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Problem Description

Synchronization through coordinated and cooperative control is an active topic of research, and of
high industrial interest as it allows for robotic solutions in production and manufacturing providing
increased speed, cost-efficiency and safety. Furthermore, it is a an enabling technology for
unmanned oil and gas platforms that is of high interest to the oil and gas industry in Norway as it
is moving towards smaller unmanned platforms in order to utilize the remaining oil and gas
resources on the Norwegian continental shelf. In this project you will acquaint yourself with
coordinated and cooperative control, in particular for robot manipulators, and develop control
systems for robot manipulators that will enable robot manipulators to cooperate and manipulate
dynamic objects in the environment. Synchronization control is related to tracking control in that
the robot must move in time with the reference, but differs in that the reference in synchronization
control is the motion of the physical manipulator rather than an ideal precomputed trajectory.
There is already some work on synchronization of robot manipulators in [1] and [2], but none that
incorporates the synchronization concept into contact operations for controlling force and motion
at the same time.

The main goal of the project is to utilize ideas from synchronization theory together with the Hybrid
Force/Motion Control concept as introduced in [3] to separate the interaction control problem into
two separate subproblems; motion control and force control of the contact forces applied to the
environment. Based on the results from the pre-study project, where a control concept was
proposed for linking motion control to interaction with the environment in terms of synchronized
behaviors.

1. Perform a rigorous analysis of the control concept in terms of stability.

(In particular, note that with the proposed control concept, only the position/velocity error in the
directions without contact are seeked control, together with the force in the directions with contact.
It remains to analyze the internal dynamics Sfx, i.e. the behavior of the error states in the
directions in which there is contact. Can we prove that these are bounded? Also consider the global
stability properties.)

2. Verify the analysis by simulations.

3. Discuss the control concept and its consequences (Including stability properties, implications for
practical use and implementation issues)

4. Perform a literature study to establish state-of-the art for force control together with stability
analysis (Lyapunov, linear and other analysis tools). Compare the proposed control concept, its
stability properties and practical consequences to existing force control solutions.

[1] H. Nijmeijer, Rodriguez-Angeles, A., Synchronization of Mechanical Systems, vol. 46: World
Scientific Series on Nonlinear Science, Series A, 2003.

[2] E. Kyrkjebg, "Motion Coordination of Mechanical Systems: Leader-Follower Synchronization
Control of Euler-Lagrange Systems using Output Feedback Control,” Norwegian University of
Science and Technology, 2007.

[3] M. H. Raibert, Craig, J. J., "Hybrid position/force control of manipulators,” ASME Journal of
Dynamic Systems, Measurement and Control, vol. 103, pp. 126 - 133, 1981.
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Summary

The main objective of this master’s thesis was to combine the theory on syn-
chronization of robot manipulators with the concept of hybrid force/motion
control; resulting in a controller capable of following both the trajectory of
another robot and a desired force trajectory at the same time.

This report includes a short introduction to synchronization theory for robot
manipulators, and a more thorough summary of existing hybrid control
schemes.

An intuitive method for describing constraints caused by the environment is
presented, and this leads to a straightforward way to separate the interaction
control problem into two subproblems. When the manipulator end-effector
is in contact with a surface, the hybrid controller tracks a position reference
along the surface and a force reference normal to the surface.

The contribution of this master’s thesis is a proposed hybrid controller, in-
corporating ideas from previous hybrid schemes. The closed loop system
is shown to be globally asymptotically stable in the position controlled de-
grees of freedom, and bounded in the force controlled degrees of freedom.
The performance of the proposed hybrid control concept is demonstrated by
simulations.

The proposed hybrid controller easily reduces to a pure position controller
when desired.
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Chapter 1

Introduction

1.1 Motivation

Synchronization control of robot manipulators is beneficial for the industry
as it allows more than one manipulator to do complex tasks together. For
example, assembling of products or lifting of heavy objects can be done with
higher efficiency and precision. In addition, synchronization control is a
prerequisite for smaller unmanned oil and gas platforms, which is needed to
utilize the remaining oil and gas on the Norwegian continental shelf.

Figure 1.1: Tllustration of the unmanned platform concept. Picture from
www.sintef .no.
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The synchronization concept is somewhat similar to the task of tracking
a reference in time. However, instead of following a desired precomputed
trajectory, the reference is the motion of a physical manipulator. Synchro-
nization control can be implemented as coordinated or cooperative control.
In a coordinated control scheme one of the manipulators is defined as leader
while the other ones are followers. The leader tracks a predefined trajectory
while the followers focus on moving in sync with the leader. When the ma-
nipulators are working cooperatively, they all work together to accomplish
both the tracking goal and the synchronization goal.

Pure position control is sufficient for some tracking tasks. For example,
in spray painting and spot welding the robot manipulator is not directly
exerting forces on objects in the environment. On the other hand, when
physical contact is needed, as in assembling or polishing, control of the forces
between the robot manipulator end effector and the surface are advantageous.
In this way a certain force against the surface may be sustained and damage
to the end effector or the environment is avoided. In a pure position control
system small deviations from the desired trajectory may cause loss of contact
with the surface or severely large forces at the end effector.

Hybrid force/motion control allows a robot manipulator to follow a position
trajectory and simultaneously adjust the forces applied to the environment
based on measurements from force sensors, treating them as two separate
subproblems.

Figure 1.2: The SINTEF robotic lab facility. Picture from www.sintef .no.
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1.2 The goal of this thesis

This master’s thesis is a continuation of my pre-study project, where ideas
from synchronization theory were utilized together with the concept of hybrid
force /motion control. The interaction control problem was separated into two
subproblems: position/velocity control along a constraint surface and force
control normal to this surface.

The project resulted in a hybrid controller for a robot manipulator in a
coordinated synchronization scheme. By transforming measurements and
reference trajectories to a conveniently placed constraint frame, the motion
controlled and force controlled degrees of freedom were easily separated.

However, the choice of orientation representation was not addressed. This
will affect the transformation of measurements from joint space, and may
introduce singularities. This concern will be discussed in this thesis, and
an updated hybrid controller will be proposed. The closed loop stability
properties of the control concept will be investigated.

With the proposed control concept, only the position/velocity errors in the
directions without contact, and the force errors in the directions with con-
tact, are controlled. This ensures that the position/velocity errors in the
normal direction do not appear as an disturbance for the controller. On the
other hand, the dynamics of the position error states not controlled must be
analyzed; hopefully they can be shown to be bounded.

To verify the analysis of the proposed control concept, MATLAB/Simulink
will be used to perform simulations. I will implement a 6-degree-of-freedom
robot manipulator with its kinematics and dynamics, and simulate various
tasks where the robot is to follow a time-varying position reference and at the
same time apply a force to the environment. A discussion of the performance
of the hybrid controller will follow.

The proposed hybrid control concept will be discussed regarding the stability
properties and its consequences for implementation and practical use. A
literature study will be performed on existing force control concepts, and
they will be compared to the proposed hybrid control concept.
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1.3 Outline of this report

The following chapter begins with a short introduction to the Euler-Lagrange
dynamic model for robot manipulators, followed by a brief summary of the
concept of synchronization control.

Then follows a chapter dedicated to force control. The distinction between
impedance control and hybrid control will be made clear, and two different
established approaches to the hybrid problem will be presented.

Before the derivation of the proposed hybrid controller, the different choices
and assumptions made will be stated. Subjects such as whether to control
in joint space or task space, and how to represent the orientation of the
manipulator end-effector will be addressed. Then the derivation of the hybrid
controller itself is presented, followed by a stability analysis. This chapter
ends with a comparison between the different control concepts mentioned in
this master’s thesis.

After the derivation of the proposed hybrid controller, the analysis will be
verified by simulations. The results will be discussed in light of the theoretical
analysis, and issues regarding practical use will be commented.



Chapter 2

Preliminaries

2.1 Modeling of robot manipulators

This section will give a brief introduction to the Euler-Lagrange equations of
motion for robot manipulators. For details on the derivation, see Spong et

al. [10]. The model is expressed in joint angles g and their derivatives ¢, q.

