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basic protocol for message exchange. On top of this protocol, both client and server
exchange messages defined by the “robotMessages” standard protocol. This two-layered
system hides the details of inter-processor communications from the user/developer of
client/server applications, allowing for a uniform treatment of communications between

different processes running on different types of machines and operating systems.

The “robotMessages” protocol consists of a fixed-size packet with variable internal
structure (a “union” in C programming language). It defines all messages that software
in the ASL complies with, including operation of the robots, force sensors, processing
machines, position sensors, etc. As an example of its use, consider the messages for
communication to and from the force sensor server. The four message types defined for

the force sensors are:

typedef struct /* robotMessage */

%

typedef enum
{
AskForce, /* Request the current force measurements. */
Forcels, /* Measured force from a specified filter. */
ForceControl, /* Request a command to be executed. */
ForceStatus, /* Reply with new status of force sensor. */
} messType;

union /* data */
{
float F[6]; /* Vector of forces */
> data;

} robotMessage;
The first message, AskForce, is used by the client to request a force measurement:
#include <robotMessages.h>

void readForce

(

float * F, /* pointer to the 6-axis force vector */

int forceSensorSock /* sensor to read from. */
)

.

robotMessage message;

message.messType = AskForce;
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robotMessSend (forceSensorSock, &message); /* Function that sends message */
forceServerReply(forceSensorSock, F); /* Function that processes *
* the server’s reply */

¥

The function forceServerReply waits until a message comes back from the server
with a type message.messType == ForceIs. This message has been constructed on
the server by a similar assignment of variables as done in the readForce function in

the example.

The structure robotMessage also has fields that carry the data for the corresponding
messages. These fields are grouped into a union, allowing for the variation of data
contents necessary for the multiple types of messages handled without compromising
the overall size of the structure. In the example shown, float F[6] is the vector of
forces. Other types of data in the union include the vector of joint angles, cartesian

positions, controller gains, force sensor parameters, etc.

PID control

The PID controllers run continuosly at a sampling rate of 300/500Hz as a background
process in the VME boards. Their gains can be modified on-line through a series
of functions (setKp, setKv, setKi). The structure of the implemented controller is
shown in Fig. C-5. It can work in two modes: (i) PID position control and (ii) PI

velocity control.

qr

qr € U q | q
S

VT I Motor

Figure C-5: Joint level PID control loop (from [23]).

In mode (i), P, = K,, and PI = K, (14 T;s)/T;s. Then, the transfer function
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Thus, the design of gains can be done in terms of steady-state velocity gain K, /K,

the integral gain 7; and the position of the two zeros s; = —1/7; and s, = — K.
In mode (ii), P, = 0, and the controller becomes a PI control of velocities. Its

transfer function is:

~ 1+TZ'.S p
- y_q = i e (C.2)

The velocity ¢ is estimated from the joint-encoders measurements, as explained in
Section C.2.2. The switching between modes (i) and (ii) can be done on-line, as well

as the setting of gains. The sampling frequency of the PID loop is also adjustable, to

either 300 or 500 Hz.

C.3.2 Client/Server Software

The message exchange system described above already introduced the basic operation
of the client/server architecture. This section details the functions performed by each

component of the client/server software.

Force sensor server: provides the developer with functionalities of a generic force
sensor. With the JR3 sensors used, the main functions of interest are: reading
of forces, selection of a filter to read from, setting/resetting of offsets, setting of
scales (maximum force and maximum torque), and coordinate transformations.
These functions are performed on the JR3 DSP board, and the status of the

sensor is recorded at the server as well.

Robot server: the main functions provided include reading the joint positions and
velocities, control of joint movements, calculation of cartesian positions and ve-

locities, selection of PID controller gains and structure, and initialization of the

robot.

Sun client: this is the program that runs on a SUN workstation and does the actual
control computations, as discussed in Section C.2.5. The flow diagram of the

control loop implemented in the client is shown in Fig. C-6.
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Figure C-6: Flow diagram of client processing.
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Abstract

This addendum addresses the points which require clarification and/or correction according

to the examiners of the thesis.

Chapter 1

Section 1.2.1: The problem of quantifying the influence of dynamic effects on a system de-
signed to operate on a quasi-static scenario is beyond the scope of the thesis. The ex-
periments of Part II demonstrate the validity of the theory within the scope of the main
modeling hypothesis, namely that the dynamics of the distributed elasticity and inertia of
the flexible loads can be neglected in constrained operations. We have not studied cases
where this hypothesis is not verified, nor attempted to define a general class of applica-
bility of the same hypothesis. Such study should have been included as a topic for futher

investigation in the Conclusions & Future Research chapter (Chap. 11).

