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Abstract

Maintenance and de-orbiting of satellites are tasks that are yet to be solved. One
of DLR’s approach to this task is to on-orbit servicing is using a telepresence sys-
tem. High performance telepresence systems enable intuitive interaction with the
remote environment. There are several factors influencing the overall performance
like the level of immersion of the video display. This work focuses on improv-
ing the coupling between the hands, DLR/HIT Hand II, of the remotely located
humanoid robot Justin and the hands of the human operator. In order to ensure
improved coupling of the two, both the ability of the DLR/HIT Hand II to track
given references, and the calibration and mapping of a dataglove, which measures
the human hand joint angles, are improved. This is achieved by three main tasks:
implementing a friction compensation module with a friction parameter identi-
fication routine, designing a controller based on the functionally related systems
framework, and developing a calibration routine that handles the calibration and
mapping of a dataglove simultaneously. Experiments proved the improvement of
the reference tracking ability of the DLR/HIT Hand II and the performance of the
calibration and mapping of Cyberglove is verified by subjective opinions of people
who have previously operated the telepresence system at DLR without the new
calibration.
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Conventions

Throughout this thesis we use the following conventions.

Text conventions

Definitions of technical terms or short excursus are set off
in coloured boxes.

EXCURSUS:

Excursus are detailed discussions of a particular point in Definition:

a book, usually in an appendix, or digressions in a writ- '
Excursus

ten text.

Source code and implementation symbols are written in
typewriter-style text.

myClass
The whole thesis is written in English.

Download links are set off in coloured boxes.

File: myFild]|

“http:/ /media.informatik.rwth-aachen.de/~ACCOUNT/thesis/folder/file_number.file
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Chapter 1

Introduction

This chapter introduces the motivation for doing a project
on improving the matching between a robotic hand and
a human hand in a telepresence system. Section
“Motivation]” is followed by the introduction of the over-
all telepresence system which has been developed at
Deutsches Zentrum fir Luft- und Raumfahrt (DLR) (see
Section [1.2—"{The Telepresence System|’). Then, hand re-
lated components of the telepresence system; namely the
DLR/HIT Hand II, the latest robotic hand developed by
the collaboration of DLR and Harbin Institute of Techno-
logy (HIT), and the Cyberglove®ﬂ a data glove, are intro-

duced respectively in Sections[1.3—"Slave Side: DLR/HIT]
" and [I.4—"Master Side: Dataglove|’. Chapter
“IIntroduction]” closes with the goal of this thesis work (see

Section [1.5—"The Goal of the Thesis[").

1.1 Motivation

The telepresence system developed at DLR is proposed as
a possible solution to the maintenance problem of the satel-
lites. The ever-increasing number of satellites being sent to
space necessitates more operational space for proper func-
tioning of the satellites. More operational space can be cre-

'http:/ /www.cyberglovesystems.com /products/cyberglove-
ii/overview|Retrieved August, 2011


http://www.cyberglovesystems.com/products/cyberglove-ii/overview
http://www.cyberglovesystems.com/products/cyberglove-ii/overview
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ated by de-orbiting the satellites which come to the end of
their lifespan or maintaining the satellites with small prob-
lems. For this reason, maintenance of satellites is an impor-
tant issue and it can be achieved by robotic on-orbit servic-
ing (OOS) [Landzettel et al., 2006].

In space missions like on-orbit servicing, one is bounded
by the distance and hazardous environments barriers. Tel-
erobotic systems can help us overcome these barriers by
enabling us to perform manipulation tasks from remote
locations [Preusche et al.l 2005]. In 1993, ROTEX, a mul-
tisensory robot, was teleoperated by astronauts and from
ground via human operators. ROTEX became the first
robot to perform several task in space and it had proven
the usefulness of the concept [Hirzinger et al., 1994].

A telepresence system is a particular case of telerobotic
systems. In a telepresence system, a human operator is
included in the control loop both as the high-level deci-
sion maker and as a part of the control, e.g by adjusting
forces exerted on manipulated objects. The operator inter-
acts with the master side of the telepresence system and
the manipulation task is performed via the slave side. In
such a system, the level of immersion is supposed to be
high, so the remote manipulator should be interpreted as
a natural extension of the operator’s body [Preusche et al.,
2005]. High level of immersion is achieved by coupling the
movements of the human operator and the teleoperator,
and providing feedback to the human operator about the
state of the remote location through a fast communication
link. Stoll et al| [2009] classified telerobotic systems that
provide on-orbit servicing as transparent telepresence, tel-
epresence, and telerobotic systems. This classification de-
pends on the communication delays. They should be less
than 0.1 sfor transparent telepresence, less than 1 sfor tel-
epresence, and less than 10 sfor telerobotics. According
to this classification, the Robotic Component Verification
aboard the ISS (Rokviss) [Landzettel et al.,[2006] is so far the
only on-orbit servicing system that can achieve transparent
telepresence. Besides, SMART Orbital Life Extension Vehi-
cle (SMART-OLEV) [Tarabini et al., 2007] and the Deutsche
Orbitale Servicing Mission (DEOS) [Sommer), 2004] are two
OOS systems that are planned to be implemented in the fu-
ture. These two systems will be able to achieve telepresence
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[Stoll et al., 2009].

In order to achieve a high level of immersion, providing
instantaneous feedback to a human operator who uses a
telepresence system is crucial, but not sufficient. A telepres-
ence system should also ensure that the coupling between
the movements of the human operator and the teleoperator
are intuitive, in other words the both sides’ movements
should be matched to one another. In this work, it is at-
tempted to improve the human operator’s experience and
ease of use while using a telepresence system, which uses
an anthropomorphic robotic hand as a manipulator. For
this purpose, the matching between a robotic hand and a
human hand is improved by improving a robotics hands
ability to follow given references and the mapping between
a robotic hand and a human hand.

MASTER SIDE OF A TELEPRESENCE SYSTEM:

a medium for acquiring the operator commands and
feeding back the data acquired by the remotely operating
robot.

SLAVE SIDE OF A TELEPRESENCE SYSTEM:

a remotely operating robot which replicates the move-
ments of the operator and senses the environment for the
operator.

For humans, hands have critical importance in manipula-
tion tasks. The Greek philosopher Anaxagoraﬂ claimed
that the reason why humans are so distinguished from
other animals is the ability to use their hands. On the
other hand, later Aristotle’| claimed that the relation is the
other way around, i.e. it is our high cognitive capabilities
that made our hands so useful. Whether one agrees with
Anaxagoras or with Aristotle, it is unarguable that hands
are the major manipulation organs of the human-beings,

% Anaxagoras (500 BC - 428 BC) was a Pre-Socratic Greek philosopher.
Anaxagoras was the first philosopher to bring philosophy from Ionia to
Athens [Wikipedia 2011a].

3 Aristotle (384 BC - 322 BC) was a Greek philosopher, a student of
Plato and teacher of Alexander the Great. Together with Plato and
Socrates (Plato’s teacher), Aristotle is one of the most important found-
ing figures in Western philosophy [Wikipedia, 2011b].

Definition:
Master side of a
telepresence system

Definition:
Slave side of a
telepresence system
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and they are closely linked to the high cognitive abilities
of humankind. So, if a telepresence system incorporates
an anthropomorphic robotic hand, better matching of the
robotic hand functions with the human hand’s would pos-
sibly result in higher level of immersion and better perfor-
mance in manipulation [Bicchi, 2000].

In the next section, the telepresence system used in this
work is briefly introduced, and in Sectionsand more
detailed descriptions of the hand related components of the
telepresence system, DLR/HIT Hand II and Cyberglove®,
are made. In Section the issues that are addressed by
this work are listed based on the descriptions of the hand
related components of the telepresence system.

1.2 The Telepresence System

The multimodal telepresence system developed at DLR
consists of three major parts: on the slave side Justin, a hu-
manoid robot; and on the master side a Human-Machine
Interface (HMI); and the communication channels (see Fig-
ure[L.I). Users can attach themselves to the HMI by putting
their hands into the handles at the end effectors of two
Light Weight Robotsﬂ The Light Weight Robots mea-
sure the positions from the master side and send them
as references to Justin, and in the meantime apply haptic
feedback to the master side. The finger movements of the
user are coupled with the fingers of the DLR/HIT Hand
I, which is attached to the end of Justin’s arms, using the
Cyberglove®,, a data glove, used for tracking the finger
positions of the human (see Figure [.2). While using the
telepresence system, the users also wear a head mounted
display. This display provides the user with 3D images
acquired by the stereo cameras mounted on Justin’s head.
There are visual markers on this head mounted display

‘DLR Light Weight Robot III is developed at DLR Institute
of Robotics and Mechatronics, has a “load to weight ratio of at
least 1:1. Similar to a human arm the robot has seven degrees
of freedom. Each joint is equipped with a motor position sen-
sor, a joint position sensor and a joint torque sensor.”  [DLR-
Website, [2011b]. http://www.dlr.de/rm/desktopdefault.aspx/tabid-
3803/6175_read-8963/ Date accessed 24 August 2011.


http://www.dlr.de/rm/desktopdefault.aspx/tabid-3803/6175_read-8963/
http://www.dlr.de/rm/desktopdefault.aspx/tabid-3803/6175_read-8963/
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Visual Feedback
Haptic Feedback

Head Movements
Arm Movements
Hand Movements

Figure 1.1: The telepresence system

which are tracked by cameras and provide reference for the
Justin’s head movement. Tracking of the head movements
gives the user the ability to look around the surrounding
as if being present at the remote location. The communica-
tion is responsible of carrying the movement and feedback
information between the HMI and remotely located Justin.

