced

torques, it is substantially smaller. It can be modeled as a single controlled rigid mass,




of mass m =0.7kg . With the present current amplifier, the maximum force along

vertical axis is 60N .

» ~—Flolor Top

L9 Nounting Columas

Yerlical Naguel Asembly

— P3 Nounts

Vertical Coil

Figure 1-1 The UBC maglev joystick assembly sketch [25]

Another kind of haptic device is based on pen-based masters. It allows
interaction with the virtual environment through familiar tools such as a pen (or
pointer) or a scalpel (in the case of surgical simulators). These desktop devices are
compact, typically have a workspace larger than spherical and magnetically levitated
haptic joysticks and have between three and six degrees of freedom. Since the tool
(pen) is geometrically constant, regardless of the user’s hand size, there is no need for
complex calibrations associated with sensing gloves [11]. University of Washington
Pen-based Force Display and The PHANToM Master are the two famous cases of this

kind of haptic interface.




Figure 1-2 The pen-based forced display [26]
Let us now look through the design of the University of Washington pen-based

force display. Its structure is shown in Figure 1-2. In Buttolo and Hannaford’s
research [26], they believe that in the application of manipulator with very low inertia
and friction the operator doesn’t feel a burden while the scalpel is in free motion, and
he/she can feel the high frequency force components generated by the interaction of
the scalpel with different kinds of tissues. At the same time, they find that geared
manipulators couldn’t satisfy the design requirements of low inertia and friction
manipulators because they don’t have very high bandwidth, and they couldn’t
reproduce the force information with high frequency components, and further addition
of backlash and friction phenomena always occurs. On the contrary, direct drive
manipulators are characterized by very high force generation bandwidth, low friction
and no backlash [26]. Of course, the drawback of this manipulator is that a higher
mass/torque ratio exists in the application compared to the geared manipulators. This

is a reason why serial direct drive manipulators are characterized by a very high
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inertia. Based on above analysis, in 1995, Buttolo and Hannaford designed a 2-DOF
manipulator in the horizontal cartesian space using a parallel structure. As a result,
they conclude that the evaluation of a parallel manipulator dynamic behavior could be
an extremely complex mathematical problem. Because the robot is not an open chain,
it is impossible to use directly the Newton-Euler approach, and quite a complex to
derive the Hamiltonian. To simplify the above problem, they use three serial 2 links
manipulator, which are connected together at the end-effector, instead of a 2-DOF
parallel structure. Figure 1-3 shows the structure of 2-DOF parallel, and Figure 1-4 is
the schematic representation of the pen-based force display. In Figure 1-4, between
the two links there is no actuator; however, it is possible to introduce a fictitious

actuator with null mass and null output torque.

Actuatorl Actuator2

passive
joint

end effector

Figure 1-3 Schematic representation of a typical 2DOF parallel manipulator [26]

11




Axes up& s s
down motion ( x,, },a) Actuator3  Actuator up&down

y : : f.
X Actuator 1™ N 2dof serial chain _ 7 Attuator2
!"_“\:__L"““—/‘/—“P'

Figure 1-4 Schematic representation of the pen-based force display [26]

According to their design, Buttolo and Hannaford [26] conclude that the pen-
based force display could be an effective tool for precision manipulation in virtual
environment or for scaled telemanipulation. The human operator interacts with the
force display in a very familiar way, using a pencil or a scalpel. This configuration
can be very effective for microsurgery. A drawback of the design of a parallel
redundant structure is the high computational requirement needed to solve the
dynamic equations and to choose a torque configuration among the infinite possible
choices. On the other hand, their parallel manipulator has a very low inertia, no
backlash, almost zero friction, and the actuator redundancy can provide a
homogenous force capability. They tried to measure the static friction and it was less
than the resolution of their measuring devices. As an additional advantage of their
design, multiple closed chains provide an easy way to self-calibrate the mechanical

devices [27]. In their case the presence of a redundant close loop allowed them to self-
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calibrate all the parameters of the parallel planar device, such as the position of each
actuator and the length of the links. They also built a simulation virtual reality test-
bed, where an operator can see virtual objects on a video display and touch them
using the force display. The- feeling coming from touching the virtual object

confirmed them that their device is capable of high-frequency force reflection [28].

Figure 1-5 PHANTOM desktop from sensAble technologies [28]

The Personal Haptic Interface Mechanism (PHANToM) is another desk-
grounded pen-based mechanism designed for virtual force feedback [15]. Their
characteristic is shown in Figure 1-5. Its main interface component is a serial —
feedback arm that ends with a fingertip thimble-gimbals support. Alternately the
thimble can be replaced by a stylus. In chapter 2 of the thesis, we are going to

describe the detail information about the PHANToM system.

1.5 Impedance Control Theory

In telerobotic systems, dynamic interaction between the robot and its
environment has been always one of the hardest research topics. Similarly, in virtual
environment, haptic display between human beings and virtual environment is also

one of the hardest problems as well. Actually, haptic display is a kind of dynamic
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interaction between human beings and virtual environments. Dynamic interaction can
cause severe problems. The by-now-familiar phenomenon of contact instability [32] is
a clear example. Teleoperated systems are a level more difficult than applying robots
to contact tasks because there are at least three distinct systems that interact — the
human operator, the robot and its environment [33]. Dynamic interaction between
systems may be quantified by their impedances that are used here in the sense of a
generalized dynamic relation between force and motion.

In Faye’s thesis, an experimental facility for investigating human-machine
interaction has been developed [38]. It is a computer-controlled manipulandum with
programmable mechanical impedance. The mechanical system is a “direct drive”
motorized open-chain planar mechanism [33].

Understanding the performance of a human interaction requires a
characterization of human impedance. Lanman [34] reported an incremental stiffness
ranging from a minimum below 2 N-m/rad to a maximum as high as 400 N-m/rad.
Hayes and Hatze [35] reported a minimum stiffness between 1 and 1.4 N-m/rad.
Cannon and Zahalak [36] reported a maximum stiffness greatgr than 350 N-m/rad
mechanical impedance.

In research in the literature, impedance control theory is employed in robot
control to get the stable execution of contact tasks. Contact tasks are considerably
more difficult. Dynamic interaction is a complex nonlinear procedure between robot
and environment, and current model of robot is not sufficient for different
environments, furthermore, the human operator is extremely complex and difficult to
characterize [33]. In the traditional control system design, motion-based control
design is eminently reasonable and quite successful for non-contact tasks because

only the robot’s motion needs to be controlled, while this approach to contact tasks
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has been less successful because it ignores the fundamental mechanics of interaction
in a contact task. An alternative is to recognize that the dynamic interactions are not a
source of disturbances to be rejected, but an integral part of the task. This is the idea
behind the impedance control. Neville Hogan detailed the impedance control
approach for manipulation [37]. This approach defines a unified and general
framework to control of manipulation [37]. It includes the simple positioning or
transporting tasks typically performed by robots and/or prostheses. It also builds on
this capability, extending it to facilitate the application of robots and/or prostheses to
tasks involving static and dynamic interactions between the manipulator and its

environment [37].

Similarly, in the stability of haptic display, we also introduce impedance control.
Colgate [39] thought of a haptic interface as a device that generates mechanical
impedances. Impedance represents a dynamic (history-dependent) relationship
between velocity and force [49]. For instance, if the haptic interface is intended to
represent manipulatilon of a point mass, it must exert on the user’s hand a force
proportional to acceleration, whereas if it is to represent squeezing of a spring, it must
generate a force proportional to displacement [39]. Actually, physical systems come
in only two types: admittance, which accepts effort (e.g., force) inputs and yields flow
(e.g., motion) outputs; and impedance, which accepts flow (e.g., motion) inputs and
yields effort (e.g., force) outputs. Thus we are able to describe the dynamic display of
virtual contact or touch in the virtual environment easily through impedance control.
Some applications have used impedance or admittance control methods in haptic

displays [16] [41] [42] [43].
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1.6 The Stability of Haptic Display Systems

An important issue in the haptic display of virtual environments is stability.
Often, unintended oscillations of the human/display system are found to occur.
Stability of the haptic device and ultimately safety of the user is very important. In
order to guarantee the stability of the system, scientists have made different attempts
in the structure.

Passivity is a powerful tool for the analysis of coupled stability problems arising
in robotics and related disciplines. For example, passivity methods have been used to
establish conditions for the stability of a robot contacting an uncertain dynamic
environment [29], to investigate the robustness of force feedback controllers [30], and
to study the stability of telemanipulation with a time delay [31]. Furthermore,
passivity techniques have been used in the design of “haptic interfaces” to virtual
environments [39]. An hpatic interface is a device that lets human operators touch,
feel, and manipulate virtual (computer-generated) environments [40]. Colgate and
Schenkel [44] thought if a necessary and sufficient condition for the passivity of a
class of sampled-data systems would be derived, the stability of haptic interface could
be guaranteed.

In their research, they build a sampled-data system model with continuous time
plant and discrete-time controller. Amplifier and sensor dynamics, nonlinearity, and
noise are ignored. Colgate and Schenkel [44] have derived the necessary and
sufficient conditions for passivity for the linear case with one degree of freedom. The
model is shown in Figure 1-6. The element, the unilateral constraint, is ubiquitous in
the physical world. Unilateral constraints are needed to account for collisions and

contact. The element H(z) represents virtual environment and is a stable linear, shift-

invariant transfer function. The parameter m is a rigid body. The parameter b is some
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viscous friction. They concluded that if the haptic display behaved passively, the
energy input to the haptic display from the operator must be positive for all admissible

force histories f(¢)and all times greater than zero:
t
[r@v)dz>0, 1> 0,admissible 1 (1) (1-1)
0

A system that does not satisfy (1-1) is said to be “active”.

| Operator |-

, u
—--»1 nlll £ s - 1 - .1
S ms +b S
zero order hold
xs \ x
H(z) [—— - T

unilteral constraint

Figure 1-6 Model of a one degree-of-freedom haptic interface [44]

Colgate and Schenkel [44] proved a necessary and sufficient condition for
passivity of the sampled data system in Figure 1-6 is:

1 -joT joT
1-cos(w) Ret(1-e)H (™) (1-2)

0<w=sw,

b>—7l
2

where o, = % is the Nyquist frequency and T is the sampling period.

17




The detail procedure for the proof for this theorem has been described in [44].
They also employ this theorem into a common implementation of a “virtual wall”,
composed of a virtual spring and damper in mechanical parallel, together with a
unilateral constraint operator [39]. A velocity estimate is obtained via backward

difference of position, giving the following transfer function within the wall:

z—1

H(z)=K,+b,
(@) =K, +b.—

(1-3)
where K, >0 is virtual stiffness, and b, > 0 is a virtual damping coefficient. From (1-

2), the condition for passivity is:

jwT
e’?

1

T 1 o -
b>5—-—-Re{(l—e / T)(Ke+bew)},OSa)Sa)N (1-4)

1—-cos(w)

By algebraic manipulation the above expression leads to

r ,
b> f”—Bcos(coT), 0fw=<w, (1-5)

The right hand side is maximized at ® = w,,, leading to the condition:

Tfe +b (1- 6)

e

b>

Based on the above results, it is concluded that (a) some physical dissipation is
essential to achieve passivity; (b) given fixed physical and virtual damping, the
maximum achievable virtual stiffness is proportional to the sampling rate; and (c) the
achievable virtual damping is independent of the sampling rate [44]. Actually, these
findings are useful for the implementations for the haptic interface design. When our

implementation needs very stiff, dissipative constraints (high X, b,), to maximize

b and to minimize T are excusable. Fast sampling is a standard objective, but
maximizing damping goes against conventional wisdom [44]. It is generally argued

that the dynamics of a haptic interface should be dominated by the virtual
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environment (which is the programmed behavior we wish to display) rather than any
inherent dynamics (which is considered parasitic). In other words, the interface
hardware should be “transparent.” Unfortunately, the notion of transparency places
focus on mimicking the governing equations (e.g., state equations) of physical
systems, but not on obeying underlying physical laws (such as conservation of
energy). The addition of physical damping helps the sampled-data system to behave
as physical law would dictate [45]. Unfortunately, this ignores the effect of sampling.
Sampling ensures a certain disparity between the actual and intended behaviors of the
virtual environment which will result in active behavior and the potential for coupled
instability unless accompanied by a sufficient degree of inherent damping (b) [44]. It
is interesting to note, however, that the passivity condition doesn’t rule out the use of
negative virtual damping. For instance, if B <0 is permitted, passivity condition 1-6
changes to:

b>TK"+
2

b

e

(1-7)

Thus, negative virtual damping is permissible as much as positive virtual

damping. In the case of K, =0, it should be possible to eliminate almost completely

the effect of inherent damping [44].

Blake Hannaford and Jee-HwanyRyu [46] have developed another analysis and
control of instability in complex systems such as haptic interfaces using the time-
domain definition of passivity. They define the “Passivity Observer” and the
“Passivity Controller” and apply them to haptic interfaces in place of fixed-parameter
virtual couplings. Their experimental evaluation and simulation is based on Excalibur

system [47], [48].
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The conjugate variables which define power flow in such computer systems are
discrete-time values, further, they confine their analysis to systems having sampling

rate substantially faster than the dynamics of the haptic device, human operator, and

virtual environment so that the change in force and velocity with each sample is small.

Many haptic interface systems have sampling rates of 1000 Hz, more than ten times
the highest significant mode in their system [46]. The passivity observer (PO) for one-

port network may be defined as following:
E,, (m) = AT} £ (k)v(k) (1-8)
k=0

where AT is the sampling period. For an M-port network with zero initial energy

storage, the definition of passivity observer (PO) becomes:
E (1) = AT Y [ ik (k) -+ [, (k)W (K)] (1-9)
k=0

If E

obsv

(n) 20 for every n, this means the system dissipates energy. If there is

an instance that £,  (n) <0, this means the system generates energy and the amount

obsv

of generated energy is —E, (n) [46]. When there are multiple interconnected

elements, researchers might want to observe each one separately in order to determine
which ones are active and which are passive.

For one-port system, if it is negative at any time, the one-port may then be
contributing to instability. Moreover, we know the exact amount of energy generated.
Hannaford and Ryu [46] design a time-varying element to dissipate only the required
amount of energy and define this element a passivity controller (PC). The PC takes
the form of a dissipative element in a series or parallel configuration, such as in

Figure 1-7. A series PC has the impedance causality; while a parallel PC has the
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admittance causality. The PO and PC can both be implemented with simple software
in existing haptic interface systems. The stability can be proven, yet it is not a fixed
parameter design based on a worst-case analysis. Secondly, energy storage elements
in the system do not have to be modeled, only dissipation. Dissipation in the elements
outside the PO needs to be identified for optimum performance. However, the added
performance due to modeling external dissipation appears to be small. Thus, the PC
can be very useful without any parameter estimation at all. Nevertheless, this method
has some limitations. First, there are important cases in which virtual environments
have very different behavior in different locations. The second issue is the

performance of the system with limits imposed on the PC and sensitivity to low

values of velocity [46].
BPC
W Va
o 44 Oy
+ +
i fi N
o o=
(a) Senes or velocity conserving Passivity Cantroller
PC
g ¢!
+ I e
A & | | A N
o ' O

(b) Parallel or force conserving Passivity Controller.

Figure 1-7 Configuration of passivity controller for one-port network [46]
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1.7 The Performance of Haptic Display Systems

As we described before, a haptic interface is a device that generates mechanical
impedances [39] [49]. In the physical world, impedances vary widely. For instance,
while holding a pencil, the perceived impedance is that of a low mass rigid body, but
when pressing a pencil against a writing surface, the perceived impedance 1s that of a
stiff viscoelastic body. In one case, the pencil provides almost no resistance to motion,
in the other case almost complete resistance to motion (at least in the direction normal
to the surface). The challenge of designing a haptic interface is to build a single
programmable device that can exhibit a comparably broad dynamic range of
impedances (or at least a “Z-Width” which is perceived to be comparably broad) [49].
Rosenberg and Adelstein address the analysis and construction of virtual surfaces
from a perceptual, rather than solely a dynamics and controls point of view [50];
however, they don’t state that dynamic range of haptic display is one important factor
of affecting the performance of a haptic display. Colgate and Brown [49] address this
problem. They are concerned with achievable dynamic range in theoretical and
experimental research. They detail how to build a haptic interface capable of
exhibiting a wide range of mechanical impedances while preserving a robust stability
property. Through their research, they find physical damping could play a pivotal role
in increasing the Z-width, regardless of the configuration. In all cases, the addition of
physical damping increased both the maximum stiffness and the maximum damping.
Further, high update rate is needed to achieve high stiffness; however, high update
rates exacerbate noise due to differentiation of the position signal, making large
damping coefficients difficult to achieve [49]. To achieve higher damping, the update
rate can be slowed down (at the expense of stiffness) or digital filter can be used to

attenuate high frequency noise. With the proper digital filter, the velocity signal can
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be smoothed out to allow large damping in addition to high stiffness [49]. However,
they didn’t address high frequency oscillations and performed psychophysical
experiments to match the virtual environment to the desired physical one.

