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Abstract

A new hybrid dynamic controller synthesis methodology for the successful convergence of force-
controlled assembly tasks with friction is presented. Hybrid dynamic modelling has been shown to
be a very effective strategy to incorporate both the continuous-time and discrete event natures of an
assembly task. Previously, hybrid dynamic controllers have used velocity control. This paper develops
a hybrid dynamic controller which uses force control, the accepted paradigm for constrained motion
systems such as assembly tasks. Frictional forces present a significant problem for force control and
are not be neglected in the development of a controller. Constraints on the control command are
developed for each type of single-contact transition and then further constraints are developed to ensure
that superposition may be used for multi-contact situations. Experimental results are presented for the
new controller synthesis method performing an assembly task with a 0.8mm tolerance and requiring 4
degrees of freedom for completion. These experiments demonstrate the effectiveness of the combination
of hybrid dynamic control and force control for assembly tasks, successfully completing the assembly
with positioning errors of up to 50mm and orientation errors of up to 10°.



1 Introduction

Many robotic systems involve constrained motion. Examples include assembly processes, walking machines
and grinding tasks. Due to the difficult nature of maintaining a constraint, a robust controller, with good
error-recovery characteristics, is required for constrained motion systems. Previously, McCarragher and
Asada [1] developed a controller, based on velocity control, for assembly tasks using a hybrid dynamic
model of the system. This controller provided excellent error-recovery: when an error occurred, an event
was generated which allowed the controller to adopt a new strategy for successful assembly. However,
velocity control is sensitive to constraint uncertainty and errors due to this sensitivity were frequent. The
controller was able to recover from errors, using the hybrid dynamic model but the performance was sub-
optimal. This sensitivity motivates the development of a hybrid dynamic model using a more robust base
controller. Force control is the natural paradigm for constrained motion systems because it allows direct
control of the constraint forces and so the difficult task of maintaining a constraint is greatly simplified [2].
This paper proposes a fusion of the hybrid dynamic modelling of [1] with force control to provide a highly
robust controller for constrained motion systems.

A great deal of research has been conducted into force control and it is widely accepted that force control
is necessary to prevent inevitable positional misalignments from resulting in excessive contact forces. Mason
[2] introduced the concept of compliance and motivated the need for force control for the manipulation of
objects constrained by the environment. Hirzinger [3] and De Schutter [4, 5, 6] have studied in detail the
problems of force control and implementation of force control using robot manipulators. Recently, Rosell
et al. [7] proposed a method for determining compliant motions for planar assembly tasks. Schimmels
and Peshkin [8] considered admittance control laws, designed such that contact forces lead to motion that
alleviates any misalignment. In a related area, Raibert and Craig [9] developed a controller which uses both
position and force control for the manipulation of constrained objects. Hybrid position/force controllers
have been the focus of most modern research, e.g. [10, 11]. Note, however, that the force control methods
discussed in this paragraph do not address the discrete event nature of assembly and are confined to
controlling the forces at a single point, rather than the multiple contact situations that occur in assembly.

The drawback of using force control is that an appropriate model the forces generated is required to
determine the controller. Force models and impact models have been the subject of a great deal of study
recently (see [12] for a survey). However, while the motivation of this study is clear for impact simulation
in virtual reality, it is perhaps not as clear that this is the best approach for force control of robotic
manipulators. We would argue that it is not possible to develop an accurate model of impacts in the real
world and that, for control purposes, such modelling is not (yet) appropriate. For example, recent work
by Tornambe [13] presents a complex framework for force control with impacts. However, aside from some
strong assumptions, the only experimental results presented are with a 1-DOF manipulator, leading to
doubts about the scalability and real-world applicability of the method. Indri and Tornambe [14] present a
method for force control with impact for two multiple DOF manipulators without experimental verification.
For this paper, we will assume that the motion is quasi-static and neglect any impact forces. The aim is to
develop an engineering solution to the problem by making appropriate assumptions. We can be sure that
the quasi-static assumption can be satisfied (at the expense of speed).