Figure 1.2: Cyberglove together with the handle of the HMI

1.3 Slave Side: DLR/HIT Hand II

The DLR/HIT Hand Il is a five-finger dexterous hand (see
Figure with 15 degrees of freedom (DOF); and joint
torque, position, and temperature sensing. Every finger of
the hand is identical and has three actuated DOF. There is
no DOF for the palm movement, but when used with the
HMI, the palm movement of the user is also restricted be-

cause of the handles of the HMI (see Figures [1.2] and [L.4).
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Figure 1.3: DLR/HIT Hand II [DLR-Website, 2011a]

Each individual finger incorporates the required electronic
and mechanical components on itself. This is a clear advan-

tage of the DLR/HIT Hand II [Liu et al, 2008].

Figure 1.4: Cyberglove together with the HMI

Two of the degrees of freedoms of each finger achieve the
flexion/extension and abduction/adduction movements at
the metacarpophalangeal joint and the last degree of free-
dom is used to control the motion of the proximal and distal
interphalangeal joints. Two mechanically coupled brush-
less DC motors, Maxon EC20 flat, are used to control the
abduction 6,14 and flexion angles 0. at the metacarpopha-
langeal joint. The proximal and distal interphalangeal
joints are coupled by a wire tendon with 1 : 1 ratio and their
angle 04is; is controlled with a single brushless DC motor of
the same type. The relations between 0gist, and, fnex and

motor angles q1, g2, g3 are given in Equations and
1.3

aist = q1 (1.1)
Oupa = 2 ; 3 (1.2)
Opex = 215 (13)

2
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The above explained mechanical coupling imposes a
synchronization requirement for the motors at the metacar-
pophalangeal joint. If this requirement is not met, the re-
sulting motion of the finger of interest will not resemble the
commanded motion, e.g. if one of the fingers is only flexed
and the two motors at the metacarpophalangeal joint do not
converge to the reference at the same rate, then the resulting
motion would have abduction and adduction movements,
i.e. deviations from the intended movement (see Equation

1.2).

Figure 1.5: Bevel gears at the base joint

The two motors are mechanically coupled using trans-
mission components such as harmonic drives and bevel
gears (see Figure[1.5). The use of these transmission compo-
nents introduces friction. This friction not only makes the
control of individual motors more difficult, but also creates
a further problem related to the synchronization require-
ment as the friction forces experienced by different motors
are not necessarily the same.

1.4 Master Side: Dataglove

On the master side of the telepresence system at DLR,
human hand movements are measured using a dataglove
namely Cyberglove. The dataglove has 22 sensors, strain
gauges (see Figure[L.6). The sensors on the dataglove have
less than one degree resolution, three degrees repeatabil-
ity, and 0.6% maximum nonlinearity over full joint rangeﬂ

*http:/ /www.cyberglovesystems.com/products/cyberglove-
ii /specifications|Retrieved August, 2011


http://www.cyberglovesystems.com/products/cyberglove-ii/specifications
http://www.cyberglovesystems.com/products/cyberglove-ii/specifications
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Figure 1.6: Cyberglove sensor locations [Zhou et al., 2010].
The rectangular stitches and the U-shapes are the regions
where the sensors are located.

The measured hand data is transmitted to the slave side for
performing manipulation tasks. Because of the sensor un-
certainties like sensor drift and offset, the differences of the
hand sizes among people, and the HMI handle (see Figure
, which presses on some of the sensors, the dataglove
needs to be calibrated.

1.5 The Goal of the Thesis

This work improves the ability of the DLR/HIT Hand II to
repeat a human user’s hand movements. To achieve this
goal, one should first be able to measure the human hand
joint angles accurately, i.e. datagloves should be accurately
calibrated, and map these joint angles to the robotic hand
workspace. The mapping is needed, because although be-
ing an anthropomorphic hand, DLR/HIT Hand II is not an
exact match to a human hand, and the kinematics measured
by the Cyberglove and the actual kinematics of the human
hand do not match as well. Figure depicts the loca-
tions of the sensors on the Cyberglove. The resulting hu-
man hand kinematics approximated by the Cyberglove is
given in Figure[I.7] The human hand’s kinematic model ap-
proximated by the Cyberglove’s sensor configuration and
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Index finger

Thumb

Figure 1.7: Reduced human hand kinematics measured by
Cyberglove sensors - middle, ring and pinky fingers have
the same kinematic structure as the index finger

the DLR/HIT Hand II's kinematic model are not the same
(see Figures [I.7]and [1.8). The most obvious of the differ-
ences between the master and slave side are the extra joint
of the robotic thumb, robotic hand’s lack of the thumb rota-
tion joint, coupling of the proximal and distal joints of the
robotic hand and the finger segment sizes. Without taking
these differences into account, they would degrade the hu-
man operator’s level of perception of the robotic hand as
a natural extension of his/her body. This would possibly
lead to a need for more cognitive effort from the user while
performing manipulation tasks in a telepresence system. In
this work it is hypothesized that with a good calibration
and a mapping, manipulation tasks can be made easier and
more intuitive for the user. Calibrating the Cyberglove and
mapping the measured human hand joint angles to robotic
hand joint angles is one of the major tasks achieved in this
work.

Besides the calibration of the Cyberglove and a mapping
between human hand and robotic hand, accurate control
of the robotic hand is another task to be fulfilled, i.e. one
should also ensure that the robotic hand can accurately
follow reference commands. In Section [1.3—"Slave Side]
[DLR/HIT Hand II/", it is stated that due to the use of trans-
mission components, the fingers of DLR/HIT Hand II ex-
perience high friction. High friction makes the accurate
control of the fingers a challenge. Another control chal-




10

1 Introduction

Index finger

Thumb

Figure 1.8: DLR/HIT Hand II kinematics - middle, ring and
pinky fingers are identical to the index finger. Distal and
proximal phalangeal joints are mechanically coupled with
1: 1 ratio.

lenge is the synchronization requirement explained in the
same These are tackled by implementing a friction
compensation and designing a controller that can both han-
dle the uncertainties that are not addressed by the friction
compensation and simultaneously fulfill the synchroniza-
tion requirement. All the tasks that are performed to meet
the requirements of the system are given in the following
list.

Calibration of Remote Hand Control:

e Friction compensation (see Chapter

— choosing a friction model: although friction is a
highly complex and nonlinear phenomenon, its
dynamics are known up to some extent and can
be modeled,

— identifying the friction parameters of the robotic
hand for the selected friction model: depending
on the chosen friction model, one has to iden-
tify the parameters associated with it, so that the
friction torques on the motors can be estimated.

e Controller design (see Chapter

- compensating the uncertainties of the friction
that the friction model cannot capture, and other
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sources of disturbances: imperfections of the
friction model, change of friction parameters
with change of temperature and the differences
of the friction characteristics depending on the
joint positions are some of the uncertainties that
should be taken care of,

- achieving the synchronization of the mechani-
cally coupled motors.

e Calibration and mapping of the Cyberglove (see
Chapter [4)
— calibrating the data glove sensors,

- making a mapping between the human hand
and the robotic hand.
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Chapter 2

Friction Compensation

High friction of the base joint of the DLR/HIT Hand II
makes the control of the flexion and abduction movements
difficult (see Section[I.3—{Slave Side: DLR/HIT Hand II1").
A possible remedy of the high friction problem is the esti-
mation and compensation of the friction torques based on
an appropriate friction model. For controlling systems with
friction, several studies used friction models [[Canudas-de
Wit et al., 1995], [Lee and Tomizuka, [1996], [Le Tien et al.,
2008]. In the next section, their different approaches for
compensating the friction are introduced; Canudas-de Wit
et al. only focused on the estimation according to the fric-
tion model, while Lee and Tomizuka and Le Tien et al. used
disturbance observers alongside the friction models. Al-
though both Lee and Tomizuka and Le Tien et al. used
disturbance observers, they had used the observers in dif-
ferent ways. Unlike the regular disturbance observer used
in the former of the two studies, in the latter study a distur-
bance observer which observes only the friction based on
the chosen model, was designed and used.

After the introduction of these studies, the choice of the fric-
tion model is explained in Section 2.1.1—"{Possible Friction|
Models{”. Depending on the choice of the friction model,
new parameters that define the friction characteristics of
the joints, need to be determined. A method for identify-
ing these parameters is needed, because for each different
finger of DLR/HIT Hand II, the respective friction charac-
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teristics are dramatically different. This difference makes
use of a set of nominal values impossible. In Section[2.1.2}—
“IParameter Identification for a Friction Model[” a previous
work on friction parameter identification is explained and
then, the identification routine implemented in this work
is introduced in Sections 2.2.1—"Parameter Identifi

Routinel” and 2.2.2—1A Graphical User Interface for thel

Identification of the Friction Parameters!”

2.1 Related Work

As stated in the previous section, [Canudas-de Wit et al.
[1995]; |Lee and Tomizukal [1996]; Le Tien et al. [2008] use
different methods for estimating and eventually compen-
sating the friction.

Canudas-de Wit et al. proposed a friction model as an ex-
tension to the Dahl Model [Dahl, |1968|] and tried to identify
the dynamic friction acting on a servo-system as a function
of measured velocities. The Dahl Model assumes that the
relation between friction force and position is analogous to
a stress-strain curve with hysteresis. Unlike the Coulomb
friction, the Dahl Model is not discontinuous. Although
the Dahl Model can explain the spring-like behavior du-
ring stiction, it does not include the stiction force, i.e. high
friction forces close to zero velocity, [Canudas-de Wit et al.,
1995]]. Canudas-de Wit et al.’s extension includes the stic-
tion forces to the Dahl Model. The estimated friction ob-
tained from the proposed model was used together with a
second-order observer, a PID controller, and a feedforward
term for the nominal inertia of system. On the one hand, the
design is able to drive the observer error asymptotically to
zero with the assumption that the parameters of the friction
model are known. On the other hand, the authors warn that
this is a strong assumption, and the sensitivity of the results
to this assumption had not been investigated [Canudas-de
Wit et al.,[1995].

