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Abstract

A new discrete event controller synthesis method-
ology for the successful convergence of assembly tasks
is presented. The modelling of an assembly process
as a hybrid dynamic system has been shown to be a
very effective strategy to incorporate both the contin-
wous and discrete natures of the interaction between
the workpiece and its environment. Prior works have
presented separate controller synthesis methodologies
for both velocity- and force-controlled systems and here
we present the next step, a hybrid force/velocity con-
troller. Force control is a natural paradigm for as-
sembly as it is fundamentally compliant and velocity
control is used to ensure that frictional forces are over-
come during sliding motions. Ezrperimental results for
a four degree of freedom assembly task are presented,
demonstrating the robustness of the system to very
large positioning and orientation errors.

1 Introduction

Position errors have been shown to be the primary
cause of failure in robotic assembly [7]. Instead, force
control is a natural paradigm for assembly tasks as
it is fundamentally compliant, virtually eliminating
any dependence on position. However, a good model
of frictional forces is required to achieve sliding mo-
tions using a force controller. Hybrid force/position
or force/velocity control allows us to overcome fric-
tional forces without modeling them. However, work
in the field of hybrid force/position control tends to
concentrate on low-level details of the assembly prob-
lem. In contrast, we propose that work proceed at
a more abstract and applied level, using a discrete
event model of the system. This paper proposes a new
methodology for discrete event controller synthesis for
hybrid force/velocity controlled assembly tasks. The
proposed controller synthesis methodology combines
the modeling power of discrete event control with the
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considerable advantages of hybrid force/velocity con-
trol.

Automated assembly is a natural application of
robotics and has been studied for many years.
O’Connor et al. [7] studied the identification and clas-
sification of errors in automated assembly processes.
Hogan [2] developed impedance control for the ma-
nipulation of objects constrained by the environment.
Raibert and Craig [8] developed a controller which
uses both position and force control for the manip-
ulation of constrained objects. The concept of using
position and force control simultaneously has been ex-
tended by a number of researchers (e.g. [9]) in search
of a better control scheme for constrained motion sys-
tems. Unfortunately, assembly is still one of the most
error-prone of robotic applications

Discrete event control is an excellent tool for as-
sembly as it provides a good framework for modeling
and analysis of abstract concepts linked to continuous
systems. A discrete event model consists of a discrete
event system interacting with a continuous time sys-
tem. Usually, the discrete event system is a decision-
maker or controller and operates at an abstract level.
Figure 1 shows an example of a discrete event model
for a peg-in-hole assembly task. For assembly, we de-
fine the discrete states of the system as the various
possible contact configurations. For example, we have
a “free space” state (shown at the top left of Figure 1),
as well as states for contact between the left corner of
the peg and the left side of the hole, contact between
the left corner of the peg and the right side of the hole,
and so on. It is clear from Figure 1 that the constraints
upon the peg change dramatically from one discrete
state to another. Discrete event control recognises the
dramatic changes and allows us to apply appropriate,
discontinuous control strategies.

The arrows in Figure 1 represent the discrete events
that occur as the assembly moves from one discrete
state to another. A system called a process monitor
is responsible for the detection of the discrete events.
Here, we focus on the development of control strate-
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Figure 1: Ezample of discrete states for an assembly
task, with transitions or events connecting the states.
The bold arrows are the desired events for each state.

gies given a process monitor. To achieve the assembly
task, we select a desired event for each discrete state,
which is an event which moves the system closer to
the final assembly. Examples of desired events which
move the system towards inserting the peg are shown
in Figure 1 as bold arrows. If, for any reason, the
system moves into a different discrete state than was
expected, a discrete event is generated by the process
monitor which differs from the desired event. The dis-
crete event controller detects this unexpected event
and uses an alternate strategy, based upon the desired
event for the discrete state that the system is now in.
For example, if the system is in the free space state
at the top left then the desired event is for the system
to move to State 1. However, the hole is badly mis-
aligned and so the system moves into State 3. Here
the discrete event controller recognises the unexpected
event and issues a new control command based on the
desired event for State 3. In this manner, discrete
event control offers excellent error-recovery character-
istics [6].

