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1. Introduction

This master thesis aims to develop a force control for a Gantry Tau Pa-
rallel Kinematic Machine (PKM), working with the Phantom® Premium A
Haptic Device [28| as external controller. It is important to clarify some
terminology:

e Parallel robots are a particular type of manipulators, which obtain flex-
ibility and fastness in the work, not using the common serial links con-
struction. The negative aspect is the increasing of complexity for the
kinematics calculation.

e Haptics is the science that tries to implement the sense of touch into
computer applications, using the force or tactile feedback. This can be
obtained by an haptic devices (e.g. Phantom Premium A). This science
is gaining more attention in both industrial and biomedical areas, where
the sense of touch for the operator is importance.

The PKM Gantry Tau robot is a prototype, created by a collaboration be-
tween the Automatic Control Department of the LTH University of Lund [7]
and ABB [1] , while the haptic device is furnished by a third part [6]. Various
aspects have been considered and studied, for example the communication
delay between the two devices, which leads the system to instability.

1.1 Previous work

Many articles have been written on the theory of parallel robots, master
and slave robot communication and force control robot [15], [23], [25]. In
this work, there is an attempt to mix all these aspects. A master thesis
has already been conducted the Automatic Control Department on a haptic
control for a serial robot [17]. Another master thesis has been written about
the control of the Gantry Tau parallel robot [18] and was based on preliminars
studies of Tsolde Dressler [16]. Results obtained in these two works, have
been particularly useful for this thesis. They created and developed libraries
for Matlab & Simulink for parallel and serial robots, that allow to simplify
calculations and models (e.g. kinematics, Jacobian, matrix inversion, etc).

7



8 CHAPTER 1. INTRODUCTION

1.2 Motivation of the work

Although there is a precedent work on teleoperation control with serial
robot, there are no studies on the application of a Phantom haptic device
on the Gantry-Tau parallel robot. Differently from other structures, the
PKM manipulator offers higher mechanical qualities, a larger workspace zone
and an incredible versatility. These represent interesting aspects for the
industrial field, that will see in the next year an increment of the presence of
parallel manipulators.// The implementation of a new "haptic sense" on an
innovative structure as Gantry-Tau Manipulator, can create a very powerful
structure and, hopefully, this thesis will try to lay the foundations for a new
application field of haptic device.

1.3 Outline

Chapter 2 describes the devices used during this work, while chapter 3
presents the basics of the robotic’s theory, with a description of the principal
force controls. The connection modality between haptic device and real robot
has a particular relevance and chapter 4 describs the mapping method. The
wave variable method is the main part of this work and it is explained and
validated with some simulations in chapter 5.// Working with many different
software, it is necessary to give a description of their connections and their
features. That is done is given in chapter 6. In chapter 7 the designed
Simulink model is described, while chapter 8 shows the results of tests and
simulation conducted with Gantry Tau and IRB140B robots. Finally, chapter
9 reports final considerations and conclusions of this thesis.



2. Devices

Since many different types of machines have been used a parallel ( Gantry
Tau) and a serial robot (IRB140B), an haptic device (Phantom Premium A)
and a force sensor (JR3100M/0)), a general description of their characteris-
tics is necessary. This chapter provids an overview of the main features of
each device.

2.1 Haptic

Haptics is the science that tries to implement the sense of touch into
computer applications, using the force or tactile feedback. This science is
becoming increasingly popular, especially in the industrial and medical field,
where the sense of touch for the operator is really important.

2.1.1 Phantom Premium A

The Phantom Premium A is a six degrees of freedom robot. It is composed
of three links and at the end of the last, a pendant is installed (figure 2.1),
to be used by the operator to position the Tool Center Point (TCP).

Figure 2.1: Phantom Premium A with pendant.
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Only 3 of the 6 degrees of freedom can receive a force feedback, since only
those 3 have a motor on their axis. In particular, the axes 1,2 and 3 could
have a force control, while axes 4,5 and 6 use only a rotation sensor. The
Phantom Premium A is connected to a machine, through a 110V amplifier
with a PClI-card. The software OpenHaptics, provided with the device, gives
the possibility to check, calibrate and control the robot.

2.1.2 OpenHaptics

In order to work with Phantom Premium A (as well as for any other de-
vice), it is necessary to choose an Application Programming Interface (API).
In this work we used the one provided by SensAble Technologies, Inc. [28|,
the OpenHaptics. Being this interface made expressly for SensAble devices, it
is no possible to work with robots of other brands. Other APIs could be cho-
sen (e.g. third parts APIs, Open Source, etc.), but there are no motivations
to change this interface, who was used in the previous projects developed in
this department.

2.2 Robotics

The integration of the automatic devices into our life is becoming more
evident. In modern homes, cars, trains, there are a lot of "automatic” com-
ponents and objects, which help each of us in the normal tasks of each day.
In the industrial field the use of robot to help the workers during their jobs,
to increase and improve the production or to replace the human operator
in dangerous situations, is present from many years. Today, with the devel-
opmont of control systems, robots have assumed a fundamental role in the
production, especially serial robots (figure 2.2).

In the last years, nevertheless, parallel robots have gained crescent interest
than in the past, thanks especially to the development of the control systems
and of the construction materials. The main strength of parallel robots points
are the bigger workspace (than a common serial robot) and their versatility,
that makes this manipulator interesting also for small and medium industries.

One of the most sold parallel robots is ABB IRB 360 FlexPicker (fig-
ure 2.3) constructed with Delta configuration and used in food’s industries
to pick up and move objects from a conveyor belt. Its power is its velocity,
impossible to obtain with a common serial robot. The actuator of this robot
has a fixed orientation, so that is possible to increase the working speed.
This means that this kind of manipulator has only 3 degrees of freedom.
For all these types of robots, the acting force on TCP is transmitted along
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Figure 2.2: ABB IRB 4400, an example of ABB serial robot.

Figure 2.3: ABB IRB 360 FlexPicker. It is the most sold PKM in
the world today.

the arm as a pure axial force. This gives the possibility to use extremely
light material, as, for example, carbon fiber. It is easy to understand that
the possibility to act with high force, having low masses in movement are
the best characteristics that a machine could ever have.// The researchers
have worked trying to obtain a parallel kinematic robot that was possible
to reconfigure with a large workspace and a prototype of the most promis-
ing non-symmetrical parallel kinematic robots was in the Automatic Control
Department, of Lund’s University, so called Gantry-Tau.
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Figure 2.4: In (a), front and lateral view of workspace reachable with
a PKM robot with a symmetrical Delta link configura-
tion and linear actuators laid horizontally. In (b), Front
and lateral view of a PKM robot with a non-symmetrical
Delta link configuration and linear actuators laid horizon-
tally. The workspace is more bigger than the symmetrical
case.

2.3 Gantry Tau PKM

The robot with a non-symmetrical structure could seem worse with re-
spect to others with a symmetrical disposition, since the isotropic structure
is usually considered the optimal choice. In reality, the analysis of kinematics
for a Delta structure shows that not all positions can be reached with a sym-
metrical disposition of links and joints. Hence a non-isotropic configuration
is not only better, but also necessary.// The Gauntry Tau robot uses linear
actuators instead of actuated arms of Delta robot, if high stiffness is required
by the operations (i.e. drilling, cutting, milling , etc). It could be not obvious
that, also in this case, the non-symmetrical configuration is better than the
symmetrical one. In order to understand that, it is possible to do a kinematic
study, but this result appears clearly observing figure 2.4

The Delta link structure, symmetrical and non-symmetrical, can be mounted
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on three horizontal guides, as shown in figures 2.4 (a) and 2.4 (b), respectively.
It is clear that the non-symmetrical configuration has a larger workspace, but
both systems have a "hole" on the rightmost part. This is the consequence of
a non-reconfigurable robot. It could be convenient to evaluate the possibility
to construct a reconfigurable PKM, in order to obtain the same shape of the
workspace on both sides (figure 2.5)

Global Z-Axis

X, Xz Xy -.‘4
Global X-Axis
Figure 2.5: Cross-sectional workspace along YZ and XZ plane.
When the robot is able to be reconfigured, it can reach
an equal workspace in the left and right side.

There are different type of links configuration, considering the position
of the three linear guides and the number of links connected with the ma-
nipulated platform. A lot of study has been carried out in order to obtain
the best configuration and the right dimensioning of robot parts, considering
stiffness and collision free workspace [21], [15]. The final result is shown in
figure 2.6. This structure is a new version of the prototype present in the old
robot laboratory, utilized for the previous works in the Automatic Control
Department.

2.4 Force Sensor

The sense of touch is given to the robot by the force sensor. As explained
in the next chapters, the robot is highly affected by the force measurement
and then, the signals have to be transformed before being used in the con-
troller.

In this work the sensor 100M40 of JR3 company [2| is used (figure
tefForce:Sensor (4)). It is connected to the mounting plate, before the end
effector (figurerefForce:Sensor (B)) and, hence, this latter is able to "read”
information from the environment. However, the reading includes force con-
tributions due to external factors (e.g. gravity, centrifugal force) and the
sensor needs a "reset” operations, before starting to recognize different force
signals.
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Figure 2.6: The new prototype constructed in the Automatic Control
Department and used for this work.

() (b)

Figure 2.7: In (A), the force sensor 100M/0 of JR3 company, used in
this work. In (b), an example of mounting of force sensor
on serial robot.
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2.4.1 Gravity Compensation

In order to avoid the disturbances due to gravity in the force signals, a
Simulink program has been created at Automatic Control Department by
the Phd student, Andreas Stolt. This program calculates a compensation for
the weight of the sensor (or a generic end effector connected to it) during the
normal functioning. The Simulink block is shown in figure 2.8

Lot igaee drished |
;.m. e foroa_ruadery
-1 Harat. 2 wodd. 49 Farmied tinemas) - rce_ConDin sancee.
2 aTaren = e
18 e
LT tond s P
1.7 -e
1.7H51e-02 [ H] ity conparmation
an with nffaet estimation
callr alion pw e 1
o a
Mrment
i

Figure 2.8: The Simulink block for the gravity compensation.

The huge amount of parameters necessary to work with this block requires
a long initial procedure. The robot is moved in certain positions, where
the values are read and saved. At the end, the output feeds the gravity
compensator and, hence, the effect of the weight is removed from the Simulink
controller.






3. Robot Theory

Robotics has the purpose of replacing workers during physical activities,
helping them in dangerous operations and in their decisions. The last century
has seen a big development of the robotic’s theory and many books have been
written on this subject (see |27]). Main aspects are reported in this chapter.