Lee and Tomizuka used a simpler model with respect to the
one proposed by Canudas-de Wit et al.. Their model com-
bines the viscous friction, stiction and Coulomb friction. A
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friction compensator based on this model was used along-
side a control scheme which has three components: namely,
a PD controller at position level; a zero phase error tracking
controller (ZPETC) as a feedforward controller; and a dis-
turbance observer (DOB) at velocity level. They compared
the performance of the proposed controller with ZPETC
combined with a PD controller with and without a friction
compensator, which compensates for the estimated friction
given by the chosen model. Their results favored the DOB
as the best of the compared controllers. It should be noted
that the friction compensator used in Lee and Tomizuka,
unlike Canudas-de Wit et al., depends on the derivative
of the reference trajectory, instead of the measured velo-
cities. Lee and Tomizuka claimed that this feedforward
approach for friction compensation improves the tracking
performance [Lee and Tomizuka), 1996].

Le Tien et al. used even a simpler friction model, which
combines viscous friction and Coulomb friction. Like Lee
and Tomizuka did, Le Tien et al. also used a DOB, but only
to estimate the friction part of the disturbance torque. To-
gether with a multi-input-multi-output (MIMO) controller,
this compensation method was compared with no fric-
tion compensation and model-based friction compensation
cases on the DLR medical robot, which has joint torque
sensing. The controller with the friction observer resulted
in best performance among the three [Le Tien et al., 2008].
Le Tien et al. listed the advantages of their approach as the
avoidance of saturation or overflow of the integrate beha-
vior of the disturbance observer under external disturbance
torque, the possibility to use it together with impedance
control in contact with the environment, the ease of de-
sign because of its independence from the MIMO controller
design, and finally the global asymptotic stability of the
original MIMO controller even in the presence of friction.
The only limitation reported is the overcompensation to
overcome stiction. As a possible solution, Le Tien et al.
proposed monitoring energy corresponding to friction and
friction compensation, and switching off or scaling down
the friction compensation in case energy exceeds a certain
positive threshold.



16

2 Friction Compensation

2.1.1 Possible Friction Models

In the previous section, several studies that differently deal
with the friction compensation problem are introduced.
However, the friction literature is not limited to these
models. [Olsson et al.|[1998] made a very good survey on
friction models. They are classified as static and dynamic
models. Although, Olsson et al. favored the use of dy-
namic models, for the sake of simplicity, only static models
are considered in this work (see Figure 2.T). The main rea-
son for selecting simpler models is the necessity of a rou-
tine for identifying the unknown friction parameters (see
Section 2}—"{Friction Compensation]’). As the complexity
of the friction model increases, the identification of para-
meters becomes more difficult. Because the friction char-
acteristics that dynamic models can reflect, do not appear
under constant velocity experiments, the fingers need to
be moved at a wide range of velocities and accelerations
[Olsson et al 1998]. Due to the high friction characteris-
tics of the DLR/HIT Hand II, moving the motors at the
base joint with the required velocity or acceleration pro-
file is almost impossible. Also, the change in the friction
properties under different conditions like temperature or
location, and the errors in the parameter estimation make
a more complicated model less favorable. To sum up, al-
though dynamic models contain more information on the
friction phenomenon, they are not feasible in this case and
the possible choices of the friction model is limited to the
static models. Mathematical representations of the possi-
ble choices; Coulomb friction 7., viscous friction 7, com-
bination of the Coulomb and viscous frictions 7. and the
Stribeck friction 7g, are given by the following equations:

Te = csign(q) 2.1)
To = bg (2.2)
Tetv = bG + csign(q) (2.3)
7§ = Tetv +sign(q)(7s — C)eicwlq‘ (24)

where 7 is the stiction torque; ¢ is the angular velocity; and
the Coulomb friction coefficient ¢, the viscous friction co-
efficient b, and the stiction coefficient ¢,, are the unknown
parameters that need identification.
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Figure 2.1: Candidate friction models

Among the static models, the Stribeck model, which com-
bines the Coulomb, viscous and stiction phenomena, also
requires operation at low velocities in order to be able to
identify the stiction related parameters (see Figure[2.1). The
model that combines viscous friction and Coulomb friction,
is the most detailed model whose parameters can be esti-
mated relatively easily. This model is chosen as the friction
compensation model, and the friction phenomena that are
not addressed by this model, are decided to be handled by
the controller design.

2.1.2 Parameter Identification for a Friction Model

For the identification of the friction parameters of the cho-
sen model, a previous work [Connette, 2006] on the calib-
ration of the DLR Hand II is used as a guideline, and is
shortly described here. According to this previous work,
the dynamics concerning a motor is given by Equation
where the friction is modeled as the sum of Coulomb and
viscous frictions. To be able to identify the Coulomb fric-
tion term ¢ and the viscous friction coefficient b, the motors
are moved at several different velocities for a predefined
time window: n/N samples. The duration of every velo-
city level, in other words the number of samples 1V, is kept
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the same, so that equal amount of data is collected for each
of the n velocity levels; therefore, their weights in the fit-
ting are also kept equal. Because the hand used in Con-
nette’s work lacks velocity sensors motor position values ¢
are recorded during the data collection phase. The recorded
position values are then used to obtain the resulting motor
velocities ¢. Using the resulting velocities, Equation [2.5|is
solved for the parameters c and b, and the inertia I with a
least-squares method:

I§ =1 —bg — csign(q). (2.5)

In order to convert Equation[2.5]into a form that can be used
for a least-squares estimation, first all estimation parame-
ters are moved to the left side of the equation. The resulting
equation

IG+bg+ csign(q) =71 (2.6)

is then multiplied by ¢ on both sides, so that one can replace
the sign function with the absolute value (see Equation[2.7).

I4G + bg® + csign(q) = gt (2.7)
R

ld|

By integrating Equation [2.7] over one time step using a
trapezoidal approximation, Equation [2.5|is discretized and
written as a function of the velocity ¢:

(di1 — @) + to(dpyy + do)b + to(disr + di)e
= ts(Th+1qk+1 + Thdk) (2.8)
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where k =0---nN,k € N.

[ 3@ — @) @R +dd) Lk +de)

-~

LS RPN X3
tS . .
[ 5 (Tk1dr+1 + Thr) ]

2.9)

nNx1

Finally, the parameters I, b, and c are solved by multiplying
both sides of Equation 2.8|by LST € R3*V, which is the
Moore-Penrose pseudoinverse of LS (see Equation 2.10).

I ts . .
S \Tk+194 + Trq
b | gt 5 (Tk+1 1 F 7 k) 210

This approach resulted in high condition numbers of the
fitting matrices, i.e. matrices are ill-conditioned (see Table
2.1). The number of estimation variables are reduced to two
by fixing the value of either I or c. This led to lower condi-
tion numbers, the former leading to even lower condition
numbers (see Tables 2.2]and 2.3). The reason why fixing I
resulted in lower condition numbers is possibly the small
amount of samples collected while acceleration takes place.
Since the total duration of movements with a constant ve-
locity command is significantly larger than the total dura-
tion of movements with acceleration, the effect of I on the
least-squares fitting is insignificant. In other words, for a
relatively large range of I values, least-squares fitting of the
same data set will lead to similar b, and ¢ values. Note that
the variations of the estimated b and c values are very lit-
tle between the cases that I is also estimated and it is fixed
(see Tables[2.1]and [2.3). Because of that reason, for the rest
of this work, the parameter identification routine is used by
fixing I.

3x1
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I condition
[kg m?] [kg m2/s [kg m2/52] of LS
Motor 1 | 4.96 x 10~* 0.1484 -0.0552 1047.7
Motor 2 | 6.79 x 1074 0.1555 -0.0322 852.75
Motor 3 | 7.57 x 1074 0.1102 0.00389 630.86

Table 2.1: Estimation results of Connette|[2006] for no fixed
parameter case

1 condition
[kg m?] [kg mz/s [kg mQ/SQ] of LS
Motor 1 | 4.96 x 10~ 0.1385 setto 0 51.15
Motor2 | 6.79 x 10~* 0.1494 setto 0 42.27
Motor 3 | 7.57 x 10~* | 0.1108 setto 0 33.80

Table 2.2: Estimation results of |(Connette| [2006]] for fixed ¢

CONDITION NUMBER:

“the ratio C of the largest to smallest singular value in the
singular value decomposition of a matrix. A system is
said to be singular if the condition number is infinite, and
ill-conditioned if it is too large” [Lichtblau and Weisstein,
2011].

Definition:
Condition number

In Connette’s report, it is stated that this estimation of the
friction is not satisfactory as the friction parameters became
negative. Besides, two other possible reasons of unsatis-
factory behavior are the change of the parameters, such
as temperature, during operation; and the unmodeled dy-
namics of the friction. The friction model used by Connette
is decided to be used in this work as the starting model be-
cause of its simplicity and the control challenges that pre-
vent using more involved friction models. The friction phe-
nomena which are not covered by this model are addressed
with the control (see Section [B—“/Controller Designl").