The performance of a haptic interface can be described in terms of transparency,
the quality in which velocities and forces are passed between human operator and the

virtual environment. A haptic interface with perfect transparency has the hybrid

F, 1 10 1], 1- 10
—v; | |-1 o|F (1-19)

The range of Z-width may be used as a method that evaluates the transparency.

mapping [51]

This range is delimited by frequency dependent lower and upper bounds, Z . and

min

Z. . - The ideal haptic interface could simulate free motion without inertia or friction,

as well as infinitely rigid and massive objects [16]. Hannaford [16] looks at the virtual
coupiing as a bridge that connects a haptic display and virtual environment. However,
virtual coupling affects the transparency as well as the stability. In impedance display,
high virtual stiffness and virtual damping cause a large conductance of the virtual
coupling. As a result, the performance of transparency will close the perfect one and
the range of Z-width is large as well. In admittance display, in order to gain the good
performance, we need the low virtual damping to get the small conductance of the
admittance display. In passive haptic interface, there is always critical trade off
between sampling rate, virtual wall stiffness, and viscosity of haptic device [52]. In
[53], researchers also discuss the relationship between stability and transparency
when virtual coupling factors are designed. In [53], admittance hapti(; display 1is
applied. Admittance display means that an operator commands force to virtual reality

and velocity of virtual reality returns through a haptic device. Through computation, a
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haptic interface is affected by admittance of virtual reality, sampling time as well as
virtual coupling factors. They conclude there are limits of expressible admittance and
increasing sampling time doesn’t mean better performance without exception [53].
Sampling time and virtual coupling factors should be changed according to passive

inequalities [16] [53] to express desired admittance [53].

1.8 Update Rate of Haptic Display Systems

Obviously, a complete haptic display system is a hybrid system because a
virtual environment is generated by computer and a haptic device includes the
servomotor. It is mevitable to use digital-to-analog and analog-to-digital technologies
to send command signals or get the resulting signals. As a result, update rate of
system is necessary. Actually, according to [54], hatpic device vibration is an
important factor in the success of a haptic technology. This problem is caused by two
critical designed factors, force magnitude and update rate, that can cause vibration and
measures the effect of these factors on an operator’s ability to detect small features on
a simulated hard surface [54].

In order to fix the above problem, at first, the researchers have attempted to
apply control theory. Kazerooni and Her [103] developed a sophisticated analysis that
accounts for the dynamics of the human arm and its relationship with the haptic
devices. Their model requires that the haptic device measure the force exerted by the
operator on the device, but many force-feedback joysticks are manufactured without a
force transducer to provide this information. Colgate et al. [45] present a control
theory model that requires the device to sense only position information and apply a
linear function response force as the cursor intrudes into the wall. They conclude that

this approach can provide walls that feel “stiff” if the following conditions are met:
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(1) the position is sampled quickly and (2) the haptic device has a large amount of
inherent damping. Since programmers are often not in a position to change the
damping coefficient of the haptic device, they must concentrate on sampling period
quickly. Chen and Marcus [56] report that "The common rule of thumb for stable,
smooth, and crisp force-feedback control loops dictates that the servo rate should be at
1000 Hz or above". Chang and Colgate [57] report that their unpublished experiments
indicate that haptic devices require an update rate of 500 Hz - 1kHz. Several other
approaches to dealing with haptic interactions with solid objects, including Zilles and
Salisbury's object model [90] and Adams, Moreyra and Hannaford's [16] virtual
coupling network, also require high update rates on the order of 1kHz. Practical
implementation requires designers to balance update rate and the stiffness of the

virtual surface. Fast update rates require simple servo algorithms, particularly when

-other processes run on the same computer that runs the servo functions.

Steven, Thomas and Johnson [54] report the effects of gain and update rate on
an operator’s ability to perceive small step-like features along a smooth, hard edge. In
their experiments, six participants (male, mean age of 25.8) slid the haptic device
along the virtual edge at a prescribed pace and indicated whether they detected a
small, upward step on the surface. The update rate and magnitude of the resistive
force were varied according to a full-factorial design. Through the analysis of
experimental results, they make the following conclusions. The trial type that
presented the largest force and the slow update rate resulted in the poorest
performance, while the trial with a large force and a fast update did quite well. If the
difference in update rate is the only discriminating factor, then one would expect the
same performance gap between the two small force trials, which differed only in

update rate. Data from individual trials tells more of the story. As expected, the
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position graphs of the big force/slow update and big force/fast update trials indicate
that the slow update causes larger vibrations. These large vibrations leave the user
uncertain about the position of the virtual wall, hiding the presence of small details, so
the performance is poor. Turning to the trials with smaller output force, the
participants receive two clues about the presence of a small step: kinesthetic
movement of the hand, and a momentary lapse of vibration. For the small forces, the
user enters the step from the side and does not feel vibration until they move back up
to the surface. They also hypothesize that the participants used both cues, the
momentary gap in the vibration and the change in kinesthetic positioning of the hand,
to detect the edge. For the trials with big forces and slow update rate, there is no gap
in vibration, so the clues about the presence of a step comes solely from discerning
the change in position of the virtual wall [54]. Thus, before setting the force and
update rate, haptic interface designers should consider to level of touch detail needed.
Also if the sense of touch is more important than the graphics, performance of the
system can be improved by displaying simple graphics. Another recommendation is to
implement control theory by considering the user’s force input as the adjustment
variable [54].

In another research, Murat [58] concentrates on the difference between the
sampling rate requirements of haptic interfaces and the significantly lower update
rates of the physical models being manipulated. They propose a multirate simulation
approach that uses a local linear approximation. This approach is also shown to
improve the stability of the haptic interaction. In their discussion, the models are
limited to lumped element models, which are also referred to as mass-spring-damper
models in the literature, but the arguments can easily be extended to deformable

models based on finite element analysis.
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They build four different simulation models with 1 kHz haptic update rate,
shown in Figure 1-8, in order to introduce their research results. They also consider an
hpatic interface interacting with a simulated nonlinear spring in one dimension.
Through compared demonstrations based on Figure 1-8, they find that although the
use of a low-pass filter to improves the performance of the constant output method
seems to help by reducing contaminating noise at the harmonics of the model update
rate, however, this approach has two main limitations. First, low pass filtering may

eliminate useful high frequency force information. Second, the lag introduced by the

()

(d)

Figure 1-8 Simulation paradigms [58]

low pass filter tends to destabilize the haptic interaction, or introduce oscillation.

When the instrument interacts with the deformable model in a VE simulator, the

haptic interface will displace the node(s) it is touching and display the reaction force.
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However, the underlying dynamical system has a very high order as it includes the
deformation of the whole body. It is impossible to simulate that high order dynamic
system in real time because of the limitations of hardware and software. As a result, a
low order approximation for real time haptic performance is needed to replace it. In
the construction of the low order approximation, linearization is a basic step. The
linearized model gives the tangential behavior of the full model. Because the order of
the linearized model is equal to the full order, improvement may be processed on the
linear model. Model reduction is the critical step of this research. A balanced model
reduction [59] is implemented in this model to approximate the system’s input-output

response with a 10™ order system, with the infinity norm of the error resulting from

the approximation being less than 1.6x107, less than 1% of the full order model.
The states of the new low order model show that it is a local approximation. This
result is actually expected, because stress decays inversely proportional to the square
of the distance from the load in a semi-infinite linear elastic body under a point load

[60].

Full Nonlinear
Model

Linearization

Full linear
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Model
Reduction

A 4

Low Order
Linear Model

Figure 1-9 Construction of the low order model [58]

28




Real time response is necessarily needed in the implementation of haptic
systems. A balanced model reduction prevents the use of order reduction as a part of
the on-line computation because it costs calculations. In order to simplify the
approximation construction with less computation, Murat [58] constructs a local
linear model directly from the full order model as shown in Figure 1-9.

It is important to note that the local linear approximation used here is not
necessarily the best choice. Local approximations are explored in detail in [39]. The
major limit of this method is that the local states must be the dominant ones. This
could be violated if the material was inhomogeneous, for example if the deep tissue
were significantly more compliant than at the surface so that most of the deformation
occurred in states far from the interaction [58]. In this case, Astley and Hayward's
method [61] would be useful, if the model was linear. Other effects that could violate

the dominance of local modes include significant geometric nonlinearities or

* discontinuities in the tissue that produced large local stresses away from the

instrument contact [58].

1.9 Time Delay of Haptic Display Systems

A haptic display system is a kind of application of force reflection or force
feedback. Haptic display applications sharing one VE in the network with several
users are becoming very popular. It is well known from physiological and
psychological data of the haptic modality and from the haptic control theory that the
haptic loop requires a high bandwidth of around 1 kHz to guarantee the stability of the
haptic interaction, and more importantly, to make a coherent feedback between the
visual and the haptic scenes. Developing a network protocol that can provide

sufficient bandwidth with minimum latency to a group of distant users is a
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challenging problem [64] and physics-based models that simulate haptic interactions
among users have begun to be developed [65]. Yet one of the important problems of
haptic feedback, even if only one user interacts with the VE engine, is time delay [63].
It is obvious that time delay during the transfer and processing of the data may easily
result in unstable forces and can be harmful to the user.

Up-to-now, time delay is still known to be one of the most severe problems in
force reflecting teleoperators. Many solutions have been proposed to deal with this
problem. Some of the most attractive ones are based on passivity derived from
scattering network theory [66] [67] [68] and [69]. Others are based on a passive
transformation of power parameters (namely velocity and force) into waves. Other
techniques use known classical control theory to derive stable controller from
Lyapunov criteria [72], [73], and we can state other works as [74] using p-synthesis
and [85] with notion of virtual time delay, etc. In [71], a simple buffering technique to
deal with time-varying delay was also developed.

In teleoperation technologies, force feedback renders a system very sensitive to
delays. Small amounts of lag can drive a force feedback loop unstable and the levels
of delay encountered in networked teleoperation systems make force feedback
impossible without compensation for the delay [76]. Niemeyer and Slotine [75] [67]
proposed a passivity-based controller known as a “wave variable” formulation of the
problem derived from network theory. A wave variable architecture uses a
transformation of variables to encode the control information in a manner that enables
the communication link to remain passive in the presence of delay [67]. The

complimentary pair of wave variables (u,v) are defined as

bx+ F bx—-F

(1-11)

¥
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where u is forward moving wave from master to slave while v is the returning wave
from slave to master as depicted in Figure 1-10. Through this substitution, the power

flow at any point in the system can be redefined as

Pox'F=tyTus Ly (1- 12)
2 2

Master PD Slave
Lyry !h'; ) Vg
F}; J?Fm U__EK Fs _‘f ; anb
_..__é/ S

Figure 1-10 A basic configuration for a wave variable based teleoperator
system[67]

Under this construction, the power flow has been separated into independent
flows in the forward and reverse directions. By transmitting wave variables rather
than traditional effort and flow variables across the communication delay, passivity of
the communication link can be guaranteed for arbitrary delays. For a formal treatment
of wave variables and passivity, see [78], [79]. Notice that using wave variables for
transmitting control data across a delay ensures that the communication link is a
passive element, but does nothing to guarantee the passivity of the other elements in
the system [76]. In Niemeyer’ research, their implementation of the wave filter is a
fundamentally asymmetric controller [76]. This is useful because the bandwidth of
any meaningful input from the operator is below the achievable bandwidth for their
system, but higher frequencies have been shown to be very valuable feedback to the
operator. By only filtering the forward wave path, we have ensured the passivity of

the system while still allowing high frequency feedback from the slave to reach the
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master. In addition, the simplicity of the criterion for passivity in wave space lends
itself to wide variety of compensator options [76]. However, there are two practical
limitations in wave controllers: a maximum wave impedance and maximum wave
bandwidth.

Time delay is an old problem in remote control operation. Besides above wave
variable method, Smith prediction [81] is another approach to adapt on delayed haptic

feedback interaction. This proposed controller requires only the master model space

[80]. This solution is proven to be stable and also robust to master device parameters

estimation. In the work of [63], the principle of Smith prediction has been adapted for
the synthesis of a stable haptic feedback controller to be used with constant and
varying time delay.

The Smith Predictor is an effective Dead-time Compensator (DTC) for a stable
process with a large dead-time [81]. The classical configuration of a Smith Predictor
[83] is shows in Figure 1-11. In the figure, r represents the reference signal, P(s) is
the transfer function of the process with large dead-time, I3(s) and 130(5) are process
models with and without dead time respectively. The shaded area C(s) is the Smith

predictor or Dead-time compensators (DTS). The presence of a large dead-time (e.g.

nt) in the process P(s) causes the feedback to be delayed and forces conventional
controllers to operate with a low gain. The Smith Predictor improves the closed-loop
performance by introducing a minor feedback loop around the primary controller to
produce v(t), which is an estimation of the variation y(f) during the last n units of
time. This variation v(¢)added to the delayed measurement constitutes an estimate of
the current value of y , which will become available at the later measurement

y(t +nt) . This is subtracted form the requested value r to produce the error that is fed
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into the controller. This eliminates the sluggish responses or over-correction that is

associated with conventional controllers [82].

C(s) ¢

L 4

Co(s) P(s)

B(s)— P(s)

Figure 1-11 A classical diagram of a control system incorporating a Smith
Predictor [83]

Mammmar [84] design a model-based controller for interactive delayed force
feedback virtual enviroﬁment lying in an astute adaptation and implementation of the
Smith prediction scheme. Their conﬁoller is also implemented in commercial haptic
libraries and interface build-in controllers. The estimation of both (upwards and
downwards) delays is not needed. Their simulation results confirmed a stable virtual
environment haptic interaction in the presence of both constant and time-varying
delays. A robustness analysis of the proposed controller was also conducted. The error
margins that guarantee the stability of the haptic interaction are found to be large
enough to state robustness of the approach [84].

Comparing to wave-based methods, Smith prediction scheme is more
transparent to the user, since there is no additional corrupting damping. The price to
be paid is in the position discrepancy between the haptic device and the virtual probe
when the contact is made. Many experiments have showen the validity of the

proposed theory.
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1.10 Thesis Objectives

Haptic display is one of most active topics in Virtual Environments (VE), which
involves use of different kinds of technologies, such as software engineering, network
architectures, communication protocols and real time control laws. In prior works,
virtual coupling, passivity observer and passivity controller have been introduced into
the stability and passivity of haptic interfaces; however, because of the limitation,
such as time delay, mathematical models of the plant and data transformation from
Analog-to-Digital (A/D) and from Digital-to-Analog (D/A) should be investigated.
Furthermore, in networked haptic display system, the above limitations would become
even more complex and vague. Thus in this thesis, our main objective is in
development of conditions for the guaranteed stability of a networked haptic in
distributed VE. We also hope to find a set of parameters for the virtual coupling to
guarantee the passivity and stability of the haptic interface when a delay is introduced
into a networked haptic in distributed VE. The two-port network will be introduced
into the design of our VR system with the PHANToM Premium 1.5 haptic device to

find the condition of stability for our VR system.

1.11 Thesis Contributions

In this thesis, a procedure of designing the parameters for the virtual coupling in
a distributed virtual environment with two users interacting simultaneously with force
feedback device and one unit time delay is presented. The feasibility of passivity
criterion to ensure the stability condition of the haptic interface to ensure the stability
condition of the closed-loop system is presented for the two different interactions

scenarios. The main contributions of this thesis are as follows: (1) The analysis of the
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mathematical models of the PHANToM Premium 1.5 has been done; (2) The
parameters of the virtual coupling to guarantee the stability of haptic interface have
been designed; (3) The closed-loop pseuocontrol ratios for output versus reference
mput in a multi-user networked VR system with a unit delay has been derived; (4)
The closed-loop stability conditions of the interactions with two kinds of the virtual
environment models have been obtained. (5) The complete response results of the
closed-loop system with different parameters of the virtual environment model have
been simulated.