3.1 Kinematics

A general manipulator can be seen as a chain of links, connected each
other by joints (that represents the degrees of freedom (DOF) of the robot),
in such a way to form a kinematic link, which can be closed or open. Joints
can be of two types: prismatic and revolute. The difference is the type
of movement that they permit.// A rigid body (as a robot) is completely
described in the space by a position and an orientation. Looking at the
figure 3.1, let O-zyz the reference frame, with z,y, z the unit vectors of the
axes of the frame. The position of a O’ point of the rigid body, expressed
with respect to the reference frame is expressed by

o' = o+ o,y + 0.z (3.1)

where 0/,0,,0, are the components of O’ on the axes of the frame. In
order to simplify the description of the orientation, it is useful to fix an
orthonormal frame to the rigid body and describe the unit vectors of this
new frame with respect to the reference frame. Let be O’-z’y’2’ the rigid
connected frame, with /.y, 2’ the unit vectors. They are described, with

respect to the reference frame by the following relationships:

v = wlr + ryy + a2
Y= T+ Yy + Lz (3.2)

I / /.
2=+ Y+ 22

Components of each unit vector are the direction cosines of the three
orthonormal axes O’-z’y’z with respect to the reference frame O-zyz. Using

17



18 CHAPTER 3. ROBOT THEORY

a more convenient notation, the three unit vectors of (3.2) can be written in
the [3x3] matrix R, the, so called, Rotation Matriz:

2Ty
2Ty (3.3)
2Tz

It’s important to note the following properties, that are valid for each
pair of unit vectors

(.T,)Ty/ — O x/Tl_/ — 1
Consequently, the R matrix turns out to be orthogonal
R'R=RR" =1 (3.4)

where T is the identity matrix of [323] dimension. Right multiplying both
terms of (3.4), another important result is obtained

R = R (3.5)

The rotation matrix can be used to define the relative orientation of two
frames, but also to describe the different representations of an element (i.e.
a vector) with respect to different frames or as the matrix operator, which
permits to rotate a vector by a fixed angle around an axis. Obviously, the
rotation of an element can be done in more steps. The final orientation is
obtained by the composition of rotation matrices and that is a very important

property

R = R'R; (3.6)

where it is assumed as rule that the rotation matrix RZ describes the
rotation of the 7 frame with respect to the j frame.// As said at the be-
ginning of this section, a rigid body is completely described in the space by
its position (3.1) and its orientation (3.2). Look at figure 3.1, P is an arbi-
trary point in the space, whom coordinates with respect to a reference frame
0,— X,Y,Z, are expressed by the vector p° and the coordinates with respect
to another frame O; — X Y, Z; are expressed by the vector p'.

Observing the figure it is possible to obtain the position of the point P
as

= o+ R 7

where the rotation matrix R} expresses the orientation of frame 1 with
respect to frame (.// In order to obtain a compact representation of the
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Figure 3.1: Representation of a vector in two different frames

existing links between the various coordinate of a point express with respect
to different frames, it is useful to introduce the homogeneous representation
of a generic vector p, of dimension [3x1], as the vector p, constructed adding
a fourth unitary component

p= m (3.8)

Using this representation for vectors in (3.7), the coordinate transforma-
tion is describe by the [4x4] matrix
RY oY
0

which is called the Homogeneous Transformation Matriz. The transfor-
mation of a vector from the frame 0 to the frame 1 is described by one
matrix, containing the rotation matrix of the frame 7 to the frame 0 and
the translation vector from the origin of the frame () to the frame 1. So the
equation (3.7) becomes

P = 105 (3.10)

For this work it is assumed as convention that the generic T; matrix
describes the transformation from the frame j to the frame q.

Considering the figure 3.2, the position and the orientation of the TCP
is obtained by the T44 matrix

Thg) = |0 sd0) acla) pela) (3.11)

e
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&

Figure 3.2: Position and orientation of the TCP

where ¢ is a vector of [nz1] dimension of the joint’s variables; n., s., a. are
the unit vectors of the last frame of the manipulator and p? is the position
vector of the origin of the last frame with respect to the b frame (reference
frame). For a generic robot, composed of n-links, the global transformation
of coordinates (3.11) (fixing a frame on each link) from the frame b(assumed
as the reference) to the last frame n is given by the recursive expression

T2(q) = TP(q0)TY (1) T3 (q2) - .. T (gn) (3.12)

3.2 Denavit-Hartenberg Convention

In order to calculate the direct kinematics for an open chain manipulator,
according to (3.12), it is necessary to decide a simply and unique method
to define position and relative orientation between two consecutive links.
That means that it is necessary to choose two frames, one for each link, and
other to find the transformation of coordinates from one frame to the other.
Considering the figure 3.2, illustrating two generic arms, ¢ and ¢ — 1 united
by a joint i (joint of the arm i), it is possible to define the frame i using the
so called Denavit-Hartenberg Convention:

1. the z; axis is chosen along the axis of the joint ¢ + 1;

2. the origin of the frame 7, 0;, and of the frame ¢ — 1 are detected by the
intersection of, respectively, the z; axis and z;_; axis with the normal
between z; and z;_1;
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3. the x; axis is chosen along the normal between z; and z;_;, and direction
"positive", from frame 7 to frame 7 + 1;

4. the y; is taken on to complete a right-handed coordinate system.

When all the frames are chosen, the position and the orientation of the
frame 7 with respect to to the frame 7 — 1, result completely defined by the
following parameters:

e q; distance of o; from o;;
e d; coordinate on z;_; of 0;;

e «; angle, around z; axis, between z;_; and z;, positive if counterclock-
wise;

e 1J; angle, around z;_; axis, between x;_; and x;, positive if counter-
clockwise.

Two of the four parameters, a; and «; are constants, depending only on
the geometry of the manipulator. Only one of the others two parameters is
variable, depending on the joint used to connect link ¢ — 1 with the link 7:

e a revolute joint has 9J); as variable
e a prismatic joint has d; as variable

Finally, the coordinate transformation from frame ¢ to s — 1 can be ob-
tained by the following steps, represented in figure 3.2:

e [t is chosen a frame coincident with frame -7, and it is moved of d;
along z;, rotating v;, around z;_q;

e Now the frame is superimposed on the frame 7. It is moved a; along
Xy, rotating «;, around x;;

e The global homogeneous transformation, from ¢ to ¢ — 1, results:

Cy, —359,Cq; 59;5q; a;Cy,

i— S'ﬂi 019,' CO(»L' _0’191' Sai a’isﬁi
(ORI e (3.13)
0 0 0 1

where the values cy,, sy, are the compact form of respectively, cosine and
sine.
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3.3 Kinematics for Parallel Robots

The relation (3.13) is only valid for a serial open-chain robot, hence it is
applicable only for the last two frames of Gantry Tau (i.e. for the 4" and
5" DOF). The forward kinematics problem can be divided in two steps:

1. Find the relation between the orientation and the position of the mount-
ing plate and the position of the three charts;

2. Find the relation between the mounting plate and the Flange.

For the second point, Denavit-Hartenberg convention can be applied, in
order to obtain the homogeneous matrix between flange and mounting plate.
For the first point, instead, the calculation is not so easy. In fact the for-
ward kinematics for a parallel robot is more complex than for a serial robot,
whereas the opposite is valid for the inverse kinematics ( duality between par-
allel and serial robot). In figure 3.3 it is shown that the calculation of the
position of the end effector of Gantry Tau is not univocal and depends on
the type of structure adopted for the robot.

Xl—w
y
z L L

Figure 3.3: Top view of the Gantry-Tau robot. Two Different kine-
matics solutions for the same forward kinematics prob-
lem.

As previously stated, this work is based on Gantry Tau robot model (fig-
ure 2.6), which has three prismatic joints, mounted on three linear carts and
connected to the mounting plate by three different link clusters, containing
respectively 1, 2 and 3 links (see figure 3.4).
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L

Figure 3.4: The mounting plate with a symmetrical, on the left, and
a symmetrical, on the right, configuration of links.

A solution for forward kinematics was found in [15]. Referring to fig-
ure 3.5, the first step is the choice of two coordinate frames, the global frame
and the mounting plate frame. This latter appears only translated, with re-
spect to the global frame; in fact, no rotation is possible for a 3DOF PKM.
Let L, represent the length of an arm and ¢, the position, with respect to
the global frame of a cart.

Figure 3.5: The base frame and TCP Frame of the Gantry-Tau robot.
No reorientation is allowed for the TCP
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3.4 Inverse kinematics

As said above, the inverse kinematics of the Gantry-Tau with one triangu-
lar link are relatively simple to find analytically. Considering the kinematic
configuration of figure 3.5, the coordinates Yi,Y5,Y; and Zy, Z5, Z3 of the
linear charts are fixed, while their positions ¢, g2, g3 in the = direction (with
respect to the global frame) are variable. Let z,y,2 be the coordinates of
the TCP and let (x4, Ya, 2a), (%4, Y4, 2za) and (zy,yy, 25) the coordinates of
the platform points A, D and F respectively, as defined in figure 3.6. Those
coordinate express the position of the mounting plate relative to the TCP
origin, but in the global frame, using the angle a.

./TCPZ

__TCPY
-

095~
08—

0.85-4 !
gt E
025 ol .
015 oy

005 g5 %1

S BE NS 3 =" 005
T el T
1 g5 Toas *

X
¢

Figure 3.6: The Manipulated platform. The last mounting plate of
Gantry-Tau is different, but this is the first configuration
used for calculations.

If the coordinates of the points A, D and F are known, then the solutions
for the inverse kinematics are

=tz L = (= (y+)? — (21— (24 29)?
@ =7+T,E \/Lg — (Yo + Yorps — (Y +1a)? = (22— (2 +2))2  (3.14)

g3 =1+ xq+ S\/Lgd —(Ys = Yorrs — (Y +va))?* — (21 — (2 + 24))?

where: the variable S can be 41 and is introduced in the calculation of
a; Lsq is the length of the link in parallel with the triangular pair; y,¢ss is an
offset to consider the width of the carts in the y direction. In order to solve
the equations (3.14), « is calculated first by
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Ly
where L, is the z coordinate distance between the TCP and the points

C, D and E, in the coordinate frame. A corresponding function can be found
for the global frame

cosa =

(3.15)

2+ 2zqg— 23
cosa = (3.16)
sqri(x +xq — g3)? + (2 + 20 — 23)?

Observing that

Liy=@+xa— @)+ W+yi— U — Yopys)) > + (2 + 24 — 23)°  (3.17)

and combining equation(3.17)-(3.15), it is possible to obtain a solution
for z; depending only on know variables, i.e.

_ L4(23 — Z)
Lan/ L3y — (Y +ya — (Us — Yors))?