This paper describes a new discrete event controller
synthesis technique which combines two existing syn-
thesis techniques to address the shortcomings of each.
The discrete event controller synthesis technique for
velocity-controlled systems [6] easily overcomes fric-
tional forces but can have difficulties regulating con-
tact forces. On the other hand, [1] regulates contact
forces but requires good friction modeling to ensure
that frictional forces are overcome.

2 Discrete Event Control Framework
We will consider an assembly task which involves
the motion of a polyhedral workpiece with possible
constraints introduced by contact between the work-
piece and a fixed polyhedral environment. In a previ-
ous work, McCarragher [5] demonstrates that all pos-
sible states of contact between two polyhedral parts in
Cartesian space can be described as combinations of
edge-edge and surface-vertex contacts and so we only
need to consider these two cases here. Discrete event
modeling is particularly appropriate for assembly pro-
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Figure 2: Block Diagram Representation of System

cesses as there are a small number of possible contact
configurations and, hence, we can dramatically reduce
the complexity of the continuous time process by ab-
stracting to a higher level.

We will consider a specific case of a discrete event
model, consisting of a discrete event controller which
is sending motion commands to a robot grasping the
workpiece. The structure of the adopted discrete event
model is as shown in Figure 2. The system consists
of five parts: a continuous-time controller, a robot, an
assembly, a process monitor and a discrete event con-
troller. For this paper, the continuous-time controller
accepts both force and velocity commands. The con-
troller, robot and assembly are described by the dif-
ferential equation

x(t) = f (x(t),u(?)) 1)

where x(t) is the continuous time state vector and in-
cludes information such as the positions and velocities
of the workpiece. u(t) is the input to the system or
the control command.

As the workpiece interacts with an inertially fixed
environment, the free-space dynamics of (1) become
constrained. For each edge-edge or surface-vertex con-
tact, this constraint may be written as

9; (x(#)) =0 2)

where g; is the constraint equation for the jth edge-
edge or surface-vertex contact. Distance functions are
ideal candidates for g; (e.g. the shortest distance be-
tween a surface and vertex). Note, equation (2) is only
valid when the j** edge-edge or surface-vertex pair is
actually in contact.

Equivalently, we may express the contact situation
as a statement that the perpendicular contact force is
greater than zero for some contact pair.

Fj.nj >0 (3)

where F; is the contact force applied by the environ-
ment to the workpiece at the j** edge-edge or surface-
vertex contact. n; is the unit normal associated with
the jt* edge-edge or surface-vertex pair. For an edge-
edge contact the normal is defined to be a vector per-
pendicular to both edges and for a surface-vertex con-
tact the normal is defined as the normal to the sur-



face. The direction of the normal is chosen such that
it points towards the workpiece and away from the
environment, as shown in Figure 3.

The process monitor uses sensor readings such as
the position of the peg and force sensor readings, to de-
tect contact changes in the system and determine cor-
responding discrete events. From the discrete events,
the discrete state v of the system is determined. For
our purposes, the discrete states of the system corre-
spond to the possible combinations of edge-edge and
surface-vertex contacts. The process monitor is de-
fined as the map :

T = (x(t)) (4)

where +y; is the k** discrete state of the system. The
focus of this paper is on the development of control
strategies and so we will assume the existence of a
perfect process monitor [3].

The discrete event controller is the part of the sys-
tem which determines the appropriate command to
issue, based upon the discrete state of the system.
For the purposes of this paper, the control command
u(t) will consist of a force and a velocity command
u(t)=[ v F T ] where v is the velocity, F is the
force and T the torque command.