The outline of this thesis is as follows: In Chapter 2 mathematical models of
Phantom 1.5 are presented. In Chapter 3 network theory and passivity criterion are
introduced into the design of virtual coupling for networked haptic displays based on
Phantom 1.5. Furthermore, the stability conditions for the haptic interface are also
obtained. In Chapter 4 the stability condition for the closed loop system was derived
from the opened-loop stability condition for the haptic interface through Jury stability
test. Chapter 5 describes implementation and results of passivity condition utilized to
guarantee the stability of the haptic display in the distributed VE. Finally, Chapter 6

concludes the thesis with suggestions for future work and possible improvements.
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Chapter 2

Mathematical Model of the Phantom Haptic

Interface

2.1 Introduction

In chapter 1, we briefly described the PHANToM system. In this chapter, we
are going to introduce it in detail.

The first PHANToM haptic device was designed and built in the early 1990s by
Thomas Massie and Dr. Kenneth Salisbury. In 1993, SensAble Technologies, Inc. was
founded to commercialize PHANToM haptic device. Presently, PHANToM haptic
device has become one of the most popular haptic devices because it has a large
workspace, low inertia, low friction, and high position precision characteristics.

Currently, PHANToM haptic devices have four models for different customers
and requirements. The PHANTOM Premium models are high-precision instruments
and, within the PHANTOM product line, provide the largest workspaces and highest
forces, and some offer 6DOF capabilities. The PHANTOM® Desktop™ device and
PHANTOM® Omni™ device offer affordable desktop solutions. Of the two devices,
the PHANTOM Desktop delivers higher fidelity, stronger forces, and lower friction,
while the PHANTOM Omni is the most cost-effective haptic device available today.
In this thesis, we use PHANToM Premium 1.5.

The Premium 1.5 device provides a range of motion approximating lower arm
movement pivoting at the elbow. The Premium 1.5 device includes a passive stylus

and thimble gimbal and provides 3 degrees of freedom positional sensing and 3
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degrees of freedom force feedback. An encoder stylus gimbal that may be purchased
separately enables the measurement of an additional 3 degrees of positional sensing
(pitch, roll & yaw). The Premium 1.5 device connects to the PC via the parallel port
(EPP) interface. Supported OS platforms include Windows® 2000/XP/NT, RedHat®
Linux® 7.2, RedHat Linux 9, RedHat Fedora™, and SUSE 9.0,

In haptic interface applications, researchers hope to satisfy the common
requirements of low noise/granularity/latency measurements, an accurate system
model, high bandwidth, the need for an open architecture, and the ability to operate
for long periods without interruption while exerting significant forces. To satisfy these
requirements; it is necessary to study the kinematics, dynamics, high frequency
dynamic response, and velocity estimation of the PHANToM system.

In this thesis, we try to derive the mathematical model for the PHANToM
Premium 1.5 based on dynamic equations of the physical system. We then linearize
this mathematical model to get the linear transfer function.

In this thesis, we follow the notation of Murray, Li, and Sastry [70] in
representing rigid body transformations, and kinematics and dynamics calculations.
Results of the calculations are also related to the notation of Craig [87] and Murat and

David [88].

2.2 Kinematics

In this section we perform the kinematic analysis of the PHANToM premium
1.5 manipulator. In SensAble’s GHOST and Basic I/O libraries, they have offered
some of the kinematic analysis; however, it is not enough for the researchers to have a
more open architecture, and to use in tasks and functions not supported in these

libraries.
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In the following subsections, solutions of forward and inverse kinematics are
presented, followed by the calculation of the manipulator Jacobian and a basic

analysis of the workspace.

2.2.1 Forward Kinematics

In robotics, the forward kinematics problem is that the given joint variables of
the robot may determine the position and orientation of the end-effector through
mathematical expressions. The joint variables are the angles between the links in the
case of revolute or rotational joints, and the link extension in the case of prismatic or

sliding joints.

—

Spatial end Tool Frames

Figure 2-1 Zero configuration of the manipulator [88]

Figure 2-1 shows the zero configuration and the conventions. To make the
computations as easy, we characterize the kinematic configuration of the manipulator

with the following vectors and points:

o, =[0 1 of @2-1)
o,=w0,=[-1 0 of (2-2)
a=[0 0o -1f (2-3)
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Qz:%:[o L ”ZI]T (2-4)

—Cl)i Xdq; .
3 :{ } i=1.273. Q- 5)

[

The definitions for /, and /, for the PHANToM model 1.5 are given in Figure 2-1.
From the side and top view illustration in Figure 2-2, the forward kinematic

map is derived by:

[ RO )
gs,(g)-{0 0 OP(G)J (2-6)

where

cos(6,) —sin(f,)sin(d,) cos(b,)sin(b,)
R(@) =e%e®™ [ . =| 0 cos(8;) sin(@,) 2-7
—-sin(d,) —cos(f,)sin(6;) cos(b,)cos(d,)

and
010 0
L 0 —
p(g):eflﬁlefﬁz I L + R(0) A (2-9)
00 0
0 0 0 11 0

In closed form,

cos@@) ~sin(@,)sin@,) cos@,)sin(@,) sin(@,)(/, cos@,) +1, sin(@,))

)= 0 cos(@,) sin(@,) I, =1, cos(G,)+! sin(@,)
8.(0)= —sin(@)) —cos@)sin(@,) cos@,)cos@,) —I +cos@,)(, cos@,)+1,sin@,))
0 0 0 1
2-9)

In the notation of Craig [87], 5T = g, (9) as described above.
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Tool Frame

Spatial Frame

\ Tool Frame
R Z
/"/

w -

z
Spatial Frame

Figure 2-2 Side and top views [84]

2.2.2 Inverse Kinematics

Inverse kinematics problem is concerned with finding a set of joint variables to
achieve the desired position and orientation when a desired position and orientation
for the end-effector of the robot is given.

PHANToM Premium 1.5 is a 3 DOF manipulator. The inverse kinematics helps

us to find the relationship between the set of (6,,6,,6,) and a desired end-effector
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position p, =[pm Py poz]r , where 6, , 6,, 6, is shown in Figure 2-2. The

resulting angles are given by:

O, =atan2(p,.,p, +1) (2-10)

d=\p; +(p, +1) 2-11)

r=ypi+(p,, —1)} +(p,, +1,)’ 2-12)

0, :cos_l(iizrlzri)JratanZ(poy -1,,d) (2-13)
)

2,72 2
ll_J’_lz_r_)_ZE (2-14)

6, =0, +cos™
P ( 201, 2

where d and r are intermediate variables.

2.2.3 Manipulator Jacobian

In the notation of Craig [87], mathematically the forward kinematic equations
define a function between the space of cartesian positions and orientations and the
space of joint positions. The velocity relationships are then determined by the
Jacobian of this function. The Jacobian is a matrix-valued function and can be thought
of as the vector version of the ordinary derivative of a scalar function. This Jacobian
or Jacobian matrix is one of the most important quantities in the analysis and control
of robot motion. It arises in virtually every aspect of robotic manipulation: in the
planning and execution of smooth trajectories, in the determination of singular
configurations, in the execution of coordinated anthropomorphic motion, iﬁ the
derivation of the dynamic equations of motion, and in the transformation of forces and

torques from the end-effecter to the manipulator joints.
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The body Jacobian of the manipulator is expressed as followed:

.1 0g, Y .
Jb =] ! st <o, =1,2,3- 2-15
9) { (gsl a@ij :| d ( )

Through (2-9) and (2-15), we compute the Jacobian matrix for the PHANToM

Premium 1.5 as following:

[ 4, cos(8,) +1, sin(6,) 0 0 ]
0 l,cos(@,-6,) 0
0 —1Isin(@,-6,) I
Jb (9) — 0 1 SIH(O 2 3) _21 (2_ 16)
cos(6;) 0 0
sin(é;) 0 0 ]

Using (2-16), we can get the hybrid velocity matrix of the tool frame (the
translational and angular velocity of the tool frame around the origin of the tool frame

expressed in spatial coordinates) is calculated as

w:r@ 0

) R(QJJ )6 @-17)

where R(6)is given by (2-7). In the Craig’s book [87], °V = V" . The motor torques

required to counteract the hybrid wrench F* applied to the manipulator are given by

(- 18)

T:Jﬂw{kﬂm 0 }Fh

0 RT(8)

The hybrid wrench is the force/torque combination applied to the origin of the

tool frame expressed in the spatial coordinates. In the Craig’s book [87], F = F*.
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2.2.4 Inertial Parameters of the PHANToM Premium 1.5

In Cavusoglu and Feygin’s report [89], they derived dynamic equations and
inertia parameters for the PHANToM Premium 1.5 in detail. In this chapter, we will
use their result directly.

Firstly, the physical parts of PHANToM Premium 1.5 is consisted of seven

segments, shown in Figure 2-3. The units are in MKS (meter-kilogram-second)

system unless otherwise noted.

Y '

Figure 2-3 Segments used in dynamics analysis [89]

Secondly, to calculate the inertial parameters, we assume the manipulator to be
mainly made of aluminium, with a density of 1750 kg/m’. The motors are assumed

to be Maxon RE-025-055035. Thus, according to Cavusoglu and Feygin’s work [89],
the following results are obtained.

The following parameters of the manipulator are measured as:
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1, =0.215 (2- 19)

1,=0.170 (2- 20)

1, =0.0325 (2-21)

The inertial parameters of segment A, the mass of segment A and its rotational

Inertia matrix are estimated to be:

m, =0.0202 (2-22)
I[l.lr O
I,={0 1, 0 (2-23)
0 0 I,
I, =0.4864x10" (2-24)
I, =0.001843x107 (2-25)
I, =04864x107 (2-26)

For segment C, the parameters are estimated as:

m, =0.0249 (2-27)
I, 0 0
I={0 I, 0 (2- 28)
0 czz
I, =0.959x10" (2-29)
I, =0959%107 (2- 30)
I, =0.0051x107" (2-31)

For segment BE combined by segment B and segment E, the parameters are

estimated as:

m,, =0.2359 (2- 32)
Ibe.u O 0
L,=| 0 1, 0 (2-33)
0 0 I
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I, =11.09x10™ (2- 34)
I, =10.06x10™ (2- 35)
I, =0.591x10™ (2- 36)

The location of the center of mass of the segment BE is calculated as

I, =-36.8 (2-37)

For segment DF combined by segment D and segment F, the parameters are

estimated as:

m, =0.1906 (2-38)
Iy, 0 0
Iy=| 0 I, 0 (2-39)
0o 0 I,
Iy =7.11x107 (2- 40)
I, =0.629x10™ (2-41)
I, =6246x107 (2-42)

The location of the center of mass of the segment DF is calculated as

I, =-52.7 (2-43)

The rotation inertia matrix of the base that is of interest is calculated as

I

baseyy

=11.87x10™ (2-44)

We also note that the motor inertia has been added to the inertia around the x-

axis with a transmission ratio of 11.6:1.0.
2.2.5 Dynamics

Lagrangian formulation is a powerful mathematic tool for the analysis of

dynamics of physical systems. It helps us to build the dynamic equations of the
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manipulator. Thus based on the analysis and computation of Cavusoglu and Feygin

[89], we get the dynamic equations for the PHANToM manipulator as given below:

My, 0 0 éx Cy Gy G 91 0 3!

0 My Myu|6,1+|Cy 0 Cullb, |+|N,|=|r, (2-45)
0 Ms; My ‘93 Cy Oy 0 93 Ny 73

where

1
M, = (g (g + M oy 481y + 4Ly + 4L, +8L, +41 +81 s +8L, + 4im, +Gm, +1lm, +4l2m,)

+ % (81,5 =4y, + AL = 41, +17 (A, +m,))cOS(26,)
+%(41(,W =4y + 4 g, — 4L, ~ L, — AT m ) c08(20,) + 1, (1ym,, +13m, ) cos(@,)sin(d))
(2-46)
May =5 i + Lo+ i) + ) (2-47)
My, =—%ll(12ma +1y3m,)sin(@, — 65) (2-48)
My, =My, (2-49)
My = %(4&“ + 4L g +13m, + 4T m,) (2- 50)

1 ‘ | . A
C, = g(—2 sin(0,)((41,,,, — 41y, +41, 41 +4l m, + 1 m, )cos(8,)+ 2], (I,m, +1,m_)sin(6,))d,
+2c08(0, )2, (1,m, +1ym, ) cos(6,) + (=41, + 41, =41 45 + 4L+ Lm, + 4L m,)sin(6;))6;)

(2-51)
C, = ——;—((41,,6)y —-41,, +41,,, -4l . +1|2 4m, +m_))sin(26,)+ 41, ({,m, +1,m,)sin(8,)sin(6, ))él
(2-52)

C; = —é(—4ll (Iym, +1Iym ) cos(B,)cos(6,) — (41, + 41, — 4L, +4l,, +12m, +4I7m_)sin(26, ))‘91

(2- 53)
Cy =—Ci (2-54)
Cys =%1,(12mu +1Iym,)cos(@, —65)0, (2- 55)
Cs =—Cys : (2- 56)
Cs, =%Il(lzmu +1ym,)cos(6, - 65)6, (2-57)
N, = % g(2lim, +2smy, +1m_ )Ycos(@,) (2- 58)
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Ny = %g(lema +2l3m, = 2lgm . )sin(6;) | (2-59)

In above dynamic equations, r,, r, and r, are the separate motor torques at
each axis (x,yand - ); 6,, 8, and 6; are separately shown in Figure 2-3; furthermore,
6,, 6, and 6, are the differentials of the angular displacements. The above dynamic

equation assumes that the gravity vector is in the —y direction.

2.3 Control Design

We rewrite (2-45) into another expression as shown below:

~1

é:l My O 0 [ 0 Ch Gy Gy él

O,1=| 0 M, M, 7, {~| Ny |-|Cyy 0 Cy |6, (2- 60)

és 0 My My T3 Ny Cy G O 7
From the above equation, we note that the dynamics of the PHANToM

Premium 1.5 is unstable. For the purpose of future efforts, we now use negative

feedback control law to make the physical plant stable.

2.3.1 States Feedback Design
In order to achieve acceptable performance behavior, we propose a new

relationship among r, 4 and 4, such that:

For T,: 0, =7, +ky0, +7,0, (2- 62)
For Ty: 73 =73 +ky0; +7,0 (2- 63)

where k,, k, and k; are real parameters and y,, 7, and y, are parameters to be
designed to meet certain specifications as well.
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2.3.2 Closed Loop Dynamic Equations
After we substitute (2-61), (2-62) and (2-63) into (2-60), we get the closed

loop dynamic equations:
61 M, o oT ] [0 [c,+k C» Cs[&][n 0 oT8

éz =0 My My oo N G ky Gy 92 ~10 rn 016 (2- 64)
G110 My, Myl gl iNv] ] G G K610 0 1l6

3 33 3 3 >

We now establish a set of state variables to express (2-64) into a state space
representation. Firstly, we assume that the variables 6,, 6,, 6,, 6,, 6, and 6, are the
state variables, so we get x, =0;x,=60,x; =65;x,=0;%5 =6,;x;, =6;; Where

x;(i=123,456) is the state variable. We can now rewrite (2-64) into the state

equations f(x,,X,,X;, X, X5, X5, T, 5Ty T3 ) as shown below:

N
3

Al [x)Jrtoo 000 o]fo 00 1 0 01x
Al ikl lo 10 000 o|l{o|l]o o 0o o 1 0 |x
AN 000 olfofl]lo o o0 o0 0 1]x
Al 1z looosm, o o7z o{|n 0 0 Cy+k C, Cslx,
fs| | %] |00 0| 0 My My Y M0 0 Gk Culxs
Se] %] (00 0 [ 0 My M| 7] [M] [0 0 5 Gy Gy ks |x)

(2- 65)

2.3.3 Equilibrium Points
Before we linearize the dynamic equations, we need to find the equilibrium

points for our dynamic equations. Let f(x,,x,,x3,%,,%5,%, 7", 727, 77%)=0, (2-65)

becomes:

h=x=x=0
fa=x3=x5=0
f3=% =% =0 2- 66)

fs=1" =Ny ~pyx, =0
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From (2-66), we find

x,=0;x,=0;x,=0 (2-67)
As a result,
x, = constant; x, = constant; x, = constant (2- 68)
so that,
0 =ty = Nyt Xy ts™ = Ny+ysx (2- 69)

Therefore, the equilibrium points are equilibrium set, but this set should satisfy (2-

67), (2-68) and (2-69).