I condition
[kg m?] kg m?/s] | [kg m /52] of LS
Motor 1 | setto 1073 0.1484 -0.0554 20.81
Motor 2 | setto 1073 0.1555 -0.0327 20.523
Motor 3 | setto 1073 0.1102 0.00386 18.875

Table 2.3: Estimation results of Connette [2006] for fixed I
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1 b c condition
[kg m?] [kg m?/s] | [kg m?/s?] of LS
Motor 2 | setto 2 x 1073 0.3004 0.4939 9.7257
Motor 3 | setto 2 x 1072 0.3522 0.6602 9.2592

Table 2.4: Estimation results for DLR/HIT Hand II with
Connette| [2006]’s routine using 7., and a nominal value of
I

2.2 Own Work

In the following sections, the changes to Connette’s work
and the details of the generic GUI are explained. Connette’s
friction parameter identification routine is improved and
implemented with a generic Matlab Graphical User Inter-
face (GUI) that automates the data collection for parameter
identification and computes the estimated friction parame-
ters. The new routine is compared to Connette’s routine
and it is shown that both the sum of the least-squares er-
rors and the condition numbers are reduced.

2.2.1 Parameter Identification Routine

The above explained parameter identification routine
needs torque measurements at the motors, whereas the
torque sensors of the DLR/HIT Hand II are located at the
joints. The main source of the friction is the transmission
components between the motors and the base joint. Be-
cause of this reason, the new model uses the estimated
motor torques instead of the measured ones. The motor
torques are estimated using the commanded pulse-widths
upwr (see Equation 2.11), and these commanded values
are scaled by the torque constant K; (see Equation [2.12).
After this change, both physically appropriate and repeat-
able friction models are obtained (see Figures[2.2]and 2.3).

Test = Kyupwm (2.11)
1§ = Test — bq — csign(q) (2.12)
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1 condition
[kg m?] [kg m2/s [kg m2/52] of LS
Motor 2 | setto2 x 1073 0.39 0.3241 45215
Motor 3 | setto2 x 1073 0.4243 0.5344 4.0482

Table 2.5: Estimation results for DLR/HIT Hand II with the
new routine using 7., and a nominal value of 1

A further modification to the procedure used by Connette,
is using the approximated dynamics given by Equation[2.12]
without manipulating it, i.e. keeping the sign and avoiding
the trapezoidal approximation. By using the trapezoidal in-
tegral approximation, noise that would stem from the nu-
merical differentiation of the velocity was aimed to be elim-
inated, but this approach introduces a residual error as the
least-squares estimation is not anymore made for the actual
measurement data, but for the average of the two consecu-
tive measurement data (see Equation 2.8). Instead of using
the trapezoidal integral approximation, numerical differen-
tiation of the velocity is used to construct LS, which re-
places LS (see Equation [2.13). As previously stated, accel-
erations become significant for a very short duration du-
ring the data gathering phase, so the noise introduced by
numerical differentiation is not so significant. The results
show that with this approach not only the sum of squared
estimation errors are reduced (see Figures[5.1|and[5.2)in Sec-
tion[5.2), but also the condition numbers are improved, i.e.
lower condition numbers are achieved (see Tables

and Figures[2.2, 2.3).

[ dr sign(gx) ] [ b } _ [ Test — 10k ] (2.13)
¢ Jox1 nN><1‘ |

LSnew € RV X2
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2.2.2 A Graphical User Interface for the Identifica-
tion of the Friction Parameters

A generic Matlab GUI (see Figure and a Simulink state
machine is built for automating the friction identification
routine that is introduced here. Using the Matlab GUI, a
user can connect to (or disconnect from) the real-time com-
puter running the Simulink model, select the hand and the
finger for identifying its friction parameters, load previ-
ously estimated friction parameters, or start the identifica-
tion routine for the selected finger.

~Calibration Files

~Hand ‘ ~Finger: ‘ ~Fingers IDs ‘

- Statu:

[ o ]

Figure 2.4: Matlab GUI for parameter identification routine

Once the identification routine is started, the user is guided
through several steps. First, the user is asked to move the
motors of the finger to their hardware limits one by one (see
Appendix [Al—{A Matlab GUI for Friction Parameter Iden-]
[tification!”). The motor limits are stored, so that the data
collection can be performed over the whole workspace of
the motors. The data from the whole workspace can be
used for the identification of friction parameters. Due to
sensor drift, the motor limits need to be determined for
every run of the identification routine. It is ensured that the
user moves only the right motor by leaving the motor of
interest free and activating rigid position controllers for the
remaining motors. After determining the limits of all mo-
tors of the selected finger, the maximum motor velocities
that would span the motors” workspaces (+3degrees safety
margin) within a predefined time window, are computed.
For each motor of the selected finger four velocity levels are
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chosen as 25%, 50%, 75% and 100% of the maximum velo-
cities of the corresponding motors. Then, the GUI asks the
user to confirm the initiation of the finger movement phase
and starts the Simulink state machine upon user confirma-
tion. During the finger movement phase, the state machine
selects the motors one by one and sends PWM commands
using a velocity level PD controller for the duration of the
predefined time window for each velocity level. The ve-
locity measurements and the PWM commands are stored
in the memory of the real-time computer. After this proce-
dure is complete, the Matlab GUI retrieves the stored data
and computes the friction parameters using Equation[2.13]

In Section “[Friction Compensation!’, the errors of the
friction torque estimation and the repeatability of the fric-
tion parameters, which are obtained by the Matlab GUI,
are discussed. Also, the outputs of the friction module
are compared to the outputs of a disturbance observer un-
der different disturbance cases. Whereas in Section 5.3
“IComparison of a Disturbance Observer Based Functional]
[Controller with a PD Controller{’, the friction module’s ef-
fect on the controller performance is discussed.
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Figure 2.5: Flowchart of parameter identification routine
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Chapter 3

Controller Design

The robotic hand used in this work, the DLR/HIT Hand
II, has high friction at the base joint. Although a friction
compensation module is implemented, the module cannot
cover all aspects of the actual friction. Also, two mechani-
cally coupled motors at the base joint need to be synchro-
nized in order to be able to achieve the desired references
(see Section [I.3). Due to these robotic hand related rea-
sons, the controller designed for the purposes of this work
should be able to synchronize the two motors and it should
be robust against friction. In addition, independent of the
robotic hand used, the controller should be compliant since
the robotic hands are used for manipulating object.

The functionally related systems framework allows virtu-
ally decoupling coupled systems, so the synchronization
can be achieved inherently by appropriately defining the
functions. Also, the controllers designed according to this
framework are robust against disturbances as they use dis-
turbance observers for achieving desired dynamics.

The robotic hand related requirements are achieved with
designing a controller according to the functionally related
systems framework. The designed controller has compli-
ance as an addition to the general framework. This section
explains the framework, the implementation of a control
scheme according to this framework (see Section [.I), and
the realization in this work (see Section[3.2) .
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Coupling

System Role Entire motion
function

function
J L

Command Generator

[Controller | [ Controller |

[Controller | [ Controller | Transformation Matrix

Master Slave Master
Manipulator Manipulator Manipulator

Slave
Manipulator

(a) Conventional bilateral system  (b) Functional bilateral system

Figure 3.1: Design framework of bilateral system [Tsuji
et al., 2006]

3.1 Related Work

The idea of functionality is proposed by [Isuji et al.| [2006]
for implementing adjustable bilateral control systems. [Tsuji
et al.|[2006] define function “as a minimum component of a
system role”, where system role “is a description of the re-
quirement from a user to a robot control system”. In a con-
ventional bilateral system, the system role and controllers
are associated to one another through a command genera-
tor (see Figure [3.1a). The command generator is the only
link between the controllers and the system role. Individ-
ual controllers control individual actuators depending on
the inputs received by the command generator and they do
not guarantee achieving the system role. In order to be able
to achieve the system role, the command generator needs
to be designed according to the desired role and the know-
ledge of the designer about the dynamics of the system.
On the other hand, the framework proposed by [Isuji et al.
[2006] divides the system role into functions and the corre-
sponding functions are controlled individually (see Figure
B.1Ib). This makes the controller design simple and explicit
[Tsuji et al., 2007].

The functionally related systems framework allowed Tsuji
et al| [2006] to implement different types of couplings of
master and slave sides of a bilateral control system (see
Figures and [3.3b), and different motion functions for

the entire system like friction compensation or inertia ma-
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Temd

Figure 3.2: Disturbance observer [Tsuji et al., 2006]

nipulation (see Figure [3.3d). Tsuji et al| [2006] used a dis-
turbance observer (see Figure together with a PD con-
troller: not for realizing the functional relation, but instead
to achieve rigid coupling. The disturbance observer gets
the commanded torque 7.n,q and the velocity # and esti-
mates the disturbance torque 74 by using a low-pass filter
with cut-off frequency g. By subtracting the unfiltered ve-
locity signal from the filtered one, one can differentiate the
velocity signal, i.e. obtain a filtered acceleration (see Equa-
tions [3.1] to 3.4). This acceleration signal is multiplied by
the nominal inertia /,, to get a nominal torque signal. Fi-
nally, the estimated disturbance torque is computed as the
filtered difference of the commanded torque and the nomi-
nal torque.

adis _ - i p (Temd + 210g) — 21ng (3.1)
~dis 9 g [

_ (11— 9 Nar 3.2
T S+chmd < S—I—g>x ng ( )
pdis _ g Temd — i[,Ufng (3.3)

s+g s+g
pdis — 5 j_ g(Tcmd . 335 n) (3.4)
x

Tsuji et al.| [2007] expanded the functionality concept for
multi-DOF robots in 3D space. The expanded framework
is used for implementing a grasp controller. In their work,
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SRR

lave side Master side Slave side Master side
(a) Rigid coupling (b) Spring coupling
/S4lave side /1\4/Iaster side /841ave side /14\/[aster side
(c) Without function (d) Inertia manipulation

Figure 3.3: Bilateral systems with different coupling func-
tions [Tsuji et al., 2006]]

grasping mode

robot A g @ robot B

moving mode

m—

Figure 3.4: Grasping task [Tsuji et al., 2007]]

Tsuji et al. [2007] break the grasping task into two func-
tions: grasping the object, i.e. keeping two robots at a
certain distance from each other, and moving the object
(see Figure B.4). The expanded framework resulted in in-
terference of virtual dynamics of these functions. Using
disturbance observers for all motors, the interference is
canceled without compromising the simplicity and ex-
plicitness of the function-based controller design because
function-based systems are decoupled with the disturbance
observers [Tsuji et al., 2007].