One requirement for successful control of constrained motions systems is the ability to recover from
errors. Regardless of the quality of control, errors due to positioning or orientation uncertainty are in-
evitable. Modelling the system as a combination of continuous-time and discrete event parts (a hybrid
dynamic model) provides for good error-recovery. If an unwanted change of constraint occurs, an event
is generated which allows the controller to initiate a recovery strategy. Hybrid dynamic modelling cap-
tures both the continuous-time aspects of the task and the discrete events involving the gain and loss of
constraint. Stiver and Antsaklis [15] gave a general formulation for the modelling and analysis of hybrid
dynamic systems and Brockett [16] presented a good discussion of hybrid dynamic modelling. Most re-
search works within the continuous-time framework and neglects the discrete events because of the wealth
of detail at the continuous level. Hybrid dynamic modelling is ideal for assembly tasks as it captures the
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Figure 1: Block Diagram Representation of System

continuous nature of the plant and the discrete nature of contact changes. A goal or target within the
continuous plant may then be achieved by ensuring that the correct discrete events occur. Thus, the dif-
ficult continuous-time problem is reduced to a number of smaller continuous-time problems and a simpler
path-planning exercise within the discrete space. Path-planning in the discrete space is known as assembly
sequence planning and has been studied quite extensively (see [17]). Also, at the continuous level, there
have been numerous controllers developed for control of compliant motion, e.g. [4, 5, 6, 18]. For the inter-
face, the problem of detecting the occurrence of discrete events has been solved with high recognition rates
by Hovland and McCarragher [19]. McCarragher [20, 1] presented a discrete event controller synthesis
technique for velocity-controlled systems. However, there has been little study of methods for determining
the continuous force control commands from the desired discrete event. This paper attempts to fill this
gap. Here, we propose a hybrid dynamic controller synthesis technique for force-controlled systems with
friction.

2 Hybrid Dynamic Modelling of Constrained Motion Systems

Hybrid dynamic modelling considers a system to consist of three components: a discrete event system,
a continuous-time system and an interface connecting the two, as shown in Figure 1. For this paper,
we will have a discrete event controller interfaced to a force-controlled constrained motion system which
is the continuous-time part of the system. The constrained motion system will involve the motion of a
polyhedral workpiece with possible constraints introduced by contact between the workpiece and a fixed
polyhedral environment. Systems of this type are typical of many constrained motion tasks, including
assembly processes.

The discrete event controller has a discrete state which abstracts the continuous-time state of the
constrained motion system. We are interested in the type of constraint that the continuous-time system
is subject to and the changes of constraint. Thus, we define the discrete states of the assembly task by
the contact state of the workpiece and environment. Figure 2 shows an example assembly task and some
of the discrete states. In this example, we have a discrete state corresponding to no contact (where the
motion of the workpiece is unconstrained), a discrete state representing the constraint caused by contact
between the left corner of the peg and the left side of the hole and so on. McCarragher [21] has shown that
all possible contact configurations for two polyhedral parts can be represented as combinations of edge to
edge (edge-edge) and vertex on surface (surface-verter) contacts. For example, a surface on surface contact
is represented by three surface-vertex contacts because three non-collinear points are sufficient to describe
a surface.

We will now discuss each component of the hybrid dynamic model shown in Figure 1, with the de-
scription tailored to the constrained motion systems that we will consider. Mathematically, the continuous
plant will be defined by a set of differential equations describing the motion of the workpiece. The discrete
event controller is modelled as an automaton describing task-level decision making, whereas the interface
serves as the communication between the continuous manipulation process and the decision maker.
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Figure 2: Ezxample of discrete states for an assembly task, with transitions or events connecting the states.
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Figure 3: Contact Normal Definition: The normal is chosen pointing towards the workpiece, perpendicular
to both edges for an edge-edge contact and perpendicular to the surface for a surface-vertex contact.

2.1 The Continuous-Time System

Consider the general motion control of an object or workpiece. The equation of motion of the workpiece
in free-space is given generally as

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

where x(t) is the continuous-time state vector, and u(¢) is the input vector. For the purposes of this paper,
u(t) will be a force/torque vector or a wrench [22]

u) = | 3 | @

where F is the force command and T the torque 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 contact, this constraint may be written as

g5 (x(t)) = 0 (3)

where g; is the constraint equation for the 4§ edge-edge or surface-vertex contact. Distance functions are
ideal candidates for g; (e.g. the shortest distance between a surface and vertex). Note, equation (3) 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 normal contact force is

greater than zero for some contact pair.
Fj.l’lj >0 (4)



where F; is the contact force applied by the environment to the workpiece at the jt edge-edge or surface-
vertex contact. n; is the unit normal associated with the j edge-edge or surface-vertex pair. The normal
is defined as shown in Figure 3. For an edge-edge contact the normal is defined to be a vector perpendicular
to both edges and for a surface-vertex contact the normal is defined perpendicular to the surface. The
direction of the normal is chosen such that it points towards the workpiece and away from the environment,
as shown in Figure 3.