2.3.4 Jacobian Matrix :
A nonlinear system can behave in the small neighbourhood about an

equilibrium point like a linear system. If we expand the state equations into a Taylor
series about an equilibrium point and assume we only operate within a small
neighbourhood of the equilibrium point, the higher-order terms in the Taylor series

may be neglected. Thus, the Jacobian matrix is derived as following:

A= 9 , where i =[1,6]; j =[1,6] 2-70)
[ 9% |

B= -af’— , where i =[1,6]; j =[1,3] (2-71)
_aru

2.3.5 Linearization at an Equilibrium Point Set

Now we set x, =0, x, =7 /4 and x, =7 /4 as an equilibrium point according

to (2-68), therefore, we substitute them into (2-58), (2-59) and (2-66), to get:

X, =0;x=0,x,=0 (2-72)
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and

=0 (2- 73)
o7 =—0.0115+0.7854y, (2- 74)
77 = —0.0521+0.7854y, Q- 75)

First, we substitute (2-72), (2-73), (2-74), (2-75) and (2-19) — (2-44) into (2-
46) — (2-59); next, we substitute above the results into (2-65); and finally, we employ
(2-70) and (2-71) in (2-65); so that the matrices A and B for the linearized model are

obtained as following:

0 0 0 1 0 0 |
0 0 0 0 1 0
e -30405, 0 O 0 0 1
oo 0 0 -30405% 0 0 (2-76)
0 a, 0 0 —412.13k, 0
0 0 a, 0 0 -1073.1%,
where,
a;, =-4.748 -41213y,; a, = 55.945 —1073 1y, ;
0 0 0 ]
0 0 0
p=| © 0 0 (2-77)
30405 0 0
0 41213 0
0 0 1073.1]

We also express the output equation as Y = Cx, where
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cCC 0 0 0 0 0
0C, 0 0 0 0
0 0 C, 0 0 0 _
C= ,C =1(=123456)  (2-78)
0 0 0 C, 0 0
0 0 0 0 C, O
00 0 0 0 C]

According to (2-76), (2-77) and (2-78), we can write the linearized state space
equations about an equilibrium point for the dynamics of the PHANToM Premium

1.5 as following:

{X:AX+BU 2-79)

Y=CX+DU

where, U isthe vector [ =(z, 7, 7,) ,and D=0.

2.3.6 Transfer Functions

From the dynamic equation (2-60) and the linearization results, we know this
system has coupling affects. In order to simplify our design, we first omit these
coupling affects and later we only consider single input and single output
representation. Thus, based on the SISO method, we try to find transfer functions
between angular displacements and input torques. The block diagram of a typical

closed-loop system is shown in Figure 2-4.

In Figure 2-4, we are interested in finding the relationship between 7™ and 6.

For linear systems, the mathematical expression for the transfer function is given by.

H= 5 = CB(sI - A)™ (2- 80)
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sy

0

Figure 2-4 Closed-loop transfer function

We can employ (2-76), (2-77) and (2-78) into (2-80), so to get the

relationship between the angular displacements and torques and between the angular

velocity and the torques. The results are shown below:

For the angular displacement/torque expressions we have:

6 30.745

Yo (0.10112s% +30.745k,s +30.745%,)
HZ = eiw =£
X Tz D2

where,
N, =25.806(8.0148s° + 8600k,s — 448.39 + 8600.6y, )

D, =0.50185s* +(206.83k, + 538.53k,)s’
+(0.22195%10°k,k, +206.83y, + 538.53y, —25.694)s’
+(=0.11571x10°k, +2557.0k, +0.22195x10° (ky, + k,7,))s
+(=0.1157x10°y, +2557.0y, +0.22195x10°y,y, —133.31)

and H3:_:_

where,
N, =537.539(1.00185s” +412.896k,s +412.896y, +4.75676)

D; =0.50185s* +(206.83k, + 538.53k,)s’
+(0.22195x10%k, &, +206.83y, +538.53y, — 25.694)s>
+(=0.11571x10° k, +2557.0k, +0.22195x10° (k,y, + k, 7, ))s
+(=0.1157x10°y, +2557.0y, +0.22195x 10,5, —133.31)
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We have now obtained the relationship between the torques and angular
displacements. However, in our later design algorithms, we need the angular

velocity/force control schemes. Thus we have to obtain the relationship between the
torques and angular velocities. Since the relationship between @(s) and O(s)
is &(s) = s8(s) , therefore, the required transfer functions may be easily obtained. We

have:

For angle velocity/torque:

H, - 0 _ : 30.745s 2-84)
T (0.10112s% +30.745k,s +30.745y,)
H =2 NS (2- 85)
T; W l)2
where, N, and D, are exactly as in (2-82).
0, Ns
and Hy=—2="2 (- 86)
(2 D,

where, N; and D, are exactly as in (2-83).

For now, we have found the transfer functions of the angular displacements vs.
torques and angular velocities vs. torques. However, this torque is produced by the
manipulator motors, while we need force produced by the operators in our design.
Similarly, we also hope to obtain velocity and position instead of angular velocity and
angular displacements. In section 2.2.3, equation (2-17) gave us the relationship
between velocity and angular velocity, and (2-1) showed the relationship between
torques and forces. Because PHAMToM Premium 1.5 model doesn’t have rotation

about any axis, we set rotation and its velocity to zero. At the same time, we

linearized the dynamic system about the equilibrium point, 8, =0, 6, :Z— and
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6, =— . Substituting these into (2-7), (2-17) and (2-18), the end effectors rotation

T4

and transpose matrices are:

1 0 0
R(@)=|0 0.7071 0.7071
0 -0.7071 0.7071

[0.2722 0 0]
0 02150 0
. 0 0 0.17
J7(6) =
0 0 -1
0.7071 0 0
0.7071 0 |
[0.2722 0 0]
0 0.1520 0.1202
[R O}J,,: 0 -0.1520 0.1202
0 R 0 0 -1
1 0 0
i 0 0 0]
. 0.2722 0 0 0
J”T{R OT} 0 0.1520 -0.1520 0
0 R

0 0.1202 0.1202 -1

S O

- 87)

(2- 88)

(2- 89)

(2- 90)

We now can find the values for the parametersk,, k,, &, 7,, 7,, ¥, to make

the closed-loop system stable. To ensure stability, £, =1, k, =1, k, =1, y, =1, y, =1

and 7, =1 is one of the selected values. When these are substituted into (2-81) — (2-

86), we get the closed-loop transfer function with a stable performance. The results

are given below:

For angular displacements versus torques we have:
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304.04

= (2-91)
(s+303.04)(s +1.0033)
3 19.0512(s +1072)(s +0.9487) (2-92)
2 (s+1072)(s +411.2)(s +1.014)(s +0.9488)
3 31.0126(s +411.2)(s +1.014) (2-93)
P (5 +1072)(s +411.2)(s+1.014)(s +0.9488)
For the angular velocities versus torques we have:
= 304.04s (2- 94)
(s+303.04)(s +1.0033)
3 19.0512(s +1072)(s + 0.9487)s (2- 95
* (s+1072)(s +411.2)(s +1.014)(s + 0.9488)
) 31.0126(s +411.2)(s +1.014)s (2- 96)

T (5 +1072)(s + 411.2)(s +1.014)(s + 0.9488)

Finally, we may use the relationship between torque/force and angular
velocity/velocity as shown in (2-17) and (2-18), and substitute (2-87) to (2—96)
into (2-17) and (2-18), the relationships between the velocity in a given axis
direction and the force along that axis and may be expressed as shown below:

For the x axis:

Position/Force:
H, :£: : 22.53 (2-97)
S F s"+304s+304
Velocity/Force:
H, =leo 2233 (2- 98)
* F, 5743045 +304

X

For the y axis:

Position/Force:
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I - Y 19.05s° +2.044x10*s +1.938x10* (2-99)
PF, s +1485s" +443690s” +866560s + 424040
Velocity/Force:
V. 2 ) 4 ) 4
H =2 (19.05s‘ +2 044><19 s+1.938x10%)s (2- 100)
©F, 5T +1485s7 +443690s” +866560s + 424040
For the z axis:
Position/Force:
0ls? +1.27 *s+1.293x10*
H,:E: : 3101f +1.2 8><120 s+1.293x10 (2- 101)
T F 57 +1485s7 +443690s° + 866560s + 424040
Velocity/Force:
Ols® +1. Ys+1.2 ¢
H, :iz : (3105ﬂ+1278x1£) s+1.293x10%)s (2-102)
© F, s"+1485s” +443690s° + 8665605 + 424040

By investigating (2-91) — (2-96), if follows that all the zeros and poles of the
transfer functions are located in the left half plane. This proves that the closed-loop
system is stable. Since the relationships between angular velocity/velocity and

torques/forces are through constant matrices, the transfer functions, shown in (2-97) —

(2-102), are stable as well.

2.4 Conclusion

In this chapter, the analysis of dynamic models of the PHANToM Premium 1.5
has been done. The linearized models, the state spaces, and the Jacobian matrixes for
the mathematical models have been derived. We have also introduced state feedback
compensation methods énd applied them to the open-loop unstable models to ensure
that closed-loop systems are made stable. Based on a single input and single output

(SISO) design procedure, the closed-loop transfer functions of different axes for
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position versus force and velocity versus force are obtained. The above results will be

applied into the computation in the later chapters.
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Chapter 3

Background Theoretical Results

3.1 Introduction

As descried in chapter 1, stability is one important control problem in haptic
display. Because we couldn’t predict all virtual scenes which the virtual haptic
displays touch, it is inevitable for us to decouple the relationship between haptic
device control problem and virtual environments. One solution for this problem is the
introduction of an artificial coupling between the haptic display and the virtual
environment. Although Colgate et. al. [45], Zilles and Salisbury[90], and Ruspini et.
al. [91] named this after their own designs for stability of haptic display, we still may
group their designs into (a) the implement;ation of a virtual coupling network, and (b)
a two-port interface between the haptic display and the virtual environment. In Adams
and Hannaford’s [16] work, they extended the concept of a virtual coupling to
admittance display and attempts to treat the problem of stable haptic interaction in a
more general framework that encompasses any causal combination of haptic displays
and virtual environments. In this chapter, we will introduce Adams and Hannaford’s
method, and then try to employ this method to our multi-user haptic display.
Furthermore, we derive the stability criterion and passivity for the multi-user hpatic

display.
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3.2 Two-Port Characterizations

Two-port models are rooted in linear circuit theory. A typical generalized two-port
network is indicated in Figure 3-1. Actually, two-port models characterize the effects
of different loading conditions on two terminal electrical networks. We can consider a
mechanical analog to this electrical two-port, the haptic interface, which is subject to
variable loading conditions both at the point of interaction with the human operator
and at the point of interaction with the virtual environment {92]. In using mechanical
analog, we substitute velocities for currents in representing flows and forces for
voltages in representing efforts. The two-port haptic interface model characterizes the
exchange of energy between the human operator and the virtual environment. Figure

3-2 shows the network model of the haptic simulation.

Vv, Linear Network W,

Figure 3-1 General linear network

In Figure 3-2, the force F, and F represent efforts and v, and — v, represent

flows. In order to maintain conmsistency with the network formalism, there exists

negative sign on velocity, seen here and throughout this thesis.
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*
-V
vh — — e
N - .
human VT haptic —0 virtual
operator | 5 interface Fe* environment
0
0 0

Figure 3-2 Network model of haptic simulation

In a two-port network, we use the terminology immittance matrix which
describes the relationship between efforts and flows. Using two vectors, the

immittance mapping can be expressed as:
y=Pu 3-1
where y and umust satisfy y'u = F,v, + F.(-v.). The matrix P is then considered
as an immittance matrix.
There are four kinds of immittance matrix often used, which are the impedance
matrix Z , the admittance matrix ¥, the hybrid matrixH , and the alternate hybrid
matrix G . At the same time, the immittance matrix and its subcomponents are

frequency dependent functions, as equation (3-2) — (3-5) show their relationships:

_Fh _ Zn )l W (3-2)
_Fet Zy 2y “V:

] v, | =':)’11 ylz}[thl (3-3)
_—v:_ Yu JVn» F:

_Fh—:lzhu hnz—_vh:l (3- 4)
_—“v:a s hzz__Fe‘ '

rv',j|=l:g“ glz——F;r :' (3- 5)
_E; 82 gzz__“v:
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In two-port networks, there is a special relationship between two networks. In

[93], the definition of the network duality is: Two networks Q  and Q, are said to be

dual if for every admissible signal pair [F

a?

v,]e Q_, there exists an admissible signal
pair [F},v,]€Q,, such that F, =v, and F, =v, . Likewise, for every admissible
signal pair [F,,v,] € Q,, there exists an admissible signal pair [F,,v,]€ Q_, such that
F,=v, and F, =v,. This relationship could yield us have a better understanding of

the dual form instead of the original form. In the analysis and design of haptic

interfaces, we may make use of this concept to simplify our efforts.

3.3 Passivity and Stability

The two-port network may be looked at as the exchange of energy between two
terminal loadings. Likewise, when we employ the two-port network into haptic
interface, we also look at the relationship between human operators and virtual
environments as the exchange of energy between the force and velocity of human
operators and the force and velocity of virtual environments. This relationship may

show the stability of haptic display. In Figure 3-2, the pair (F,,v,) represents the

force and velocity of a human operator, and the pair (F,,—v.) represents the force and

velocity of the virtual environment. The star superscript indicates that a variable is in
discrete-time domain, it is otherwise assumed to be in the continuous-time domain.
The stability of a two-port network depends on its terminal immittance. The

immittance characteristics of the human operator can be represented either as

impedance Z, , or admittance Y, . The immittance properties of the virtual

environment can be represented either as impedance Z, or admittance 7.
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In the work of Adam and Hannaford [16], a definition of stability is given for a
linear two-port network that states that a continuous-time (discrete-time) linear two-
port network with given terminal immittances is stable if and only if the
corresponding characteristic equation has no roots in the right half s-plane (outside the
unit circle, z-plane) and only simple roots on the imaginary axis (unit circle).

In the notation of Pian [94], p, and p, represent input power and output power,
respectively, and p, — p, = p, is the net power into the network. Then a linear
network is passive if the net power into it is nonnegative and active if the power is
negative. Adam and Hannaford [16] define:

A two-port network is passive if and only if the immittance mapping

y = Pu satisfies

,J‘yr(r)u(r)dr 20, V120 (3- 6)

fdr all admissible efforts and flows. For a linear network, this is equivalent to
requiring that P be positive real.

The definition of positive real matrix is that (a) the continuous-time (discrete-
time) linear immittance maxtrix P has no poles in the right half s-plane (outside the

unit circle, z-plane), (b) only simple poles on the imaginary axis (unit circle), and (c)

P(jo)+P'(-jw)20, Yo 20 G-7

Equation (3-7) also can be refined into another expression such that:
Re(p,,) >0 (3-8)

Re(p,,)20 (3-9)

Y
% >0, V>0 (3- 10)
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Knowing the definitions of passivity, activity and stability in a two-port network,
we may testify passivity and stability for passive loads at the terminal point of a two-
port network easily. However, if we would change this passive load into another new
one, what would happen to this two-port network? Of course, we can re-examine the
stability situation with every new load, but it would be better for us to know in
advance its behaviours under any passive load. In general, the relationship between
passivity and stability is very worthy for the design of haptic interfaces. As we have
known, it is very hard for us to generate all the virtual environments for our haptic
interface, furthermore, when haptic interface touches a new virtual environment, it is
acceptable not to have a good performance; nevertheless, it should be avoided to
make system unstable because this situation would be dangerous to the operators or
the haptic interface equipments. As a result, a less conservative way of posing the
stability problem for the haptic interface is in terms of “unconditional stability” [95].

A linear two-port network is unconditionally stable if and only if there exists no
set of passive terminating one-port for which the system is unstable. But we have to
notice that a passive network will always be unconditionally stable, but an
unconditionally stable network is not necessary passive. That means the passivity can
guarantee stability, while stability couldn’t promise passivity in any time. Adma and
Hannaford [16] introduces another term “potential instability”, which is that a two-
port network is potentially unstable if it is not unconditionally stable. Llewellyn’s

stability criteria provide both necessary and sufficient conditions for unconditional

stability [95]
Re(p,,) 20 (3- 11)

Re(py,) >0 (3-12)
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2Re(p,)Re(p,,) 2 |P|2P21|+Re(17|2p2|)’ Voz0 (3-13)

Llewellyn’s criteria may be equivalently applied to any of the four possible
immittance forms (3-2) - (3-5). The satisfaction of (3-11) — (3-13) for one immittance
form is necessary and sufficient for the satisfaction of (3-11) — (3-13) for the other
three. In the special case of a network for which 4,, = —h,, (or equivalently z,, = z,,),
the tests for passivity, (3-8) — (3-10), and for unconditional stability, (3-11) — (3-13),
are identical. In this case, a network is said to be reciprocal [96].