2.1.1 Dynamic model

The dynamics of a robot manipulator with n joint is given as

M(q)G+C(q.q)q+g(q) =T (2.1)

where g € R" is the joint coordinate vector, M € R™ " is the configuration
dependent inertia matrix which is symmetric and positive definite for all
qg € R", C € R™" is the centrifugal and Coriolis matrix, g € R" is the
gravity force vector and 7 € R™ is the joint torque vector. This torque vector
will be used to control the manipulator to a desired position and velocity.

The model (2.1) is based on the assumption of no friction in the joints. By
assuming that the friction effects are non-neglectable but known, they can be
ideally compensated for by the controller, resulting in the model represented
by (2.1).
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If the friction effects are not known, but are modeled, the manipulator model
are modified as

M(q)g+ C(q.4)g+ D(q) +g(q) =T (2.2)

where D € R™ is a vector representing the sum of the friction effects, and are
a function only dependent on the joint velocities g. The focus of this thesis
is not to model friction; thus, for all purposes it is assumed that the friction
effects are known and fully compensated for. For more on friction effects and
how to model them, see [3].

2.1.2 External force at end-effector

The dynamic model given by (2.1) is adequate when the robot manipulator
moves through free space without interacting directly with the environment.
But as soon as the end effector touches an object, forces will be exerted on
the robot manipulator.

The torque acting on the different joints of the robot resulting from this force
is expressed by the transpose of the geometric Jacobian [8] [10]; this can be
derived from the principle of virtual work [10]. By modifying Equation (2.1)
we obtain

M(q)qg+ C(q.q)qg+g(q) + I (q)F =T (2.3)

where J € R9%" is the geometric Jacobian of the manipulator and F' € RS is
the force! the end-effector is applying to the environment. This term appears
only when the manipulator is in contact with the environment. Otherwise,
the model is reduced to (2.1).

'In this thesis I will use ’position’ and force’ in the meaning of "position and orientation’
and ’force and moment’, respectively.



2.2. Synchronization control 7

2.2 Synchronization control

This section is a short introduction to synchronization control. Since there
already are some work on synchronization of robot manipulators, for exam-
ple |5] and |7], T chose to briefly mention the concept, and focus more on
combining synchronization theory with force control.

The concept of synchronization control can be divided into coordinated con-
trol and cooperative control.

2.2.1 Coordinated control

Coordinated control is also known as a leader-follower scheme [5], or external
synchronization [7|. A multi-robot system consisting of two or more fully
actuated robot manipulators with n rigid joints is considered.

One of the robots is defined as the leader, and its motion is independent of the
other robots. The other robots are labeled followers, and is responsible for the
coordination of the system [5]. The leader robot is driven by a torque 7, € R"
to assure convergence of the joint position and velocities q;,q; € R" to a
desired trajectory q,, g, This input torque 7; and the dynamic model of the
leader is unknown to the followers. The concept is illustrated in Figure 2.1.

Slave robat 1

Input L» —
Mcster robot control j 7; 51

Desired Ts17? 4. 951
frajectory S — ’

=
Ay 4
; // Ym A Slave robot 11
y oo

Tm »| —
Input Tem ? //Zsrn Asn
contral Input— J/ q <n
control |

Figure 2.1: Coordinated control. Figure from [7].
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The goal of a coordinative control scheme is to design a control law 7 for
the follower, such that its joint position and velocities g, g, synchronize
with the leader’s q;, ;. This control law 7 can only depend on the available
measurements, which is assumed to be the position, velocity and acceleration
measurements of both robots. Creating an estimator for unmeasured states
is outside the scope of this thesis.

Each follower use the actual trajectory of the leader, gq;,q,, as their desired
trajectory, instead of using the leader’s desired trajectory q,, g, as reference.
This ensures that the followers synchronize with the leader independently of
whether the leader has converged to the desired trajectory. The leader is un-
aware of the followers, and focuses on reaching the desired trajectory. Noise
or unmodeled dynamics may cause the leader to never reach this trajectory
[7], but at least the synchronization goal q;,q; — q;,q, is accomplished by
the input torques 7 of the followers.

2.2.2 Cooperative control

Another synchronization concept is cooperative control, also known as mu-
tual synchronization [7]. A multi-robot system consisting of p fully actuated
robot manipulators with n rigid joints is considered.

A common desired trajectory q,, g, for all the robots is supplied. None of
the n robots are assigned as leader, and all of them work together to achieve
synchronization and trajectory tracking. The dynamic model of each robot
is assumed to be known.

The goal of a cooperative control scheme is to design control laws 7; for
all the robots in the system, such that the joint positions and velocities
q;,q; (1 = 1,...p) of the robots are synchronized with both the common
desired trajectory qg,q,, and to the joints of the other robots q;,q; (j =
1,...p,j #1). The concept is illustrated in Figure 2.2.
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t1 Robot 2 '
Desied 00 E&‘;ﬁ%
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Figure 2.2: Cooperation control. Figure from [7].
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Chapter 3

Force Control

Pure position control is sufficient for tasks not involving direct contact be-
tween the robot manipulator and the environment. When the end-effector
is supposed to polish, grind or apply a force to objects in the workspace in
some other fashion, controlling the exerted force is advantageous. In this
way the environment, and the end-effector itself, can avoid damage caused
by excessive force. Generally there are two different approaches towards force
control: impedance control and hybrid control [14].

3.1 Impedance control

When it is beneficial to model the environment as a deformable or movable
object, impedance control can be used to control both position of the end-
effector and the force it applies to the object. Usually, the environment is
modeled as a mass-spring-damper system interacting with the robot manip-
ulator.

The position of the end-effector and the applied force are directly linked to
each other, and the equations describing the dynamics of the system consist
of a set of ordinary differential equations: the dynamics of the manipulator
charged with a mechanical impedance from the environment [11]|. Impedance
control is a way of controlling both the position of the manipulator end-
effector and the force applied to the environment by adjusting the mechanical
impedance of the system. By using joint actuators, the apparent inertia,
damping and stiffness can be changed to the desired values.

11



12 Chapter 3. Force Control

Consider a simple example where a mass m is placed on a frictionless surface
with a spring and a damper connected, and under the influence of an external
force F' and control input u. The equation of motion is given by

mi+dt+kr=u+F (3.1)

where d is the damping coefficient and k is the spring coefficient. This
simple one-degree-of-freedom example is shown in Figure 3.1. By using
u = u(x, &, %, F) the mechanical impedance of the system can be adjusted to
suit the task. For example, by choosing the control input

u=F+dt — kx

and insert into (3.1), the closed-loop system becomes

%:‘t tkr=F (3.2)

We see from (3.2) that the damping of the original system (3.1) is gone, and
the mass is apparently halved.

[] [
- Controller dao . % F

! \%\\\\\
=

pm B gy .
Wl iy //I-: o

1] x

Figure 3.1: Impedance control of 1 DOF system. Figure from [14].

Applications for impedance control includes contact with deformable objects,
such as polishing the hood of a car or gripping soft objects, and working on
movable objects in the workspace, for example assembling of parts on a rig
hanging from the ceiling.

With impedance control one cannot directly control the magnitude of the
force exerted on the environment, just the mechanical impedance of the
robot-environment system. Therefore, this control scheme will not be used
in this thesis. For further information about the impedance control, see [14].
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3.2 Hybrid force/motion control

If the environment is modeled as a rigid object, the contact between the end-
effector and the surface can be described by algebraic equations. Then the
dynamics of the constrained manipulator is given by a differential-algebraic
system [11]. The position of the end-effector and the contact force applied
to the environment are not directly coupled, and should be tracked indepen-
dently. This is commonly known as hybrid force/motion control.