Once calculated z4, the « is obtained by equation(3.15)

Zd (318)

a = —Scos H(—zq/ly)

The inverse kinematics are given by the equation(3.14), after a « rotation
of the mounting plate around y axis

cosae 0 siha
R, = 0 1 0 (3.19)
—sina 0 cosa

Finally, the coordinates of the platform points in the global frame are
given by

[xaa Ya, Za] = Ry [07 07 L5 - L4]

(26, Yo, 23] = Ry[0, — L7, Ls — Ly
ey Yoy 2] = Ry Lg, 0, —L

['I y 2 ] y[ 3 4] (320)

[xda Yd, Zd] - Ry[07 _L7a _L4]

[Te, Ye, 2e] = Ry[—Ls, 0, —Ly]

[

T, Y5, 2f] = Ryl0, =Lz, Lg — Ly]
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3.5 Calibration

Another important issue is the calibration of the robot. In fact, the
kinematic model presented before assumes that all the linear actuators are
mounted perfectly in parallel. This is almost impossible to achieve, if it is not
use an expensive calibration equipment. Therefore, a more interesting way
is consider the non-perfect montage during the calibration, modifying the
model’s parameters. Many studies were conducted on this argument and it
can be solved in several manners (e.g. applying constrain on the end effector
or on the actuators [13|, inserting extra sensor on the robot [20]). A new
innovative method, working with a vision based system, is presented in |12].
Differently of most of the robot calibration procedures, it does not need
any priori knowledge on the robot-sensor system, providing a closed-form
solution.

3.6 Jacobian

The relation equation(3.9) gives the position and orientation of the end
effector of a generic manipulator of n degrees of freedom, as a function of
q = [q1,.qn), the vector of joint variables. Varying ¢, the position and the
orientation are modify. It is important to be able to valuate the relation be-
tween the velocity of the end effector (linear and rotational) and the velocity
of the joint variables equation(3.21), in order to calculate the behavior of the
robot.

P = Joqw = Jog (3.21)
or in a more compact form
v=[P| = J(a) (3.22)
w

that is the equation of differential kinematics of a manipulator. The J
matrix is called geometric Jacobian and it has dimension [6xn|, where n are
the degrees of freedom of the robot.

J— {ﬂ (3.23)

The geometric Jacobian is function of the kind of joints used in the robot
and it can be calculated easily, referring to fig. and using this result
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(]2
Z()_l] for a prismatic joint
Jo| )"
-1 024
21'137(]?1— pil)] for a revolute joint
VL

If the position and orientation of the end effector are expressed with
respect to a minimal number of parameters, it could be useful to calculate
the Jacobian with a derivative operation of the direct kinematic functions
of the joint variables. The end effector velocity can be describe as the sum
of two contributions, the translation velocity and the rotation velocity. The
first one is expressed as the time derivative of p, the vector that describe
the distance of the frame with respect to the reference (base) frame. For
the second velocity it is necessary to choose a minimal representation (i.e.
Euler angles 3.7), in terms of three variables ¢, that is function of the joint
variables ¢. The time derivative of ¢, in general, it is different with respect
to the angular velocity defined in (3.21) and its calculation is not easy

Figure 3.7: Rotational velocity of Euler angles ZY Z in current frame

Finally, it is possible to define the following differential kinematic expres-
sion

. p _ Jr(q) _ .
o= 2] = ] = aata (3.5
where the J4(q) is the analytic Jacobian
Iata) = 52 (3.20

Generally, the J and the J, are different and, as a general law, the ge-
ometric Jacobian will be used when it is necessary to refer to quantities of
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evident physical meaning, while the analytic Jacobian will be prefer where
it is necessary to work with differential quantities of variables defined in the
operational space.

It is shown that Jacobian refer the velocity of the joints to the velocity of
the end effector. During real process it is common to use the inverse of the
Jacobian, in order to obtain the joint velocities for a certain velocity of the
end effector. The inversion of a matrix could be a problem if the matrix is not
square and with a full rank. That happens when the manipulator is redundant
and when it is at a singular configuration (i.e. J contains linearly dependent
equations). In those cases the solution is not easy and new methods must be
used (e.g. damped least-squares inverse, pseudo inverse Jacobian). Solutions
for the inversion of the Jacobian are proposed in the theory ( |27]).

The Gantry Tau has 5DOF and it is possible to calculate the velocity of
the flange with respect to the flange frame, using 6 variables, three for the
translation velocity (v, vy, v,) and three for the angular velocity (w,,wy,w,)

Vg ]11 212 ]13 ]14 ]15 i
Vy ]21 ]22 ]23 224 Jgs G
Uzl _ ]31 ]32 233 234 235 ds (3_27)
Wy 241 242 243 244 ]45 ds
Wy ]'51 ]52 ]53 ]54 ]55 Gs
| W2 | | J61  J62 J63 J64 J65 ]

where j;; is the ij component of the J matrix. It is evident that Jacobian
is not square and hence it is not invertible. However, since it has full rank,
a pseudo inverse of J(gq) could be achievable. Anyway, it is not useful do
this calculation. In fact the communication libraries for the Gantry-Tau,
developed by I.Dressler, are based on the ABB IRC5 Robot System, that
is built for 6DOF ABB serial robots. In order to implement kinematics of
the parallel robot, the addition of one 6th imaginary joint is necessary. The
result is an invertible [626] jacobian matrix

(2 Jir Ji2 Jiz Ju4 Jis Jie a1

Uy Jo1 Jo2 J23 J24 Jos J2e| |G

U2 | _ ]:31 j32 j33 j:34 j35 ]:36 (1:3 (3.28)
Wy Ja1  J4a2 J43  Ja4  J45  J46 q4

Wy Js1 Js2 Js53 Jsa Jss Js6 qs
| Wz | | Jo1 Je2 Je3 Jes Jes Jeo| | o]

This new imaginary joint gives the possibility to invert the Jacobian, but
it also takes new problems and it necessary to pay attention to its reorienta-
tion. However, considering the particular configuration of Gantry-Tau (the
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impossibility of the flange to rotate with respect to the base) allows to sim-
plify the expression of J and, consequently, the inversion problem. In fact,
the Jacobian matrix can be "divided" in two parts: one for the translation
part and one to consider the rotational part. Since there is no reorientation,
this second part shall be zero:

Wy Jaa  Jas  Jae| | Ga 0
wy| = |Jsa Jss5 Jse| [G5| = |0 (3.29)
Wy Je4  Jes Je6 de 0

3.7 Control theory

In the precedent sections have been considered problems connected with
description and modeling of manipulators. Now the focus shifts on the control
theory, and, particularly, on the different kind of control’s laws available for
robots. The control problem could be divided in two parts, considering the
type of the work: the control of the movement in a free workspace and in
presence of interaction with the environment. In the joint space, the
equation of the dynamic model of a manipulator is

B(q)§ + C(q,4)q + F,q + Fusgn(q) +gq =7 — J' (q)h (3.30)

where ¢ is the [nx1]| vector of joint’s variables, B(q) is the [nzn] inertia
matrix, C'(q, ¢) is a [nxn] matrix of the centrifugal and Coriolis terms, F, is a
diagonal [nan] matrix of the viscous friction, f; = Fssgn(q) is the simplified
model (Coulomb friction) of static friction (Fj is the diagonal matrix [nxn]
and sgn(q)) is a [nx1] vector), gq is [nxl] vector relative of the contribute
of gravity force, 7 contains the torque of each actuators and, finally, J7(q)h
shows the torque due to contact force (J7 is the Jacobian and h represents the
vector of forces and momentums applied from he robot to the environment).
In the absence of external forces on the end-effector and, for simplicity, not
considering the static friction, the equation (3.30) becomes

B(q)i+C(q,4)q+ Fog+g9qg="1 (3.31)

Naturally, for the control in a free workspace (i.e. PD control with com-
pensation of gravity, inverse dynamic control, robust control), it will use
the equation (3.31) [27|, while to consider the external forces will be neces-
sary the equation (3.30). In this work, proofs have been conducted using an
Impedance control, a Force Control and a Hybrid control.
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3.7.1 Impedance Control

Impedance control is one of the most used control, since it is extremely
versatile and usable for different typologies of manipulators [19]. It is an
inverse dynamic control on the operative space . Considering the equa-
tion (3.30), it is applied the control law

u= B(q)y +n(qq) + I (9)h (3.32)

where w is

n(q,q) = C(¢, 4)d + Fod + gq (3.33)
Under the action of equation (3.32), the robot is described by

i=y—B ' (q)J (q)h (3.34)

that shows a non-linear term due to the contact force. The y terms is
chosen as

y = Ji (@) My (Mg + Kpi + Kpt — MaJa(g,4)d — ha) (3.35)

where My, Kp and Kp are definite-positive diagonal matrices, T = = — 24
(xq =desired position of end-effector) and J represents the analytic jacobian.
Substituting equation (3.35) in equation (3.34), remembering

&= Jalq)i+ Jalg,9)q (3.36)

and under the conditions of a not redundant manipulator in a not singular
position, it is possible to get

Myig+ Kpi + Kpi = hy (3.37)

The term h 4 in equation (3.37) is the equivalent force vector defined in the
operative space. It is clear that for this kind of control an reliable measure of
external forces is necessary, hence an accurate sensor on the end effector shall
be mounted. In this work it is be a sensor from JR3, Inc. |[2|. Impedance
control analyzes the system and its interaction with the environment, as
Spring-Mass-Damper problem.

Referring to figure 3.8, the general equation for this kind of system is

&= Mi+ D(z — 24) + K(z — ) (3.38)

The matrices M,D and K (corresponding to My, Kp and Kp in equa-
tion 3.35 characterize the system completely. Their choice is the task to solve
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Figure 3.8: Impedance Control Scheme

the impedance control problem, but that is not a trivial task. In fact, it is not
simple to choice the right value for each parameters, connecting that with the
real behaves of the system. An useful consideration can be made, comparing
the characteristic polynomial of impedance control, Mi(t) + D(&(t)) + K (t),
with the generic polynomial of a second order system

s2 + 20ws + w? (3.39)

where w is the natural frequency of the spring-mass-damper system and
( is the damping coefficient. Using this formulation the K and D parameters
(and hence Kp and Kp) can be chosen as

K =uw'M (3.40)
D = 2M(w (3.41)

3.7.2 Force control

In the impedance control (and also in admittance control), the interac-
tion force is controlled indirectly, acting on a reference position x,4. If it is
necessary to be sure about the contact force generated by the robot, a " direct
technique" may be used. It is opportune to note that this control’s family
doesn’t accept force inputs throughout the operative space, but the direc-
tions, along which the end effector is bounded, should be properly defined.
Those dimensions compose the R(K4) space. As for the position control, a
PD control, acting on the force error, would be necessary to ensure the right
following of the reference signal. Unfortunately that is no advisable, since
the measure from the force sensor is always affects by rumor, and the using
of the derivative part would disturb the behavior of the manipulator. The
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Figure 3.9: Force control scheme with position inner loop

stabilizing effect has to be obtained by damping contributions related to the
velocity and the position of the robot. An example of force control with a
position inner loop is shown on figure 3.9

Observing figure 3.9, the dynamic of the system is described by equa-
tion (3.42)

MdiL‘d + KD$ + Kp([ -+ CFKA).Z' = KPCF(KAxe + hAd) (342)

where the environment is considered elastically soft and x. is the equi-
librium position of the undeformed workspace, whose contribution affected
the interaction force. The block Cpr determines the type of the action on
the force error: if it has only a pure proportional part, the h 4 will never be
equal to hs. Adding an integral part (obtaining a PI action), both targets
(ha = hagq and rejection of z. effects) can be completed. Since the stiffness
of the environment is often very high, the coefficients of C'r should be chosen
very low.