A generalized functionally related systems framework is
explained in detail for a system with two actuators and
two functions f; and f, by Sabanovic and Ohnishi [2011].
They also explain how this framework is used to design
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a bilateral control scheme. Figure depicts the general
control scheme where subscripts s and m refer respectively
to master and slave sides. According to this scheme, first,
motor angles ¢, and ¢, and velocities of individual mo-
tors are transformed into function space. Then, the de-
sired accelerations that fulfill the desired dynamics of the
functions are generated by virtual plant controllers in func-
tion space. The generated desired accelerations are trans-
formed back to motor space and multiplied with the corre-
sponding nominal inertias I,,; and I,,,,, to compute the de-
sired torques for the nominal system. Lastly, the estimated
disturbance torques 73 and 7% are added to the desired
torques to generate the commanded torques 7, and 7,,. This
design assumes the following dynamics for the control sys-
tem:

I(Qs)qs = nsiqjes + Ds (35)
I(Qm)ijm = Inmq.?rfs + Dms (3.6)
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where p; and p,, are the errors in the disturbance torque
estimation respectively for the slave and master sides.

In this framework, the goal is to take the two function
values to zero (see Equation 3.7). This is achieved using
an acceleration level control. The second time derivatives
of the functions, accelerations in function space, are writ-
ten in terms of the derivatives of the motor angles ¢, and

qm (see Equations [3.8).

Sf = {QS7Qm : fl(QS7Qm) =0A fQ(QSan) = 0} (3.7)

fl = (Clsq‘s + Clm(jm) + (éls) qg + (Clm) Qm

f? = (CZS(jS + CZm(jm) + (é2s) qg + (éZm) Qm (38)
ofi _90fi .
aiqs, Cim — 8qm7 S {1,2}

with ¢ =

These acceleration terms can be decomposed into the de-
sired accelerations q‘;}fs and ('j%es and the equivalent acceler-
ations ¢, and ¢}, (see Equations. After this decompo-
sition, Equations [3.8] turns into Equations Although
the values of the functions are known and the accelerations
in function space can be derived from the measured motor
angles, the decomposed parts remain unknown.

h=a5" - dl (39)
f: _ ..des - ..eq *
2 =4y, dy,

q?les = (Clsdges + cim, )

e = (02361';‘ “ + coml,

-eq . o . . ps p (3‘10)
dp = — (¢15) gs — (¢1m) Gm + <ClsIns + Clmjnm)

.. L. _ . D
qfecg = — (C25) ds — (C2m) Gm + <0251n88 + CQmm
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These unknown parts are estimated by virtual plants. First,
the dynamics of f; and f> are proposed as in Equations
where k;; are positive scalars. If these dynamics are
achieved, the desired accelerations can be written as in
Equations By appropriately designing virtual plants,
the equivalent accelerations can be estimated by distur-
bance observers. Thus the desired accelerations can be de-
termined and the desired dynamics can be achieved. An ex-
ample of such a virtual plant is the one used for a bilateral
system by Sabanovic and Ohnishi [2011]. This example vir-
tual plant will be explained later in this section.

F1(as, @m) + k11f1(qss @m) + k121(qs, Gm) = 0,

f2(Q$? Qm) + kﬂf?(‘]s: Qm) + k22f1(q$,Qm) =0, (311)
ki; >0 i€ {1,2}, je{1,2}

('j}iles = q?l] — kllfl (QS> Qm) - lefl(st Qm) (3 12)

--des

G5 = 51— ka1 fa(qs, Gm) — ko2 f1(qs Gm)

The acceleration outputs generated by the virtual plants
are in function space, but to control motors, these outputs
should be transformed into motor space. The resulting re-
lation between the desired accelerations in function space
and the desired motor accelerations is given by Equation
B.13 To be able to transform the desired accelerations from
function space to the motor space, J;."; has to be invertible

(see Equation [3.14).

~des -des ~des
Qf _ Cls Cim q __ 7s,m q
-l & ] E] eo

des 1 ~des
ds — s,m qf s,m
|: qdes :| - (Jflyfz) |: q?;es :| , det (Jflyfz) ?é 0 (314)

One of the desired functionalities of the bilateral system de-
sign proposed by Sabanovic and Ohnishi| [2011] is the po-
sition tracking of the slave side according to the reference
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Figure 3.6: Virtual plant [Sabanovic and Ohnishi, 2011]

given by the master side. The position error of the bilateral
system is defined as €, = ¢ — ¢s. As above mentioned,
a virtual plant is introduced to control the dynamics of €.
The virtual plant controller aims to take the auxiliary error
eqif to its reference ef = 0. eq;¢ is related to gy, through
Equation [3.15| where k, is a weighting scalar. By choosing
a virtual plant whose dynamics are defined as an integrator
(see Figure , the desired acceleration can be found. First,
one can decompose the derivative of the auxiliary error eq;¢
into the desired accelerations and the equivalent accelera-
tion ¢35 as in Equation Then, for the chosen dynam-
ics, one can also estimate ¢;; with the disturbance observer
given in Equation 3.18) where Q is a low-pass filter and g is
the cut-off frequency of Q.

Edif = kqbsqb + éqb (315)

Edit = Gm — Gs + kgpEqp (3.16)

Edit = (éist - éiéles> — o = d4F — a3 (3.17)
oy = @ (61'3{?5 + gsdif) — geaif (3.18)

One should also ensure that the obtained desired acceler-
ations would result in the desired system behavior. The
desired system behavior, hence the desired accelerations,
can be produced by a system that has the desired dynam-
ics proposed in Equation The closed loop dynam-
ics of the virtual plant are chosen as in Equation 3.19) i.e.
a P controller with proportional gain kqir (see Figure E)
This choice would yield to the asymptotical convergence
of the closed loop dynamics to the desired dynamics (see
Equation[3.20) as the estimated equivalent acceleration con-
verges to the actual equivalent acceleration (see Equation
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3.21)).

Eqit T kair€air = 0 (3.19)

) d ) )
Eaif + kaifeait = pn (kgbegh + Eqb) + kait (kqpeqb + Eqb)

=g+ (]Cqb + kaqif) Egb T+ kqbkdiféqb (3.20)

Eaif + kaireair = (1 — Q) =0 (3.21)
G357 = G — kaiecair (3.22)

3.2 Own Work

In Section [1.3—"Slave Side: DLR/HIT Hand II’, the rela-
tionship between the motors angles and the joint angles at
the base joint of a finger of the DLR/HIT Hand II is given
(see Equations[I.2land [1.3). As earlier stated, this relation-
ship imposes a synchronization requirement of the two mo-
tors mounted at the base joint. Synchronization is guaran-
teed by using the functionally related systems framework
and choosing functions that would ensure the desired joint
space movements:

fi=qa—q3— 205, =0, (3.23)
fo= a2+ q3 — 2055 =0. (3.24)

Using the transformation matrix 7', motor angles g2 and ¢3
are transformed into the functions f; and f> (see Equation
3.25)).

il [1 -1 q 201t
HRIRIHEE s
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Figure 3.7: Control scheme for the base joints of the
DLR/HIT Hand II

To control the obtained functions, two virtual plants are de-
signed. In order to scale down the noise introduced by the
differentiation of positions,|Sabanovic and Ohnishi|[2011]’s
auxiliary error definition is changed. While defining the
auxiliary errors €, not only the functions f; are weighted
with scalars w;s but also the first derivatives of the func-
tions are weighted with scalars w;; (see Equations and
. Implementing the virtual plant controllers the de-
-des --des

sired accelerations of the functions, qs, and qy,° are ob-
tained.

e, = w1 f1 +wiafi, (3.26)

Efy = w21f2 + waa fo.

The desired accelerations of the functions are transformed
into the desired accelerations of motors using the inverse of

T:
. --des ~des
G2 | _per | Gy | L [ L1 } { dy ]
. =T L == L . (3.27
|: i3 :| |: q?;as :| 92 -1 1 q?;es ( )
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In this work, instead of using disturbance observers in
the torque level, friction compensation modules are used
for each motor of the hand based on the results of the
friction parameter estimation explained in Section 2.1.2}—
“Parameter Identification for a Friction Modell”. The dis-
turbance observers of the virtual plant controllers deal with
the unmodeled parts of friction and the other disturbances
on the system . The use of disturbance observers may
lead to overcompensation due to stiction [Le Tien et al.,
2008]. By eliminating the disturbance observers in the
torque level, the overcompensation is avoided.