3.2.1 Natural and artificial constraints

A manipulation task can be decomposed to a set of contact surfaces. Each
one of these surfaces is associated with a set of constraints, called natural
constraints, that follow from the geometry of the task. These constraints can
further be divided into position constraints and force constraints. A manipu-
lator not being able to move through a rigid surface is a natural position con-
straint. Since it cannot apply arbitrary forces tangent to a frictionless surface,
this counts as a natural force constraint. The natural position constraints go
along the normals to the surface, while the natural force constraints go along
the tangents.

The user specifies artificial constraints in addition to the natural ones to
make the manipulator follow the desired trajectories in position or force. As
opposed to the natural constraints, the artificial position constraints act along
surface tangents, and artificial force constraints along the surface normals.
A comprehensive study of these constraints can be found in Mason [6].

A simple example of a force control task is the insertion of a peg into a hole
with constant speed vy, as illustrated by Figure 3.2. The partially inserted
peg cannot move in the x and y direction, and cannot rotate around these
axes either. If frictionless surfaces are assumed, arbitrary force along and
torque around the z axis cannot be applied. When these natural constraint
are found, the artificial constraints are defined to accomplish the goal of
inserting the peg: zero force along and torque around the x and y axes, zero
rotation around the z axis and a vertical speed of v,.
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""\-\-_—l-l?

Figure 3.2: Insertion of peg in hole. Figure from [6].
By defining the velocity vector

T
v=[vs, vy, V., Wy, wy, w] (3.3)

and the force vector

F=1[fo fp for Tor 7y 7] (3.4)

the natural and artificial constraints of the peg-in-hole task can be stated in
the constraint frame as shown in Table 3.1.

Table 3.1: Constraints for the peg-in-hole task

Natural | Artificial
v,=0 | fo =0
v, =0 | f,=0
fz =0 Uy = Uq
w, =0 | 7=0
wy=01]7=0
7, =0 |w,=0
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3.2.2 Raibert and Craig: The hybrid controller

To be able to control the position of the manipulator end-effector in some
directions, and the force applied in other directions, the hybrid force/motion
control concept was proposed by Raibert and Craig [9].

The goal of Raibert and Craig was to present a conceptually simple scheme
to control both the position of the end-effector and the force exerted on
the environment at the same time by combining force measurements from
wrist-mounted force sensors and position data from the joints.

The description of the end-effector constraints is based on the Mason’s work
on natural and artificial constraints [6], as mentioned in the previous section.
A Cartesian coordinate frame, the constraint frame {C'}, is defined, and is
conveniently placed according to the task geometry. In this way, the position
and force constraints will align with the axes of {C'}, and the constraints and
trajectories are easily specified.

Figure 3.3 shows an example where a crank is turned by a robot manipulator.
The constraint frame is attached to the crank, thus the force constraint
expressed in {C'} does not change as the handle turns.

Figure 3.3: A manipulator turning a crank. Figure from [9].
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Before the separation of position and force controlled degrees of freedom
can commence, position and force measurements must be transformed to the
constraint frame. The position of the end-effector expressed in the constraint
frame, X € RS, is related to the joint coordinates g € R® by the forward
kinematic transform A:

X =A(q)

The relatiqucbetween the time derivative of Cartesian coordinates of the end-
effector, X and the joint velocities @ is expressed using the manipulator
Jacobian J(q) [8]:

The forces measured by the end-effector sensor are transformed into the
constraint frame by the transformation matrix T

F¢ = (T%)F"

Then the errors in position, velocity and force in the constraint frame are
defined as

AX 2 X7 - X%=X5 - Aq)
AX 2 X5 -x° =X - 14
AF 2 F§ — F°

where X§ is the position reference for the end-effector. Now that the errors
are expressed in the constraint frame, they can be separated into position
and force controlled degrees of freedom by using the compliance selection
matrix S defined in |9] as

Sédiag([sl, So, 83, S4, Ss, SG}T) (3.5)

where s; = 0 indicates position control, and s; = 1 indicates force control.
As the task geometry and natural constraints change, so will the selection
matrix.



3.2. Hybrid force/motion control 17

For example, for the peg-in-hole example in Figure 3.2, the selection matrix
will become

S o= O OO
o= OO OO

OO OO O
o O O o= O
OO O O OO
OO oo oo

Using the selection matrix (3.5), the separated errors are defined as

X{ &2 (I-9)AX = (1-9)(X7 — Alq))
X022 (1-8)AX =(1-S)(X ~Jq)
FS¢ 2 SAF =S(FY - F°)

Once separated, the position and force errors are transformed back to the
joint space and used as inputs for the hybrid position/force controller. The
transformations are given by

q. =3 (q)X?¢ (3.6
g, =3 (q)X¢
Te = JT(q)FeC

where the inverse Jacobian is used to transform position and velocity, and the
Jacobian transpose transforms the force. Equation (3.6) is an approximation
valid for small X¢ [9]. The inverse of the Jacobian is one of the more
computationally demanding steps of this algorithm. It is assumed that the
square 6 x 6 Jacobian matrix is nonsingular; thus the inverse exists.
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The complete controller is given by

T=T,+Ty (3.9)
T = Tp(de 4.) (3.10)
Tr=T¢(Te) (3.11)

Raibert and Craig suggest the addition of feedforward compensation terms
for the nonlinear dynamics of robot manipulators, but they do not pursue
the subject further.

Figure 3.4 illustrates the hybrid position/force controller. The controller
consists of the sum of two terms: the position feedback loop 7, (upper half
of the illustration) and the force feedback loop 7 (lower half).

Coordinate
Transform
+
[-15) Position
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Figure 3.4: Hybrid controller based on approach in [9]. Figure from [12].
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The two separate control laws will both affect each joints of the robot ma-
nipulator; each joint contributes to the arm motion and the forces applied
simultaneously. This is in contrast with some earlier control algorithms where
a joint is either position or force controlled [12]. The desired position in the
direction normal to the surface will not act as a disturbance in the case of
an inaccurate surface, because the multiplication of the position selection
matrix (I — S) will set this error to zero. This hybrid approach does not
specify the design of the position and force control laws; it is only supplying
the framework.

The use of orthogonal artificial and natural constraints is necessary to make
the velocity constraints produce the desired trajectory. In addition, an error
in the planned natural constraints combined with non-orthogonal artificial
force constraints may cause large actuator forces and/or loss of surface con-
tact [6].

As shown in Figure 3.4 and the text above, the hybrid force/motion concept
Raibert and Craig introduced in |9] is intuitive, and the separation of the de-
grees of freedom is easily done once the constraints and the measurements are
expressed in the constraint frame. However, the coordinate transformations
involved can be quite comprehensive [12].

Another issue is that the manipulator dynamics needs to be taken into ac-
count rigorously, and because of this it is problematic to show theoretically
that the desired position and force trajectories can be realized simultaneously
[13]. Therefore, the articles involving Raibert and Craig’s hybrid approach
tend to not contain mathematical proofs of stability; they verify stability by
simulation and experiments [9] [12].
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3.2.3 Dynamic hybrid control

Yoshikawa proposed the dynamic hybrid control method in [13]. Yoshikawa
acknowledge that the method of Raibert and Craig [9] described in the pre-
vious section is “conceptually much clearer than previous ones and seems to
have good possibility of practical use”. On the other hand, Raibert and Craig
is criticized for not taking the manipulator dynamics into consideration, and
therefore it has not been shown theoretically that it is possible to track both
position and force trajectories at the same time. Yoshikawa also dismisses the
importance of Mason’s [6] work on task constraints related to the dynamics
of constrained motion of robot manipulators.

The new hybrid control method is based on the dynamic equations of robot
manipulators and constraints on the end-effector to ensure contact with the
environment. The constraints are given as a set of hypersurfaces expressed in
the end-effector coordinates. Together these equations give the joint driving
torque needed for realizing both the position and force trajectory. Differ-
ent tasks, such as part assembly or surface tracing, will constrain various
degrees of freedom. Mason [6] did also discuss the use of hypersurfaces to
describe end-effector constraints, but he did not consider the acceleration of
the manipulator; only the kinematics.