2.2 The Discrete Event System

The continuous time plant is controlled by a task-level, discrete event controller modelled as an automaton.
Each discrete state, denoted +;, identifies a distinct state of contact between the workpiece and the environ-
ment. For this paper, the states will be taken as the possible combinations of edge-edge and surface-vertex
contact as discussed above and illustrated in Figure 2. For our purposes, plant events are generated when
the continuous-time system changes contact state. Thus, the definition of each event includes the edge-edge
or surface-vertex pair involved and the type of contact state change. The contact state changes are loss
of contact, gain of contact, and over-force. The over-force condition occurs when the system attempts to
move the workpiece through the environment.

The input and output signals of the discrete event controller are asynchronous sequences of events,
rather than continuous time signals. Xiao [17] has developed methods for planning of assembly sequences
which could easily be used to generate the discrete controller.

2.3 The Interface

The interface is responsible for the communication between the plant and the controller, since these compo-
nents cannot communicate directly due to the different types of signals being used. The interface consists
of two maps ¢ and 1. The first map ¢ converts each controller event into a plant input as follows

u(t) = ¢(vk) ty <t <tpp (5)

where u(t) is the force/torque command for the robot and ¢ and #;; are the times of the k** and k + 1*»
events, respectively. This paper deals with the problem of determining the map ¢, which is the problem
of controller synthesis.

The second map v converts the state space of the plant into the set of plant events.

e = ¢ (x(2)) (6)

Note that equation (6) does not imply that 75 changes continuously as x(¢) changes. The state space of
the plant is partitioned into contiguous regions. The function 1 generates a new plant event only when
the state first enters one of these regions. The map 1 is called a state monitor.

For this paper, we will assume the presence of a reliable state monitor that detects the discrete state
of the system. Hovland and McCarragher present a robust state monitor for constrained motion systems
in [19]. This state monitor uses the robot position as well as information from a 6 axis force sensor to
recognise the discrete state of the system.

3 Controller Synthesis

The control commands are the input to the continuous-time plant from the discrete event controller. We
will impose the minor restriction that commands can cause only one contact configuration change at a
time (i.e. only one contact can be gained or lost per command). This restriction simplifies the following
analysis and results in a more robust controller. Note that we do not restrict or place assumptions on the
motion of the plant, we simply limit our control objectives.



The control commands are determined by first establishing a desired event for each discrete state. The
desired event is chosen such that the system moves towards the target discrete state. The desired events
may be determined manually or automatically[17], depending upon the application. For any given discrete
state, we use the desired event and geometric considerations of the workpiece and environment to establish
conditions on the command to be executed.

There are three conditions upon which the force control command (2) is selected. First, the maintaining
condition ensures that the currently active constraints (3) remain satisfied, if desired. Second, the enabling
condition is a necessary condition that ensures that the next desired discrete event 74 is allowed to occur.
Third, the disabling condition is a sufficient condition that ensures an undesired discrete event 7; is not
allowed to occur.

3.1 Maintaining Condition

The first possible requirement of the force/torque control command is that it maintains existing contacts.
To achieve this the normal component of the contact force must be positive.

F,.n, >0 (7)

where F, is the contact force for the a’® edge-edge or surface-vertex contact and n, is the unit normal, as
defined in Section 2. Equation (7) is our maintaining condition and must be satisfied by the commanded
force to maintain an existing contact. However, note that equation (7) applies to the force at the contact
point, rather than to the force control command that is applied to the workpiece. We must relate the
contact forces to the force control command. The relationship between the contact forces and the control
command depends upon the assumed behaviour of the bodies in the system and the model used for the
frictional forces.

