AN IMPEDANCE CONTROLLED MANIPULANDUM
FOR HUMAN MOVEMENT STUDIES

by
Ian C. Fayé
B.S. M.E., University of California, Davis

(1983)

SUBMITTED TO THE DEPARTMENT OF MECHANICAL ENGINEERING
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR
THE DEGREE OF

MASTER OF SCIENCE IN MECHANICAL ENGINEERING

at the

Massachusetts Institute of Technology

June 1986

© Massachusetts Institute of Technology 1986

Signature of Author L - L,
Department of Mechanical Engineering, May 9, 1986

Certified by _

Neville J. Hogan
Thesis Supervisor

Accepted by

J— — P — P sy

Ain A. Sonin
Chairman, Departmental Committee on Graduate Students

MASSACHUSETTS INSTIT!
OF TECHNOLOGY urE

JUL 28 1386

. ARIES
Archives LiBR



PAGE 2

AN IMPEDANCE CONTROLLED MANIPULANDUM
FOR

HUMAN MOVEMENT STUDIES

by

Ian C. Faye

Submitted to the Department of Mechanical Engineering on May 9,
1986 in partial fulfillment of the requirements for the Degree
of Master of Science.

ABSTRACT

The human arm is a highly nonlinear system with dynamic prcperties
that have not yet been well characterised. To facilitate investigation
of the dynamic properties of the arm and their role in the control of
movement, a powered, two link, impedance controlled manipulandum has
been developed. Impedance control is appropriate as the manipulandum
must interact stably with a dynamic environment (the human subject). It
also permits the environment experienced by the human subject to be mod-
ified under computer control.

The practical application of an impedance controller to a two link
manipulator is presented. The impedance controller implemented here
specifically attempts to control the manipulator's endpoint stiffness
and viscosity. Verification of the ability to achieve the desired
dynamics is presented for both dynamic and static (stiffness only)
cases. The ability to control the endpoint force in the zero impedance
case is also presented. Due to the nature of the actuators and the ma-
nipulator, the safety of both the subject and the experimenter are of
major concern. Safety features incorporated into the apparatus are dis-
cussed in detail.

A mathematical model of the manipulator is presented and used with
the impedance controller to simulate motion of the manipulator.
Comparison of simulation results to actual motion of the apparatus
serves to validate the model and to confirm the performance of the
impedance controller.

Thesis Supervisor: Dr. Neville J. Hogan

Title: Associate Professor of Mechanical Engineering
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CHAPTER 1: INTRODUCTION

This thesis is concerned with the development of control strategies
for a two-degree-of-freedom serial-iink manipulandum. This manipulandum
is designed to be used as an experimental apparatus for investigating
human arm movements. Studying the dynamic parameters of these arm move-
ments requires coupling between the apparatus and the human subject.
This dynamic interaction has a profound effect on the stability and per-
formance of the apparatus, therefore the control strategy used 1s
impedance control [10,11]. The results of this work will also be

relevant to the control of manipulators (l) in general.

The research community concerned with the physiology of motor con-
ﬁ;ol has become 1increasingly interested in two-link manipulators for
‘several reasons. One reason is that the two-link manipulator can mimic
t..e primate upper extremity: its inertial properties are inherently
similar (as opposed to mechanisms such as cartesian robots) because of
its serial link segmented structure; and with appropriate feedback con-
trol, it can also display dynamic behavior (such as stiffness and

viscosity) (2) similar to the primate neuromuscular system.

(1) The apparatus described in this thesis is a type of mechanism com-
monly referred to as a "two-link manipulator” by extension from robotics
terminology (the configuration is similar to that of a SCARA robot).
While this particular application is more accurately referred to as a
manipulandum (since the subject grasps it and may attempt to control iis
motion), the generic mechanism will also be referred to, in this work,
as a manipulator.

(2) The manipulator is comprised of two rigid links, held together by
pin joints that have no associated inherent stiffness. The only damping
in this mechanism is small, as low friction bearings are used at the pin
joints.