In this section I will use the notation from Yoshikawa, and will go through
the most important steps. For more details, see [13].

Let r € RS be the end-effector position and orientation vector relative to a
fixed frame. Then the constraints on the manipulator can be expressed by
the set of m hypersurfaces

pi(r) =0, i=1,2,---,m (3.12)

where m < 6 and p; is assumed to be mutually independent and twice dif-
ferentiable. The time derivatives of (3.12) are

Epi =0 (3.13)
Ep# +Epir =0 (3.14)

where the rows of Er are of unit length.
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Then, a set of 6 —m unit-length vectors are chosen such that they are differ-
entiable functions of r, mutually independent and independent of the rows of
Er. Let these vectors be the rows of the matrix Ep and

E = {gﬂ (3.15)

The coordinate system with its origin at the present end-effector position r
and with the basis given by the row vectors of E can be named the constraint
frame. Observe that this frame is not necessarily orthogonal, as it is in the
case of Raibert and Craig [9]. This is dependent on the constraints given by
(3.12) and the vectors chosen in Ep. Usually it is desirable to make the basis
orthogonal, but complex constraints may make this hard to obtain.

The rows of Ep represents the coordinate axes normal to the constraint
surface, along which artificial force constraints |6] should be specified. Ep
expresses the axes which complement Ep, and should be used to specify
artificial position constraints. E is the rotation matrix from the inertial
frame to the constraint frame.

Figure 3.5 shows a simple planar two-degree-of-freedom manipulator together
with a constraint surface. The normal vector of the surface gives Ef, and
the tangent vector gives EF.

e, *E,T
LX) -E'I‘T

Figure 3.5: Manipulator with constraint surface. Figure from [13].
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The velocity and acceleration of the end-effector expressed in the constraint
frame are given by

Er = [Eg"‘"} (3.16)
Ei = {_EE”;T} (3.17)

which implies that the normal component of the end-effector velocity relative
to the surface is zero.

Consider a robot manipulator with n > 6 degrees of freedom with the dy-
namics given by

Mg+Cqg+Dg+g=1.—J"ELf,

where JTEL f, is the torque caused by the constraining force. Letting
7rpa € R5™™ be the desired acceleration and f 5, € R™ be the desired force,
Yoshikawa found the following equations for the joint driving force command
Te, !

T.=Tp+Tp (3.18)

Tp=Mg,+Cqg+Dg+g (3.19)

T =J'ELfry (3.20)

g, =J% {E—l [ ""’?Pd.} - Jq} +(I-J* D)k (3.21)
—EFT

where J* is the pseudoinverse of the Jacobian J, and the vector k is an arbi-
trary time function when considering redundant robot manipulators, n > 6.
As in the hybrid control scheme proposed by Raibert and Craig [9], this con-
troller is composed of the sum of two forces; one for controlling the position
of the end-effector, 7p, and one for controlling the force, 7. By assuming
that rank J = 6, i.e. the manipulator is not in a singular position, it can be
shown that 7gp = *rps and fr = fp4, and both position and force tracking
is achieved.
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If the constraint hypersurfaces given by (3.12) or the manipulator equations
are not exactly correct, the open loop controller given by (3.18) - (3.21) will
not suffice, and the system will deviate from the desired trajectories. The
solution is to add feedback from the measured position and force as shown
in Figure 3.6.
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Figure 3.6: Dynamic hybrid controller based on approach in [13].

The setup in Figure 3.6 differs from Raibert and Craig [9] with having feed-
forward terms compensating for the dynamics of the manipulator, given by
(3.19) and (3.21). Yoshikawa [13| shows the importance of the feedforward
term fp,; when dynamic control of position and force is needed. On the
other hand, Raibert and Craig [9] included this term on the assumption of
quasi-static operation.
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Chapter 4

The Proposed Control Concept

4.1 Joint space or task space control

The robot manipulator’s reference is a trajectory specifying the end-effector
position, velocity and acceleration. The motion control of the robot can
be performed in joint space, given by the joint angles g, or in task space,
represented by the vector X containing the end-effector position relative to
an inertial frame.

Control in joint space requires the use of inverse kinematics of the robot ma-
nipulator to transform the reference trajectory from task space to joint space.
The exception is when the reference already is given in joint space, such as in
the case when the states of leader manipulator is used as a reference. When
the coordinates are transformed, a control algorithm is applied to the joint
errors q,. Closed-form inverse kinematics equations are favorable, because
they need to be solved each time step, and an iterative algorithm is more
time consuming. These equations are generally nonlinear functions of the
joint variables g, and the derivation of these closed-form equations may be
difficult depending on the kinematic structure of the manipulator and the
number of degrees of freedom [10].

The inverse kinematics problem may have no solution, for example when the
desired point is out of reach of the robot arm. When a solution exists, it may
not be unique. The robot can reach a point in different ways, for example
with the elbow of the manipulator in the up- or down-position. Having
closed-form solutions will also make room for a way to choose a solution
when more than one is available. Hence, one advantage of joint space control

25
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is the ability to choose the direction of the links of the robot, and can be of
help when trying to avoid collision with the environment.

If one chooses to control the motion of the robot manipulator in task space,
the need for inverse kinematics is not present [1]. The controller closes the
feedback loop directly on the end-effector position and velocity given in task
space. According to Caccavale et al. |1] is joint space suited for simple robot
tasks, but complex tasks involving interaction with the environment requires
task space control.

Instead of transforming the desired trajectory from task space to joint space
by the means of inverse kinematics, we now transform the measurements from
joint space to task space by the forward kinematics. The forward kinematics
is generally less complex than the inverse problem, and can be found using
the Denavit-Hartenberg convention [10].

I chose to control the position and velocity of the manipulator end-effector
in task space. It is easier to transform the coordinates of the end-effector
from joint space to task space by the forward kinematics than the other way
around, and the decoupling of the force controlled and position controlled
degrees of freedom will happen in task space.

The forward kinematics is given by the homogeneous transformation

T(q) = {R(()q) p(lq)} € SE(3) (4.1)

where R € SO(3) is the rotation matrix and p € R? is the Cartesian position
of the end-effector, both functions of the joint angles q and expressed relative
to an inertial frame.

The differential kinematics relates the joint velocities g to the end-effector
linear and angular velocities v:

o= |b] - 3@ (12)

where J is the end-effector geometric Jacobian Matrix'.

'See Spong et al. [10] for the calculation of the Jacobian matrix.
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By taking the time derivative of (4.2) we obtain the relationship between the

acceleration of the end-effector v and the joint accelerations gq:

o= |b] = a@a+ i (43

Joint configurations causing the geometric Jacobian to lose full rank are
called kinematic singularities. This can happen on the boundary of the ma-
nipulator workspace restricting motion in certain directions, or when the
joints are lined up such that a bounded end-effector velocity may be caused
by unbounded joint velocities. For example, when two rotating axes are
aligned, they can rotate in opposite direction with arbitrary velocity, but the
end-effector remains at rest.

In this thesis it is assumed that the robot manipulator avoids kinematic
singularities, thus the geometric Jacobian J has always full rank.
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4.2 Choice of orientation representation

After the choice of task space control, the issue of how to represent the end-
effector orientation must be addressed. Three common representations? are

1. Rotation matrix: R € R3*3

2. Buler angles : © = [¢ 0 w]T cR3

3. Unit quaternions: ¢ = [ € € e;»,}T e R*

One advantage of using a rotation matrix to represent the orientation of the
manipulator end-effector is that the forward kinematics T, given by (4.1),
already contains the orientation in the form of a rotation matrix R, requiring
no further transformation. In addition, this representation is free of singular-
ities. R contains 9 elements, far more than a minimal representation, with 6
orthonormality constraints, making it a redundant representation. In calcu-
lations, because of numerical errors, an algorithm to ensure the preservation
of the orthonormality constraints is needed.