3.7.3 Force/position parallel control

A different type of force control is the force/position parallel control [25].
This system offers the possibility to feed the system with a force input signal,
together with a position reference signal and hence, to reach a desired posi-
tion. In fact, the precedent controls are not able to control the position of
the end-effector, even when the input force belongs to the R(K ) |27]. The
block diagram is shown in figure 3.10.

The relative dynamic equation is

de..d + KDiI + Kp:% = KPCF<hAd — hA) (343)

where T is equal to (x — z4). At the equilibrium equation (3.43) becomes
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Figure 3.10: Force/Position parallel control scheme

T =g+ CF(KA(:L'@ - iL‘) + hAd) (3.44)

and it shows that along the directions external to R(K 4), the free motion
is allowed and the desired position x4 is reached; while along the directions
belonging to R(K4), the position input is seen as a noise and the integral

part in Cr ensure achieving ha, (at the expense of a position error).

3.7.4 Hybrid control

As one can guess from the precedent sections, no force algorithm, no
matter how sophisticated is it, can command a force with the end effector
in all the free space, nor command a motion while the end effector is held
fast: the environment has to be modeled. It could be useful to have a control
that can get this target. The Hybrid control accomplishes this task ( [11]).
It represents the combination of force and position controls, but they are
applied along different directions, which are selected by considering the work
required to the robot. A block diagram of this control is shown on figure 3.11

In order to work with this controller, it is necessary to define virtual and
real constrains, considering the type of operation to deal with the robot [27].
The ) matrix is called selection matric and it is a diagonal matrix composed
by 0 or 1 components, depending on the direction to select.
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Figure 3.11: Hybrid control scheme. The Ty matrix makes the signal
& and T homogeneous with artificial constrains, while
R¢ is a rotational matrix, to convert dimensions from
base frame to constrain frame.



4. Sensable Phantom Haptic
Device

The control of a real robot, through an external device (e.g. a haptic
device), is not a trivial task. There are some important factors that have
to be considered. First of all, each signals have to be mapped with respect
to the relative frame of each robot. This aspect becomes more important
complicating the control strategy and, hence, a mapping strategy has to be
defined. Another important aspect is the delay in the communication. The
delay’s problem becomes critical working with a force closed loop system,
where even a small delay could degrade the system’s performance, causing

instability.

4.1 Mapping

The Phantom device and the Gantry Tau robot have different coordinate’s
frames. When they are connected together, it is necessary to define rules,
to avoid errors and weird behaviors. There are two different frames for the
haptic robot and two for the parallel robot, as shown in figures 4.1, 4.2 and 4.3

where the A and R indicate the relation with haptic and real robot respec-
tively, while the base and T'C'P indices describe the belonging of the frame
to the base or to the Tool Center Point of the manipulator. In particular,
they have been chosen, as shown in figure 4.1

e hrop is assumed centered on the tip of the third joint and it is placed
with the same origin of the Ry p, hence their relation remains constant.

® hpgse is fixed in the center of the workspace of the haptic device in
order to maximize the possibility of the movement in all the direction.

e Rpcp has origin on the manipulated platform with z-axis directs per-
pendicularly to it.

® Rpuse is considered at the same level of the lower binaries (fig.4.2).

35
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Figure 4.1: The hp,s frame is positioned in the middle of the opera-
tive space, while the hpop is fixed at the end of the third

joint, on the tip of the pendant.

N

X

Rintcp = hiase

RBase

Figure 4.2: Starting robot’s frame. The Rinpcp frame is coincident
with hpese at the initial time. Their relation remains

constant for all the time.

The other two frames are hinycp and Rinpcp and represent the initial

version (at the startup) of hrcp and Rrop. As explained in section 3, the ho-

mogeneous transformation 4.1 Tgfg;ﬂ shows the relation between the TCP’s

robot frame and base’s robot frame, in position and orientation, and it is
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RBase

Figure 4.3: After movement robot’s frame. This time, the Rrop has
the same application point of hp.se and their relation is
constant during the functioning

necessary for a correct mapping between the two devices

TRBase — TRBaseThBaseThTCP (41)

Rrcp hBase ~hrcp = Rrcp

Analyzing the terms of this relations, one can note that: Tg;gg is con-

stant, T,}L‘fg;‘e if furnished by the haptic device and T,iizze can be estimated,
using

TfBase _ TgBaseT]?TCPT;LZTCP (4‘2)
Base TCP TCP Base

At the startup it becomes

Tftsese = Tfoee Tter e - gt glrer(43)
considering that T:;ZZECP is an identity.

This control strategy imagines the TCP position of the Phantom robot as
the "real" TCP of Gantry Tau. Moving the pendant of haptic device, the
operator would move the real robot. In this case, Phantom Robot Connec-
tor, should convert the information read from haptic world to the real robot
world, using the kinematic equations of parallel robot to achieve the right
configuration.

Even if that is valid in general for different kind of robots, this solution re-
quires a different implementation for each manipulator, since the kinematic
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functions would not be the same. The purpose of this work was to use
the haptic device to control a general slave robot, regardless their typology,
and hence another strategy has been adopted. In order to obtain position
and velocity directly (without any other kinematics calculation), some ded-
icated functions are used, available in the Phantom libraries. The position
and velocity signals are converted into rBase frame before being sent, and
hence they can be used by Simulink controller as reference signals. With
this modality the slave robot is able to move only along z,y and z in rBase
frame, but it is enough for our target. In order to create a "position zero"
starting point, avoiding an undesirable "jump" a reset of haptic device is
necessary before running the wave mode and the Reset Mode on PRC has
precisely this purpose.



5. Wave Variable Method

The Phantom-Gantry Tau system can be considered as a Master-Slave
structure. Many studies have been conducted on this theme [23| and some
solutions are proposed for stabilization and control, as the wave variable
method [9], [8], the one analyzed in this thesis. The wave variable method
is based on the Theory of Passivity [14]|, [22], which creates robustness to
arbitrary time delays. The main idea is to convert all the information before
and after the transmission, from and to slave and master robots, into a wave
variable form, which is a particular combination of velocity and force signals.
As explained in this chapters, it is possible to use other types of signals, but
velocity and force are the most used for robot systems.

5.1 Basic Passivity Concepts

The passivity formalism represents a mathematical description of the
physical concepts of power and energy. It furnishes a simple and stable
instrument to study the stability of all kind of systems, without restrictions
on their connections.

Intuitively, a system is passive if it absorbs more energy than it produces.
Considering figure 5.1, define the power " P,," entering in a system, as the

X X
—> —
Pin 11> 1y Pout
<L A

Figure 5.1: The incoming and outgoing "power" of a general system.

39
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X X1 X2 Xi
Pin immjy- Iy I njmmp Pout
< Al y2 <Y

Figure 5.2: A general two-ports elements in cascading connection.
Power is considered positive when flow from left to right
side, along the major direction.

product between the input (z) and the output signal (y). Note that "energy"
and "power" terms does not necessarily correspond to any physical meaning.
A system is said passive if it obeys to 5.3

dE
Pm = I‘Ty = % + Pdiss (51)

where FE is the "energy storage" function, while Py, is the nonnegative
"power dissipation" function. The total flowing energy is hence limited by
the initial store energy

¢ ¢ ¢
/ Pdr = / rrydr = E(t)—E(0)+/ PyissdT > —E(0) = constant ,t >0
0 0 0

(5.2)
This "power" concept can be applied to a multi-degree and multi-port
system and, in order to facilitate the introduction of wave variable method,
let consider two-ports elements of figure 5.2.
According with equation 5.3, the total power input is given by

Py = i y1 — 2, Yy (5.3)

that can be translated in the form

1 1
T T T T
szxl Y — T Yp = FU W — ZV; U A

1
ulu, — ~vlv, (5.4)
2 2 2

1
2
where subscripts r and [ indicate the left and right signals. Formally treated
in the scattering theory ( [14]), the w and v variable represent the wave
variable and the are interpreted, respectively, as the input and output waves.
Associating velocity and force to the general z and y signals of the two-ports
system, a conversion law from power variables to wave variables is given and
it will be detailed in the next sections.
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5.2 Wave Variables

As already said, using the "wave" data in the transmission, in place of
the standard quantities, the system is stabilized regardless of the delay. An
example of a scheme is shown in figure 5.3

+
X :E—»_(“)—u»
Y
b
-
~—O~—1{/2 |~ -

Figure 5.3: An example of wave variables scheme. This basic trans-
formation relates velocity & and force F' (on the left) with
the moving wave u and v, on the right.

It is evident that the strength of this system is the simplicity of the con-
version method, since it is composed by algebraic matrices easy to implement.
The b coefficient represents the wave impedance and it may be a constant
or a symmetric positive definite matrix, depending on the dimension of the
signals. It represent the "weight” of the communication channel, and affects
the signals, operating as a scaling factor. Its values has also impact on the
operator behavior, modulating the feedback signal from the master. The
force F' and the velocity & can be replaced by others combination of signals,
it depends on which information is needed for the control system. The u and
v are, respectively, the forward wave and the backward wave, whose give also
an indication on the outgoing energy and the incoming energy. Referring to
velocity &(t) and force F'(t), for a single degree of freedom system, the wave
variables (u,v) can be computed by
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 bai(t) + Fu(t)

U (t) = o
on(t) = by, (t) — Fou(t)
. V2 (5.5)
() = biis(t) + Fy(t)
s | \/2_b
oult) = biis(t) — Fy(t)

V2b

where s and m subscript refers to master and slave side.
One of the main reasons for dealing with wave variables is their effect on the
condition for passivity [14]. In fact, if a system was passive in the normal
notations, it remains passive after transformation into wave variables, but,
more important, a time delay is now modeled as a passive element. So a
system expressed in wave variable form is robust to delay, regardless the
amount of it.

5.3 Integrated Wave Variables

So far, it was used only force and velocity as signals for the transmission
and no position feedback was inserted in the system. This type of config-
uration may be affected by a slow position drift between master and slave,
if numerical errors or data loss occur in the functioning. Instead of using
the velocity integral to calculate the position, it is possible to send the wave
integral. In fact, as the wave signals encode velocity and force, their integral
bring information on position and momentum.