PAGE 14

Thus it is possible to postulate movement control strategles adopt-
ed by the human brain and then evaluate the performance of these
strategies with a physical piece of hardware. This will, 1in general,
help 1in understanding issues involved in movement control both in mani-
pulators and in the biological system. Note that while there 1is no
guarantee that the biological computation 1s analogous to machine compu-
tation, the mechanics that apply to the control of the two-link
manipulator must also be addressed by the brain in the control of move-

ment [1].

However, the primary interest of the physiological research group
for Qhom this apparatus was built is to develop a manipulandum that can
;rovide disturbances to a human arm in order to study its dynamic pro-
perties. ' These disturbances can be in the form of éither forces or
displacements imposed on the hand of a human subject. In this work, the
control strategy used to generate these disturbances 1s one Known as

impedance control.
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l.1 Impedance Control

During the the last decade, the use of multi-link manipulators in
industrial manufacturing has grown tremendously. As the use of manipu-
lators in industry has bacome so extensive, the need for practical
real-time control strategies has increased. One approach to controlling
manipulators is the impedance control strategy developed by Hogan [11].
Impedance control 1is designed to deal with dynamic interaction (i.e.,

the coupling of the controlled system te a dynamic environment).

Nearly all other control strategles attempt to control some set of
system variables (e.g., endpoint postion, joint angles, etc.). These
;ariables form a vector that is generally some function of the system
state varlables. In contrast, the primary objective of an impedance
controller is to control the relationship between conjugate power vari-
ables (such as forca and velocity) at an interaction port. An
interaction port is defined as the point where the controlled system
(e.g., the two-link manipulator) is coupled to the environment (e.g.,

the human subject).

In its most general form, the relation between conjugate power var-
iables is a set of nonlinear time-varying functions. Thus the impedance
controller is specifying the mapping between one vector of variables and
its power conjugate vector of variables. The two-link manipulator, in
this work, is controlled using one particular form of an impedance con-
troller. The goal of this impedance controller 1is to controi the

apparent stiffness and viscosity of the manipulator as seen by the human
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subject holding the handle at the distal end of the manipulator. The
modification of apparent endpoint inertia would be possible with force

feedback, but will not be addressed in this document.
1.2 Ideal Manipulandum

Ideally an apparatus used to study human movement should be capable
of providing any force at the endpoint, while simultaneously maintaining
any impedance from zero to infinte. This ideal apparatus should also be
able to generate the required force instantaneously. Thus it would be
possible to perturb the subject and make measurements before the neuro-

muscular system could respond to the perturbation.

'Physical limitations of mechanical actuators and sensors restrict
the ability to implewent the ideal device. The torque motors chat drive
the system are limited by their ability to generate torque, and also by
their mechanical time constant. Thus the torque motors have some finite
bandwidth that will limit the performance of the practical manipulandum.
Sensors that provide kinematic information to the impedance controller
are also limited by bandwidth, and by finite resolution as well. The
implementation of an infinite range of impedances would require sensors
with infinite dynamic range (the ratio of the largest and smallest
measurable quantities). With these limitations of the actual apparatus,
a portion of this work involves quantifying the actual range of achiev-

able impedances and endpoint forces.
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1.3 Related Work and Comparison to Current Project
1.3.1 Physiological

In recent years several studies of human movement have been done
utilizing a two-link manipulandum as the experimental apparatus.
(1,6,13,14,18]. The device has been used 1in various ways, 1in both
powered and unpowered modes. A brief overview of some of this previous

work will be made in this section.

As a passive (unpowered) device, the apparatus is used to record
the position of the subject's hand during movements. Regardless of the
éunctional mode of the device (passive or active), the apparatus res-
tricts ghe subject's hand to a single plane of motion d;ring the
movement. This serves to reduce the complexity of the experiment, by
reducing the degrees of freedom of the motion of the hand and eliminat-

ing the effect of gravity.