Many authors have traditionally used a rigid body model with Coulombic friction. Unfortunately, this
model has a number of drawbacks including simple cases with no consistent solutions and many cases with
multiple possible solutions [23, 24]. A compliant body model offers an alternative which does not suffer
from these inconsistencies [25, 24]. The details of the compliant body model used are given in [26]. The
most important feature of this model is that it is piecewise linear (since we neglect dynamic effects). Thus,
we may use the principle of superposition to accurately model multi-contact situations as a combination
of single contact situations. However, we must take care to ensure that superposition is applied within
a single linear section for each contact. Note that there are two linear modes: sticking and sliding, with
nonlinearity being introduced at the transition between sticking and sliding. Therefore, superposition may
be exploited provided that we ensure each static contact does not slip and that each sliding contact does
not stick.

Consider the forces on the workpiece in the single-contact situation as presented in Figure 4. The only
forces applied to the workpiece are a wrench applied at point O, due to the force control command, and
a contact force resulting from the interaction with the environment. Here we include frictional forces, as
indicated by the tangential component of F; in Figure 4. If the applied wrench is given by equation (2)
then the equations of motion of the workpiece may be written as

F+F, = Ma (8)
T+r; xF; Ioa+w X Iw+vp X Mv (9)

where M is the mass matrix for the workpiece, a is the acceleration vector, I is the moment of inertia of
the workpiece, calculated about its center of mass, a is the angular acceleration of the workpiece, v is
the velocity of point O, and v is the velocity of the workpiece. In most cases the mass of the workpiece
and the accelerations involved will be small enough that the right sides of equations (8) and (9) may be
neglected. However, if good estimates are available for the inertias and accelerations then the effects of



Workpiece

Environment

Figure 4: Contact Direction and Force Definitions: We define a reference frame at the point of contact with
the axes shown, the contact force is decomposed into a normal component Fy, ; and a tangential component
F;; and we define a radius vector rj from the point of force control O to the contact point.

the mass and moment of inertia may be accounted for by writing:

F = Ma—F (10)
T = Ion+wxIw+vpxMv-T (11)

and finding conditions on F' and T'. We substitute into (8) and (9) to give

F' = F; (12)

TI = r; X Fj (13)

First, we determine a wrench which, when applied, results only in normal contact forces. The conditions

upon the control command may then be directly derived. Considering a unit normal contact force and
using the equations of motion (12) and (13) to find the components of the wrench results in

i = ny (14)

j = I‘anj (15)

H) =58

where [ ﬁ‘j 'i‘j ]T is the minimum wrench which results in a unit normal contact force. It is termed the
minimum wrench because it results in only a unit normal contact force, with no tangential forces at the
contact point.

Now we determine the normal contact force for an arbitrary applied force F/ by finding the number of
multiples of F]- in the applied force

F . F,
Fn; —" | 1, (16)
F;

Similarly, the normal contact force (Fy, ;) for an arbitrary applied torque T’ is given by the number of



multiples of ’i‘j in the applied torque T'. i.e.

T . T
Frj=|——%|n (18)

Now we can say that the normal contact force is zero if and only if F/ is linearly independent of f‘j and
T’ is linearly independent of T;.

A

T.
. T'=0 (19)

~

|

Fn,j:O<:>nj.F':0and

2
may be neglected without affecting the validity of equation (19). We include it to

The scaling factor ‘TJ
ensure that the numerical solution technique used (discussed below) is well-conditioned.

Similarly, the normal contact force is positive if and only if F/ is linearly dependent on Fj or TV is
linearly dependent on ’i‘j. Again, we write

~

i
~ 12

F,; >0 < nj.F >0and T >0 (20)

Using equation (20) we may write the maintaining condition of equation (7) as a constraint upon the
force control command. The maintaining constraint between the a** edge-edge or surface-vertex contact
is then the two conditions:

n,. FF > 0 (21)
T,

5. T > 0 (22)

=N

a

3.2 Enabling Condition

In addition to determining a force command which maintains a constraint, it is desired to determine a
command such that the workpiece encounters the next discrete state ;1. For a gain of contact we require
that the normal component of the contact force becomes positive at the at the point where contact is
desired. So, the enabling constraint for a gain of contact between the b edge-edge or surface-vertex pair
is:

n . F > 0 (23)
Ty

s.T > 0 (24)

A~

Ty

using equation (20) above.
Similarly, to lose contact between the c* edge-edge or surface-vertex pair we require that the normal
component of the contact force becomes zero. Hence, for loss of contact the force control command must
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Figure 5: Three-dimensional example: peg and trough in dual contact configuration, with surface-vertex
contact at the left and edge-edge contact at the right. Note that the trough width is exaggerated for clarity.