Euler angles are a minimal representation using only 3 parameters to repre-
sent, a rotation. They are quite intuitive, consisting of three rotations around
the principal axes. Of the 12 possible Euler angle definitions, Roll-Pitch-Yaw
(ZYX) seems to be the most appropriate one. The drawback of Euler angles
is the representation singularities; for Roll-Pitch-Yaw this occurs at 6 = +7.
No post-processing is needed to make sure they stay Euler angles.

The great advantage of unit quaternions is that they are a singularity-free
orientation representation using only 4 parameters. Thus, this is no no mini-
mal representation, and a length constraint is imposed on them. Quaternions
are not as intuitive as Euler angles, and every rotation has two quaternion
representations with opposite signs.

Based on the above, T chose to use Euler angles (Roll-Pitch-Yaw) to represent
the orientation of the end-effector of the robot manipulator in this thesis.
They are easy to interpret, and they make it possible to separate position and
force controlled degrees of freedom of the orientation. In addition, because
this is a minimal representation, the analytical Jacobian becomes square
when considering robot manipulators with n = 6 joints.

2For more on different orientation representation, see [3].
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The Euler angles ® = [gb 0 w]T € R? represent a rotation consisting of
three successive rotations around the principal axes. By first rotating an
angle 1 around the inertial z-axis, then an angle # around the inertial y-axis,
and finally an angle ¢ around the inertial z-axis, the total rotation matrix is
given by

R(0) = R.(¢)Ry(0) R, ()

[cop —s¢p 0O cd 0 sO| |1 O 0

= |s¢p cp O 0O 1 0 0 cyp —st
[0 0 1] [=s# 0 cf] [0 s cy
[cpch —spc+copslsy)  spsy + coshcy

= [spcl coc) +spsfsy  —cos+ spshcy (4.4)
| —s0 cl sy ¢l cyp

where ci,sj is short for cos i, sin j respectively. By comparing the elements of
(4.4) with the elements of the rotation matrix, r(4,j), the Euler angles can
be extracted using trigonometric identities.

The relationship between the time derivative of the Euler angles, O, and
the angular velocity w is derived using the the time derivative of (4.4). By
comparing this result with the well-known equation

R = S(w)R

where S is the skew symmetric matrix defined by the angular velocity w, the
relation becomes

w=DB(0)O (4.5)
where
0 —s¢p coch
B(®)= |0 c¢p spch (4.6)

1 0 —s0
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4.2.1 Singularities

The matrix B giving the transformation between the time derivative of Euler
angles © and the angular velocity w, is the cause of the representational
singularities introduced by the Euler angles. B, given by (4.6), becomes
singular when 6 = +7.

When the end-effector orientation becomes close to a singularity, the ex-
traction of the Euler angles ® from the rotation matrix R becomes ill-
conditioned. One way to avoid the singularities caused by the chosen Euler
angle definition is to change to another Euler angle definition when close to
a singularity of the first one. Then by switching between these two represen-
tations, the singularities can be avoided.

An alternative definition of the orientation error based on Euler angles is
proposed by Caccavale et al. [1]. Instead of using the actual rotation matrix
for basis for the Euler angles, one can use the matrix describing the rotation
between the desired and the actual end-effector orientation:

R. =R'Ry, (4.7)

where Ry is the desired orientation, R is the current end-effector orientation
and R, is the rotation between them. By extracting the Euler angles from
(4.7) instead of directly from R and R, one avoids the singularities as long
the angle error in @ is less than 7. The matrix B will not be ill-conditioned
because the of the actual or desired end-effector orientation being close to a
singularity, but only if the orientation error in 6 is large. If the initial orien-
tation is not far off from the desired orientation, and a convergent tracking
algorithm is applied, this scheme will perform better [1].

4.2.2 Analytical Jacobian

The Jacobian matrix J(q) used in (4.2) is called the geometric Jacobian, and
transforms joint velocities g into linear and angular velocities p,w. When
using a minimal representation of the orientation of the manipulator end-
effector, it is desirable to transform the joint velocities to the time derivative
of position and Euler angles.
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Let the vector

X = {g] (4.8)

denote the position p and Euler angles ® of the end-effector. We want to
find the relation

X = [g] — J(a)d (4.9

where J, is called the analytical Jacobian [10]. The time derivative of (4.9)
gives the transformation from joint accelerations g to linear and Euler angle

accelerations p, ©:

%= || = s+ dla (4.10)

By using (4.2) and (4.5), the relation between the geometric and analytical
Jacobian is found to be

= [ﬂ - [B(&@}
- LI) B?@)} g] - LI) B?@)} Ju(9)q

Hence, the analytical Jacobian is expressed by

1)~y 5ije)| 1@ (@11

The singularities of the analytical Jacobian J,(q) consists of the kinematic
singularities included in the geometric Jacobian J(q) and the representational
singularities of the transformation matrix B(©).
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4.3 Design decisions and assumptions

Before the derivation of the hybrid force/motion controller can be presented,
the design decisions and assumptions made will be stated.

4.3.1 Design decisions

The hybrid force/motion control concept proposed by Raibert & Craig [9] is
intuitive and easy to comprehend. But they did not account for the dynamics
of the robot manipulator, and did not prove stability.

On the other hand, the dynamic hybrid control scheme that was proposed
by Yoshikawa [13] is shown to be stable in both position and force. The
drawback is a more complex controller.

I chose to include the simplicity of the Raibert and Craig separation tech-
nique, in combination with feedforward compensation for the nonlinear ma-
nipulator dynamics. For simplicity, it is assumed that the constraint frame is
constant and aligned with the inertial frame spanning the manipulator task
space.

A coordinated control scheme, where one leader guides the other followers,
was chosen for the synchronization of the robot manipulators. Then the
synchronization task is separated into two subproblems: the leader tracks
the desired trajectory with its own tracking controller, and the coordination
is accomplished by the followers trying to converge to the leader’s trajectory

I5].

Coordinated control requires less data transfer between the robots because
only the leader’s trajectory is given to all the followers. In a cooperative
control scheme, none of the robots is assigned as leader and all of them
transmit their trajectories to all the other robots |7]. Thus, the coordination
controller will depend only on the states of the leader and one of the followers,
while the cooperative controller must take into account the states of all the
robots of the multi-robot system.

For simplicity, I chose to use the basic Euler Angle approach, in stead of the
more robust scheme proposed in |1|. Throughout this thesis it is assumed
that the analytical Jacobian J, has full rank. This is equivalent with no
kinematic or representational singularities.
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4.3.2 Assumptions

It is assumed that both the leader and the followers are fully actuated robots
with n = 6 rigid joints each. For simplicity, the multi-robot system is con-
sidered to be consisting of one leader manipulator and one follower. This is
without loss of generality because the followers are synchronized individually
in a coordinated control scheme.

The dynamics of the robots is represented by the Euler-Lagrange equations
of motion for robot manipulators given by (2.3). The model parameters
are assumed to be exactly known, and position, velocity and acceleration of
both the leader and follower are measured with no noise present. There is
no limit opposed on the input torque, and a force sensor placed in the robot
manipulator end-effector measures the applied force F'.

The leader robot is already driven by an input torque 7, that ideally will
ensure convergence of the leader’s joint positions and velocities gq;, q; to the
desired trajectory q,, g, Thus, the remaining task is to create a controller
T to ensure that the follower converges to the leader’s trajectory.

To increase readability in the following derivations, the “(¢)” is removed from
the time dependent variables, and the configuration dependent matrices and
vectors will be written without the “(q)” and “(q)”.
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4.4 The proposed hybrid controller

This section will present the derivation of the proposed hybrid force/motion
controller.