The merit of unconditional stability in the design of haptic interface is that
human operator doesn’t need to worry about the unknown virtual environment which
he/she is touching because unconditional stability remains haptic interface completely
stable toward any set of passive virtual environments. In the real case, human operator
and virtual environment can be nonlinear and time varying, but we can promise
stability as long as they are passive because the two-port network is passive as well.
Further, two-port structure is a simple case. Generally, most of real cases belong to
2n-ports structure. Even if two-port unconditional stability is extended to the more
general concept of 2n-ports “coupled stability” [97], [98], unlike the two-port case,
coupled stability criterion for 2n-ports are sufficient, but not necessary. A 2n-port
immittance matrix may be tested for coupled stability directly using a Popov-
multiplier formulation [99], or by transforming it into scattering form through a
bilinear transformation and then applying structured singular value analysis [100],

[98].

3.4 Multi-user Haptic Interface
Before we employ two-port network into the design of multi-user haptic

interface, we first discuss a single-user haptic interface. In Adma and Hannaford’s
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work [16], they generalize and extend the concept of virtual coupling network, an
artificial link between the haptic display and a virtual world. Their contribution is that
they decouple the haptic display control problem from the design of virtual
environments.

Their model is shown in Figure 3-3. In conventional designs, such as [45], [90],
and {91}, virtual coupling, which is also called virtual stiffness, is looked at with
virtual environment together. As a result, haptic interface only includes haptic device.
This design causes the stability of haptic interface not to be kept by any set of virtual

environment because the lower right block in two-port form is zero, thus, the

unconditional stability criterion (3-13) becomes 0 > | Pi lel +Re(p,,p,,) - Apparently,

this relationship could not be satisfied for any frequency, which means unconditional
stability could not be satisfied. In the proposed design by Adma and Hannafold [16]
they combine haptic device.and virt_ual coupling together,. and look at them as haptic
interface. The remaining structuré is not changed any more compared to the
conventional design. This change only makes the lower right block in two-port form
to be the virtual coupling term, but not zero. The left side of the unconditional
stability criterion (3-13) is not a zero any longer; therefore, the criterion for

unconditional stability can be easier to satisfy.

Vi : . -V,
—Va Va
Human | O | Haptic > -1 » Virtual [O-3  Virtual
Operator | % Device Coupling [« Environment
- F; -
—o0— < —0—|

Haptic Interface

Figure 3-3 Haptic interface for the impedance display case includes both the
haptic display and a virtual coupling network

In our multi-user haptic display, we extend this procedure for design. We

consider both the haptic device and the virtual coupling together.
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As described in chapter 1, time delay is a crtical control problem in
teleoperation. Similarly, networked haptic display in the shared virtual environment
has the above problem as well. In order to solve this control problem, some solutions
have been described in chapter 1 already. In this chapter, we hope to use passivity
criterion to check the system with time delay stability or not. Our strategy is that the
control procedure of the local user not only includes the information of local user, but
also has the information of remote user. In this chapter, unit time delay has been used
firstly. Further, we use the force/velocity to match the effort/flow in a two-port form.
The resulting architecture is shown in Figure 3-4.

Clearly, the haptic devices 1 and 2 are expressed in the continuous-time domain,
while the virtual couplings 1 and 2 are expressed in the discrete-time domain. Thus,

the complete system is a hybrid system.

ZOH

&

Z0OH1

~ Mirtual Coupling1

Haptic display 1

F)

Amplifiert AD1

Attenuator 1

time defay 1 time delay 2

R2(s)
Attenuatar 2
E2(s) F2
K |—p{ HD2(s) l—p A Ve2() =)
Amplifier2 Haptic display 2 A/DZ2 Virtual Coupling2

T zoH2

Figure 3-4 Networked haptic feedback system
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The signal flow diagram of the networked haptic system is shown in Figure 3-5.
The input-output relationship is derived and shown as an immitance matrix given by

{VMH HD ~z"<HDz><Vz~;><ZOH><Ha>H&} G- 14)
V] |2 (HD)VE)ZOMHD,) HD, F.

h2 e2

The immitance matrix is of the form ¥ = GI, where Y is the output vector, G

is the admittance matrix and / is the input vector and

G:Iig“ g”} , where g, ’s are frequency dependent terms and are defined
gn 8»

according to (3-14).

1
ZOH —> HDI VCl1
1 -1 1 F
el
Eﬂ "Z—1
F
1 1 1 Fa
zou L HD?2

v,
1

Figure 3-5 Signal flow graph of a networked haptic display

3.5 Benchmark Example
In the previous sections, we have introduced the complete theoretical design

procedure for a multi-user haptic interface based on a two-port network and passivity
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and stability. Now, we attempt to use a benchmark example to prove our design

prcedure.

3.5.1 Haptic Devices
First, we suppose that haptic device is a first order system with a negative pole.
It can be expressed in the z -domain using backward rectangular approximation

technique as follows.

o = HD(z)= TRz (3-15)

ms +b, |5 (m +bT)z—m,

HD(s) =

The relationship between the variable z and the frequency @ is

z=e’® =cosw + jsinw . Thus we also express equivalently

KTe’®
(m, +bT)e’ —m,

HD(v) = (3-16)

Through simple computations, we know that the real part and imaginary part of

the haptic device 1 is as following:

T K (m,cos(w)- m, - T)
(2 m! cos(w)+2 mbT cos(w)- 2m} - 2mbT - bB}T?)

Re(HD,) = (3-17)

TKm, sin(w)

Im(HD,) = 5 5 Py
(2 m; cos(w)+2 mbT cos(w)- 2m; - 2mbT - b;T*)

(3- 18)

Similarly, we suppose that the haptic device 2 is a first order system with one

negative pole. The haptic device system 2 can also be expressed as

S HD(5)=—K2 (3.19)

HD,(s)= .
2(5) m,s +b, |s> (m, +6,T)z—m,

jo
HD, (@) = KTe™ (3- 20)
(m, +b,T)e’” —m,

68




The real and imaginary part of haptic device 2 are shown below:

T K (m, cos(w)- m, - b,T)

Re(HD,) = 3 2 22
(2 m; cos(w) +2 m,b,T cos(w)- 2m; - 2m,b,T - b,T")

(3-21)

TKm, sin(w)
(2 m} cos(w) +2 m,b,T cos(w)- 2m; - 2m,b,T - bJT?)

Im(FD,) = (3-22)

3.5.2 Zero Order Hold

Our feedback is generated by a discrete-time system and the signal is digital.
Zero order hold (ZOH) has to be used to transform the discrete-time system into the
continuous-time domain. To maintain simplicity in the analysis, we assume that any
aliasing effects due to the sampling are negligible, due to either the low-pass filter
effects of the device dynamics or the introduction of an appropriate anti-aliasing filter
before sampling. The zero-order hold can then be approximated as a low-pass filter
with a steady state gain of T and 90° phase lag at the Nyquist frequency. The sampler
can be approximated as a static gain of 1/T. With no loss of generality we can

combine the sampler gain with the zero-order hold to get the normalized zero-order

hold function
jo
20H(z) =~ 700 (p) = L7 +D (3-23)
2 z 2 e
Re(ZOH) = —;—(1 + cos(w)) (3-24)
Im(ZOH) = —%sin(a)) (3-25)
3.5.3 Virtual Coupling

Discretization of the virtual coupling impedance is performed using a first

difference approximation
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Ke Te’”
VC,(s)=be,+ TA| | s VC /(@) =be, + XATET (3.2)
s s e’’ -1
Re(VC,) = be, + —;—KelT (3-27)
1 sin(@)
Im(VC,)=—Ke,T (3-28)
2 1-cos(w)
Similarly the virtual coupling 2 can also be expressed as following:
jo
VC,(w) = be, +§%Ti1— (3-29)
el? _
Re(VC,) =be, + %KeZT (3-30)
Im(VC, ) =+ Ke,r ST (3-31)
2 1-cos(w)
3.5.4 Time Delay
The delay is expressed as
DELAY(z)=z2" = DELA Y(w)=e" (n<0) (3-32)

We first consider the case with a unit time delay, so we suppose n=-1

throughout this chapter, namely we have:
Re(DELAY) = cos(w) (3-33)

Im(DELAY) = —sin(@) (3-34)

3.5.5 Passivity Critefion (3-8) and (3-9)
According to the passivity criterion, (3-17) is the first passivity criterion, and (3-

21) is the second one. Let’s simplify (3-17) and (3-21) according to:

TK(m, +b,T —m, cosw)
(1-cosw)(2m} +2mb T +b}T?)

Re(HD,) = (3- 35)
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TK (m, +b,T — m, cosw)

Re(HD,) =
(HD:) (1—-cosw)(2m? +2m,b,T +b2T?)

(3- 36)

Through investigating (3-35) and (3-36), if they satisfy inequality
m, +bT >m, cos(w) and m, +b,T 2 m,cos(w) , they lead to one of the design

criteria for passivity of the system to be satisfied.

3.5.6 Passivity Criterion (3-10)
For (3-13), at first, we simplify this equation. The term g,, and g,, can be
expressed as g, =Re(g,,)+jIm(g,) and g, =Re(g,)+,/Im(g,) , then we

substitute them into (3-13), to get
1
Re(g,,) Re(g,,) —Z{[Re@n) +Re(g,,)I* +[Im(g,,) ~Im(g,,)F*}> 0 (3-37)

_ 22
Re(glz):_l(1+cosa))(a“cosa) a,)T°K (3-38)
2(d, cosw—d,)d, cosw—d,,)

1 (1+cosw)(a, cosw - ay,)T°K?

Re =— 3-39
€)== cosw—d.,)(d,. coso —d,) G-39)
2rp-2 2 _ .
Im(g12)=l T°K*(a,,cos”w—a;cosm+a,)sinw (3- 40)
2(d, cosw~d,;)d, cosw—d,)(cosw—1)
272 2 .
fm(g,)) _1 T'K'(a, cos” 0 —a,,cosw +a,, sinw (3- 41)
2 (d, cosw—d,)d, cosw—d,)(cosw—1)

where the terms a,,, a,,, a,;, a,,, a3, a5, Ay Ay, dyy 5 dy,, d,, and d,, are

expressed as following:

ay, = 2b, b, T* +2b, (bym, +bymy)T +2b, mm,
ay, =K, bb,T> +(b,bb, + K, bm, + K, bym )T* +2b, (bm, +bm,)T +2b, mm,
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a, =2b,,bb,T* +2b,,(bym, +b,m)T +2b,,mm,
a,, =K,,bb,T° +(b,,bb, + K _,bm, + K ,b,m)+2b,,(bym, + b,m)T +2b,,mm,
a; =K, bb, T’ +(K,bm,+K_ b,m +b,bb,)I"*
+2(K, mm, +b,bm, +b,b,m)T +4b, mm,
ay, = (K, bm, + K, bym —b,bb,)T* +2K, mm,T +2b, mm,

Ay = Ke2b1b2T3 +T7 (K,,bjm, + K .b,m +b‘32b,b2)T2
+2Tbb,,m, +2m (K,,m, +b,b, )T +4b,,mm,
a,, =(K,,bm, + K, b,m, —bezblbz)Tz +2TK,,mm, +2b,,mm,

d, =2bmT +2m}
d,, =b’T* +2bm,T +2m}

d,, =2m,b,T +2m;
d,, =b}T? +2b,m,T +2m’

Up to now, we have derived the passivity criterion with one order haptic device.
Investigating (3-37) — (3-41), we found passivity criterion is the functions with
frequency @ and the parameters of virtual coupling. Since sine and cosine are the
period function with period 27 , the whole systems would be stable if all of passivity
criterions are satisfied over the period 27 . Secondly, we also testify which virtual
coupling parameters K, and b,can make systems passive and stable with some time
delay nin all frequency of one period. In our benchmark example, time delay # is set
to be 1.

In passivity criterions, another one parameter is sampling period 7. A

sampling period of T = 0.01s will be used throughout this paper.
3.6 Passivity for the PHANToM Premium 1.5

Up to now, we have proved the feasibility of passivity criteria to design the

parameters of virtual coupling with time delay in the networked haptic display
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through the benchmark example as shown in the previous section. In this section, we
are going to employ this method to the PHANToM Premium 1.5 device. The structure
is shown in Figure 3-4; however, there are some changes as following:

(1) We use the transfer functions of the PHANToM Premium 1.5 instead of a
first order system. In chapter 2, we have obtained the stable transfer functions for
velocity/force along each axis (x, y and z) as given in (2-98), (2-100) and (2-102).
Furthermore it is easy for us to map the above transfer functions from the s-domain
into z -domain and write them a function expressed in the frequency @ . The

procedure has been shown in the last section 3.5. Therefore, in this section HD,(s)
and HD,(s) will be expressed by the derived transfer function of the PHANToM

Premium 1.5 along each axis.
(2) We assume there are two PHANToM Premium 1.5 devices in our

networked haptic display. Because the two devices are the same, they have the same

parameters, and we set the same virtual spring K, = K,, = K, and virtual damping

b,, =b,, = b, for the virtual coupling as well in order to simplify the computation. This

e

changes lead (3-26), (3-27) and (3-28) to be equal to (3-29), (3-30) and (3-31).

jo
VC,(s)=VCy(s) = b, + 2t =VC(0)=VCy(@)=b, + K]{ ¢ - G-
S s—-)E e —
Re(VC,)=Re(VC,) =0, +%KET (3-43)
Im(rC,) = Im(FC, ) = - K,T B2 _ (3- 44)
2 1-cosw

(3) In our computation, we set the frequency range from 0 to 27, the step is

0.1r.
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(4) We may use (3-14) as our immitance matrix. Through HD,(s) and HD,(s)
employed for the PHANToM Premium 1.5 Model, ZOH (3-23), (3-24) and (3-25),
virtual coupling 1 and 2 (3-42), (3-43) and (3-44), and time delay (3-32), (3-33) and
(3-34), we compute a set of the parameters for the virtual coupling (X ,,b,) to satisfy

the passivity criterions (3-8), (3-9) and (3-37). The detail results are listed below.

For x axis:
(a) Passivity criterion (3-8) and (3-9)
The expressions of haptic devices HD,(s) and HD,(s) are replaced by the

expression as shown in (2-98).

Table 3-1 Minimum/Maximum Re(g,,) and Re(g,,) along x axis

Re(g,,) Re(gy,)

Minimum/Maximum: values

over frequency [0, 27;] 0/0.0722 0/0.0722

(b) Passivity criterion (3-37)
Through computations, we evaluate K, <1400 and b, <25 to satisfy (3-37) for

the frequency over [0, 27]. Thus we set K, e [O, 1400] with a step 1 and b e [0, 25]

with a step 0.1. The results are shown in Figure 3-6.

74




x-axis passivity region

1400 T

1200

1000

800
Ke

600

400

200

Figure 3-6 Passivity for the x-axis

For y axis:

(a) Passivity criterion (3-8) and (3-9)

The expressions of haptic devices HD,(s) and HD,(s) are replaced by the

expression as shown in (2-100).

Table 3-2 Minimum/Maximum Re(g,,) and Re(g,,) along y axis

Re(g,,)

Re(g,,)

Minimum/Maximum values
over frequency [0, 27[]

0/0.0454

0/0.0454

(b) Passivity criterion (3-37)

Through computations, we evaluate K, <2400 and b, <38 to satisfy (3-37)

for the frequency over [0,27]. Thus we set K, elo, 2400] with a step 1 and

be e [0,38] with a step 0.1. The results are shown in Figure 3-7.
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Figure 3-7 Passivity for the y-axis

(a) Passivity criterion (3-8) and (3-9)

The expressions of haptic devices HD,(s) and HD,(s) are replaced by the

expression

as shown in (2-102).