Section 1.3: In Contribution iii, the benefits brought about by the exploitation of elasticity
can be seen in the insertion task of Chap. 10, where the restoring force keeps the parts in

contact until insertion takes place.

Chapter 2

Section 2.2 In Paragraph 1, no reference is made to the work of S.S. Ge in the area of neural
networks in the regulation of forces with flexible systems [1]. He is more concerned with the
control of flexible arms, whereas we assume that the arms are rigid and the environment

is flexible, which changes considerably the scope of the problem.

Section 2.2 Footnote 1 should read: “... in the context of multi-arm coordination in Section

2.5 and Chapter 9.”




Section 2.3 :
e Paragraph 2 states wrongly that the parallel force/position approach relies on an
exact model of the geometry of the contact; in fact, only an approximate knowledge
is necessary for that scheme to work.

e In Paragraph 4, it is argued that direct control of joint torques is still a research

problem; however, there are high-performance direct-drive arms that are capable of

such action. Still, such arms are not widely available in industry, and a control
scheme designed to work with industrial manipulators cannot rely on torque control

for actuation.

e Paragraph 2 on Page 17 should end as: “... provides a region of reduced stiffness to

the force controller, as seen in the next chapter.”

Section 2.6 : The first paragraph should read: “This chapter has provided a literature per-

spective on the hybrid position/force control method developed in the thesis”.

Chapter 3

Figure 3.1 : 7 is undefined. It should have been printed aligned with s along the vertical, just

above the top dotted line.
Figure 3.5 : k, units are N/m.
Section 3.3 : On the last but third line, x,, should be replaced by k.

Section 3.4.2 : Paragraph 2 should end as: “The details are presented in Appendix B, Section

Bl

Chapter 4

Section 4.2 : Paragraph 3 on page 42 should have its fourth sentence changed to: “In the
other two directions, there are multiple options as listed on Table 4.2”. Also, the last

sentence should be eliminated.

Chapter 5

Section 5.4 : all vectors should be n x 1. instead of 1 x n.

Chapter 6

Missing reference : in discussing the two alternatives for force control, it should have been

N

3 e

s g & T




mentioned that reference [2] shows other control schemes (although without stability anal-
yses).

Section 6.4 : K. in (6.32) is chosen according to the desired region of convergence for the
control and the variations in the stiffness of the load. The largest value for the stiffness

occurs on the boundary of @, since it is assumed that K, is monotonic with e. Thus, once

the maximum error for convergence is chosen, max K, is known and the inequality
- ] ]
e — K | Ko = K el

can be immediately solved for K.

Section 6.5 : The stability analysis of an independent joint-level PID controller was not carried
out in the thesis because of time limitations. This analysis is one step ahead in the direction
of a full stability proof for the hybrid position/force controller, as discussed in Chapter 11,

Section 11.3.1.

Chapter 7

Eq. (7.12) : The parameters used in this equation are not experimental; they are used for
simulation purposes only.

Eq. (7.19) : The motivation for the choice of a linear expression for b is improperly delayed
until Sec. 7.5, first paragraph of Page 82. The last two sentences of this paragraph should

have been included in the text preceding Eq. (7.19).

Limits of the design procedure : Section 7.5 discusses at length the limitations of the
method used in this chapter, and also indicates the importance of the material in the

chapter as groundwork for future research.

Chapter 8

Section 8.4 : A bending speed of 1°/s was chosen for better tracking of the references. This
value was found empirically and, as remarked in Chap. 11, Sec. 11.3.2, a systematic
control design procedure that accounts for the various parameters in selecting control

gains is object of future research.

Section 8.4.2 : On the last but first paragraph, the last sentence should read as: “... is not

implemented here, since it brings great difficulty in path planning, as reported in [1, 67,

68]”.




Chapter 9

Section 9.1 : The second sentence on the last paragraph should read as: ... for the two arms

simultaneously because, as it will be seen in Section 9.3, a drift may occur”.

Chapter 10

Section 10.3 : The second reference should have been: “Nakagaki, Kitagaki, Ogasawara and

Tsukune”.

Appendix B

Eq. (B.17) : The matrix C' — 1/2M is commonly found in algebraic manipulations of matrix
equations in dynamics of rigid bodies using the Lagrangian method. This matrix is shown
to be skew-symmetric for open kinematic chains; the identity in this section shows that,

in the case of constrained kinematic chains, this matrix is zero.
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