When the manipulator end-effector is in contact with the environment, the
equations of motion in joint space must include the torque caused by the
end-effector force F' [10]. The dynamics is then given by

Mg+Cqg+g+J'F=r1 (4.12)

where J is the geometric Jacobian mapping the forces acting at the end-
effector to torques at the manipulator joints. Then we use the control input
T to create a modified inverse dynamics® control law to compensate for the
nonlinear dynamics of the manipulator:

T=Cq+g+MI;(u—J,q) + I u; (4.13)

where J, is the analytical Jacobian given by (4.11) and u,u; € R% are new
input variables yet to be chosen. By inserting the controller given by (4.13)
into the robot equation (4.12) the system becomes

Mg+Cqg+g+JI'F=Cq+g+MI; (u—J.q) + I u;
Mg =M (u—T,q) + I (us — F) (4.14)

Ultimately, we want to express the manipulator dynamics in task space, X.
Then the position controlled and force controlled degrees of freedom can
easily be separated. Further manipulation of (4.14) gives

g=J (u—J,q) + M1 I (u; — F)
Jg=u—J,g+IM I (u; — F)
Jog+Jog=u+I M I (u; — F) (4.15)

3The method of inverse dynamics is a special case of feedback linearization [10].
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Now, by using the relation given by Equation (4.10), (4.15) can be written
as

X =u+JIM Ju; —F)

X=u+W((u;—F) (4.16)
where

W=JM'J?! (4.17)

is called the mobility tensor. W is mapping a force at the end-effector to
task space, and has full rank when the analytic Jacobian J, has full rank;
that is when no kinematic or representational singularities occur.

According to Spong et al. [10], it is often an advantage to assume that w is
a pure position and velocity controller and wy is a pure force controller. In
spite of this, they simplify by taking us = F' to cancel the end-effector force
F.

The result is the linear and uncoupled double integrator system

X=u (4.18)

Additional force feedback will be incorporated in w, and is possible as long
as the the mobility tensor W has full rank.

Now that the dynamics of the system, given by (4.18), is transformed to the
constraint frame, it is time to separate the degrees of freedom into position
controlled and force controlled ones. Consider the selection matrices

Sfédiag([sl, So, 83, S4, Ss, SG}T) (4.19)
S,£1-S; (4.20)

where s; = 0 indicates position control, and s; = 1 indicates force control.
These matrices are defined in the same way as those in the hybrid concept
of Raibert and Craig |9], with a slight notation difference.
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Let the error signals be defined as

X.2X,-X (4.21)
F.2F,—F (4.22)

where X is the position of the leader manipulator used as position reference
and F'; is the desired force trajectory. Differentiating (4.21) with respect to
time twice gives the velocity and acceleration errors

X.=X,-X (4.23)

X.=X,-X (4.24)

The applied force F' is assumed to be unknown; hence its dynamics is not
known, and cannot be used in the force control loop. The control signal w in
(4.18) will be used to control both position and force by using the selection
matrices defined in (4.19) - (4.20):

u = Spap + Sfaf (4.25)

where o, is the position controller and oy is the force controller. o, will be
designed to control the position in all degrees of freedom, but the selection
matrix S, will nullify the contribution to the force controlled degrees. In a
similar fashion, a; will be designed as a pure force controller of all degrees
of freedom, and S; will eliminate the irrelevant degrees of freedom.

The position controller ¢, is simply designed as a PD controller with feed-
forward acceleration:

a, = X, + KX, + K, X, (4.26)

where K,,,, K,; are diagonal positive definite matrices consisting of position
and velocity gains, respectively.
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The force controller on the other hand, was not so straightforward to design.
First, a term proportional to the force error F', is needed. This force must be
mapped from the constraint frame to the end-effector by using the mobility
tensor from (4.17).

At first, let

ayp = WKpre (4.27)

where Ky, is a positive definite diagonal force gain matrix. I suspected that
applying the force controller (4.27) to the double integrator system given by
(4.18) will give a heavily oscillating system. Therefore, I chose to modify
(4.27) by adding a damping term:

Or = WKpre — deX (428)

where Ky, is a positive definite diagonal damping gain matrix. The damping
term is chosen to be proportional to the actual velocity of the end-effector,
not the velocity error. In this way, the damping term will not try to follow a
velocity trajectory in the force controlled directions, but will help damping
the oscillations.

The final controller is given by

r=Cq+g+MI Y (u—-J,q) +I'F
u = S,a, + Syoy
a,= X+ K. X, +K,, X,
aj=WK;F, — K X

The stability analysis of the proposed controller given by (4.29) - (4.32) will
follow in the next section.
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4.4.1 Stability of the position loop

The position controlled and force-controlled degrees of freedom can be ex-
tracted from the position vector X using the selection matrices S, and Sy
defined in (4.19) - (4.20). Let the filtered state vectors be

X" £8,X (4.33)
X' 28,X (4.34)

where X? € RS has zeros in the force-controlled elements, and X/ € R® has
zeros in the position controlled elements. Under the assumption that the
selection matrices are constant, the time derivatives are given by

xX'=s,X  X'=8X (4.35)

x'=s;x, x'=g;x (4.36)

Following from the definition, the selection matrices has these properties:

(Sp)" =S, (4.37)
(Sy)" =Sy (4.38)
S,S; =SS, =0 (4.39)

where n is a positive integer. Inserting the controller (4.30) - (4.32) into the
system (4.18) gives the closed loop system

X = Spap + Sfaf

) . . 4.40
=S, | X1+ KX, + K, Xe| + S [WK, Fo — KX | (4.40)
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By pre-multiplying both sides of (4.40) with S, and using Equations (4.37) -
(4.39), the dynamics of the position controlled degrees of freedom can be
expressed as

S,X =8S,S, [Xl + KX+ K X } +S,S; [WKpre - KX ]
) . (4.41)
=S, [Xl + KX, + Kppxe}

Because the selection matrices S; and the gain matrices K; are diagonal, the
relation S;K,; = K;S; can be used. By rearranging (4.41) we get

S,X =8,X;+S,K,.X.+S,K,, X,
S, X =8,X;, +K,S,X. +K,,S,X.

0=8,(X,— X)+K,S,X.+K,S,X,
0=S5,X.+KuS, X, +K,,S,X.

Finally, by using the definitions (4.33) - (4.36), the dynamics of the position
error becomes

X!+ KX + K, X2 =0 (4.42)

The stability of the position loop is going to be proven by using Lyapunov
theory*. Consider the positive definite Lyapunov function candidate

) 1 . ) 1
VX2 XD) = S(XDTXL + S (XD)TK,, X (143

4For more on Lyapunov theory and stability analysis, see Khalil [4].
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The time derivative of (4.43) along the error dynamics given by (4.42) is

v

(X0)" X+ (X)"K,, X?
— (X")T [K XP+X§]

e

(X> [Kprp KdeZ_KprZZ]
— (X)) ™K, X" (4.44)

which is only negative semi-definite. This proves stability, but not asymp-
totically stability. By applying LaSalle’s invariance principle, we get

V=0 = X];EO = XZEO
= K, X'=0= X'=0

This implies that the only invariant set satisfying V = 0 is the origin. Hence,
the position control loop is asymptotically stable. Furthermore, since the
Lyapunov function V' given by (4.43) is radially unbounded, this result is
global. Thus, the position loop is proven to be globally asymptotically stable.

Note that this is only valid as long as the analytical Jacobian J, has full
rank.
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4.4.2 Stability of the force loop

Then it remains to analyze the stability of the force controlled degrees of
freedom. Inserting (4.30) - (4.32) into (4.18) and pre-multiplying both sides
with the selection matrix Sy to extract the force controlled degrees of freedom
gives

S;X =88, [ X1+ KX, + K, X.| + 8,8 [WKj, F. — KX

=S [WKj,F. — KX

Rearranging according to the previous method gives

S;X =S;WK,,F, — S;K; X
= S;WK,,F, — K;S; X
X' = S;WK,,F. - K X'
X'+ KX =8, WK, F. (4.45)

It is assumed that the mobility tensor W is bounded, and if the force error
F. is bounded, the system described by (4.45) will behave as a mass-damper
system with identity mass and damper coefficient Ky4, driven by a force
S;WK,F.. By choosing K 4 sufficiently large, the oscillations of the system
will be damped satisfactorily.