Active elements (such as D.C. torque motors and/or magnetic
clutches) coupled to the manipulandum enable the experimenter to provide
disturbances to the hand of tg; subject. These disturbances may consist
either of constraining the hand to a particular path (as with a magnetic

clutch applied to one axis) or applying forces to the hand using the

D.C. torque motors.

First, consider the passive manipulandum. For these experiments,

subjects held the handle and made completely free, undisturbed arm move-
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ments (except for the inherent constraint to a horizontal plane)
[1,6,14]. The passive two-link manipulandum was used as a kinematic
data acquisition device to measure the location of the subject's hand.
Flash [6] used this apparatus to collect data on human movements between

designated target locations as shown in figure 1l.1.

Figure 1.1 Experimental Apparatus with Human Subjects

The next experiment in this discussion used a two-link manipulator
to constrain the motion of the subject's hand during a movement [13].
By using a magnetic clutch at the axis of rotation of the inner link, it
was possible to kinematically constrain the subject's movements.
Activating the clutch would constrain the motion of the handle to a cir-
cle with a radius equal to the length of the outer link. In this set of
experiments, the interaction force at the handle was measured as well as
the éndpoint position. This 1interaction force is the force that the

subject applies to the handle.
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The final experiment in this discussion used two active torque
inputs (D.C. torque motors) coupled to a two-link manipulandum. With
torque motors it is possible to drive the manipulandum around its work-
space. The workspace is defined as the complete set of possible linkage
configurations, given the physical 1limits of the hardware. Using
appropriate torque commands, the manipulandum was used to apply pertur-
bations to the hand of a subject in the form of small displacements of
the hand. Recording the force associated with these displacements
allowed the computation of an apparent endpoint stiffness of the
subject's arm, associated with the direction of the applied displace-
ment. - In this way it was possible to determine the tensor of apparent

endpoint stiffnesses for a number of different arm configurations.

Successful and informative as these experiments were, they would
benefit from an improved apparatus. The case where a manipulator was
used passively to study the kinematics of movement would have benefited
from an active manipulator control algorithm that made the effective
endpoint inertance (or mass) zero or at least small. Thus the subject
would not have experienced any load during a movement, and hence the
device would have provided no dynamic encumbrance.

Conversely, the experiments done with the magneti; clutch on the
inner 1link are a good example of a device with infinite (or at least
large) impedance. By design, the apparatus in the magnetic clutch
experiments was restricted to infinite impedance only for the degree of
freedom assoclated with a single link. An 1ideal apparatus, however,

would be capable of generating infinite impedance in any chosen direc-
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tion (or in all directions) at the endpoint. This capability, combined
with the ability to generate any desired force at the endpoint, would
result in experimental hardware that could produce a variety of dif-
ferent disturbances to the subject. For example, with an infinite
impedanée device it would be possible to displace the subject's hand a
precisely controlled amount for the stiffness experiments described

above.
1.3.2 Impedance Control

Work done by Cotter {4] showed the feasibility of implementing a
nonlinear impedance controller on a two-degree-of-freedom manipulator.
&hile this work demonstrates the practical application of a nonlinear
impedance controller, 1t does not address the use of'force feedback in

the controller.

Force feedback was incorporated into the impedance controller for a
pneumatic/hydraulic system built by Kleidon [17]. This system, however,
is limited to one degree of freedom. The goal of Kleidon's work was to
implement a system whose inherent dynamics could be modified with pneu-

matics and hydraulics and then fine tuned with electronic feedback.

The first successful demonstration of a complete nonlinear
impedance controller [11] for a two-link manipulator with force feedback
was done by Wlassich [25]. With this work it has been shown that force
feedback facilitates the modification of the apparent endpoint inertia.

The manipulator used in Wlassich's work is very similar to the manipula-
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tor used in this work. However, that manipulator was only intended to
act as test bed for demonstrating the nonlinear impedance controller and

could not be used with human subjects.

As the stiffness experiments by Mussa-Ivaldi might suggest, the
concept of impedance control can be applied to biological systems as
well as to machinery. There is reason to suspect that primates modify
their dynamics (or effective stiffness) by co—activation of agonist and
antagonist pairs of muscles. Interest in this area has motivated inves-
tigations into the role of co—activation and maintaining postural
stability [8,9] and the construction and control of an above elbow
prosthesis simulator aimed at ;nvestigating &he use of co-activation by

amputees [2].