Another difference of the control scheme used in this work,
is the addition of compliance. The above explained con-
troller design leads to very (infinitely [Isuji et al., 2006])
stiff joints. To add compliance to the control scheme, an
admittance approach is used and the desired functions are
changed to:

TmeaS
fi=q—q3—2 (Ggifd — ljbd > =0, (3.28)
abd

TmeaS
fo=q@+qg—2 (Hﬁeei — ;ex ) =0, (3.29)
flex

where 739 and 72%

foeas are the measured torques along the
abduction and flexion joints, and kapq and kgex are their
stiffness values. The additional terms do not depend on the
motor angles, hence the transformation matrix 7" is still in-
vertible. It should be noted that low stiffness might lead to
instabilities because of the noise introduced by the torque
sensors. However, the achievable stiffness values are still

within an acceptable range for manipulation tasks.

The designed controller’s performance is compared to the
performance of a PD controller which was implemented for
the DLR/HIT Hand II. The results of the experiments and

the comparisons are given in Section [5.3}—"{Comparison o

[a Disturbance Observer Based Functional Controller with a

PD Controller!”.
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Chapter 4

Calibration and
Mapping of the
Cyberglove

This chapter opens with a literature review on previous
work on calibrations for the Cyberglove focusing on the
work of |Griffin et al.| [2000] which is taken as a basis for
the application of this work. The literature review is fol-
lowed by Section £.2—"{Own Work]’, where the modifica-
tions made on the calibration procedure proposed by Grif-
fin et al. for simultaneous calibration and mapping of the
Cyberglove to the DLR/HIT Hand II are stated.

4.1 Related Work

According to Immersion Corp., the manufacturer of the Cy-
berglove, the relationship between the joint angles 6 of a
human hand and the respective Cyberglove sensor mea-
surements o, is assumed to be linear:

0=0xg+ 3, 4.1)

where the sensor gain g and the sensor offset 3 are un-
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known. These values are aimed to be determined by a
calibration routine. Generally, in calibration routines pro-
posed for a dataglove users mimic several predefined hand
poses. For example in Huenerfauth and Lu [n.d]’s work
nineteen poses are proposed for a fine tuning (see Figures
and £.2). The sensor values for these hand poses are
recorded and fitted to Equation For some sensors, this
calibration approach cannot produce satisfactory results;
especially for the sensors at the thumb [Zhou et al., 2010].
For this reason, some researchers proposed additional im-
provements to this intuitive approach [Griffin et al., 2000],
[Hu et al, 2004], [Wang and Dai, 2009], and [Zhou et al.,
2010]. Some of these proposed methods require additional
hardware such as visual tracking systems [Hu et al., 2004].
For the purposes of this work, the use of additional tracking
hardware is inconvenient, as the robot arms can occlude the
fingers. Using a calibration with too many poses and tun-
ing of parameters for each pose is also not desirable, as an-
other design criteria in this work is the speed of the calibra-
tion routine. This work aims to improve the calibration and
solve the mapping problem without compromising speed
or requiring additional hardware.

4.1.1 Former Calibration Routine

There is an already implemented calibration routine in use
for the telepresence system at DLR. According to this rou-
tine, subjects are asked to make three poses: a flat, a fist and
afive pose. The flat pose (see Figure[4.1a)) is used as the zero
reference and the recorded sensor readings during this pose
o1t are treated as offsets (see Equation . In order to de-
termine gains for the flexion/extension sensors ggex, sub-
jects are asked to make a fist (see Figure [4.1b). The fist pose
is represented with predefined flexion/extension joint an-
gles with respect to the flat pose 65+;. After recording sen-
sor values ogs; and substituting it together with 05y and
Biex in place of o, 6 and 3 to Equation Zfex 1S Obtained
(see Equation[4.3). At the end, subjects are asked to make a
five with their hands (see Figure[#.1d). This pose is also rep-
resented with predefined abduction/adduction joint angles
with respect to the flat pose 6gy.. The gains ga1,q for abduc-
tion/adduction sensors are determined by performing the
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(c) Five pose

Figure 4.1: Predefined hand poses used by the old calibra-
tion routine [Huenerfauth and Lu,

same procedure used for the flexion/extension sensor gains
using the recordings for the five pose (see Equation4.4). A
major drawback of this approach is that the predefined an-
gles for the fist pose and the five pose are not necessarily the
same for all hands. Hence the accuracy of the calibration is
not high. Although this calibration routine is not precise, it
is still intuitive, fast, and does not require additional hard-
ware.

B = Tfat, (4.2)
_— "ﬁte;ﬁﬂx (4.3)
fist
O five — a
8abd = Zhve —_ Pabd Bava (4.4)
oﬁve

where 3, g, and 6 are decomposed into their flexion and
abduction related parts as follows:
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o ﬂﬂex o Sflex o gﬂex
h= [laabd],g_ [ 8abd } 0= [ B:abd ]

4.1.2 An Improvement of the Former Calibration
Routine

Griffin et al.| [2000] used a method that does not require any
additional hardware, but rather takes advantage of a kine-
matic chain that can be formed by a pinch pose (see Figure
; there the tip of the thumb and the tip of the index fin-
ger are brought together. When the human hand is in the
pinch pose, Ny, sets of sensor values are recorded. The
variation of the unknown parameters Ag and A3 are com-
puted using the following equation:

Figure 4.2: Pinch pose I]Huenerfauth and LuL |

Ji(o1 xg+B) Ji(o1 x g+ B)diag(o)
JNhh(UNhh *g+/6) JNhh(UNhh *g+,6)dlag(0')
M
Ap = —JTAd, (4.6)

where Ad is the vector of distances between thumb and
index finger, and J; are the jacobian matrices obtained by
concatenating the jacobian matrices of the human thumb
and index finger. The computed variations of the unknown
parameters are used to correct sensor gain and offset. The

[ 2@ }(4.5)

——
Ap
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computation of jacobian matrices for the estimated joint an-
gles and solving Equation |4.5|is iterated until the param-
eter variation or the error Ad converges. The finger seg-
ment lengths are also included in the unknown parameters
in Griffin et al.’s work. The solutions obtained with this
approach were not feasible. The algorithm converged to
trivial solutions where either all gains are zero or all finger
segment lengths are zero. In order to avoid converging to
such trivial solutions, Griffin et al. limited the deviation p
of the parameter vector p with respect to a predetermined
“biologically feasible” parameter vector pg.

[Po — p] =IAp (4.7)
0 i — i\ .
Vim Vg | (P2 e Ry c 168
Op; pi
Adl J(o-la p)
: _ | [Ap] (4.9)
Athh J(UNhh’ P)
Vipo — p] V

Equation 4.7|drives the parameter set p to the nominal pa-
rameter set po and the rate of convergence can be controlled
by multiplying both sides of the function by a non-singular
matrix V. Griffin et al. chose V' as a diagonal square ma-
trix whose elements are potential well functions for the "
element of the parameter set p with n elements, where Ny,
is the number of recorded poses and m is a design param-
eter used to adjust the potential well function (see Equa-
tion [4.8). After multiplying both sides of Equation 4.7 by
V and concatenating the resulting matrices to the matrices
in Equation the deviations of the parameters is limited
(see Equation[4.9). Griffin et al. also mention that, to avoid
numerical instabilities due to p; getting too far away from
the variances, the step size of the optimization iteration is
reduced adaptively. However, the adaptive scaling of the
step size is not explained in their paper.

In this work, Griffin et al.’s idea is adapted for achieving the
calibration of the Cyberglove and the mapping between the
Cyberglove and the DLR/HIT Hand II. This is explained in
the next section.
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4.2 Own Work

It is hypothesized that while using the telepresence system,
the human operator would tend to use his/her hands sim-
ilar to the robot hands, so that he/she would be able find
configurations of the robot hand that can achieve the de-
sired task more easily. Also, the handles of the HMI con-
tributes to this hypothesis by applying constraints on the
palm movements of the human operator. By this token,
Griffin et al.’s work is tailored for the needs of this work
as follows; the finger segment lengths are excluded from
the estimation parameters, and the jacobian matrices for
DLR/HIT Hand II are used instead of human hand jaco-
bian matrices. By doing so, the sensor outputs of the data-
glove are aimed to be mapped directly to the robotic hand
instead of trying to find the actual human hand pose, and
then mapping this pose to the robotic hand’s workspace.

(a) 2 cmopening (b) 8 cmopening

Figure 4.3: Example hand poses used by the new calibra-
tion routine

Using the former calibration routine, the actual pose of the
human hand is already known up to some extent and it is
mapped to the robotic hand workspace with a direct joint
space mapping. Then, Griffin et al.’s idea is used for a
Cartesian space correction of the robotic hand’s pose, i.e.
the offsets and gains are optimized for the desired finger
tip distances. In order to have more information about
the relation between the human hand and the robotic hand
workspaces, the sensor outputs are recorded not only du-
ring pinch pose, but also when there is a gap between the
tip of the thumb and the tip of the index finger (see Fig-
ure4.2). The distance between the tip of the thumb and in-
dex finger is increased with 1 cmincrements using a caliper,
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and the corresponding sensor values are recorded. It is as-
sumed that during these hand poses abduction angle of the
index finger is zero. This assumption leads to the following
form of the jacobian matrices J; € R3%5:

Ji = [ Jthumb  Jindex ] ) (410)

where Jipump, € R3*3 is the jacobian matrix for a finger mo-
dule of the DLR/HIT Hand I and Jipgex € R3*3 is the same
jacobian matrix excluding the column that is related to the
abduction joint. These jacobian matrices .J; are used to con-
struct the J matrix in Equation [4.5|

Also, the desired distances between the finger tips are sub-
tracted from the distances computed by the forward kine-
matics of the robotic hand using the joint angle measure-
ments. The resulting vector replaced Ad, which appears
on the left side of Equation The iterative sensor gain
and offset value computation method, which is explained
in Section 4.1.2—"An Improvement of the Former Calibra-|

’, is applied to this data.