satisfy:

3.3 Disabling Condition

The third condition, the disabling condition, is used to prevent unwanted gains of contact. This condition
is derived directly from the enabling condition for a gain of contact. If equation (24) is necessary for a gain
of contact then the following condition is sufficient to prevent a gain of contact between the d* edge-edge
and surface-vertex pair.

l’ld.F’ =0 (27)
Ty

—z T =0 (28)
Td‘

The desired event determines which of the above conditions should be applied for each possible edge-
edge or surface-vertex contact. The maintaining condition is (22) and is used when it is desired to maintain
a contact. The enabling conditions are (24) and (26) and are used to enable the gain or loss of a contact,
respectively. The disabling condition is (28) and is used to prevent unwanted gains of contact.

3.4 Multi-Contact Situations

As the compliant body model is piecewise linear, we may consider a multi-contact situation to be the
superposition of a number of single-contact situations. Thus, the wrench required to achieve the desired
contact forces in a multi-contact situation is determined by solving the set of all constraints determined for
the individual contacts. A simple example will illustrate the application of this theory to a multi-contact
situation.

Consider the peg and trough as shown in Figure 5. This is the experimental apparatus used in Section 6.
The peg is a rectangular parallel-piped with a thickness of 14.5mm and a width of 29.5mm. The force and



torque commands are applied to the peg at a point on the central axis of the peg which is 126mm from
the tip of the peg. Let the trough have a width of 15.3mm and the peg be 20.0mm into the trough. Also,
let the peg be oriented so that there are two points of contact as shown in Figure 5. Note that the width
of the trough is exaggerated in Figure 5. In fact, the peg is almost upright and is slightly rotated about
its long axis. For this example, assume that the force control command should maintain both points of
contact.

Considering the surface-vertex contact first, we see that the contact normal n; = [ 010 ], and
suppose that the radius vector from A to the point of contact is ry = [ —0.015 —-0.031 -0.12 ] [m].
From equation (15), T = [ 0.12 0 —0.015 ]. We wish to maintain the contact so equation (22) is used.
The maintaining condition for the surface-vertex contact is then

[0 1 0]F' >0 (29)
[82 0.0 -1.0]T >0 (30)

Now considering the edge-edge contact, we see that ny = [ 0 —-0.71 0.71 ], and supposing that

ry = [ 0.015 —0.015 —0.071 | [m]. Hence, To = [ —0.061 —0.011 —0.011 ]. We wish to maintain
the contact so equation (22) is used. The maintaining conditions for the edge-edge contact is then

[0 —0.71 0.71 |F' >0 (31)
[ -16 —2.7 —2.7]T' >0 (32)
We solve (29), (30), (31) and (32) using a search technique to maximise the minimum distance to each

constraint, for robustness. We also impose a magnitude constraint to ensure that the wrench remains
bounded. For this example, a unit magnitude constraint is used. The resulting unit wrench is

F' T
[ e ] =[00 038 092 —0.05 0.0 —0.99 | (33)
If we assume that the accelerations a = 0 and a = 0 then, using equations (10) and (11), we have
F T
[ T ] =[00 —0.38 —0.92 0.05 0.0 0.99 | (34)

This force control command will try to push the peg downwards and rotate the peg about the z axis and
so will maintain both contacts.

This example demonstrates that, using the principle of superposition, the constraints developed for
single-contact situations may be applied in multi-contact situations.

4 Slip Conditions

To ensure that the principle of superposition applies, conditions to prevent a static contact from slipping
and conditions to prevent a slipping contact from sticking must be derived. To achieve this a minor
restriction is required: upper and lower bounds must be established upon the normal force so that the
minimum tangential force to cause slipping and the required tangential force to ensure slipping may be
found. Intuitively, the lower bound on the normal force allows the specification of a permissible range of
tangential forces for which the contact sticks. Similarly, the upper bound on the normal force gives a lower
bound on the force required to cause sliding.
The bounds must be selected according to

0< Fmin S Fmam (35)

10
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Figure 6: Friction Cone and Pyramid Approximations

which leaves a great deal of flexibility for this decision. Selection of widely spaced bounds may lead to con-
servative controllers which use excessive tangential force commands to ensure slip. Similarly, specification

of Frin = Fiaz leads to a overly restrictive constraints upon the normal force. Our experiments indicate
that 1
Frin = Equm (36)

provides a suitable selection for Fj,;,. For our experiments, we selected F,,, as the maximum allowable
force for the assembly task in hand.
Now we can prevent slip by ensuring that

|Ft,5] < pFmin (37)

and we can ensure slip by requiring
[Fij| > pFmaz (38)

where p is the coefficient of friction.