With respect to equation 5.5, the integrated wave variables can be eval-
uated by

_ [ gy 2 @+ g ) —p
U(t)—/oudT— v V(t)_/o ar = s (5.6)

where p is the integral of the force

U(t) = /O ' Fdr (5.7)

If the position can be measured directly without problems, the compu-
tation of the momentum could be a trivial task and it could bring errors
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Figure 5.4: An example of the combination between wave and inte-
grated wave signals.

and inaccuracy (the same problems that we had before with the velocity and
force). However, the main information is the position and many times p is
not relevant for the control. Those new variables are sent together with the
precedent, and hence the system has to be extended with those new equations
for the slave side

! \/2b— s b sd — Vs
Ps = / Fsdesd = —st - M (58)
0 b V/2b
and for the master side
U,, = V2bz,, —V,, (5.9)

Using both wave and integrated wave signals, it is avoided the position
drift between slave and master. Other solutions have been proposed [22]
or |24].

5.4 Single Channel

This new configuration seems to need more than one channel for the
communication. In reality this is not true, in fact, the two type of waves
can be combined together into a single quantity before the transmission and
separated after the arrival using and stable first order filter, as shows in
figure 5.4

The term A represents the bandwidth of the filter; it can be choose ar-
bitrary and it may be used as a scale factor, but, however, it should be less
than the sampling rate of the digital implementation (i.e. ~ 250Hz). The
new term U contains position, velocity information, necessary for the control
system.
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5.5 Multiple degrees of freedom system

For a multiple degrees of freedom system the equations presented in the
precedent section, have to be modified. In [26] and [8] it is presented a more
generic formulation for the transformation equations (5.5)

U (1) = A (t )+ By, F(t)
(t) = Cus(t) — (t)
(t)

(

ot :cwx'mo— Fou(t) (510)

us(t) = Ap@s(t) + By F(t)

where A, B,, Cy, and D,, are n X n wave variable scaling matrices and
n is the number of DOFs of the teleoperation system. It is clear that this
matrices can not be chosen freely, since the passivity’s condition has to be
ensured [22].
In [10], it has found four rules to identify a new stable and large family of all
consistent scaling matrices, that can be used for working with wave variable
method in a multiple degrees of freedom system:

1. A, must be non-singular;

2. B, = 3(I + Sy)A,", where S, is a [nzn] skew-symmetric matrix (i.e.
Sy = - SL).

3. Oy = QA,, where @ is an orthogonal matrix of [nxn| dimension;

4. Dy, = 3Q(I — S,) A"

Note that choosing A, = \/g and Q = 1 for the scalar case, one obtains

the same solution as in 5.5. The choice of @) does not influence the stability of
the system, since it applies a orthogonal transformation to the wave variables,
without affects the power of the signals. It is convenient to choose () as an
identity matrix.

If for the single degree of freedom case, could be simple to understand the
role of the wave impedance b, in the multi-degrees case is not so obvious.
A,, matrix can considered as the damping factor of the communication, the
increment of the dimension of the signal, involves an increment of variables
and, looking at 5.10, it is easy to understand that a modification of one wave
matrix parameter has effect on all the others matrices (i.e. changing the first
row of A, affects not only the first element of signal). If the meaning of A,
can be simple to understand, the weight of S, is less clear. An increasing
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in its norm comports a bigger overshoot and longer settling time for master
response. It is evident that the choice of the scaling matrices is not a trivial
task, and the parameters has to be tuned with respect to both robot and
controller parameters and considering the desired goal. After many proofs
the matrices used for this work are for Gantry Tau and IRB140B respectively

2 0 0 000
A,=10 2 0| S,=100 0 (5.11)
00 2 000
14 0 0 000
A,=10 14 0| S,=100 0 (5.12)
0 0 14 000

Those are the values that better accomplish to the double target: offer
small reflection on operator side, avoid reflection (and hence control error)
on the robot side. The using of a 9, different from zero would improve the
reflection decreasing, but at the same time, would increase the reflection error
on the master side.

5.6 Reflection

Using the wave solution for the communication creates several internal
loops, which in turn creates some reflection effects. As shown in figure 5.5,
the are three principal paths. The first one appears when the haptic device
is moved and it is due to the impedance value. The path number 2 is created
by both master and slave wave transformation. In fact, part of signals con-
tinue to cycle, even if the two manipulators have finished their task. Those
disturbances are drying out by the system, but they can be persistent for
several cycles. The last path (3) is the most important, since it is the real
force feedback from robot to haptic and should be lead to the operator as
clear as possible.

All these reflection phenomenons represent a real problem during the
communication and the multi-variable case is more affected by them than
the single one. The choice of a correct wave impedance (or the A, and
S, matrices) is the principal way to decrease the reflections, even if some
solution are proposed in [22].
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Figure 5.5: The reflection problem during the communication. It can
distract and confuse the operator and, hence, it should
be avoided.

5.7 Wave Variable Simulation

Since during this thesis the GT robot has been longer not available, a lot
of studies were conducted on the serial ABB robot IRB140B. This has allowed
to develop two models together, one for the serial and one for the parallel
manipulator, obtaining the possibility to compare the result and the behavior
on two different manipulators. After many modifications, it has obtained a
unique model for both robots (the only difference are the kinematics blocks,
which are different for each robot). Here are presented the results of some
simulations.

5.7.1 Simple System

A simple simulation has been conducted on a 3DOF Master/Slave Simulink
model (whose scheme is reported in figure 5.6), in order to verify the general
validity of the wave method.

The two manipulators are both described by the simple linear models:

T = I + Bpbpts = J 05 + B0, (5.13)

where 7,,, 7, are the input torques,J,,, Js are the inertias, while B,,, B,
are the damping terms. The A, and S, scaling matrix are

5 1 1 100
Ay =11 5 1| S,=10 10 (5.14)
115 001
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Figure 5.6: The simulink model of the Master/Slave system used for
the simulation.
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(a) Master manipulator. (b) Slave manipulator.

Figure 5.7: As simple example of a teleoperation system, where a
time delay causes the instability.

Figures 5.7, 5.8 show the stabilizing effect of the wave variable method
for a delay of 0.5s.

5.7.2 ITIRB140B and Gantry Tau

Confirmed the validity of variable method, simulations have been con-
ducted to test the model of the IRB140B and Gantry tau robot during a
contact with a virtual environment, schematized as a spring-damping ele-
ment. The input signal is a step, acting only along X direction (in base
frame). The results are shown in figures 5.9

In both proofs the stability is confirmed. A little oscillation is still present,
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Figure 5.8: The same system is now stabilized using the wave variable

method.
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Figure 5.9: Both the model are feeded with a step, that cause the
contact with a virtual wall. Small oscillations appear
after the contact, since the parameters are not perfectly
tuned.

but it could be adjusted varying the parameters of the virtual wall and the
impedance controller, but it was non relevant for those first tests, which have
the purpose of testing the validity of this "wave variable model".



6. Analysis of softwares

In this thesis many devices (e.g. Phantom Premium A haptic device,
Gantry-Tau Parallel robot, Force Sensor JR3) and many different programs,
(e.g. Matlab and Simulink, Real Time Workshop, WinComm, Phantom Robot
Connector) have to work together, on the same work structure. Tt is easy
to understand that this is not a trivial task and, hence, it is good to clarify
how the communications have been realized. Figure 6.1 presents all the links
between all the devices.

6.1 ABB IRC5 Robot System

The interface between the robot and Simulink is develop by ABB [1].
Such structure is the "brain" of the Gantry-Tau Robot and it is the device
where the reference position and the reference velocity are calculated. The
system is divided in two parts: the Robot Axis Computer and the Robot Main
Computers (figure 6.2).

Angles, velocities and, force coming from the robot, are used in the Robot
Main Computers to sent the reference signals (e.g. velocity or position) to
the Robot Azis Computer, which computes the torque for the motors, using
a separate internal control for each joint.

6.2 Opcom

OPCOM is the GUI (Graphical User Interface), created in the Auto-
matic Control department, to work with IRC5 Robot System. The control,
developed in Matlab/Simulink environment, is compiled into C code (using
Real Time Workshop) and after it is loaded in the Opcom (it is done clicking
the load button on the interface). An example of this interface is shown in
figure 6.3

The controller in the OPCOM can be run in two ways:

e Submit mode: in this mode the signals are sent from the main computer
(hence from the IRC5 Robot System) to the external controller, but

49
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Real Robot
Gatry Tau Parallel Robot
Axis Robot Computer
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Robot Main Computer

Figure 6.1: A schematic view of links between al the devices.
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Figure 6.2: The IRC5. It is responsible for all the control calculation
of the robot.

there are no signals back from the real robot. This mode is like a safe
mode and it is an obligatory step before running the Obtain mode. It
can be used each time is necessary to test a new controller or a new
structure, avoiding risks of damage for the real robot or for objects
present in the robot’s workspace.

Obtain mode: this second mode allows the exchange of signals from
the main computer and the real robot, whom behavior is ruled by the
external controller. Before using this modality it is necessary to be sure
that every softwares have been activated correctly.

It is important to note that the Phantom Robot Connector needs a decla-
ration of which ports and which signals will be used in the controller. To
enable the communication a programm called Labcomm is used. This latter
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Figure 6.3: Opcom GUI. It is the graphical user interface and it is
necessary to load and run the controller.

is a Linuz application, that needs a .[c file, where the signals are declared.
There is no implementation for a Windows structure. An example of the
signals is:

e sample float ph2 RobAngles|3];

e sample float rob2PhAngles|3];

After writing of this file, a LabComm command creates a .c file and a .h, with
the same name of the .[c file. Inside these files there are the necessary function
to exchange signals from/to haptic device, to/from the controller. The /[3/
number after the name indicates the dimension of the incoming or outgoing
signals. Naturally, the out and in name, indicated in the .lc file, have to be
inserted in the Simulink model, in order to be recognized and compiled by
Real Time Workshop (RTW 6.5.1) and used for the communication. The
compiled controller is loaded on Opcom, running on the machine connected
with the Robot Main Computer, and, hence, the operator has to be connected
with this computer before the loading of the controller.
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6.2.1 Interface

The interface is very intuitive and simple 6.3. The load, submit and obtain
are positioned on the right of the screen, while the parameters window is on
the bottom left part, and it offers the possibilities to modify some parameters
on-line, by inserting a new value on the relative variables and clicking Commit
button. Not all variables are present on the interface, since they have to be
declared on the Simulink controller, before compiling with RTW.

6.3 Phantom Robot Connector

In order to allow the communication between Phantom Haptic Device
(working on Windows machine) and the rest of the structure, a C+-+ program
was made by Fredrik Eriksson and Marcus Welander, the so called Phantom
Robot Connector (PRC). In this work, PRC software has been modified, in
order to be able to work with different kind of signals, compared to those
used by Fredrik and Marcus. Next section will furnish a short description of
the new version of PRC programm.

6.3.1 Startup

In the original software, the operator had to choose at the startup which
typology of functioning was needed (figure6.4:

e Phantom2Graphic: the Phantom is connected with a virtual robot and
the real robot is not controlled. This modality could be useful to test
the behavior of the system

e Robot2Graphic: the virtual robot maps the real robot. It is the modal-
ity active when Phantom Robot Connectors starts.

e Phantom2Robot: the real robot is handled by the haptic device and the
operator can control the system.