3 Decomposition of Control Space

Clearly, it is not generally possible to achieve force
and velocity control in the same direction. There-
fore, the first task for a hybrid force/velocity controller
is the decomposition of the control command space
into force controlled and velocity controlled directions.
Force control is advantageous because it allows us to
control contact forces. Therefore, force control is used
for maintaining a contact. Conversely, velocity control
is desirable because it ensures that the robot moves in
the desired direction, overcoming any frictional forces.
Therefore, we will use velocity control for any required
motion. Finally, if there are any free directions that
have not been assigned then we will use force control
on those directions for safety.

4 Control Command Synthesis

Control commands are determined by establishing
a desired discrete event for each discrete state. We use
the desired event to establish three conditions on the
control command, as follows.

4.1 Maintaining Condition

The first possible requirement of the control com-
mand is that it maintains existing contacts. As dis-
cussed in Section 3, we will use the force control com-
mand to maintain a contact, giving complete control
over the contact forces. In order to maintain a con-
tact, the normal component of the contact force must
be positive.

F,n; >0 (5)

Figure 3: Forces Applied to the Workpiece in a Single-
Contact Situation

where F; is the contact force for the t* edge-edge
or surface-vertex contact and n; is the unit normal.
Equation (5) is our maintaining condition and is used
to maintain an existing contact.

Equation (5) is a constraint upon the contact forces
to maintain a contact. However, the force control com-
mand is applied at a single point on the workpiece and
we do not have direct control over the contact forces.
Hence, we must relate the contact forces to the force
control command.

4.1.1 Single-Point Contact Forces

We will neglect the dynamics of the peg and the dy-
namics of impact in favor of developing a practical
application. The impact dynamics are particularly
difficult to model and would render the analysis in-
tractable. See also Tarnet al. [10] for a detailed study
of the control of a single point gain of contact.

Consider the forces on the workpiece in the quasi-
static single-contact situation as presented in Figure 3.
The only forces applied to the workpiece are a wrench
applied at point O and a contact force resulting from
the interaction with the environment. Here we include
frictional forces, as indicated by the tangential com-
ponent of F; in Figure 3. We can write

F+F, = 0 (6)
T+r; xF; = 0 (7)

To determine the normal force resulting from the
force component of the applied wrench, we simply con-
sider the dot product

Fn,i = — (Fn,) n; (8)
We are also interested in torques which result in nor-
mal forces. We define

Tz' =Tr; Xn; (9)

where T; is the minimum torque vector which results
in a unit normal contact force (i.e. no tangential com-



ponents). Hence,

T'i‘ = - (I‘z' X Fz) . (I‘z' X 1’1,')
= - (I‘z' X Fn,i +r; X Ft,i) . (I‘i X 11,')

= - (I’i X Fn,,) . (I'i X Ili) + (I‘i X Ft,i) . (I‘i X ni)

and since Fy; is perpendicular to n;, the last term is
zero. Hence, we have

TT = — (I‘i X Fn,z) . (I‘,’ X Ilz') (10)

and since F,, ; is parallel to n; this is just simply the
magnitude of the two cross products.

T.T = — [Fpi| |r: x | (11)
and hence we have

T.T
[Fril =———3 (12)

A~

T

Conditions relating the normal contact force to the
applied wrench were derived in detail in [1].

The maintaining condition of equation (5) may then
be written as two conditions:

n;.F <0 (13)
and R
T,
- 5. T <0 (14)
i

4.1.2 Multi-Contact Situations

The analysis of multi-contact situations depends upon
the model used for the bodies in contact. A rigid-
body model is traditionally used but suffers from in-
consistencies and cases of multiple solutions [4]. In-
stead, we use a compliant body model which results in
a piecewise linear relationship between displacement
and force. This piecewise linear relationship allows us
to consider multi-contact situations as the superposi-
tion of a number of single-contact situations (with the
addition of conditions to prevent a change from one
piecewise linear part to another, see [1] for details).