The Cyberglove calibration and mapping routine explained
above was tested and two problems were observed. These
problems are namely:

e instabilities: sometimes the optimization routine does
not converge, but instead starts oscillating,

e infeasible solutions: some solutions tend to generate
parameters sets which would result in motions out-
side the workspace of the robotic hand, i.e. saturating
solutions.

4.2.1 Instability

In order to overcome the instability problem, the parame-
ter correction vector Ap and its step size is changed adap-
tively using Fletcher-Reeves conjugate gradient algorithm
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[Fletcher and Reeves, [1964]. Previously, Ap was given by

the Equations[4.5/and

With Fletcher-Reeves conjugate gradient algorithm the pa-
rameter correction vector Ap is modified as follows:

Ap®) = —(J@)TAQ©® k=1 411
Ap®) = —(JETD)AdED 4 yApth-D s G
where v is given by
(=1t AQ(E—1) |2

|(JE=2)TAdE=2)3

and k is the number of iterations. Then, the length of the
parameter correction vector Ap is scaled by a such that the
error objective is minimized (see Equation [4.13). This line
search is performed using the fminsearch function of MAT-
LAB.

4.2.2 Infeasible Solutions

Like Griffin et al.’s work, the problem of infeasible solu-
tions was solved by limiting the parameters around a pre-
viously determined good parameter set py. For limiting the
elements of a parameter set p, potential well functions V;;
used in Griffin et al. are also used in this work (see Equation
[4.8). The variations of the parameters with respect to the
nominal parameter set is limited and feasibility of the re-
sulting parameter set are ensured by using these functions
in the optimization routine(see Section .
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Experimental Evaluation

In this chapter experimental evaluation results of the fric-
tion compensation and the functional controller are pre-
sented for the base joint of the thumb of DLR/HIT Hand II.
The thumb is chosen because it has more operational space
which is not occluded by the other fingers. Another reason
for using the thumb is the dramatic disturbance torque dif-
ference of the base joint motors of the finger module which
is currently mounted as the thumb. Following the previ-
ous indexing convention for the DLR/HIT Hand II, the mo-
tors at the base joint are called the 2"¢ and 3"¢ motor in the

rest of the chapter (see Section [I.3}—"{Slave Side: DLR/HIT
).

5.1 Experimental Setup

The experiments are performed with a left-handed
DLR/HIT Hand II (see Section [1.3—"{Slave Side: DLR/HIT]
[Hand TII"), and a left-handed Cyberglove (see Section [1.4—
“Master Side: Dataglovel”). The DLR/HIT Hand II is
connected to a real-time computer running VxWork a
real-time operating system, whereas the Cyberglove is
connected to a PC running Linux via Bluetooth. The
sensory data of the Cyberglove is sent to the real-time

'http:/ /www.windriver.com/products /vxworks/, Date accessed:
24 August 2011
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computer using UDP. The control model is built using
Matlab/Simulink Real-Time Workshop, and the External
ModeE] option of Simulink is used for connecting to the Vx-
Works target.

5.2 Friction Compensation

Using the Matlab GUI, which is described in Section[2.2.2—
“/A Graphical User Interface for the Identification of the]
[Eriction Parameters|’, friction parameters of the motors of
the thumb of the DLR/HIT Hand II are estimated in eight
consecutive runs of the calibration routine. According to
the calibration routine, all three motors of a finger module
are commanded to move at four different constant velocity
levels and during the movement, the commanded torques
are recorded. The method used by Connette [2006] and the
method introduced in this work are used to estimate the
friction parameters in question. The two methods are com-
pared in terms of condition numbers and torque estimation
errors. The new method resulted in smaller sum of squared

errors (see Figures[5.1jand [5.2).

In all runs the identified parameters resulted in physically
feasible friction models, i.e. all identified parameters are
non-negative and all of the resulting friction models are
consistent to one another. The maximum and the mini-
mum friction torque estimations of all runs are depicted in
Figures [5.3|and The maximum difference between the
maximum and minimum estimated torques is less than 0.06
Nmfor velocities less than 2 rad/s(see Figures[5.5/and [5.6).

Also, the resulting models are good at estimating the com-
manded torques while the motors are moving at a constant
velocity, especially in the positive direction. Whereas the
torque estimation could not reflect the torque overshoots at
the instances when the direction of motion is changed (see

Figures[5.7jand 5.8).

The outputs of the friction compensation module are also

*http:/ /www.mathworks.de/help / toolbox /rtw /ug /£996923.html,
Date accessed: 24 August 2011
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Comparison of old and new methods for 2" motor
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Figure 5.1: Comparison of estimation errors for the 2"¢ mo-
tor of the thumb in eight runs of the calibration routine

Comparison of old and new methods for 3"¢ motor
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Figure 5.2: Comparison of estimation errors for the 3" mo-
tor of the thumb in eight runs of the calibration routine

compared with the outputs of a torque level disturbance
observer. The comparisons are performed under three
cases; external torque, step position reference, and blended
trajectory reference (trapezoidal velocity profile) (see Fig-
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Maximum and minimum friction torques for 2"¢ motor
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Figure 5.3: Maximum and minimum estimated friction for
the 2"? motor of the thumb in eight runs of the calibration
routine

Maximum and minimum friction torques for 3" motor
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Figure 5.4: Maximum and minimum estimated friction for
the 3" motor of the thumb in eight runs of the calibration
routine

ure 5.9). Although the output of the torque level distur-
bance observer is not necessarily the actual disturbance
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Maximum change in friction torque estimation for 2"¢ motor
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Figure 5.5: Difference of maximum and minimum esti-
mated friction torques for the 2"¢ motor of the thumb in
eight runs of the calibration routine
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Figure 5.6: Difference of maximum and minimum esti-
mated friction torques for the 3" motor of the thumb in
eight runs of the calibration routine

torque, it can still be used as a means of evaluating the
quality of the friction compensation. The external torque
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Estimated torque for the 2"¢ motor of thumb
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Figure 5.7: Commanded torque vs estimated torque for the
2" motor of the thumb for the last one of the calibration
runs

Estimated torque for the 3¢ motor of thumb
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Figure 5.8: Commanded torque vs estimated torque for the
3" motor of the thumb for the last one of the calibration
runs

case is chosen for comparisons in the presence of distur-
bance torques other than the friction. On the other hand,



5.2 Friction Compensation

53

A
>
£
9
]
O]
>
~ Time
A
o
.8
-
‘B
o
~
~ Time

Figure 5.9: Blended trajectory profile

the step position reference and the blended trajectory refe-
rence are chosen for comparisons under different accelera-
tions which would influence the actual friction behavior.

The control scheme used during the comparison is different
from the one introduced in Section[3}—“{Controller Design]’.
In this case, the output of the torque level disturbance ob-
server is fed back and the output of the friction compen-
sation module is not added to the measured torques. In
external torque case, the finger is commanded to stay at its
initial position and it is moved back and forth by hand. In
the step position reference and blended trajectory reference
cases, the position reference is changed with a ten degrees
step input and a ten degrees displacement according to the
position profile depicted in Figure 5.9} respectively.

For the external torque case, the magnitudes of the distur-
bance observer outputs and the friction compensation mo-
dule outputs are close to each other (see Figures and
B.11), whereas for the step position reference case, the dis-
turbance observer’s output is significantly larger than the
friction compensation module’s (see Figures[5.12} and [5.13).
Contrary to the first two cases, friction compensation mo-
dule generated higher torque outputs compared to the out-
puts of the disturbance observer for the blended trajectory

reference case (see Figures and 5.15).

These results agree with the the exclusion of the torque
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Comparison of DOB and friction compenasation for the 2" motor of thumb
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Figure 5.10: Comparison of DOB estimation and friction
model estimation for the 2"¢ motor of the thumb with ex-
ternal torque

level disturbance observer and validates the use of the fric-
tion compensation. For the external torque case getting
similar magnitudes for the compensation torques can be
interpreted as good quality of the friction estimation. On
the other hand, the dramatic difference between the magni-
tudes in the step position reference case is possibly due to
the stiction overcompensation of the disturbance observer
[Le Tien et al) 2008], which is undesirable as adding ex-
tra energy to the system might lead to instability. The last
case is expected to be a challenging situation for the fric-
tion compensation because the break-up torque to over-
come stiction gets higher if the commanded torque is in-
creased slowly [Olsson et al., |1998]. The chosen friction
model does not take this into consideration, so the higher
torques generated by the friction compensation is desirable
for overcoming the stiction. One should also keep in mind
that the reference position is changed slowly, compared to
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Comparison of DOB and friction compenasation for the 3"¢ motor of thumb
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Figure 5.11: Comparison of DOB estimation and friction
model estimation for the 3"¢ motor of the thumb with ex-
ternal torque

the step reference, and additionally, the friction compen-
sation module helped the overcoming the friction, so it is
reasonable for the disturbance observer to generate lower
torques. When the friction compensation module is turned
off, the output of the disturbance observer becomes higher
than the torque estimated by the friction model (see Figures

and 517)

The performance of the friction compensation is further in-
vestigated in the following section. The performances of
a PD controller and a functional controller are compared
under cases of friction compensation and no friction com-
pensation.
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Comparison of DOB and friction compenasation for the 2" motor of thumb
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Figure 5.12: Comparison of DOB estimation and friction
model estimation for the 2"¢ motor of the thumb with step
position reference

5.3 Comparison of a Disturbance Ob-
server Based Functional Controller
with a PD Controller

Step responses and reference tracking performances of the
disturbance observer based functional controller and con-
ventional PD controller are compared to each other along
different movement directions (see Figure , for two
cases: with friction compensation module turned on or
off. The movement directions are chosen such that the
controllers can be compared for different synchronization
relations of the two motors at the base joint. These di-
rections are depicted in Figure where the arrows in-
dicate vectors along which the movement is performed,
e.g. flexion/extension, and the letters in parentheses indi-
cate the corresponding figures for the movement directions,



5.3 Comparison of a Disturbance Observer Based Functional Controller with a

PD Controller

57

Comparison of DOB and friction compenasation for the 3"¢ motor of thumb
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Figure 5.13: Comparison of DOB estimation and friction
model estimation for the 3"? motor of the thumb with step
position reference

e.g. (a) denoting the flexion and (b) denoting the extension.
The letters in parentheses also correspond to the subfigures,
e.g. position results for the pure flexion commands are de-

picted in Figure

The commanded step references five degrees step changes
in the given movement direction, and the reference tracking
references are blended trajectories (see Figure of five
degrees position change.