The dynamics of the force error F', is not known, but is related to the position
of the end effector when it is in contact with the environment. The position
of the end-effector normal to the surface will be driven towards the point
where the force applied is equal to the desired force, but it is not certain that
this point will be reached. Hence, the force loop appears to be stable, and
this will be verified by simulations.
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4.4.3 Reduction to pure position controller

It is favorable that the controller given by (4.29) - (4.30) reduces to a pure
position controller when appropriate. Then the robot manipulator avoid the
need for another control concept to handle tasks not including environmental
contact.

When the end-effector is not in contact with the environment, the external
force I’ exerted is zero, and the equations of motion for the manipulator
reduces to

Mg+Cqg+g=T1

By choosing the selection matrices as S, = I and Sy = 0 to select pure
position control, the controller reduces to

T=Cq+g+MJI, (u—1J,q)
u=X,+K,. X +K, X,
Insertion gives the closed loop system

X, +KuX.+K,X.=0

which is globally asymptotically stable for positive definite diagonal matrices
K,,, K.
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4.5 Comparison between the control concepts

This section will compare the stability properties and practical issues re-
garding the three hybrid control concept presented in this thesis: The hybrid
force /motion concept presented by Raibert and Craig [9], the dynamic hybrid
control scheme by Yoshikawa [13], and the new hybrid controller proposed in
this master’s thesis.

The hybrid control concept of Raibert and Craig introduced an easy and
straightforward way to separate the degrees of freedom in position controlled
and force controlled ones. By transforming the coordinates of the end-effector
to a conveniently placed constraint frame, the separation is merely a multi-
plication with a constant selection matrix. On the other hand, Raibert and
Craig did not compensate for the manipulator dynamics. Therefore, it has
not been proven that both the position and force trajectories can be tracked
simultaneously; the authors showed the concept’s performance by simulations
and experiments. Raibert and Craig did also control in joint space, requiring
the use of inverse kinematics, or the inverse Jacobian as an approximation.

Yoshikawa defined the constraints on the end-effector differently, by describ-
ing them as hypersurfaces. These constraints gave the basis for non-constant
selection matrices, and the constraint frame is not necessarily orthogonal. His
method was not as intuitive and simple as the Raibert and Craig concept,
but he did prove stability for both the position and force loop.

The hybrid control concept proposed in this master’s thesis retains the sim-
ple and intuitive separation technique used by Raibert and Craig. Contrary
to their approach, this method involves compensation of the manipulator dy-
namics and control in task space. This eludes the need for inverse kinematics
solutions. The proposed hybrid control concept was proven to be globally
asymptotically stable in the position controlled degrees of freedom, and the
stability of the force loop was argued to be stable.
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Chapter 5

Simulations

After the analysis of the controller derived in the previous chapter, it is desir-
able to verify the results by simulation. This will illustrate the performance
of the control concept, and its implications for practical use.

A model of a rigid robot manipulator with six revolute joints was imple-
mented in MATLAB/Simulink. This software package was chosen because
I am quite acquainted with it, and it is designed for dynamic models and
matrix operations.

The kinematic structure of the robot shown in Figure 5.1 is similar to the
KUKA KR16 manipulator at the SINTEF robotic lab facility, and is given
by Table A.1. The physical parameters of the lab robot, such as link masses
and moments of inertia, are currently unknown; thus the simulations are
done with artificial values. These values are listed in Table A.2. The numeric
integration method selected was Runge-Kutta 4. order (RK4), and the time
step was chosen to be 0.01s.

In these simulations, the task of the robot manipulator was to track both a
position trajectory along a wall and a force trajectory normal to the wall.
For example, this can be a robot washing a window or polishing a surface,
with the end-effector orientation normal to the surface. Control of the force
exerted on the environment is essential to be able to remain in contact with
the surface and prevent damage.
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Figure 5.1: A snapshot of the robot simulator. The meter on the floor shows
the applied force against the wall.

In the simulations, the normal Euler angle equations were used, introducing
representational singularities at # = +7. As mentioned in the previous chap-
ter, this can be avoided using alternative representations, but for simplicity
I chose to not implement such a scheme and simulate in a space where the
effects of these singularities were minimal.

To suppress the effects of kinematic singularities in the geometric Jacobian,
I used a damped pseudoinverse Jacobian matrix given by

I =373 +41)

where 7 is a small positive constant giving the damping ratio. The parame-
ters of the position PD controller were chosen to make the system critically
damped. All the controller parameters are given in Table A.3.
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In all the following simulations, the position of the wall was y = 0.8 m, and
it is assumed that forces caused by interaction with the environment is only
working in the y-direction.

The corresponding selection matrices was

S OO O oo
SO = OO O
o= OO OO
_ o O O oo
OO OO oo
O OO O oo
OO O oo
o OO o oo
OO O oo

[l eolNell ™)

O O OO O
OO o= OO

The initial value of the end-effector position was set to

X0 =100 06 10 1 0] (5.1)

to make the end-effector start some distance from the wall, with an error in
orientation. The initial velocity was set to zero.
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5.1 Force applied against the environment

When simulating the interaction between the end-effector and the environ-
ment, some method to determine the exerted force in the simulations is
needed to emulate a wrist mounted force sensor. This is done by reading the
position of the end-effector close to the wall, and define a function mapping
a small position change to a force.

One option is to model the wall as a stiff spring. By measuring the position
deviation from the nominal wall position, one can determine the applied
force. However, as I wanted the environment to appear as rigid, and not as a
spring, my choice of force model landed on a repulsive force defined in Spong
et al. [10].

The force acting in one degree of freedom is

where p is the distance to the object, and pg is the distance of influence; i.e.
the area close to the environment where the force is active. At a distance
greater than pg the repulsive force is set to zero to avoid interfering with the
movement of the manipulator in free space.

15000

100001

FN]

5000

oF

i i i i i i i
003 0.035 0.04 0045 005 0055 0.06 0065 0.07
p[m]

Figure 5.2: The repulsive force. py = 0.05m
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5.2 Constant position reference

To begin with, the system was simulated with a constant position reference
given by

X,=[008 100 —n" (5.2)
where y = 0.8 m is on the wall and © = [0 0 —7T]T makes the end-effector
orientation normal to the wall. Several time-varying force references where

tried, and will be presented below. The desired force Fj is a scalar function
describing the force trajectory in the y-direction.

5.2.1 Step force reference

Firstly, a constant force reference with a step was applied. Then the system’s
response to both a constant force and a step will be investigated. The desired
force Fy was given by

Fy =10+ 10u(t — 5) (5.3)

where u(t — 7) is the Heaviside step function initiating a unit step at ¢ = 7s.

The results from this simulation can be seen in Figure 5.3.
5.2.2 Ramp force reference
Secondly, the force reference F,; was chosen to be a ramp given by

Fy=10+1 (5.4)

The results from this simulation can be seen in Figure 5.4.
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5.2.3 Sine force reference

Thirdly, the desired force F,; was chosen to be

Fy =10 + 2sin(2t) (5.5)

The results from this simulation can be seen in Figure 5.5.

5.2.4 Discussion

As can be seen from Figures 5.3 - 5.5, the proposed hybrid controller is able
to make the system converge to the desired force and position trajectory
when the position is constant.

The shape of the force trajectory has little effect on the force error and
position error. The velocity and force errors in Figure 5.3, on the other
hand, is experiencing a spike at £ = 5s. This is caused by the step in the
force reference.

The end-effector’s initial position in these simulations is some distance from
the wall. The controller will drive the manipulator against the wall to achieve
the desired force. All three simulations show a spike in the force at ¢t &~ 2s.
This is caused by the impact when the end-effector collides the wall, and
may cause problems if it is important to restrict the exerted force on the
environment. This problem will not be addressed in this thesis.
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5.3 Varying position reference

After seeing how the system behaves under a constant position reference, it
is time to try a time-varying position trajectory. The task was to trace a
circle on the wall. The radius of the circle was set to be 0.2m, and its center
was located at [0 0.8 1}T. The reference orientation of the end-effector
was still normal to the wall, and the circle would be traced with an angular
velocity of 0.9 rad/s.