In the new version those choices are not available and the communica-
tion can only be between Phantom and robot. In fact, Phantom2Grapich
and Robot2Graphic worked with a virtual model of a serial ABB robot, the
IRB140B, but no virtual model are available for PKM Gantry Tau. Hence,
when the software is started, a new interface appears. Before starting of
Phantom Robot Connector, it is recommended to reset the encoders of the
haptic device, using a dedicated software, created by Sensable |6]. The robot
has to be positioned as in figure 6.5, in fact that is the optimal configuration
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\Documents and Settings\fo4fer\Desktop\lacopo\OpenHapticsMod\examples\Wisual Studio ...

Waiting to connect...
client connected!?

pexxCHOOSE THE COMMUNICATION MODExwx

Press to Run Normal Mode.

Press Run Rezet Mode <(Mecessary before Wavel OR Wave2 Hoded.
Press U Run Single Wave Mode.

Press Run Yave&Integrated Wave Mode.

Press close the programm.

Figure 6.4: The Phantom Robot Connector interface with the three
selectable choices.

to increase the workspace of the joystick. After the position is reached the
reset encoder button has to be pressed. After that the application can be
closed and the haptic device is ready to work.

In the new version of PRC software, a Reset option has been inserted.
This is not a real reset of the encoders of Phantom device, but a necessary
step before starting others modes. The last position of the haptic TCP
is stored, in order to be used to create a "starting zero position”. In fact
instead sending the position value, read from haptic device, it is used the
value " Position-StartingZeroPosition".

Starting the new Phantom Robot Connector, the interface offers different
choices

e Reset Mode: The current position of Phantom device, is stored and it
will be used in the others "mode”, for the transmission of the signals.

e Normal Mode: Position is sent to the controller, without any transfor-
mation, while force is received from the robot.

e Single Wave Mode: Phantom velocity is combined with feedback wave
signal vim (coming from robot) to obtain the outgoing wave mu, that
has to be sent to the real robot. wim is converted to get the force
feedback.

o WavebIntegrated Wave Mode: Wave and Integrated Wave signals are
constructed using, respectively, a combination of Phantom velocity and
ingoing wave signal vim, for the first and Phantom position and ingo-
ing wave signal VIM, for the second. These signals have to be merged,
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Figure 6.5: Haptic device at the startup. In order to increase the
operative workspace, the Phantom has to be initialized
with this position.

before the transmission, in order to use a single communication chan-
nel 5.4.

6.3.2 Digital Force Filter

The sample time of the haptic rendering is approximately 1000 HZ, while
that of force sensor is 250 Hz (the same of the Simulink Controller). This
condition could be critical for the stability of the haptic device, that should
work with render frequency more high than 250 Hz. In order to avoid prob-
lems a stable digital force filter ( 6.1) is introduced in the Phantom Robot
Connector. That filter smooths the force signals, mapping the high steps,
with more gradual variations steps. The parameters are chosen so that the
transfer function has poles inside the unitary circle.

ylk] = Brulk] + ary[k — 1] + axylk — 2] (6.1)

6.3.3 A short description of the code structure

The program is constructed on three threads (even if the Robot Thread
is not more longer used in this work):

e Haptic Thread
e Robot Thread

e Connection Thread
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Figure 6.6: A schematic view of the program structures working in
the system.

An exhaustive scheme is shown in figure 6.6.

Those threads work together, exchanging information and signals. In-
side the code there are many classes, one for each task requested. Here are
reported the principals:

e RobotHaptics: in this class are calculated all the homogeneous matrices
necessary for the transformations of the signals (e.g. T,gf:,) Using
the Phantom functions ( [30], [29]) and kinematics functions, all the
Phantom signals can be calculated.

e Communicator:as already explained, the exchanging of information is
not a trivial task and, hence, this class is of a great importance. A sig-
nal has to be transmitted from a Windows machine to the robot main
computer, through a Linux machine, where a dedicated program is
running. The communicator class offers 4 different types of functions:
SendToRobot, ReceiveFromRobot, SendDelayToRobot and receive De-
layFromRobot. Inside SendToRobot and ReceiveFromRobot have to be
declared the names and the dimensions of the vectors exchanged.
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copyRobotAngles | Copies the content of "angles" signals.
setPhantomForce | Set the force between Phantom and the op-
erator.

copyhTCP2hBase | Copies the current homogeneous transforma-
tion matrix of Phantom.

copyUserMode Copies the active functioning mode.

setUserMode Change the user mode.

copyStartPosition | Copies the starting position of Phantom’s
TCP.

copyUserMode Copies the current homogeneous transforma-

tion matrix of Phantom.

Figure 6.7: Synchronous functions utilized inside Phantom Robot
Connector programm.

In order to work with Phantom, it is possible to choose between two li-
braries: HLAPI(Haptic Library API, designed for high-level programming)
and HDAPI(Haptic Device API, suitable for a low-level programming) and
Phantom Robot Connector utilizes the latter. HDAPI controls all the com-
munication, setting the schedule, through the use of one of those functions:
hdScheduleSynchronous or hdSchedule Asynchronous, where Synchronous
means that the scheduler will execute (if possible) the function declared in-
side in the arguments. HDAPI controls a lot of functions (?7), but the most
important is the altrigenderism(scheduled as asynchronous and with high
priority), which elaborates all the signals to control the robot.

6.4 WinComm

WinComm is a client programm to exchange information between the
main computer and haptic device running on a Windows machine. It was
created by Fredrik Eriksson and Marcus Welander and in this thesis it has
been modified, inserting the new IP address of the windows machine and
the new Labcomm file, containing names and typologies of the signals used,
which, obviously, have to be same as those present inside of SendToRobot
and ReceiveFromRobot functions of Communicator class in Phantom Robot
Connector program. This software has the role of linker the Windows ma-
chine and main Robot computer. In fact, labcomm functions are available for
Linux system only and hence, it was necessary to create an apposite program
to permits exchanging of information.



6.5. MATLAB AND SIMULINK o7

6.5 Matlab and Simulink

Matlab [3] is an high-level language and interactive environment, that
permits to join the programming language (as C,C++ or Fortran), with the
mathematical world. It is a very powerful tool and today it is a fundamental
component in the engineering. The other application used together with
Matlab is Simulink |4], which is a tool for modeling, simulating and analyzing
multi domain dynamic system. It is composed by an interactive graphical
interface, where the operator can add customizable set of block libraries, that
gives the opportunity to design and test a lot of time-varying systems. As
it is done in this work, it is possible to insert external components, as, for
example, signals or functions.

6.5.1 Real Time Workshop

Real Time Workshop [5] is an application, that creates and executes a
stand-alone C-code, starting from a Simulink and Embedded Matlab de-
veloped model. This tool package permits to create a real time program,
executable externally of the Simulink or Matlab environment. In this work
the compiled C-code is loaded in the Robot Main Computer.

6.6 How to run

All this programs have to be start in the right order to work correctly.
The first software is Phantom Robot Connector. At the startup a black
window appears and the system attends for the connection with the Linux
machine, through WinComm. Now it is necessary to activate the WinComm,
but before it would be able to run, the controller has to be loaded on Op-
com, running on a machine called Calvin. When all those steps have been
made, the communications are enabled and on the Windows computer is now
possible to choose one of the five options (Reset Mode Normal Mode,Single
Wave Mode, WaveésIntegrated Wave Mode and Quit). If one of the first four
mode is chosen, a noise comes from the Phantom device, indicating that its
motors are now in torque and the device is ready to work. The last step is
to enter inSubmit or Obtain mode on Opcom, thus starting the exchange of
information. The parameters, selected inside the Simulink controller, show
up on the Opcom GUI.






7. Simulink Model

As introduced in the previous chapters, Simulink has been used to cre-
ate a model for the force controller and this section points to describe its
principal parts. A particular attention is given to the external libraries uti-
lized, where some functions are from precedent works, while others have been
created expressly for this thesis. The template model (available at the auto-
matic control department) shows all input /output channels, utilizable for the
communication with the robot. The external signals (force sensor, Phantom
signals) have to be declared in the .lc file, before using in the model.

7.1 Libraries

The model is constructed utilizing the normal Simulink blocks and other
two libraries: one contains the kinematic blocks created specifically for Gantry
tau parallel robot (figure 7.1) by Isolde Dressler and improved by Johan
Friman [18], and the other is the EztCtrl Library 7.2. It is available in the
automatic control department and it furnishes kinematic blocks for serial
robots (i.e. forward and inverse kinematics, jacobian, etc.).

“L'ibrary:g“tp_k'iﬁemé-tl;cs i

(Flle Edt View Fomat Help |

GTP Farward Kinematics GTF Jacobian GTF Jacohian2

GTF Inverse Kinematics GTF Inv Jacahian GTF Inv Jacohian2

Figure 7.1: The Gantry Tau Simulink library
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Figure 7.2: The ExtCtrl Simulink library

The dedicated blocks permit to consider Gantry Tau robot as a normal se-
rial robot, allowing the using of normal kinematics functions. This operation
would be not possible because its parallel configuration.

7.2 Choice of the Signals

As already mentioned, the template Simulink model offers different sig-
nals to read information from the real robot. Considering, for example, the
position, it is possible to use irb2ext.robot[0].joint[i].posFlt, irb2ext.robot[0].
joint[i].posRawAbs and irb2ext.robot[0].joint[i].posRef, where the names fur-
nish an indication on the characteristic of the signals. The choice of one
signal, instead of another one, depends on which behavior is desired. The
one used in this model is the irb2ext.robot[0].joint[i].posRef. It has not a
true physical meaning, in fact it is a pure mathematical quantity, calcu-
lated by ABB Robot Main Computer. It changes only when the robot is
joined manually. This aspect does not effect the robot during normal control
with Phantom device, but it could be dangerous when the communication is
stopped, since the reference position would return the starting one, causing
an undesirable jump of Gantry Tau. However, the presence of a constant ref-
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erence signal could also be a positive aspect, if all the dimensions are referred
to it.

7.3 Model

Since the two models developed are equivalent, only the one of Gantry
Tau is presented. In the next subsections will be described various blocks,
highlighted with numbers in figure 7.3

7.3.1 Force Reference (1)

Since no force sensor were installed on Gantry Tau robot at the beginning
of this thesis, a virtual wall has been implemented, in order to simulate an
interaction force. The position of the environment can be set on Opcom and
the force is generated as a spring damping element. The resulting contribute
is added to the values coming from the force sensor (when present), feeding
the impedance controller. As already explained in section 2.4, the force sensor
needs a reset procedure before using on the control, and that can be done
by GUI, switching ResetForceSensor from 0 to 1, when the force sensor is
active. The force reads from the sensor is expressed with respect to Sensor
frame, while the contact is on TCP. Some transformations are necessary to
convert the force in rBase frame, as reported in equation 7.1

l _
f base — 7265;163 (ijg;ge) 1Ts£lg?ogre f sensor (7- 1)

where T/179¢ and T/!n9¢ depending on the physical dimension of the sensor
and the tool. This conversion is implemented inside the force block (fig-

ure 7.4).