Table 3-3 Minimum/Maximum Re(g,,) and Re(g,,) along z axis

HD, (s)

HD,(s)

Minimum/Maximum values | 0/0.0286
over frequency [0, 27]

0/0.0286

(b) Passivity criterion (3-37)

Through computation, we evaluate K, <4300 and b, <56 to satisfy (3-37) for

the frequency over [0, 27r]. Thus we set K, € [0, 4300] with a step 1 and b, e [O, 56]

with a step

0.1. The results are shown in Figure 3-8.
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Figure 3-8 Passivity for the z-axis

3.7 Conclusion
Passivity criterion has been employed into the networked haptic display system

with PHANToM Premium 1.5 model to satisfy stability. Parameters (K,,b,) of the

virtual coupling have been computed for three different axes. As described in Adams
and Hannaford [16], the introduction of a virtual coupling network between the
mechanical device and the virtual environment guarantee the stability of the combined
haptic interface for arbitrary passive human operator and environmental impedances.
As a result, an unconditionally stable haptic interface will stably interact with any
passive virtual environment. Our design procedure is based on a single input and
single output (SISO) system without considering the coupling problem among the

different axes, and furthermore, since we had built the set of linearized mathematical
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models based on dynamic equations of PHANToM Premium 1.5. The equations are
linearized at an equilibrium point (4,,6,,6,) = (O,Z—,%) , and the parameters (K,,b,)

for the virtual coupling are only matched at the neighborhood area of an equilibrium

point.
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Chapter 4

Stability of A Multi-User Haptic Interface

4.1 Introduction

In chapter 2, we described the model of the PHANToM Premium 1.5. In chapter
3, we discussed the theory of passivity and stability of a two-port network.
Furthermore, we proved the feasibility of unconditional stability criterion for the
networked haptic interface design through a benchmark example. We also employed
the model of the PHANToM Premium 1.5 to our networked haptic interface, and
designed a set of (Ke,be) for virtual coupling parameters to satisfy the unconditional
stability criterions (3-11), (3-12) and (3-37). In the last chapter, our networked haptic
display was not concerned with virtual environment only if the virtual environment
was passive. Here we will use this model to touch certain virtual environment, and
then we will obtain the best value (K,,5,) from the result of chapter 2 for different
specific virtual environments through the accurate computation and steady state

response of the system.

4.2 The Model of Virtual Haptic System with Virtual Environment

In chapter 1, we also reviewed the different current models of virtual
environment. In this chapter, we are going to model the virtual environment through a
virtual spring, as shown in Figure 4-1. Actually, our objects could be modeled by

simplification into this simple mechanical model. We notice the forces F, and F,
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acted at each side of the spring. The positive direction is shown in Figure 4-1. As a

result, the forces F, and F, are:

Fy = —k(x, —x,) (4-1)

Fy =—k(x, - x,) 4-2)

where k is the spring coefficient.

Figure 4-1 Model of the virtual environment

We modify the structure in Figure 3-4. We add the virtual environment into this structure,
which is shown in
Figure 4-2
The signal flow diagram of the networked haptic system with virtual

environments is shown in Figure 4-3.
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Figure 4-3 Signal flow graph of networked haptic display with VE
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4.3 Derivation the Closed-Loop Transfer Functions

We now derive the transfer functions of the closed-loop system in the z -
domain based on the Figures 4-2 and 4-3. Because this system is a hybrid system, we
may map all of system representation into z -domain or s -domain. In this chapter, we
map them into the z -domain.

Firstly, we apply the algebraic method to yield the following equations:

Ei(s)=R,(s) - C(s) (4-3)
E,(5) = Ry (s) - C,(s) (4-4)
X, (8)=K.H (s)E,(s) (4-5)
X,(s) = K,H ,(s)E,(s) (4-6)

where H (s) and H,(s) are the transfer function of the plants in the s-domain.

Substituting (4-3) into (4-5) and substituting (4-4) into (4-6) yields:

X,(s) =K, H, (5)(R,(s) - C,(s)) 4-7

X, (5) = Ky H (s)(R,(5) — Cy(s)) (4-8)

By investigating Figure 4-2, and according to the relationship between X (s)and

X(z)[101], we found the following expressions:

X\(2)=X(s)| r_, (4-9)

X,(2)=X,"(s) r_ (4- 10)
At the same time we have:

X\(5)=X,"(s) (4-11)

82




Xy(9)=X,'(s) (4-12)

Where C,(z) and C,(z) are the output of the system, which are the reflected

virtual forces by the virtual environment, respectively, we express them as:
C\(s)=ZOH (s)xC,'(s) (4-13)
C,(s)=ZOH (s)xC, (s) (4- 14)
Substituting (4-11) and (4-13) into (4-7) we have:
X, (s) = K,H,(s)(R,(s) - ZOH (s)C," (5)) (4- 15)
Substituting (4-12) and (4-14) into (4-8), we get:
X, (s) = K,H,(s)(R,(s)— ZOH (5)C, " (5)) (4- 16)

Since H,(s) and H,(s) are continuous-time systems, hence we take the z-

transform for (4-15) and (4-12), and get:
X(z)=K H\R (z)-K,ZOHH (z)C,(z) (4-17)
X,(z)=K,H R,(z)-K,ZOHH ,(z)C,(z) (4- 18)
From Figure 4-3, O,(z) and O,(z) are respectively expressed as:
0,(z)= X,(2)- D,(2)X,(2) (4-19)
0,(z) = X,(2) - Dy(2) X, (2) (4- 20)
where H,(z) and H,(z) are the transfer functions of the virtual couples, and the time

delay D,(z) = 1 and D,(z) = l, hence
z z

Y (2) = 0,(2)H,(2) (4-21)
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Y,(2) = 0,(2)H,(z) (4-22)

Substituting (4-21) into (4-19) and (4-22) into (4-20), we get
Y(z) = (X\(2) - D,(2) X, (2))H,(z) (4-23)
Y,(z) =(X,(2) - D,(2) X, (2)) H,(2) (4-24)

For Figure 4-3, V,(z) and ¥, (z) are respectively expressed as:
Vi(2) = (%(2) - Y, () H, (2) (4-25)
Vi(2) = (X, (2) - Y (2))H,(2) (4- 26)

where H,(z) and H,(z)are the discrete-time integration. Also,

Ci(z) =kV\(z) (4-27)
C,(2) = kV,(2) (4- 28)

where k is the virtual spring coefficient in the virtual environment.
Finally, by combining (4-17), (4-23), (4-25) and (4-27) to get the output C,(z),

and also combining (4-18), (4-23), (4-25) and (4-27) to get the output C,(z), we have

(k(K,H,W, - K,HW,)H,)z + k(-K,H,W, + K,HW)H,

C(2)=
(&= kK, H,H,Z, + kK,H H Z,)z + kK,H,H,Z, + kK, H,H.Z,

(4-29)

(~k(K,H,W, - K,HW,)H )z — k(~K,H, W, + K,H W) H,
(1+ kK, H,H,Z, + kK,H H Z,)z + kK,H,HZ, + kK, H,H Z,

Cy(2) = (4- 30)

where W (z)=RH,((z) , W,(z)=R,H,(z) , Z,(z2)=ZOHH (z) and
Z,(z)=Z0OHH ,(z) .
Since R,(s) and R,(s) are continuous-time input signals, we can’t factor R (s)

and R,(s) from RH(s) and R,H,(s), thus Z[RH,(s)]# Z[R (s)|Z[H (5)] and
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Z[RZH . (s)]¢ Z [R2 (s)]Z[H . ()] Similarly, in Z,(z) and Z,(z), we have for the zero

order hold:

_ ~Ts
ZOH(s) = 12¢

(4-31)

ZOH(s)H (s) =

(1-¢)H,(5) -3
N

Therefore we take the z-transform of the above equation, and we get ZOHH (z)

as following:

ZOHH (z)=Z[ZOH (s)H,(s)] = Z[H (S)] (4- 33)
Similarly, we can also get ZOHH,(z) as following:
ZOHH ,(z) =Z[ZOH (s)H ,(s )]— Z[H (s)] (4-34)

According to above description and results, it is 1mpossible for us to get the
general expression for the transfer function; however, we can specify the input, and

then obtain the transfer function for this specific input. So we assume that the input is:

&@F%D&@=J% 4-35)

zZ

R($)=-= Ry()=- (4-36)

z—1

The blocks H,(s) and H,(s) are the transfer functions of the plants. We assume

that they have the same transfer functions. The transfer functions of the PHANToM

Premium 1.5 model from Chapter 2 are given by (2-98), (2-100) and (2-102) along the

x, y and z axis. First, we look at the x -axis; thus, we substitute (2-98) into H,(s)

and H,(s), so that we get
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22.53s

H(s)=—22772 4-37
() s2+304s +304 ( )
22.53s
Ho(s)=__ 22228 4-38
«(5) 5% +304s + 304 ( )

The blocks H,(z) and H(z) are the transfer functions of the virtual coupling.

Their expressions are as follows:

(b, +TK )z —b,

z-1

H,(z)= (4-39)

(b, +TK )z —-b,

z—1

H(z) (4- 40)

The blocks H,(z) and H(z) are the transfer functions of the discrete-time

integration. Their expressions are as follows:

T(z+1)

(@)= (4-41)
_T(z+1) )
H@=50 (4- 42)

In order to simplify the calculations, we suppose the system gain K, and X,
have the same value Ks, and the sampling period is T = 0.01s.

By substituting (4-33), (4-35), (4-37), (4-39) and (4-41) into (4-29), we get the
output C,(z) . Because R/(z) camnot be factored from H,R(z) and
ZOHH (z) separately, have no general transfer function can be found. In order to

continue our analysis, we still can obtain its z transform for a specified input 7(z).

G

Therefore, we obtain the pseuocontrol ratio { (
z
1

} ; that is, we can get
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_|a@] _Ne ]
[7,(2)], —{ R (Z)l D) (4-43)

where,

N,(z) =0.1405096 x 102 k - Ks(z* + 2z +1)(b,z + 0.01K .z~ b.)

D,(z) = 2z* + (-4.0766686 +.0014050968 Kskb )z’

+(.0014050968 Kskb, +2.1723384)z>
+(~.095669777 —.0014050968 Kskb,)z
— 0014050968 Kskb,

By substituting (4-34), (4-36), (4-38), (4-40) and (4-42) into (4-30) we get the
output C,(z). Because R,(z) cannot be factored from H,R,(z) and ZOHH (z)
separately, hence no general transfer function can be found. In order to continue our

analysis, we still can obtain its z-transform for a specified input »(z). Therefore, we

C,(2)

obtain the pseuocontrol ratio [
z

} ; that is, we can get
2 P

_|G@) | _Ny(2) _
[7,(2)], —{ RZ(Z)L =Dt (4- 44)

where,

N,(2) =0.1405096 x 10k - Ks(z* + 2z +1)(b,z +0.01K,z—b,)

D,(z) =2z* +(~4.0766686 +.0014050968 Kskb, )z’

+(.0014050968 Kskb, +2.1723384)2’
+(~095669777 — 0014050968 Kskb,)z
— 0014050968 Kskb,

4.4 Jury Stability Test
In the last section, we have derived pseuocontrol ratios for output versus

reference input with specific input signals. Furthermore, in chapter 3, we also
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obtained the sets of parameters (K,,b,) for the PHANToM Premium 1.5 model to
guarantee the stability condition through passivity criteria. In this section, we will find
the relationships between parameters (K ,,b,) gotten in Chapter 3, and different virtual
spring coefficient k of the virtual environment model through the Jury’s stability test.
As noted in {102], the response transform C(z) has the general form given by

the following expressions, where R(z) is the forcing-function transform

N(z)

“O=06)

R(z)

N (4- 45)

bz"+b, 2" +b, 2"+ -+ bz +b,

R(z)

The stability of the response c(kT) (Z7'[C(z)]=c(kT)) requires that all roots
of D(z)lie inside the UC (unit circle). Since it is usually not necessary to find the

exact solution when the response is unstable, a simple procedure to determine the
existence of roots that lie outside or on the UC is needed. If such roots of D(z) are
found, the system is unstable and must be modified. Jury’s stability test, devised by
Jury and Blanchard, is a simple method of determining if any roots lie on and/or

outside the UC in the z-plane without actually solving for the roots of D(z). It should
be noted that the roots of D(z) are poles of C(z). The characteristic equation is

D(z)=b,z" +b, z"" +b, ,z" +--+bz+b, =0 (4-46)
where all the coefficients are real, b, =0 and b, >0.

The coefficients of the characteristic equation are arranged in the pattern shown
in the first two rows of the following Jury-Blanchard (JB) array. These coefficients
are then used to evaluate the rest of the constants to complete the array. The constants

of the 2j+2 row consist of the constants of the 2 +1row written in reverse order.
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The constants ¢,,d;, e, etc., where i =0,1,...,n— j, are evaluated from the following

determinants:

_ bO bn—l d _ CO Cn—l—i
“= b b e c ’
n i =1 n~1 iofj=2
(4- 47)
e = dO dn—2~l v = vO vg—l
i ey ¥y T 3
d,, d, =3 Vs i e

Jury’s stability test requires, in order for D(z) =0 not to have any roots on or

outside the UC in the z-plane, that the following conditions be both necessary and
sufficient:

From (4-46),

D(z)|,., >0 (4- 48)

>0 formeven .
and D(z2)|,.., = - ad (4- 49)
< orno

From (4-47),

o] < B,
leo| >
|do|>

|e0| >

cn—-l
dn—Z

en—3

n —1 constrants (4- 50)

ol > ]

We set the spring coefficient for the virtual environment as k=1 and the
gainKs =1. As a result, the characteristic polynomials of the transfer functions are

given as following:
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D,(z) =2z" + (0000140509 68 KskK , —4.0766686 +.0014050968 Kskb,)z’
+(.0014050968 Kskb, +2.1723384 +.0000281019 36 KskK )z’

@- 51)
+(~095669777 — 0014050968 Kskb,+ 0000140509 68 KskK )z
- 0014050968 Kskb,
D, (z) = 2z* +(.0000140509 68 KskK, —4.0766686 +.0014050968 Kskb_ )z’
+ (0014050968 Kskb, +2.1723384 + 0000281019 36 KskK )z @ 52)

+(—095669777 —.0014050968 Kskb +0000140509 68 KskK )z
— 0014050968 Kskb,

We now have

(1) D) >0
D(1)=023x10" + 56203872 x10°K,,

(2) D(-1)>0
D(-1) =8.34454

(3) Jury matrix

[—0.14051x107be a,, a, a,, 2
2 a, a, a, —0.14051x107,
s Gy Gy 4y 0
Ay Ay A3 Ay 0
L sy ds; dg 0 0]
where,

a,, = ~0.095669777 — 14050968 x10°b,+14050968x 10 K _;
a,, =21723384+28101936x 107 K, +14050968 1025, ;

a,, = 14050968 x1072b, —4.0766686+14050968 x 10K ;

e?
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a,, =.19742970x107b," — 4

a,, =19742970x107°b," - 26757683 %10,
—.28101936x107* K +81533372

a,, =—19742970x10°b." ~ 58625393x107b,
—56203872x10™ K, — 4.3446768

a,, =—19742970x10°b +85383076x 102,
—28101936x10™* K +19133955

4 =315

a, = 0879401075, ~0.032674318b,
+15.963389+0.10754x10™ K,

a,, =0.50055x1075," +(031589x10°K, +0.4892)b,
~31.782041+0106793x 10~ K, ’

a,, =037885x107'b, +(0.48744x10° K, —0.045652)b,
+15.818651+0.45931x 107K, ’

Based on K, and b, from the result of the passivity criteria for the x-axis,

through computations by the computer, the following result is obtained making the

system stable for the virtual spring parameter k£ =1, as shown in Figure 4-4.

4. 5 Steady State Response

Now we compute the steady state output C_, with the specific input (step input)

C,, =limit(1-z")C(z) (4- 53)
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with

C.(2) 0.175637z{(K, +100be)23 +(2K, +100b‘3)zZ +(K,-100b,)z —100b,]
i2)=

D\(2)

where,

D (z)=0.25x10"z" +(-0.75948 x10° + 0.175637 (1005, + K )z*
+(0.781126 x10° +0.1756371 K )z’
+(-0.35127 x10%b, — 0.1756371 K, —0.2835 x10°)z’
+(-0.1756371 K, +0.119587 x10*)z +17.563710 b,

0.175637z[(K, +100,)z° + (2K, +100,)z> + (K, —100b,)z —100b,]

C,(2)=-
@) D,(z)

where,

D,(z) =0.25x10°z* + (-0.75948 x10° + 0.175637 (1005, + K )z
+(0.781126 x10° +0.1756371 K ,)z*
+(-0.35127 x102b, —0.1756371 K, —0.2835 x10°)z>
+(~0.1756371 K, +0.119587 x10*)z +17.563710 b,

As a result,

C,, = limlit(l -z)C(2)=1
where the input is R, (z) = z , and
(z-1)
C, = limlit(l -z NC,(2)=~1
where the inputis R,(z) =— z ,
(z-1)

(4- 54)

(4- 55)

(4- 56)

(4- 57)

From the steady state outputs C, . and C,_, we find that the systems are type 1

systems because the steady state error approaches to zero as z approaches to 1.