The reference position, velocity and acceleration was given by

[ 0.2cos(0.9t)
0.8
14 0.2sin(0.9¢)
0
0
i -7
[—0.18 5in(0.9¢) ]
0
0.18 cos(0.9¢)
0
0
0

[—0.162 cos(0.9¢) |
0

~0.162 5in(0.9¢)
0
0
0

X, = (5.6)

X, =

(5.8)

The force references given by (5.3) - (5.5) was used again to make the simu-
lations comparable. The results from these three simulations are illustrated
in Figures 5.6 - 5.8, respectively.
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5.3.1 Discussion

When comparing the simulations with constant position reference, shown in
Figures 5.3 - 5.5, with the simulations with time-varying position reference,
given by Figures 5.6 - 5.8, we see that the controller is still able to converge
to the desired position and velocity trajectories. Note that both the velocity
and force errors are more “bumpy” than in the stationary case.

The force does not quite reach the desired value, but is close enough for
practical purposes. This error can possibly be lowered by increasing the
force gain Ky,

The form of force reference Fj still has little impact on the errors, except for
the spike caused by the step in Figure 5.6.
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5.4 Zero force reference

Now that the performance of the proposed hybrid control concept has been
shown, it is interesting to find out what will happen if the desired force Fj in
the force controlled degree of freedom is set to zero; in these simulations the
y-direction. This degree of freedom will not be position controlled, and the
measured force is zero whenever the manipulator is not touching the wall.
Then the controller loses control of this degree of freedom.

The results from this simulation can be seen in Figures 5.9 - 5.10.

Position error Orientation error
0.1 2
—
1.5 —0
0
7 4
— X =3 1
S ©
:m -0.1 —y :.w
z © 05
-0.2 K
0 \\ 0>
-0.3 -0.5
0 2 4 6 8 10 0 2 4 6 8 10
time [s] time [s]
Velocity error Angular velocity error
2
0
@ @
E E -2
.o
[oR ‘qbo
» —0
_— e’
— \V‘
-0.2 -6
0 2 4 6 8 10 0 2 4 6 8 10
time [s] time [s]

Figure 5.9: Simulation: Varying position reference, zero force reference.
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As suspected, the position in the force controlled degree of freedom, y, is
under no control and will drift away from the surface, failing to ever achieve
contact. This simulations emphasizes the importance of specifying non-zero
desired forces in the force controlled degrees of freedom to achieve and main-
tain contact.

1.5

0.5

Figure 5.10: XYZ plot - zero force reference.
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5.5 Pure position control

By choosing the selection matrices as

S,=I, S;=0

pure position control is selected. Then the controller will try to track the
position trajectory in all degrees of freedom, and will not take force measure-
ments into consideration.

In the following simulations, the end-effector is still interacting with the wall,
and will be influenced by the force exerted, but the controller will ignore the
force measurements. The results from the simulation with exactly known
environment can be seen in Figure 5.11. The exerted force is within an
acceptable range, but there is no direct control of it.

Then the system was simulated with a small difference between the reference
trajectory and the actual environment. Figure 5.12 shows the results when
the position controller believed the wall was 0.5% closer than it actually was.
The result was that the end-effector never achieved contact with the surface.

In the final simulation the reference trajectory was set 0.5% further away
from the robot manipulator than the wall actually was. The result, as shown
by Figure 5.13, was that in pursuing the position trajectory, the end-effector
applied an excessive force against the wall.

Selecting pure position control makes the controller disregard force measure-
ments, and tries to stay in contact with the wall based on position/velocity
measurements only. These simulations emphasize the importance of force
control when interacting with the environment. The hybrid controller will
reach the desired force because it disregards the position trajectory in the
force controlled degrees of freedom.
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5.6 Final thoughts

The simulations presented in this chapter verifies the analysis on the proposed
hybrid control concept. However, some aspects regarding implementation
and practical use remains.

In this thesis limitless input torque on the joint angles was assumed. This
is not realistic, and simulations with limited actuators should be performed.
Though, more realistic robot model parameters must be provided.

The constraints was assumed to be constant, and it is not known how chang-
ing task configurations will affect the proposed control scheme. This should
be addressed in the future.

The proposed hybrid control concept is computationally heavy. Quite a few
matrices and vectors must be evaluated at each time step to compensate for
the robot manipulator dynamics. If this controller is going to be implemented
on a micro controller, some form of optimization is needed.
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Chapter 6

Conclusion and Further Work

6.1 Conclusion

This master’s thesis has resulted in a hybrid force/motion controller for a
robot manipulator in a coordinated synchronization scheme. The control
problem is separated into two subproblems: position control and force con-
trol.

The closed loop system is shown to be globally asymptotically stable in po-
sition and velocity in the position controlled degrees of freedom. The system
is also argued to be bounded in the force controlled degrees of freedom, but
this is not proven yet. These results where verified by simulations.

One of the benefits with this hybrid control concept is that the desired trajec-
tory in the force controlled degrees of freedom is not treated as a disturbance;
the errors in these directions are simply ignored by the controller. Hence,
if the working environment is quite inaccurate, the difference between the
calculated and real surface in the normal direction is ignored by the position
controller; the force applied by the end effector is taken care of by the force
controller.

When pure position control is needed, the correct selection matrices will
reduce the proposed hybrid force/motion controller to a position controller.
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6.2 Further work

When the task configuration changes, the selection matrices need modifica-
tion. In this master’s thesis these matrices where assumed to be constant,
and the case with time-varying selection matrices must be examined in the
future.

The discrete switching from “moving through free space” to “in contact with
environment” causes some difficulties for the proposed hybrid controller. This
resulted in spikes in the applied force during simulations, and must be ad-
dressed.

The stability of the force loop must be further investigated. Though the
simulations indicate stability, it is desirable to prove stability theoretically,
for example using Lyapunov theory [10].

To avoid the effect of representational singularities, the implementation of
a singularity-free orientation representation is needed. To maintain a mini-
mal orientation representation with better singularity handling, consider the
approach of [1].

In this thesis it was assumed that all measurements was available, both from
the leader and follower manipulator. The dynamic models were also exactly
known. In a real life scenario this is unfeasible, and velocities and accelera-
tions should be estimated using observers, for example nonlinear model based
observers [5] [7]. The effects modeling errors have on stability should be ex-
amined [2]. To compensate for parametric uncertainty, robust or adaptive
control concepts can be applied [10].

It would be beneficial to perform experiments at the SINTEF robotic lab
facility to verify the analysis and simulations. However, the dynamic model
of the robot is currently unknown.
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Appendix A

Parameters

A.1 Robot parameters

Table A.1: DH parameters

Link 0; d a o
0 5 0 0 s
1 q1 | -0.210.2 5
2 42 0 1 0
3 % + a3 01]0.1 —%
4 qs | -0.5 0 5
5 qs 0 0-3
6| m™+qs | -0.1 0 s

Table A.2: Mass and inertia parameters

Link | m; [kg] I; [kgm?] | l¢; [m]
1 10 diag([1,1, 1]) 0.1
2 10 diag([1,1,1)) 0.5
3 10 diag([1,1,1)) | 0.3
4 1| diag([0.1,0.1,0.1]) | 0.1
5 1| diag([0.1,0.1,0.1]) | 0.025
6 1| diag([0.1,0.1,0.1]) | 0.075

where m; is the link mass, I; is the link moment of inertia and [lc; is the
distance to the center of gravity of the link.
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A.2 Controller parameters

Table A.3: Controller parameters

Gain matrix Value
K,, | diag([400, 400, 400, 100, 100, 100])
K, diag([40, 40, 40, 20, 20, 20])
Ky, diag([10,10,10,1,1,1])
Kyq diag([40, 40, 40, 10, 10, 10])

The choice of K,,, K,; makes the position controller critically damped.
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