7.3.2 TCP position and Velocity (2)

The real current position and real current velocity of the robot can be eval-
uated through the direct kinematic. The first is obtained adding the position
output of impedance control to the starting position ( 7.5), calculated from
irb2ext.robot[0].joint[i].posRef signal. The result can be compared with a
real measurement of the position, read from irb2ext.robot[0].joint[i].posFlt or
irb2ext.robot[0].joint[i]. RawFb input ports. The velocity is calculated using
the current angles and the angle’s velocity irb2ezt.robot[0].joint[i].velRef ( 7.6).
However, the real velocity is no more used in the controller.
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Figure 7.3: The Simulink Model for Gantry Tau, where the most
significant blocks are marked with a number.
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Figure 7.4: After a reset of the sensor, the force can be translated in
robot base frame and sent to the impedance controller.

Figure 7.5: The position output from impedance controller, update
the starting position, furnishing the current position of
the robot. The result can be compared with a real mea-
surement of the position from posFlt or RawFb inputs.

Figure 7.6: The current angles, together with the current angles’s
velocity, calculate the current robot velocity.

7.3.3 Wave Variables (3)

The single command signal (created in Phantom Robot Connector) is
decoded in "WaveéIntegrated Wave” block, obtaining position and velocity
references (see figure 7.7). Those signals have to be converted into robot
base frame before feeding the controller and it is done in "Reference Signals”
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(number 4) block. A low pass filter is used to reduce the reflections that
appears in the communication, due to wave variable. Its transfer function is
expressed by 7.2

1 — e—w*h

where h is the discretization time (0.004s), w is the bandwidth of the
filter, equal to 10rad/s. This value can be changed by Opcom interface and,
as general rule of wave transformation, it should be > (1/T), where T is the
communication delay.
Inside this block is also created the signal for Phantom device, containing
force feedback information. Since several modalities of work are available,
some switches are inserted to cut or modify the incoming or outgoing signals.

e s
: | b D

7 »

Um feoem Priartom
Um from Phantom

Wm & Phantom

Vs b Phanli -

WaveOFF
Um from Phantom2

MarmalMogeCiN

Figure 7.7: Integrated variable and variable wave are obtained from
the incoming signal, and converted into position and ve-
locity reference. Low pass filter helps the reduction of
noise and reflections.

7.3.4 Reference Signals (4)

Figure 7.8 shows how the translation of incoming signals into robot base
frame is made. Position and velocity, that are already rotated with respect to
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the robot base frame in Phantom Robot Connector, are added respectively,
to the current position and the current velocity of the robot.

When the "Joystick” mode is selected, incoming position does not feed the
controller directly, but it is combined to calculate the reference velocity, as in
a common joystick. Since the position reference remains stuck at the last start
position, before the "Joystick” mode was activated, an apposite function has
been created, in order to avoid a jump, when the normal functioning of haptic
device is reactivated.

‘—\
{5 ¥ Pl Fhveiosity - .-I '@
PhvelWave JoyOM1 o “elRef
Fas velocity -
{2 P 1OTCF2rBase switch1
'ORCPZBase
Calculate Velocity Refernce
» hi M=
o fcn Tlay prv— —
Terminator1 6
ref =
T tar
Joystick Velocity Reference srminaior
o—
PhPostave
@ o 0 %
JoyON » |-D FhPosition
Fos Phantom »{ 1)
Switchd
> PosRef

W 0TCP2rBase

Calculate Position Refernce

Figure 7.8: The conversion of position and velocity signal. The "Joy-
stick Velocity Reference” uses the incoming position to
impose the velocity to the robot.

7.3.5 Impedance Parameters (5)

The impedance force controller needs some parameters to work, as de-
scribed in 3.7.1. Since they are responsible of the behavior of the robot
during both interaction with environment and movement in the free space,
it would be perfect to have different values, depending on the type of task
executed:

e High mass and low stiffness, along the directions where it is expected
the contact (low forces).

e Low mass and high stiffness, along the direction where the motion is
free (good trajectory tracking).
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The block number & implements this characteristic when it is simulate the
interaction with a virtual wall. The parameters are set for "free-space", until
the robot reaches the proximity of the wall, when the switch to "force". This
is not so simple in the real case, where the position of the wall is unknown. In
fact, a change of impedance values during interaction could bring the robot
to the instability.

7.3.6 Delay (6)

In order to obtain an information about the communication delay, a input
is added in a free channel of six dimensions port rob2hangles, that is not used
in the controller. The time necessary to get back the input from phZ2robangles
represents the delay.

7.3.7 Virtual Wall (7)

This is the function implemented to simulate the interaction with the
environment. Looking at figure 7.9, when the robot reaches the position
of the virtual wall (editable by GUI) a force is produced proportionally to
the depth of penetration. A derivative part is inserted to avoid oscillations.
The gain of the virtual force is proportionally linked with stiffness of the
surface (rigid wall=high gain; flexible wall=low gain). When the robot’s
TCP reaches a limit zone near the wall, signal ForceRef changes from 0
to 1 and goes to feed the Impedance Parameters block (number (9)), that
switches the mass to the high value. Also the limit zone can be tuned from

the GUI.

7.3.8 Velocity and Position Outputs (8)

Those two blocks calculate angles and angles velocities (¢ and ) to feed
the robot and product the real movement. They use the normal kinematics
to translate the information from operative space into joint space, and hence
need homogeneous transformation matrices, which have been got from "Cal-
culate TCP Position” block. The switching of jump OFF parameter, in GUI
interface, from zero to one ensures to avoid undesired jump after using of
joystick mode.

7.3.9 Impedance Force controller (9)

This is the main part of the controller, where the position, velocity and
force information are mixed, together with Mimp, Kimp and Dimp constants
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Figure 7.9: The interaction force is directly proportional with the
depth of penetration. When the TCP reaches thelimait
zone mass switches to the high value.

(calculated with the apposite functions). The result is the acceleration of the
robot and, after integrations, the position and the velocity (figure 7.10). The
feedback force and feedback momentum returns to "Wave Variables” block
to construct the wave and integrated wave outgoing variables. The complete
code of the Impedance Controller function is available in the appendix.

7.3.10 Starting Parameters (10)

Before starting to work, it is necessary to declare values and parameters
present in the model. Inside the red square, all the variables are defined
and some paths (necessary for using the external library and for building the
model with Real Time Workshop) are added to Matlab paths. The block has
to be click once at the beginning and after the model has to be closed and
reopened, in order to make the declarations effective.
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Figure 7.10: The Impedance force Controller is the main block of the
model, where the acceleration, velocity and position of
the robot are calculated.



8. Simulations and Results

In this chapter models and functioning are tested. Some results are ob-
tained on IRB140B robot, since at the time of this work no force sensor was
implemented on Gantry Tau Robot and it was important to do some tests
with a real force measurement. In order to simulate the force interaction for
the parallel robot, a virtual wall has been inserted. The joystick control has
been tested only on Gantry Tau, best suited for this type of control (large
movements are possible along X direction).

If the Simulink model of IRB140B is almost the same of the GT one, the
other programs have to be adapted to the type of robot chosen. In particular,
it is necessary to modify:

e WinComm, since the two manipulators work on different machine with
different address.

e Phantom Robot Connector, where homogeneous transformation ma-
trices, scaling matrices, position and velocity, are particular for each
robot.

e Opcom, that obviously is relative on which ABB Main Computer is
running.

For both manipulators, a lots of scaling matrices were tested, starting
from a matrices with low norm value, up to high norm value, in order to reach
the best feeling between the operator and the machine. After that, it has
been analyzed the impedance controller, trying to match the best parameters.
Remembering 3.39, a higher value for w means an higher eigenfrequency,
hence a faster system, but at risk of oscillations, while increasing the value
of the damping ( the robot decreases oscillations faster.

8.1 Gantry Tau Robot

All the tests report a good feeling between haptic and real robot. After
many attempts, a good tuning of scaling matrices and others variables, avoid
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Mimpfree Mimpforce Omegafree Omegaforce Dampingfree Dampingforce
10 200 15 6 0.5 0.5

Table 8.1: Parameters for Gantry Tau Robot

reflection and weird behavior of the manipulator. Those are the parameters
utilized:

14 0 0 00 0
Ay=1]0 14 0| S,=1[00 0 (8.1)
0 0 14 00 0

8.1.1 Free Space

In the free space, the manipulator follows well the reference position ref-
erence and no reflection appears during the working. For a better reading
of plots, only the X-azis is controlled in all the simulations. However it is
possible to implement the other axes without problems and figure 8.1 shows
an example of movement in a free space along an almost circular trajectory
on YZ plane.

The communication delay is approximately 0.004s and it has no effect
during this operation, since there is no interaction with the environment.

8.1.2 Rigid Wall and Joystick Control

The behavior of the robot in presence of a force interaction is studied
implementing a rigid wall along X direction. When Opcom is started the
operator can choose Joystick mode, controlling the velocity of the robot with
the Phantom device, without considering the position. This modality could
be useful to move the robot from the "starting" position to the "working"
zone, where the joystick mode would be deactivated.

In this case, the robot interacts with the environment, and the result is
presented in figure 8.2.

The blue line represents the input position signal, coming from the Phan-
tom device. In this case, the position reference signal has to be updated, in
order to avoid a jump during switching to normal mode.

At the end of the test, it is necessary to impost value 1 on GUI to jumpOFF
variable before release the dead-man’s switch. otherwise the position refer-
ence would return to the first one, causing a unwanted jump.
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Figure 8.1: An almost circular trajectory on YZ plane.

The interaction with the virtual wall is without oscillations (figure 8.3 (a)).
The operator feels clearly the interaction force with the environment and can
adjust the desired trajectory. In this proofs the switch between a low and a
high mass value during the contact is done, increasing the stability and the
sensitivity.

8.2 IRB140B

Since this work was focus on Gantry Tau robot, not a perfect tuning
of wave variables has been obtained for the serial robot. Small reflections
still appear at the operator side, disturbing the feeling with the IRB140B
robot. Many attempts have been done, trying to find the best parameters
for impedance controller, with the target to improve both stability of the
system and the "haptic sense". Increasing the force’s gain, the robot will
have more difficult to "penetrate" the surface, but it will be more easily
subject to instability.

As was done in the last section, here the values utilized are reported. For
the force controller two kind of sets are proposed: one with a low value and
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Position Reference Vs Position Real
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Figure 8.2: Gantry Tau is moved using joystick mode, until the
"working" zone is reached, where the robot starts to work
normally, interacting with a virtual surface.