Unfortunately, these conditions are difficult to use as they are bounds on the magnitude of the tangential
force vector. As the bounds are based on a simple friction model and the coefficient of friction is usually
poorly known, a simpler approximation is justified. Hence, we will approximate the friction cone by
pyramids as shown in Figure 6. Trinkle et. al. [27] approximate the friction cone by a single, circumscribed
pyramid, arguing that the coefficient of friction is usually poorly known anyway. However, we will use a
more conservative approach with inner and outer pyramids as shown in Figure 6. The pyramid that is
circumscribed by the friction cone is used to constrain the tangential forces to prevent slip and the outer
pyramid is used to ensure slip. These pyramids were selected to simplify the resultant constraints for
slipping and sticking.

The pyramid approximations allow us to write the slip conditions as conditions upon the forces in the
tq,; and t; ; directions, rather than having to work with a magnitude constraint upon the tangential force
vector. First, we write expressions similar to equation (15) for the tangential directions

Toj =1j X tg (39)

Tb,j =r; X tb,j (40)

and now we may write constraints upon F/ and T'. To ensure no slip, we want to limit the magnitude of
the forces parallel to the axes t,; and t; ;. The same method as was used in Section 3 is then used to
determine conditions on the control command to prevent slipping. To ensure sliding motion, we require

11



that the tangential force is greater than the maximum sustainable frictional force. The outer pyramid
approximation of Figure 6 is used, along with the methods of Section 3 to find conditions to ensure that
sliding motion is maintained.

5 Summary of Controller Operation

The previous two sections have developed constraints upon the control command and the slip conditions
necessary for multi-contact situations. The procedure for determining the control command is then as
follows:

1. Detect the occurrence of discrete events using the process monitor (e.g [19]). If a discrete event is
detected:

(a) Determine the new discrete state of the system, by executing the automaton.

(b) Determine the desired event for the current discrete state (one could use the techniques of [17]
here).

2. From the geometry of the system, determine which contacts must slip and which will not in order
to achieve the next desired event. In general, this is a non-trivial problem which we will not address
here. For most practical examples however, it is simple to determine which contacts must slip and
which will not by inspection.

3. Determine a set of constraints based upon the maintaining, enabling and disabling constraints (equa-
tions (22), (24), (26), and (28)) for the normal forces at each contact.

4. Add new conditions to the set of constraints which ensure slip conditions determined in the first step.

5. Solve the set of constraints for the new control command. An iterative method [28] which maximises
the minimum distance to each constraint is suggested.

This procedure must be repeated since the constraints on the control command are, in general, depen-
dent on the position of the workpiece. However, the required frequency is not high since the controller is
quite robust to errors in the constraints.

5.1 Existence of a Solution

One more subtle detail that the above method raises is the question of whether a solution to the set of
maintaining, enabling and disabling constraints, and slip conditions exists or not. In general, there is no
guarantee of a solution simply because we are attempting to control the contact forces (both normal and
tangential) at a number of points using a control input of three forces and three torques. For a situation
containing a sufficient number of contact points, this cannot be done. This is a fundamental limitation of
solid body motion which cannot be avoided.

Another factor to consider is how “efficient” the constraints developed above are. If some of the
constraints are conservative then there will be some situations where a suitable control command exists
but cannot be found by the method outlined above. The disabling constraint of equation (28) is conservative
because it contains no notion of distance. Figure 7 illustrates an example of this. In this case, if we attempt
to gain contact at A and disable the gain of contact at B, then no solution can be found. This is caused by
the fact that the disabling constraint is conservative, preventing forces in direction of the disabled contact,
regardless of distance. Note that this is a a rare case because it requires the constraint vector of the
disabling condition be a linear combination of the other constraint vectors (see Figure 7). In the case that
no solution can be found, we suggest that discarding some or all of the disabling conditions will permit a

12



Figure 7: Ezample of situation where the disabling constraint of equation (28) is conservative. If we
attempt to gain contact at A and disable the gain of contact at B, then no solution can be found, despite
the difference in distance.