For the step references along the flexion/extension di-
rection, i.e. equal motor angle references, the function
based controller outperformed the PD controller both in
terms of step response and the deviation along the ab-
duction/adduction direction (see Figures[5.19aland [5.19b).
Note that the deviation in the case of a PD controller with-
out friction compensation is also small, but the flexion
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Figure 5.14: Comparison of DOB estimation and friction
model estimation for the 2"¢ motor of the thumb with
blended trajectory reference

movement is very small, so this small deviation is not an
outcome of the good controller performance. Also, for the
different controllers, the friction compensation resulted in
different behavior. For the functional controller, the friction
compensation resulted in smoother trajectories, better tran-
sients and smaller deviation for flexion command, but not
a better steady-state error. On the other hand, for a PD con-
troller it resulted in smaller errors, but dramatically more
deviation. The abduction/adduction deviation is almost as
large as the flexion/extension movement. This means that
the 3"¢ motor almost does not move. One can also observe
the different performances of the PD controller for the re-
ference along the 2" motor and along the 3" motor (see
Figures [5.19f] 5.19¢} [5.19h| and [5.19g). However, the differ-
ence between the performance for movements along dif-
ferent motors is not so dramatic as in the case of references
along the flexion/extension direction. The dramatic differ-
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Figure 5.15: Comparison of DOB estimation and friction
model estimation for the 3" motor of the thumb with
blended trajectory reference

ence is possibly a result of the mechanical coupling of the
motors.

When step references are commanded along the abduc-
tion/adduction direction, i.e. equal motor angle references
with different signs, the above discussion is still valid (see
Figures|5.19c/and[5.19d). On the other hand, when the com-
manded references are along the directions of single mo-
tors, the behavior of the functional controller both with or
without friction compensation is very similar to one an-
other. Nevertheless, presence (or absence) of the friction
compensation affects the behavior of the PD controller sig-
nificantly. The PD controller with friction compensation
performed as good as the functional controller for the case
of commands along the 2"? motor. Although the perfor-
mance of the PD controller with friction compensation im-
proved also for the commands along the 3"¢ motor, it is still
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Figure 5.16: Comparison of DOB estimation and friction
model estimation for the 2"¢ motor of the thumb with
blended trajectory reference

not as good as the performance of the functional controller.
Performances of both controllers with or without friction
compensation are better for commands along the 2"¢ mo-
tor compared to the performances for commands along the
374 motor (see Figures|5.19f,5.19¢| [5.19h{and [5.19¢).

The main properties of the controllers discovered at step
responses also apply to the blended trajectory tracking
(see Figure B.T)in Appendix [Bl—{Controller Evaluation for]

Blended Reference]’).
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Figure 5.17: Comparison of DOB estimation and friction
model estimation for the 3" motor of the thumb with
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5.4 Calibration and Mapping of the Cy-
berglove

The routine which is explained in Section [#—{Calibration]
land Mapping of the Cyberglove[’, is implemented in Mat-
lab and incorporated into the Matlab GUI explained in
2.2.21—/A Graphical User Interface for the Identification]
of the Friction Parameters[’. In order to evaluate the per-
formance, subjective opinions of users who have previ-
ously used the HMI, are taken into account. These sub-
jective opinions are used as the only evaluation criterion
because the ground truth, the actual human hand pose, is
not known.

Three people who had previously used the Human Ma-
chine Interface (HMI) tried the new Cyberglove calibration
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flexion/extension

() (a) (e)
A

(0) =

abduction/adduction

Figure 5.18: Movement directions for the comparison - let-
ters in parentheses indicate the corresponding figures for
the movement directions, e.g. position results for the pure
flexion commands are depicted in the subfigure (a) of the
corresponding figure

and mapping while the robotic hand was fixed on the table.
All three agreed that after the new calibration and map-
ping, controlling the robot hand is intuitive and possibly
better than their previous experience, but they also added
that in order to have a better opinion, they need to use the
whole setup, i.e. doing manipulation by controlling Justin
via the HMI. Because the setup was not ready at the time,
this was not possible.
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Chapter 6

Summary and Future
Work

6.1 Summary and contributions

In this work, the user immersion experience in a telepres-
ence system is be enhanced with focus on manipulation
tasks. Because of the crucial role of the hands in ma-
nipulation tasks, closing the gap between a human user’s
hand movements and the movements of a remotely con-
trolled robot hand would directly affect the immersion ex-
perience. To close this gap two main goals are set: the
interpretation of the user intentions by a proper mapping
between the human hand and the robot hand, within the
limits of the robotic hands capability, to realize the intended
movements, and improvement of the accuracy of the robot
hand’s ability to track position references.

For the interpretation of the user intentions, first the human
hand movements are measured by a dataglove, namely
the Cyberglove. Its sensors need a sensitive calibration
for accurate measurement of the human hand movements.
Furthermore, the measured hand movements need to be
mapped to the robotic hand’s workspace. Both of these
challenges are solved by a single routine. The implemented
routine is fast and does not require any additional hard-
ware other than a caliper. By taking advantage of the an-
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thropomorphic design of the hand, this method fuses the
joint (configuration) space mapping and Cartesian space
mapping (finger tip mapping) unlike other methods which
use either one of the mapping methods (see Section [d—
“Calibration and Mapping of the Cyberglove]).

In order to realize the intended movements, the robotic
hand used in this study is the DLR/HIT Hand II. The fin-
gers of the DLR/HIT Hand II have high friction due to the
transmission components used at the base joints, and in or-
der to be able to track the given joint space references, the
two motors at base joint have to be moved synchronously
because of their mechanical coupling. By designing a con-
troller based on the functionally related systems frame-
work, these two control challenges are solved (see Section
B—"Controller Design[’). For the compensation of friction,
a friction compensation module is integrated to the control
scheme. Although this control scheme can still fulfill the
functional goals in the presence of high friction, the per-
formance is improved with the addition of a friction com-
pensation module. In order to estimate the friction para-
meters to be used by the friction compensation module,
a parameter identification routine is implemented with a
generic graphical user interface which is not exclusive to
the DLR/HIT Hand II (see Section[2—“Friction Compensa-

o).

6.2 Future work

Although the results show improvement for all the tasks
that are handled in this work, there is still room for im-
provement. To begin with, the model used for the fric-
tion compensation does not cover all aspects of the actual
friction behavior. Ways of using more complicated friction
models can be investigated. But still, it should be kept in
mind that this is a very challenging task and it is not guar-
anteed to achieve tangible improvement as the functional
controller can already inherently deal with friction.

The functional controller used in this work is robust and
it is able to synchronize the two motors mounted at the
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metacarpophalangeal joint of the robotic fingers, but the
admittance controller that is incorporated into the control
scheme, does not allow low stiffness values because of
torque measurement noise. Other ways of achieving com-
pliance, which would not limit the range of achievable stiff-
ness values, can be looked for.

The lack of a comprehensive evaluation of the dataglove
calibration and mapping routine should also be addressed
in a future work. Though operating the robotic hand with a
dataglove using the resulting mapping is described as intu-
itive by three people who have previously used the HMI,
a better evaluation of the results would be more conclu-
sive. Opinions of more people can be taken into account,
and some additional hardware, for example optical track-
ers, can be used to verify the results.
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Appendix A

A Matlab GUI for
Friction Parameter
Identification

The Matlab GUI implemented for the identification of
the friction parameters is explained in Section [2.2.2}—1{Al

Graphical User Interface for the Identification of the Fric-

tion Parameters/’. Once the parameter identification is
started, the GUI guides the user through the necessary
steps. The part of the guide that provides this guidance
is shown in the following figures.

Figure A.1: Low motor limit for 15t motor
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calibRoutine3D2.

Figure A.2: High motor limit for 15" motor

calibRoutine3D2.

Figure A.3: Low motor limit for 2"¢ motor
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calibRoutine3D2.

calibRoutine3D2.

Figure A.5: Low motor limit for 3"¢ motor
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calibRoutine3D2.

calibRoutine3D2.

Figure A.7: Wait for start command
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Appendix B

Controller Evaluation
for Blended Reference

In Section ’

Comparison of a Disturbance Observer|

[Based Functiona

Controller with a PD Controller{’, the

controller designed in this work is compared to the pre-
viously implemented PD controller with and without fric-
tion compensation for step position references. In this sec-
tion, the results of the same comparisons are given for the
blended trajectory references. The movement directions are

depicted in Figure

The main properties of the controllers discovered at step
responses also apply to the blended trajectory tracking (see

Figure[B.1).
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