4.2 Enabling Condition

In addition to determining motion that maintains a
constraint, it is desired to determine the motion such
that the workpiece encounters the next discrete state
Ye+1- There are two enabling conditions, one for en-
abling a gain of contact and one for enabling a loss
of an existing contact. Both of these conditions may
require sliding motions and so we will use velocity con-
trol. For the gain of contact case, we know that the

system is not in contact so the following must be true

9; (x(t)) = K (15)

where, without loss of generality, K is a positive con-
stant. In order to direct the system such that K — 0,
we require the time derivative to be negative.

a; x(t) <0 (16)
where a; = 2 g;(x). When g; is a distance measure,
equation (16) becomes a requirement that the distance
decreases or that the points of contact move closer
together.

Considering the enabling condition for a loss of con-
tact, we know that

9; (x(t)) =0 (17)
since we are trying to lose an existing contact. To lose
the contact we must have the time derivative positive.

a) x(t) > 0 (18)

4.3 Disabling Condition

The third condition, the disabling condition, is used
to prevent unwanted gains of contact. If we wish
to prevent contact then we must ensure that contact
forces remain zero:

Fk.l’lk =0 (19)

As in Section 4.1.1, we must relate the forces at
various possible contact points to the applied control
command. The result is that the disabling condition
may be written as:

and .
T;
—L T =0 (21)
T;

4.4 Controller Operation

The hybrid force/velocity discrete event controller
operates as follows. The desired event for the current
discrete state is used to find two sets of conditions:
one on the force command and the second set upon
velocity command. These two sets of conditions are
solved for the force and velocity control commands
(using a search technique to maximise the minimum
distance to each condition for maximum robustness).

Next, the controller must project each of the con-
trol commands onto an independent set of directions,
to ensure that the force and velocity control com-
mands do not conflict. The determination of a set
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Figure 4:

iscrete states of the experimental assembly task.
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of directions is a complex problem with no general
solution. However, discrete event control provides us
with an immediate solution: the directions of each
of the maintaining, enabling and disabling conditions.
Thus, the controller uses the vectors of the maintain-
ing, enabling and disabling conditions as a basis for the
force/velocity decomposition (after using the ram-
Schmidt process to ensure that the vectors are or-
thogonal). We form two projection matrices: for
the force command and  for velocity, where the §t*
columns of each are given by:
i or or e ontrolled
dire tions and

Giy= || (22)
0

and

0 force control, and

(8) = (23)

a;  velocity control

Here we see the power of the discrete event model:
the problem of finding control commands and direc-
tions for the different controllers is very complex for an
entire assembly but is dramatically simplified for each
discrete state. Indeed, the discrete event framework
allows us to find simple constraints upon the control
commands and these constraints are also used in the
construction of the projection matrices.

esults
The proposed hybrid force/velocity discrete event
controller was applied to a four degree of freedom as-
sembly task, with 0.8 tolerances. This task re-
quires the insertion of a 14.5 wide peg into a
15.3 wide slot. Some of the discrete states for this
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Figure 5: eference frame de nition for experiments.
The three angular directions are de ned as rotations
about the a , a and a azes respectively. The four
degrees of motion re wired for the task are the position
in the vertical plane and rotation about the a

and a axes.

task are shown in Figure 4 and the reference frame is
shown in Figure 5.

Figure 6 demonstrates the force and velocity con-
straints as well as the resulting force projection matrix
for two selected discrete states of an assembly task.
For the first state, we wish to maintain the contact
between the corner of the peg and the surface. To
achieve this we use force control and the maintaining
condition. In addition, we wish to rotate the peg to
give a two-point contact and we use the velocity con-
dition of equation (16) to enable the gain of contact.
In the second state of Figure 6, we wish to maintain
both contacts and slide to the right across the surface.
Thus we have two force maintaining conditions and
an velocity enabling condition from equation (16). In
both cases, the free or unused directions are assigned
to force control for safety. Figure 6 also presents the
force projection matrix for the two discrete states.

These example states highlight the discrete event
nature of assembly tasks: we have significantly differ-
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