Work done by Colgate [3] involved the design and construction of a
dynamics measuring device. Using air jets attached to the subject's
wrist, this device 1is intended to apply forces to the human arm in order
to measure the dynamic properties of the limb. As a force generator
this device can be considered a near-zero—impedance device. The addi-
tion of position feedback to this device would make it an impedance
device as well, but accurate real-time measurement of position could be

quite difficult.

The work that is presented here focuses on the control of an
apparatus that can be used as both a high- and low—impedance device.
This apparatus will be capable of generating both forces at the endpoint

and desired endpoint impedances. Each of these desired endpoint charac-
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teristics will require its own specific algorithm. For the impedance
controller it will be necessary to use closed-loop feedback control, but
for force generation it will be possible to wuse open loop control.
However, due to the nonlinear relation between motor torque and endpoint
force, the orientation of the 1linkage must be constantly monitored.
Although the force generation is closed-loop, it is important to point
out that there is no measurement of force in this control, either direct
or inferred (i.e., an observer based on an internal model of the dynamic

system).

1.4 Goals

The primary goal of this research is to implement an impedance con-
troller that will allow an experimeter to modify the set of endpoint
dynamics that the subject experiences at the handle of the manipulandum.
In terms of impedance control topics, a secondary goal of this work is
to develop an apparatus that can be used not only for physiological
experiments, but also for further investigation of some of the various

control topics discussed above (such as force feedback).

Both the apparent stiffness and viscosity will be modified.
Modification of apparent endpoint 1inertance will not be implemented,
however, since force feedback is not yet provided. The performance of
the impedance controller will be evaluated, and the range of achievable
stiffnesses and viscosities, given the 1limitations of the mechanical
hardware and control circuitry, will be qualitatively evaluated.

Finally, simple experiments will be performed with subjects to demon~
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strate how this apparatus can be used in the study of the human upper

extremity.
1.5 Summary Of Remaining Chapters

Chapter 2 includes a discussion of impedance control and a presen-
tation of the impedance control algorithm wused in this work. This
chapter addresses computational and control issues concerning both
real-time control and the rates of feedback gain changes in the work-
space. Chapter 2 also includes a discussion of force production at the

manipulator endpoint.

Chapter 3 is a detailed description of the mechanical hardware and

safety precautions used.

Chapter 4 covers the sensors and control circuitry needed to imple-
ment the impedance controller. This chapter includes a discussion of
the problems associated with structural resonance of the support holding

the apparatus, and a solution is presented that minimizes it. effects.

A nonlinear model of the mechanical hardware 1s develuped and
presented 1in chapter 5. A method of simulation is discussed and the

mathematical model is adapted for the simulation.

Chapter 6 evaluates the ability of the impedance controller to pro-
duce the desired dynamics in both static and dynamic cases. This

chapter also evaluates the production of forces at the endpoint, but



PAGE 24

only in the static case. In this chapter an evaluation of the system
controller is made, for large amplitude motion, by comparing experimen-
tal data with simulations. The final section of this chapter contains

the data taken in the human movement experiments.

Chapter 7 contains a final discussion and recommendations for

further work with this particular system.



PAGE 25

CHAPTER 2: CONTROLLER THEORY AND IMPLEMENTATION

In the introduction it was stated that the control of a two-link
manipulator used to study arm movements would present a practical imple-
mentation of an impedance controller. This chapter discusses the
reasons why the impedance control strategy was adopted in this work.
The implementation of a particular impedance control algorithm as well
as gsome of the computational issues facing practical implementation will
also be discussed. In the later part of this chapter the topic of end-

point force generation 1s addressed.