In order to find the best pair of the variable parameters (X, ,5, ) for spring

coefficient &, we have to use the ramp signal as the input signal of our system. Now

we set a unit ramp signal (R,(s) =1/5s") as the input of the system one, and set minus
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unit ramp signal (R,(s)=—1/s") as the input of system two. The output is governed

through (4-31) and (4-32) as given by

N (z)

Cl(z) - D,(2)

(4- 58)
where,
N,(2)=1072[ 1015978 x107(b, +102 K, )z* + 107 (14082159b, +.24241939 x107 K ,)z*
+107°(~.62374014b, +1.8004537 x 107°K,)z’
+107°(-1.4082159b, +.39223786 x10’ K, )z-.39223786x107h, ]

D(z) = (22" + (~4.0766686 + 14050968 x 10 “*b, + 14050968 x 10 *K )z’
+(2.1723384  + 14050968 x 10 "2b, + 28101936 x10 *K)z>
+(~14050968 x 10 "2b, + 14050968 x 10 K, — 095669778 )z
~.14050968 x 10?5, )(z - 1)?

Cy(2) = 2l2) (4- 59)

where,
N,(2)=-1072[1015978 x102(b, +102K,)z* +107(14082159b, + 24241939 x 102K )z’
+ 10’3(~.62374014be +1.8004537 x IO'ZK‘, )z’
+107(~1 40821595b, +.39223786 x IO_ZKL,)Z -.39223786 x107° b,]

D,(z)= (22" + (~4.0766686 + 14050968 x 10 b, + 14050968 x10*K )z’
+ (21723384 + 14050968 x 10 "2b, + .28101936 x 10 *K)z?
+ (~.14050968 x 10 “2b, + 14050968 x 10 ‘K, — 095669778 )z
- 14050968 x 10 "2b,)(z - 1)>

We repeat the Jury’s stability criteria to test which X, and b, can lead to a

haptic interface that is stable. Through numerical computation, the same variable

parameters are obtained as in the case of the unit step input, as shown in Figure 4-4.
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stability region for k=1N/m
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Figure 4-4 Stability of the x-axis for the closed-loop system

Compared to Figures 3-6 and 4-4, we found the acceptable region for parameters

(K..b,) that satisfies Jury stability is smaller than the area that satisfies passivity

criteria when the spring coefficient of the Viftual eﬁvironment 1s k=1. Actually, the
results of chapter 3 only guarantee haptic interface passivity and stable for the open-
loop conditions; however, in this chapter, we are in contact with the virtual
environment through haptic interfaces, thus, the results guarantee the stability for the
closed-loop system. In control theory, the open-loop stability doesn’t necessarily
guarantee the closed-loop stability. APassivity criteria are also conservative way. The
hardest problem of virtual coupling is that what kind of parameters (K,,b,) of the
virtual coupling can be selected for any set of passive human operators and virtual
environment. The parameters from the passivity criteria define if the virtual coupling
selects the (X,,b,) values, then the hatpic interface would be passivc,\ which implies
unconditional stability, for any set of passive human operators and virtual

environment; however, unconditionally stable network is not necessarily passive [16]
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Furthermore, Colgate et. al [70] view that when a virtual spring is implemented in
discrete-time, the force provided by the spring will not increase smoothly with
deflection although an ideal physical spring is a lossless system and it stores energy
when pressed and then release it when unpressed. Instead, the force will be repeatedly
“held” at a constant value until updated. Because of this, the average force during
pressing will be slightly less than for a physical spring of identical stiffness, and the
average force during unpressing will be slightly greater. Therefore, the virtual
coupling is possible to be an active component.

By further investigation using Jury stability criterion, the region for the
parameters (K,,b,) will be made smaller with the increase of the spring coefficient.
This proves that the requirements of passivity condition for the region of parameters
(K,,b,) of the virtual coupling become stricter with the increase of stiffness of the
virtual environment as shown in

‘Figure 4-5. Fortunately, those (K,,b,) under the worse situation are able to
maintain passivity for all the situations, which produces the unconditional stability
condition for the closed-loop system. Especially, passivity condition guarantees the
passtvity of the haptic interface, which means that stability condition of the haptic

interface is guaranteed as well.
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Figure 4-5 The region of parameters (K,,b,) for different spring coefficients
k=1
Using’(4—3), (4-4), (4-13) and (4-14), although the feedback loop is not unity in
the s-domain, the feedback loop in the z-domain is unity. As a result, the error in the

z-domain is given as following:

E(S):R(S)-—C(S) 2 transform _ ~ -
C(s) = ZOH (s)C'(s)} = E(z)=R(z)-C(2) (4- 60)

For the ramp input signal,

mie D o) @4-61)

DC(ex)=—

DC (oc)
k

v

e, ()= llmlt E( )= 4- 62)

where £, is the ramp error coefficient.
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Consequently, for the specific virtual spring coefficient £ =1, the ramp error

coefficients k,, and k,,, computed by the above equations, are given as

(0.02K, —7b,)

N = (4- 63)
—62.381K, -0.02b, +11

(0.02K, - 7b,)

2 = (4- 64)
~62.281K, —0.02b, +11

We notice that the relationship between k, and e_(x) is inversely proportional.
As a result, as k, becomes larger the steady state error e (<) gets smaller. Finally,
according to the results listed in Figure 4-4, we found that whenK, =1 and b, =17, k,
1s maximized, and steady state error e_(oc) = 0.4355 is minimized.

According to the results in Appendix A, the workplace of the PHANToM
Premium 1.5 model is 19.5 X 27x 37.5cm, and-the maximum exertable force is 8.5N.
That means the PHANToM Pfemium 1.5 only reflects a maximum virtual force of
8.5N, and the maximum displacement along an axis is 19.5cm for the virtual spring.
As a result, the virtual spring coefficient could not be larger than 43.6N/m. In our
design, we choose a maximum % of 43N/m. When £ is larger than 43N/m, virtual
stiffness will be selected as infinity.

We now change the virtual spring parameter &, and try to find a suitable pair of
parameters K, and b, to ensure system stability. First, we consider cases of £ >1, as
shown in Table 4-1.

Table 4-1 Steady state error for £ >1N/m
k (N/m) k, | Ko b e (<))

Y 25,
" -31.19K, - 0.02, +0.9

1 17 0.8978
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j 0.02K, - 7b,
10 " —62.381K,-0.01b, +1.1 b v 0.5190
15| k= 001K -0, 1| 17 -110.202
" —1871.436K, - 0.02b, +2.9 '
20 ko= 03K 43 1| 17 14,8866
" —249.53K,-0.07b, +2.2 '
25 k, = _0.02K, -3b, 1| 17 3.0676
Y —155.954K, - 0.08b, +1.15 '
_ -0.01K, +b,
30 v —m 1] 148 -0.3065
_ ~0.01K, +b,
35 = T4667K 1078 1| 12.7 -0.40647
40 k, = b, 1] 11.1 0.53109
¥ 4.991K, +0.01b, +0.78 ‘ '
2008,
43 = 05K 67 1] 103 -0.03286

Next we consider the cases of k <1N/m, as shown in Table 4-2.

Table 4-2 Steady state error for £ <1 N/m

k (N/m) ko | K | b | e ()(N)
0.5 - D0IK. +h, 1| 17| -4.9694
‘ " —6.238K, -0.015, - 78 o
0.1 k, = b 18] 17.3 0.1423
' " -6.238K,-0.015, +110 ' e
0.05 k= —e 001, 1| 17| -45.9754
- " -6.238K, b, — 780 e
b
k, = .
0.01 += 638K, 0015, 11100 176 | 19.9|  0.09656
0.005 k, = 001K, +0, 401 | 23.8| -371.9792
: " ~6.238K, -0.01b, — 7800 A
b
k, = ‘
0.001 " —6.238K,—0.015, +0.11x10° 12241 143 235.86

4.6 Networked Haptic Display with Spring-Damping Virtual Environment
In the previous sections, we have discussed the case of virtual environment
modeled by the virtual spring. Actually, in real situations, a spring alone couldn’t

generate a good model in virtual environment to represent the object. Therefore, we
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consider the case of virtual environment that is modeled by a spring and a damper.
The spring and the damper configured as a parallel connection is shown in Figure 4-5.
The model of the virtual environment now becomes as follow:

(Tk +b)z —b

- (4- 65)

VE(s)=k+bs| (., 2> VE(z)=
S——)T

This model is now substituted into Figure 4-3 instead of the original model of
the virtual environment, which is the component k. In (4-65), k is the spring
coefficient, and b is the damping coefficient. Furthermore, (4-27) and (4-28) would be

now changed into

Cl(z) =

2=y (4- 66)

V.

Cy(z ,(2) (4-67)

)= Tk +b)z-b
T:

We now follow the same procedure developed in section 4.3 to derive the new

ratio between the input and the output of the system. The first difference is that we

use (4-66) and (4-67) instead of (4-27) and (4-28), respectively. The second

difference is that we use a unit ramp signal as our reference input, thus (4-35) and (4-

36) become respectively

1 1z
RI(S)ZS—ZDRI(Z):(Z__I‘)? (4- 68)
1 1z
RZ(S):—?ﬂRZ(Z):_GT)z (4- 69)
Consequently, we obtain the new outputs C,(z) and C,(z) as follows
¢,(z) = 2) (4-70)
D\(z)

where
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N,(2)=10"* -Ks{10.16[(K,T + b, )Tk + b)]z°
+[K,T(14.082b + 24 242 Tk ) + b, (14.082 Tk +3.9224 b)]z*
+[K,T(18.005Tk — 6.2374 b) — b_(6.2374 Tk + 20.325)]2*
+[K,T(3.9224 Tk —14.028) - b_(14.082 Tk + 7.8448 b)]z’
+[b,(~3.9224 Tk +10.16b) - 3.9224 K bT |z + 3.9224 b b} z

Dy(2) =2z" +[0.14051Ks(Tk +b)(K,T +b,) ~8.0767]z°
+[~0.14051KsT (b k + K b) — 0.28102Ksb b +12.326]2°
+[~0.14051Ksb,(2Tk + b) - 0.28012KsK T(Tk + b)—8.517]z"*
+[0.28102KsT (b k + K b) +0.56204Ksb b + 2.3637)z*
+[0.1405Ks(K T (Tk + b) + be(Tk — b)) — 0.9567]2>
—~0.14051Ks{K ,Tb + be(Tk + 2b)}z +0.14051Ksb b

and C,(2)= @-71)

where

CN,(2)=-10" - Ks{10.16[(K.,T + b, )(Tk + b))2*
+[K,T(14.082b +24.242Tk) + b, (14.082Tk +3.9224b)]z*
+[K,T(18.005Tk — 6.2374b) — b,(6.2374Tk + 20.32b)]2°
+[K,T(3.9224Tk —14.028) - b, (14.082Tk + 7.8448b))2>
+[b,(~3.9224Tk +10.16b) ~3.9224K bT |z +3.9224b b} z

D,(z) =2z +[0.14051 Ks(Tk +b)(K,T +b,) - 8.0767 ]z°
+[~0.14051 KsT (b k + K b) — 0.28102 Ksb b +12.326]2°
+{~0.14051 Ksb (2Tk + b) — 0.28012 KsK T (Tk + b) —8.517]z*
+[0.28102 KsT (b,k + K ,b) + 0.56204 Ksb b + 2.3637 |2*
+[0.1405 Ks (K T (Tk + b) + be(Tk — b)) ~ 0.9567 ]2

~0.14051 Ks[K,Th + be(Tk + 2b)]z + 0.14051 Ksb b

By further analysis, the pseuocontrol ratio G2 and —Cl(z—) are obtained,;
R(@)],  |R(2)

that is, we get

[ao] mMe _
[7.(2)], —{ R (Z)L T (4-72)
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where,

N(2)=10"-Ks{10.16[(K,T + b, )Tk +b)]z’
+[K,T(14.082b + 24.242 Tk ) + b, (14.082 Tk + 3.9224 b)]z"*
+[K,T(18.005 Tk — 6.2374 b) - b,(6.2374 Tk + 20.32b)]z*
+[K,T(3.9224 Tk —14.028) — b_e(14.082 Tk + 7.8448 b))z’
+[b,(~3.9224 Tk +10.16b) —3.9224 K bT ]z + 3.9224 b b}

G,(2)=T{22" +[0.14051Ks(Tk + b)Y KT +b,) - 4.0767)z*
+[0.14051KsT (b,k + K b) +0.28102KsK T’k + 2.1723)2°
+[~0.14051Ksb,(2b + Tk) + 0.14051KsK T (Tk — b) ~ 0.9567]2>
~0.14051KsT (K b + b k)z +0.14051Ksb b}

C,(z) N,(z)
H = = 4-73
[ Z(Z)]p !:Rz(z):'p G,(2) ( )

where,

N,(z)=10"" - Ks{10.16[(K.T + b, )(Tk +b)]z°
+[K,T(14.082b +24.242Tk) + b, (14.082 Tk +3.9224 b)]z*
+[K,T(18.005 Tk - 6.2374 b) - b,(6.2374 Tk + 20.32b)]z°
+[K,T(3.9224 Tk —14.028) - b_(14.082 Tk + 7.8448 b)]z*
+[b,(~3.9224 Tk +10.16b) — 3.9224 K _bT |z + 3.9224 b_b}

G,(z)=T{22° +[0.14051Ks(Tk + bYK,T +b,) - 4.0767]z*
+[0.14051 KsT (b,k + K b) +0.28102 KsK Tk +2.1723]2°
+[~0.14051Ksb, (2b + Tk) + 0.14051 KsK T (Tk — b) - 0.9567 ]z
~0.14051 KsT (Kb + b k)z + 0.14051 Ksb_b}

In order to investigate the stability of the closed-loop system, we also follow the
Jury stability criteria procedure, as shown in section 4.4 and the steady-state response
analysis as shown in section 4.5 to obtain the parameters (K,,b,) that are compatible
with different spring coefficients k& and damping coefficients b in the simulated
virtual environment.

We consider the three cases that based on different spring coefficients, namely,

k =0.05N/m, k£ =1N/m, and k =30 N/m, which represent a small, medium and large
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stiffness properties of the simulated object, respectively. Simultaneously, we choose
different damping coefficients to simulate different damping properties of the virtual
object, where b is equal to 0.05, 0.5, 1, 5, 20, 30 N-sec/m, respectively. These values
of b combined with different spring coefficients k are used to simulate different
virtual objects as expressed in (4-65).

Using Jury stability criteria, different stability conditions for the three cases are
obtained in Figures 4-6, 4-7 and 4-8. According to the steady state response analysis,
the best parameters of (X,,5,) for different cases are listed in Tables 4-3, 4-4 and 4-5.