Figure 8: Eshed robot and experimental apparatus.

solution which, while not guaranteed to achieve the desired result, will be suitable in many cases. This is
a limitation of our approach and is a minor price to pay for the ability to control the forces at multiple
contact points.

6 Experiments

The controller synthesis technique presented above was applied to a simple assembly task as shown in
Figure 8. In this system a robot manipulator is to insert the peg in the hole. The peg is machined aluminium
and has a thickness of 14.5mm and the hole is made from rolled steel and has a gap 15.3mm wide. This
assembly task is particularly difficult because the steel has a rough surface due to the manufacturing
process. This roughness means that a velocity controller is prone to jamming where a force controller is
much more successful. The rough surface also means that the coefficient of friction is not well known, but
is bounded by 0.3 < p < 0.7. For these experiments, a value of F,,,, = 7N was used as this allowed good
force control without excessive wear of the apparatus. F;, was selected according to equation (36), giving
Frin = 3.5N. The robot manipulator is controlled by an impedance controller which in turn is controlled
by force commands from the discrete event controller. The force commands are computed 5 times a second
to allow for changes in the position and orientation of the peg. Figure 9 shows the reference frame and
variables used for the experiments.

13



pitch

Figure 9: Reference frame and angle definitions for experiments. The four degrees of freedom for the peg
are the position in the vertical plane (z, z), the orientation in the plane (pitch) and rotation about the
long azis of the peg (roll).

6.1 Magnitude Constraint

In order to solve the set of constraints that are determined for each discrete state, we use an iterative
algorithm to maximise the minimum distance to each constraint. However, with this method it is necessary
to introduce a magnitude constraint of some form. Otherwise the process of selecting a control command
will choose unboundedly large force commands (which cannot be allowed in practice). The constraints on
the control command pass through or close to the origin and hence, in order to maximise the minimum
distance, it is best (for the maximisation procedure) to select a control command distant from the origin.

Ideally, it would be desirable to use a constraint upon the magnitudes of each component of the
command wrench as this more closely corresponds with the limitations of the robot and maximum allowable
forces and torques of the force sensor. However, such a bound would tend to skew the selection of the
control command, favouring commands in the corners of the bounding box because of their distance from
the origin. Instead it was decided to use a magnitude bound. Unfortunately, the magnitude bound does
introduce a dependency upon the units used for force and torque. This is one reason for the inclusion of
the scaling factor in equation 19. This scaling factor is not dimensionless and helps to ensure that the
constraints are similarly scaled.

For the experimental results, an ellipsoidal magnitude constraint was used with different maximum
values for the force and torque axes which allowed the specification of different maximum values for force
and torque, whilst causing less bias to the results than bounding the components individually.

6.2 Impedance Controller

For the experiments presented in this paper, a quite simple position-based impedance controller was used
to realise the force control command. A model-based controller was investigated but proved unworkable
as a result of the high friction of the Eshed robot (due to the use of harmonic drives).

The position-based controller, computed X from the modified impedance equation

Mx + Bx + KX = F — Fgesired (41)

where X = X — Xgesired; M is the desired inertia matrix, B is the desired damping matrix, K is the desired
spring matrix, F is the vector of measured forces and torques and Fgg;req is the force control command
derived in Section 5. Equation 41 is integrated twice according to

x(t+ 1) = x(t) + %(t)t (42)
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(e) tate (f) tate (g) tate

Figure 10: tates of the experimental assembly task. Note that tate 2 has a single point of contact whilst
the peg is rotated about its long axis for a two-point contact in tate

and
x(t + 1) = x(t) + x(t)6t + %)"c(t)dtQ (43)

where 6t is the time difference between this and the previous iteration. The Cartesian position found by
integration is converted to a joint position using the inverse kinematics and sent to the position controller.
In addition, the desired velocity is converted to the desired joint velocity using the acobian and this is
also used by the position controller. This computation was able to run at a rate of approximately 10 z
on the 68040 CPU which was also performing the position control of the robot.