Force FeedBack

(a) (b)

Figure 8.3: In (A), a zoom of the preceding plot shows the interaction
with a virtual wall. The equilibrium on the surface is
reached without oscillations and with a feedback force
presents in (b).

one with an high value for force gain.

15 0 0 000
Ay=10 15 0| S,=1[0 0 0 (8.2)
0 0 15 000
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Fyain—30 Fain—200
Mimp | omega | damping | Mimp | omega | damping
24 9 0.6 110 9 0.9

Table 8.2: Parameters for Gantry Tau Robot

In this case there is no differentiation for impedance parameters between
"free" and "force" movement, since it is supposed that the operator has no
information on the position of the environment.

In this case, a force sensor and a tool are installed on the flange of the
robot and, hence, they modify the TCP frame. Homogeneous transformation
matrices T/%9¢ and T have been determined. The result is

sensor

1 00 0 1 0 0 95
010 0 01 0 1.5
flage __ flange
Toensor = 0 0 1 104.5 Trop™ = 0 0 1 216 (8.3)
0 0 0 1 000 1

Two different types of tools have been mounted on IRB140B: the first
(figure 8.4(a)) presents a rubber cup on the top and it is used for static
contact tests; the second (figure 8.4(b)) is a ball transfer unit and, hence, it
has been utilized during rolling tests.

8.2.1 Free Space

Also in this case, a perfect tracking is obtained during free space move-
ment 8.5. The manipulator follows well an almost circular trajectory on Y7
plane, imposed by Phantom.

The communication delay is not affected by the type of manipulator se-
lected.

8.2.2 Flexible Wall

In order to test the model on a flexible (but not too soft) wall, a carton
box has been equipped with a metal sheet, as shown in figure 8.6. It creates
a good compromise between flexibility and resistance.

Due to the elasticity of the wall, the gain of the force sensor has to be
increased (from the GUI), in such a way to obtain a clear feedback of the
force on the Phantom.
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(a) (b)

Figure 8.4: On the left, the tool mounted on IRB140B during the
static contact tests, while on the right, the tool mounted
on IRB140B during rolling tests.

8.2.3 Rigid Wall

The interaction with a rigid wall has been created using a steel column
anchored to the ground. Two proofs have been conducted: the first one ( 8.7)
is a pure static interaction with the wall, while in the second ( 8.8) the tool
is moved along Z-direction during the contact.

The rubber cup on the TCP is subject to little deformations, when the
robot exerts a force, but that has no effect on the stability.

The flexibility of the structure, backlashes of the robot, little deformabil-
ity of the TCP and a not smooth sliding surface, create a no constant contact
position, but, in any case, the system results stable in both cases. The feeling
on the Phantom’s pendant is good, and the operator is able to manage the
interaction with the environment. The force feedback during the rolling is
reported in figure 8.9. It is important to remember that the force is not read
directly from the force sensor, but it is a combination of the position and the
velocity (7.3.9) and hence, it is more affected by disturbances than a normal
measurement.
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Figure 8.5: An almost circular trajectory on YZ plane is well tracked
by IRB140B robot in a free space.

Position Reference Vs Position Real
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Figure 8.6: On the left the result of the proof conducted on a flexible
surface, shows on the right. Due to the elasticity of the
structure, the TCP deforms a little the structure, but the
system results still stable.
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(a) (b)

Figure 8.7: The result (a) of the interaction with a rigid structure
(b), confirms the stability of the controller.
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Figure 8.8: The robot is controlled on XZ plane. When the contact

with the wall is reached, it is moved along Z-direction,
rolling on the surface.
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Figure 8.9: The feedback force is not a direct reading of the force
sensor, but it is a combination of position and velocity.






9. Final Remarks

The aim of this thesis was to create an haptic interface for a force con-
trolled parallel robot (Gantry Tau), using the wave variable method. How-
ever, Gantry Tau was not available for a long period, hence many studies have
been carried out on a serial ABB robot (IRB140B). The controlled has been
developed on a Matlab/Simulink platform, while an appropriate C+-+ appli-
cation programme (Phantom Robot Connector) has been modified to allow
the exchange of information between the haptic device and the real robot. A
dedicated Linux programme ( WinComm) creates a linker between Windows
and the Simulink controller, that runs on the Robot Main Computer.

Results

After many simulations and real tests, it is possible to confirm the validity
of the wave variable method. However, it is important to highlight that this
method is affected by the type of manipulator being used as well as by the
desired type of working. Even if this method can be applied to any type
of teleoperation structure, it needs a lot of "calibrations" procedure before
running (i.e. the choice of the scaling matrices). The impedance control turns
out to be a good choice for the objective of this thesis, where no specific tasks
had to be done, except force interactions.

Future work

Due to technical problems and to the limited time, many aspects are not
developed in this work, even if a teleoperation system lends itself to a lot of
applications. First of all, implementing a force sensor on Gantry Tau could
allow a real interaction with the environment, that could be used for manip-
ulation or machining tasks. In order to avoid reflection and disturbances, a
new approach to wave variable could be handled, as proposed in [24], where
an impedance matrix is used variable instead of a fixed one. In this case, a
new version of Phantom Robot Connector would be necessary. As reported
in chapter 4, the structure created in this work permits movements only
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along the x,y and z axes (in robot base frame). Tt could be interesting to
implement a control for all the degrees of freedom of Gantry Tau (5 DOFs).
Finally, many other force controllers could be implemented, instead of the
impedance controller, making possible, for example, the direct force control.

Discussion

I’'m going to insert a self-evaluation of the results of this thesis. At the end
of the work, the Wave Variable Method utilized has shown good performance
with respect to the instability, especially to avoid oscillations. However this
result was not easy to obtain. The choice of the scaling matrices was very
stressful and slow. All the mathematical transformations, apart from creat-
ing three separate paths (through which signals may travel to the operator,
disturbing the control), they also cause a separation between the input signal
in the controller and the real behavior of the robot: the operator loose the
direct contact with the reality and each modification to improve stability or
to decrease reflection is not more so obvious. However, this method reaches
good results, with a fast stabilization when the robot enters in contact with
the environment, also with respect to precedent work [17|, where oscillations
were persistent. The last doubt, that for time’s problem I was not able to
dispel, is validation of the method with a real imposed communications delay.
In fact, it could be interesting to understand the "stability limit" for the sys-
tem, with a delay different with respect to the one present in the automatic
control laboratory.
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A. Simulink’s function

Impedance Parameters

function [Mimp,Kimp,Dimp]l= fcn(Mimp_free,Mimp_force,Omega_free,
Omega_force,Damping_free, Damping_force,
ForceRef)

M = zeros(1,3);

Kimp = zeros(1,3);
Dimp = zeros(1,3);
Mimp = zeros(1,3);
omega = zeros(1,3);
damping = zeros(1,3);

for i=1:3
if ForceRef(i)==
M(i) = Mimp_force(i);
omega(i) = Omega_force(i);
damping(i) = Damping_force(i);
else
M(i) = Mimp_free(i);
omega(i) = Omega_free(i);
damping(i) = Damping_free(i);
end
Mimp (1)=M(i);
Kimp(i) = M(i)*omega(i)*omega(i);
Dimp(i) = 2*M(i)*omega(i)*damping(i);
end
end

Impedance Force Control

function [acc,ForceFB] = fcn (PosPh,PosFB,PosTCP,VelPh,VelFB,Force,
ForceActive,aF,Joy0ON,M,K,D)
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ForceFB=zeros(1,3);
DeltaPos=zeros(1,3);
DeltaVel=zeros(1,3);
acc=zeros(1,3);

PosOFF= not (JoyON) ;

for i=1:3
DeltaVel(i)= VelFB(i)-VelPh(i);
DeltaPos(i) = (PosTCP(i)+PosFB(i))-PosPh(i);

end
for i=1:3
if aF==0
acc(1)=0;
else

acc(i) = (Force(i)*ForceActive(i)-DeltaPos(i)*K(i)+
*PosOFF-DeltaVel (i) *D(i))/M(1i);
end
ForceFB(i)=(DeltaPos(i)*K(i)+DeltaVel(i)*D(i))*PosOFF;
end
end

Joystick

function [vel_ref,flag,ref] = fcn (pos)

vel_gtp=(0.000:0.001:0.01);
pos_hp=pos;

ref=abs (pos_hp)*1000;
vel_out=zeros(1,3);
flag=zeros(1,3);

for i = 1:3
if (ref(i) < 10)
vel_out(i)=sign(pos_hp(i))*vel_gtp(1);
flag(i)=1;

elseif (ref(i) >= 10) && (ref(i) < 20)
vel_out (i)=sign(pos_hp(i))*vel_gtp(2);
flag(i)=2;



end

elseif (ref(i)>=20) && (ref(i)<30)
vel_out (i)=sign(pos_hp(i))*vel_gtp(3);
flag(i)=3;

elseif (ref(i) >= 30) && (ref(i) < 40)
vel_out (i)=sign(pos_hp(i))*vel_gtp(4);
flag(i)=4;

elseif (ref(i) >= 40) && ( ref(i) < 50)
vel_out(i)=sign(pos_hp(i))*vel_gtp(5);
flag(i)=5;

elseif (ref(i) >= 50) && ( ref(i) < 60)
vel_out(i)=sign(pos_hp(i))*vel_gtp(6);
flag(i)=6;

elseif (ref(i) >= 60) && ( ref(i) < 70)
vel_out (i)=sign(pos_hp(i))*vel_gtp(7);
flag(i)=7;

elseif (ref(i) >= 70) && ( ref(i) < 80)
vel_out (i)=sign(pos_hp(i))*vel_gtp(8);
flag(i)=8;

elseif (ref(i) >= 80) && ( ref(i) < 90)
vel_out (i)=sign(pos_hp(i))*vel_gtp(9);
flag(i)=9;

elseif (ref(i) >= 90) && ( ref(i) < 100)
vel_out(i)=sign(pos_hp(i))*vel_gtp(10);
flag(i)=10;

else
vel_out (i)=sign(pos_hp(i))*vel_gtp(11);
flag(i)=11;

end

vel_ref=vel_out;

end
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Position Reference

function tcp2base_ref = fcn(tcp2base,posRef_new,UpPos)

flag=0;
tcp2base_ref = tcp2base;

for i=1:3
if UpPos(i)~=0;
flag =1;
else
flag=0;
end
end

if flag==
tcp2base_ref(4) = posRef_new(1)+UpPos(1);
tcp2base_ref (8) = posRef_new(2)+UpPos(2);
tcp2base_ref (12) = posRef_new(3)+UpPos(3);

else
tcp2base_ref (4) = posRef_new(1l)+tcp2base(4);
tcp2base_ref(8) = posRef_new(2)+tcp2base(8);
tcp2base_ref (12) = posRef_new(3)+tcp2base(12);

end

Get TCP Position

function TCPposition = fcn(TCP2base)
TCPposition = [TCP2base(4) TCP2base(8) TCP2base(12)];

end
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