By inspecting Figures 4-6 and 4-7, it follows that the virtual objects with the
larger damping coefficients, independent of the virtual spring coefficients, result in
stability conditions for the closed-loop system that are much stricter than other cases.
This implies that the passivity condition for the haptic interface becomes more
difficult. As a result, it is easy to violate the passivity .of the haptic interface and cause
the closed-system to become unstable. In Tables 4-3 and 4-4, we found that the steady

state errors become larger with the increase of the virtual damping coefficient.
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stability region for the closed-loop system when k=0.05N/m
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Figure 4-6 The stability condition for the case with £ = 0.05N/m

stability region for the closed-loop system when k=1N/m
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Figure 4-7 The stability condition for the case with £ =1N/m

103




stability region for the closed-loop system when k=30N/m
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Figure 4-8 The stability condition for the case with k£ =30 N/m
Table 4-3 The best values for (K, b,) for the case with £ = 0.05N/m

k b kv Ke be ess (m)
(N/m) |(N-sec/m) @)
0.05 __ 05(001K, +b,) 311 89 0.00326
. " -6.235K, —3b, +220 ' '
0s _0.05(0.01K, +b,) 11 5] 0.0173
: "~ Z0.6095K, — 3b, + 22 ' -
| _ 05(0.01K, +b,) 2l 66 0.0135
* = T5.895K, —11.895, +220 ' '
0.05 ~ 0.5(0.01K, +b,)
S| " -4795K,-599.99,+220 | 46| .0 24853
j 0.5(0.01K, +b,)
20| T -9.795K, +20001b,+220 | 22| 0 41.0792
0 _ 0.5(0.01K, +5,) 5l o1 1023.25
¥ —7.795K, —11.89b, +220 ' '
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Table 4-4 The best values for (X,,5,)for the case with £ =1 N/m

k b k] OK ] b € (<) (N)
(N/m) |(N-sec/m)
005 _10(0.01K, +b,) 2l 14 0.0007
: ' -124.75K, +2.1b, + 220 B
0 _ 2(0.01K, +b,) 11 136 0.0412
: * T T24.99K. ~1.02b, + 40 ' '
| _ (0.01K, +b,) 2| 6.8 0.4237
1 Y —12.4759K, +0.01b, +22 ' -
S _ (0.01K, +b,) 21 13 2.2309
'~ T12.4759K, +0.01b, + 22 ' B
ol < (0.01K, +5,) 21 03 9.2336
' T T12.4759K +0.016, + 22 ' -
0 ~ (0.01K, +b,) 21 02 13.4353
—12.4759K_ +0.01b, +22 ' o

Table 4-5 The best values (X, ,b,) for the case with £ =30N/m

k b k,| K. b e, () (N)
(N/m) |(N-sec/m)
_ 6(0.01K, +b,)
0.05 = T7a862K. ~0015, 14 0| 15.3 0.03497
_ 6(0.01K, +b)
03 " —74.862K, -0.3b, +4 0 9 0.0691
_ 3(0.01K, +b,)
20 ! " —37.428K,—0.03b, +2.2 O 53 0.043
_ 3(001K, +5))
> " -37.428K,-0.03b, +2.2 o) 13 0.0407
_ 1.5(0.01K, +b,)
20 ¥ —18.745K, +1.05b, +1.1 0 03 0.0515
_ 3(0.01K, +B,)
30 Y —3747K,+0.1b, +2.2 0} 02 0.0404
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4.7 Conclusion

By using jury stability criteria, we obtained the acceptable parameters for
(K,.b,) to guarantee the stability of the closed-loop system based on the open-loop
passivity condition of the haptic interface when the haptic interface interacts with the
virtual environment. In this chapter, we consider two mathematical models, namely
the spring and the spring-damping models to simulate the virtual environments. The
steady state performance of different models based on different parameters have been
obtained and listed in this chapter. Based on the results of this chapter, we also
conclude that the passivity of the haptic interface guarantees the stability of the

closed-loop VR system.
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Chapter 5

Simulation Results and Discussion

5.1 Introduction

In the previous chapters we have determined parameters (K, ,b,) for two
mathematical models for simulating the virtual environment. The linearized model for
the PHANToM Premium 1.5 along the x-axis is a first order system. Steady state
responses of the closed-loop system were obtained in Tables 4-1 and 4-2 for the
spring model of the virtual environment, Tables 4-3, 4-4 and 4-5 for the spring-
damping model of the virtual environment. Since the model is generally higher, we
can’t compute the transient response easily. In this chapter, we are going to build a
simulation model with two haptic displays to simulate the performance of transient

state.

5.2 Simulation and Transient Response

Our simulation model is shown in Figure 4-2. The models of the virtual
environment are a simple spring as explained in section 4.2 and a spring-damping
model as shown in section 4.6. Using the simulation environment in Matlab Simulink,
we will investigate the complete response of the closed-loop VR system for different

spring coefficients and damping coefficients.

5.2.1 Simulations with Spring Model of the Virtual Environment
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First, we consider the simple case of a virtual environment modeled only by a
virtual spring. In the simulations, we implement the two corporative haptic devices to
contact a shared virtual environment with different spring coefficients k.

When the two users interact with a shared virtual environment with different
spring coefficients k, the reflected virtual forces will be generated by the virtual
environment and feedback to the two users. The simulation results for k>1 are
plotted in Figures 5-1 to 5-6. The simulation results for £ <1 are plotted in Figures 5-
7 to 5-10. In these plots, system 1 represents the reflected system feedback to user 1,
and system 2 represents the reflected system feedback to user 2.

The desired performance characteristics of a tracking system of any order may
be specified in terms of the transient response to a unit step-function input. The

performance of a system may be evaluated in terms of the following metrics, such as

overshoot Mp, the time to maximum overshoot ¢ o> settling time with 2 or 5 percent
of error against the input . (2%) and ¢ (5%), rise time ¢, , duplicating time ¢, and
the delay time to response ¢,,,, . Tables 5-1 and 5-2 show the transient performance

for different spring coefficients k.

Table 5-1 The complete response of system 1 for different £ > 1

k(N/m) | elec) | MpN) | £,(3) | £,(5%) (5) | £,2%)(8) | £,(8) | £,(5) | tauy (5)
1 0 - - 23.5 41.1| 79.08 | 10.35 1.01
5 0 - - 1.0893 11.26 | 57.25 1.07 1.01
10 0] 1.2132 1.05 1.115 1.2089 | 47.77 1.04 1.01
15 0 1.4689 1.04 1.1665 1.2465 { 41.47 1.03 1.01
20 0| 1.6667 1.04 1.3451 1.4885 1.5 1.02 1.01
25 0 1.8293 1.03 2.8794 3.6277 1.61 1.02 1.01
30 0 1.9098 1.25 25.2648 33.5072 1.54 1.02 1.01
35 0 1.92 1.28 38.395 36.8872 2.43 1.02 1.01
40 0| 1.9129 1.28 27.4148 36.8872 | 12.44 1.02 1.01
43 0] 1.8946 1.28 16.4349 21.3554 7.01 1.02 1.01
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‘Table 5-2 The complete response of system 1 for different & <1

EN/m) | elec) | Mp(N) | 2,(8) | ,(5%) () | £,2%) ()| 2,(5) | ¢ (s) L tetay ()
0.5 0 - - 39.95 58.94| 95.15| 24.55 1.01
0.1 0 - - 6.48 8.03 | 11.56 5.26 1.01
0.05 0 - - 219.04 274.56 | 349.31 | 169.17 1.02
0.01 0| 1.0355]1.3478 5.0888 9.11 5.71 4.67 1.03
0.005 0 1.0599 | 1.4375 7.3 8.77 4.95 424 1.04
0.001 01 1.0097 | 1.580 6.9156 7.64 8.49 6.15 1.08

system 1
2 T T T T T T T L] T
k=1 — input force
. . . : ! : : — reflected force
[ A e i s S
3 T N N N N N R
I
- i § : é : : : : é
| R o G L frommdr e A 7
ol
] 10 20 30 40 50 60 70 80 90 100
time(sec)
system 2 .
0 T T T .l T T T
— input force
: — reflected force
.05L .............................. R g
= | : ; ; '
z ~—— : : :
g - e ———
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Figure 5-1 The response of spring model with cofficient ¥ =1 N/m
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Figure 5-3 The response of spring model with cofficient £ =10 N/m
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Figure 5-4 The response of spring model with cofficient £ = 15N/m
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Figure 5-5 The response of spring model with cofficient k¥ = 20 N/m
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Figure 5-6 The response of spring model with cofficientt = 25 N/m
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Figure 5-7 The response of spring model with cofficientt = 0.5N/m
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Figure 5-8 The response of spring model with cofficient £ = 0.05N/m
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Figure 5-9 The response of spring model with cofficientk = 0.01 N/m
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Figure 5-10 The response of spring model with cofficient £ = 0.005N/m

5.2.2 Simulations with Spring-Damping Model of the Virtual Environment

In the previous section, we have simulated the cases of spring modél of the
virtual environment; however, the spring alone could not model the virtual objects
very well. In order to investigate the complete fesponse ofa networked haptic display
when they interact with a complex virtual environmént, in this section, we use a
spring and damping model in parallel connection to represent a complex virtual
environment. In order to make our investigations straightforward, we classify the
spring coefficient k¥ and the damping coefficient b into three groups, namely small,
medium and large. Specifically, k£ =0.05N/m and b = 0.05 N-sec/m correspond to the
small case, k=1 N/m and =1 N-sec/m correspond to the medium case, and
k =30N/m and b = 30N-sec/m correspond to the large case. Now we simulate the

three cases based on three groups of the spring coefficients k with different damping
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coefficients b . Case I designates k =0.05 N/m, Case II designates k =1 N/m, and

Case III designates £ =30N/m. The complete performance results for these three

cases are shown in Tables 5-3 to 5-5. The simulation plots for the three cases are

shown in Figures 5-11 to 5-13 for case I, Figures 5-14 to 5-16 for case II and Figures

5-17 to 5-19 for case II1.

Table 5-3 The response of system 1 for case I with k£ = 0.05 (N/m)

b
ke (N/m) (N-sec/m) Mp(N) | £,(5) | £,(5%)(5) | £,(2%)(s) | 1,(5) | £, (5) | 2iuiey (5)
0.05 - - 7.99 10.08 | 14.58 | 6.34 1.01
0.05 1] 1.2806 | 1.31 20.7 40.68 | 90.95] 1.02 1.01
30| 1.8195]| 1.17 14.32 19.87 726 | 1.02 1.01
Table 5-4 The response of system 1 for case I with & =1(N/m)

b
k (N/m) (N-sec/m) Mp(N) | 1,(5) | £,(5%) (5) | £,(2%)(S) | £, (5) | £,(S) | timiey (5)
0.05 - - 11.61 18.82 | 34.55] 5.92 1.01
1 1] 1.2423 | 1.02 11.478 15.25 236 | 1.02 1.01
30| 1.2591| 1.15 3.0183 30.56 | 109.56 | 1.02 1.01

Table 5-5 The response of system 1 for case III with & =30 (N/m)

b
k (N/m) (N-sec/m) Mp(N) | 2,(s) | £,(5%) () | £,(2%)(S) | 1, () | £, (5) | ety (S)
0.05| 1.9394 [ 1.03| 19.0352| 26.6762 791 | 1.02 1.01
30 1] 1.6078 | 1.11 7.5683 12.5 1.95| 1.02 1.01
30| 1.117§ 1.02 - - -1 1.02 1.01
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Figure 5-13 The response of case I with £ = 0.05N/m and 5 = 30 N-sec/m
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Figure 5-14 The response of case Il with £ =1 N/m and 5 = 0.05N-sec/m
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Figure 5-15 The response of case Il with £ =1N/m and 5 = 1N-sec/m
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Figure 5-18 The response of case III with £ =30N/m and b = 1N-sec/m
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Figure 5-19 The response of case III with £ =30N/m and b =30N-sec/m

5.3 Analysis and Discussion

It follows from Tables 5-1 and 5-2 that the system is under-damped when the
spring coefficient is set to £=0.05,0.1,0.5,1,5 N/m, whereas the .system is over-
damped when & =10, 15, 20, 25,30,35, 40,43 N/m and & =0.01,0.005,0.001 N/m.

When the spring coefficient £ is continuously increased, the duplicating time ¢,
becomes shorter; however, the settling time ¢ (5%) and ¢ (2%) becomes larger,

which means when the stiffness of the virtual environment becomes harder, the more
oscillations would be introduced. Actually, it is necessary to increase b, to prevent

noticeable oscillations when the users interact with the rigid virtual objects; however,

increasing b, too much tends to cause high frequency oscillations that users often

reports as a feeling of “rumble”[70].
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The overshoot M , increases with the increase of the spring coefficient £ when
k>1, and at the same time, ¢ , also becomes larger. Also for those cases when k <1,
the response is over-damped which result in short ¢, and small overshoot M .

When the spring coefficient k£ makes the system into under-damped systems,

we found that the specific properties, ¢, (5%), ¢,(2%), ¢, and ¢, become larger with

the decrease of the spring coefficient k. Note that when the users contact the soft
virtual objects, the VR system takes a longer time to appreciate the property of the
virtual object, and furthermore, the steady state errors as shown in Table 4-2 also
become larger. As a result, when the spring coefficient & has small values, it is hard to
gain better steady state and transient responses from the VR system.

Using equations (3-3) and (3-14), and the fact that we have used admittance
matrix in our design, and based on Table 5-2, when the virtual environment simulates
free motion or is in contact with soft objects with very small spring coefficient k , the
users have a good (iynamic p&formance, but with a large steady state errors, whereas
when the virtual environment simulates objects with large stiffness, the users have a
good steady state contact feelings, but dynamic performances are worse than the other
case. The relationship between stability and performance is contradictory to one
another. As a result, the best stability/performance trade-off should be achieved when
the coupling impedance is set to a minimum level which makes the combined two-
port network unconditionally stable.

For the spring-damping model, when the results are compared to those of the
spring model, if follows that the introduction of the parameter damping coefficient in

the simulation of the virtual environment generally improves the dynamical
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performance, especially as far as ¢ (5%), t,(2%), ¢,, ¢, are concerned behave much

better than the cases in which £ is equal to that of the spring model.
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Chapter 6

Conclusions and Future Work

6.1 Conclusion

In this thesis, the development of a virtual coupling for a networked haptic
display system was presented. Lineaization method for the nonlinear PHANToM
Premium 1.5 model was applied in this research. A linear spring coefficient was

initially used as the virtual environment. The best parameters for (X, ,b,) of the virtual

coupling were computed for different stiffness of the virtual environment. Simulation
results for different spring coefficients of the virtual environment model were
investigated and performance of the VR system shown experimentally.

The linearized mathematical models for different axes of the PHANToM
Premium 1.5 were derived through linearization technique. Furthermore, the closed-
loop transfer functions of the VR system were derived through the application of the
state feedback compensations for the linearized PHANToM Premium 1.5 models.

The passivity criteria for the two-port network that implies stability conditions
were extended to a networked haptic display with a unit of delay and multiple high
order PHANToM Premium 1.5 haptic device models. The parameters (K, ,b,)of the
virtual coupling to satisfy passivity conditions were also obtained.

The model of the networked haptic display system with virtual environment was
developed in Chapter 4. The ratio of the reflected virtual forces versus reference

inputs for the closed-loop system was derived. The parameters (X,,b,)of the virtual

coupling for the closed-loop system were evaluated and specified through Jury
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stability criterion for two kinds of virtual environment models. Although it is
generally difficult to consider all the scenarios of virtual environments, we still can
define the worst-case scenarios for networked haptic systems depending on the

specific limitations of the hardware used. The parameters (X ,b,) of the virtual

coupling under the worst case can be unconditionally stable for any set of passive
human operator and virtual environments.

Simulation results for two kinds of virtual environments and the results for the
steady state errors demonstrate the existence of the trade-off between stability and
performance. For example, for small spring coefficients, implying that the virtual
environment simulates soft objects, the transient responses are much better than those
cases of larger spring coefficients while the steady state errors are unsatisfactory for
stability of the system; and for large spring coefficients, implying that the virtual
environment simulates hard objects, the reflected forces have good performance as far
as stability is concerned but the transient response yields more oscillations with the

increase of stiffness of the virtual environment.

6.2 Contributions of the Thesis

In this thesis, the analysis of the mathematical models of the PHANToM
Premium 1.5 has been done. The parameters of the virtual coupling to guarantee the
opened-loop stability of haptic interface have been obtained. The closed-loop
pseuocontrol ratios for output versus reference input in a multi-user networked VR
system with a unit delay has been derived. The closed-loop stability conditions of the
interactions with two kinds of the virtual environment models have been obtained.
The complete response results of the closed-loop system with different parameters of

the virtual environment model have been simulated.
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6.3 Future Work

Networked haptic display system is not a stand-alone field of research interest.
3D graphic technologies, high-speed network and data communication, fast
accelerator and processor, software-programming languages, mathematical models for
nonlinear physical systems and high efficient controllers affect the future research in
this field.

Even though we extended the unconditional stability method to a real physical
system, there are a lot of improvements that need to be made further. First, our design
is based on a single input and single output (SISO) system; second, we omitted the
coupling effects among the different axes. Thirdly, in this thesis we only addressed a
simple model for the virtual environment, and it is unknown whether the

unconditional stability becomes hard or not for the complex virtual environment.

. Furthermore, in this t_hesis, we only considered the case of networked haptic displays

having with two identical haptic..devices. Actually, having two different kinds of
haptic displays will be more general. Finally, although we derived the linearizied
mathematical models for the PHANToM Premium 1.5, this derived linearizied model
still can not always represent the dynamic specifications of the PHANToM Premium
1.5 completely under arbitrary operating conditions. Consideration of the full

nonlinear model of the haptic devices is a major area of research to be involved in.
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Appendix A

Phantom Premium 1.5 Technical Specifications

Workspace

Range of Motion

Nominal position resolution
Backdrive friction

Maximum exertable force
Continuous exertable force (24 hrs)
Stiffness

Inertia (apparentmass at tip)

Footprint

Force feedback
Position sensing
Interface

Supported platforms

7.5x 10.5 x 15inches 19.5 x 27x 37.5cm
Lower arm movement pivoting at elbow
860 dpi 0.03 mm

0.150z. 0.04 N

1.91bf 8.5N

0.3 Ibf 1.4N

20 Ibs/in. 3.5N/mm

<0.171bm.

<75¢g

10 x 13 inches 25 x 33 cm

X,Y,Z

X, ¥, Z (6DOF optional)

Via Parallel Port

Intel-based PCs
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