For these experiments, the parameters used were

=dag( 100 100 10.0 1.0 0.01 10.0 ) (44)

=d ag ( 400.0 700.0 600.0 10.0 0.9 10.0 ) (45)

=dag( 0.0 1000.0 0.0 0.0 0.0 0.0) (46)

The parameter was given so that the robot remained in the z — z plane where the experiments were

conducted.

6.3 Experiments

Figure 10 illustrates an example of a complete peg-in-hole assembly task. Here the initial orientation is
such that the peg must rotate about its long axis before insertion. Hence, this task requires four degrees
of freedom and the controller must be capable of dealing with spatial tasks, rather than simple two-
dimensional or planar motions. To complete the assembly task, the controller follows the state trajectory
illustrated in Figure 10. The force commands were generated using conditions (22) (24), (26) and (28)
as appropriate. For example, to move between states 4 and 5, the controller must maintain the contact
between the left surface of the peg and the left edge of the hole and move to gain contact between the right
edge of the peg and the right surface of the hole. This motion requires sliding of the maintained contact
and the left side of the hole. Therefore, the controller uses the maintaining condition of equation (22) for
the left-hand contact. To gain contact at the right, the enabling condition of equation (24) is used. Finally,
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Figure 11:  easured velocities for complete assembly task. Note the different motions required for the
assembly.

a slip condition is added to ensure that sliding occurs. The force control command to move between states
4 and 5 is obtained by solving the above constraints.

Figure 11 illustrates measured positions and orientations and Figure 12 shows the force commands
generated for the entire assembly task. The discrete steps, particularly in the force commands (see Fig-
ure 12), and, to a lesser extent in the motion required (see Figure 11), highlight the discrete nature of
this assembly task. It is clear from the force commands used (see Figure 12) that a single continuous-time
controller would have difficulty with this simple assembly task. These experimental results again motivate
the need for a hybrid dynamic model which is able to detect and react to the discrete events that occur as
the constraints or contacts change.

This implementation of the discrete event controller proved highly robust and capable of completing
the assembly task with positioning errors of up to 50mm in any direction and orientation errors of up to
10 around each of the axes (assuming that the discrete state detection is correct). For example, a 10
error around the a axis is shown in Figure 13. For many controllers, positioning and orientation errors
cause problems because the planned trajectory may not be suitable. However, the discrete event controller
is able to detect that the system has moved into an unexpected state and to issue appropriate control
commands. For example, consider the orientation error shown in Figure 13. The controller will initially
issue a command that moves the peg vertically down, expecting to gain the contact shown in Figure 10(b).
However, due to the orientation error, the contact that is achieved is a surface-surface contact. The discrete
event controller detects the unexpected discrete state and uses different trajectory to complete the assembly
task. The derivation of the force control commands is also affected by positioning and orientation errors.
However, the force controller is naturally very robust and the discrete event controller is able to recover
from any errors. These experimental results demonstrate that the proposed hybrid dynamic controller is
highly robust and is capable of completing a tight assembly task in the presence of large positioning and
orientation errors.

Note that the speed of assembly has not been optimised and is slow due to a number of factors. The
first is our implementation of the impedance controller which is running at about 10 z, which limits the
top speed. The second limitation is the robot that was used, which is does not perform as well as a high-
speed industrial manipulator. The third limitation was the simple event detector which could not handle
high-speed assembly.
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Figure 12: Computed force commands for complete assembly task. Note the varied control strategies re-
quired.
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Conclusions

McCarragher and Asada [1] proposed a velocity-based hybrid dynamic control scheme with good error-
recovery characteristics. Here we have developed a parallel hybrid controller which uses force control.
Friction may not be neglected for force-controlled constrained motion systems. For this work, a compliant
body model was used to avoid problems and inconsistencies with the traditional rigid body model. The
discrete event model allows us to achieve the desired event using the maintaining, enabling and disabling
conditions. These conditions were derived as simple conditions upon the normal contact forces and then
transformed into constraints upon the force/torque control command. These constraints may then be solved
for the control command using a simple numerical search technique. Experiments for a realistic example of
automated assembly were given which show that the discrete event controller robustly achieves the desired
discrete event trajectory. For these experiments, the synthesised controller successfully completes the task
for positioning errors of up to 50mm and orientation errors of up to 30 . The hybrid dynamic controller
presented is very robust to errors and possesses good error-recovery characteristics.
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