2.1 Impedance Control

?he impedance control approach was adopted here because it provides
a straightforward approach to controiling a physical piece of hardware
that isAdesigned to interact with a dynamic environment. The human arm
is certanily a highly nonlinear dynamic system. It 1is comprised of
limbs with nonlinear inertial properties and muscles that act as both
nonlinear force actuators and as noitlinear springs [12,18]. By defini-
tion, the impedance controller is designed to work with systems that are
coupled to dynamic environments (in this case, the human arm). It is
these points of coupling that are considered the interaction ports
between the systems. In this system, the subject (the environment) is
coupled to the manipulator (the controlled system) at a single port of

interaction, the handle at the manipulator's endpoint.

Given energetic physical systems, a fundamental restriction is
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imposed on their interaction: it 1s not possible for one of two
interacting systems to prescibe both the effort (e.g. force) and the
flow (e.g. vglocity) at the point of interaction [21]. At a specific‘
point of interaction, these variables (effort and flow) are known as
power conjugate variables. Their product is the amount of power that is

transfered across that interaction point.

A control strategy that precisly controls the position (intergrated
flow variable) of a physical system, caunot also control an interaction
force (effort) that would arise upon contact with another physical sys-
tem. Similarly, a control strategy that focuses on the control of the
interaction force has no control of the position 1in that direction.
fhese ideal controllers (position or force) are restricted in this way

because they attempt to control only a subset of system variables.

The impedance control approach does not attempt to control any of
the system variables, but rather the relationship hetween these vari-
ables and a “"virtual trajectory”, [10]J. The 1impedance controller
generates a set of output forces as a function of the measured kinematic
state of the system (position, velocity, etc.). In steady state, the
force 1s only a function of the position. This function is restricted
such that zero force defines some unique position. This position (where
the force is zero) is defined as the "virtual position”; a time history
of virtual positions define a "virtual trajectory”. The impedance con-
troller can now be redefined so that it generates a set of output forces
as a function of the measured kinematic state of the system and the vir-

tual trajectory. Thus forces are generated to drive the actual position
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to the virtual position. The forces only go to zero at equilibrium when
the commanded virtual position and the actual position are the same. In
this way control of one's position in the absence of interaction forces

18 achieved.

The term "impedance” 1is used because the environment is assumed to
be an admittance (e.g. a mass, or a kinematic constraint). That is,
the environment moves when forces are applied to it. Any dynamics due
to compliance (e.g. springs) or damping, contribute forces that appear
behind the admittance. Since the environment appears to the manipulator
as an admittance, causality dictates that the manipulator appears to the
environment as an impedance [16,23]. The assumption that the environ-
;ent is8 an admittance, is not unreasonable since the human arm is made
up of '1limb segments with inhérent inertial .properties that can be

transformed to appear to the manipulator as an admittance.
2,2 Control Alogorithm

The control, in this work, was performed purely in the discrete
time domain. The algorithm adopted here was developed in the analog
domain and then implemented on a digital computer. Appendix G cdntains
a listing of the control program used to control the manipulandum. With
this program, the sampling rate of the digital computer 1is 286 hertz,
which 1s fast enough so that the discretized algorithm closely approxi-
mates the desired analog algorithm (see section 2.3 on computational
complexity). For this application the desired.impedance is linear and

constant in the cartesian endpoint coordinates of the manipulator. This
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means that as the manipulator moves around 1in 1its workspace, the
impedance seen at the endpoint is constant. Hence the joint coordinate
impedance 1s both varying and nonlinear for any motion of the manipula-
tor because it is expressed in a different (non-cartesian) coordinate

system.

Impedanée control does not postulate a particular strategy for
maintaining endpoint dynamics, but several approaches have been proposed
and tested [4,17,25]. One particular approach proposed by Hogan [11]
attempts to modify the effective endpoint inertance, viscosity, and

stiffness:

- ir(g’fint ' [2-1)

The algorithm adopted in this work makes no attempt to modify the effec-
tive endpoint inertance and thus reduces equation 2~1 to the simplified

case:
F = Kgl(X, = X) - BgV [2-2]

- ~8

This algorithm modifies the effective cartesian endpoint and stiffness
of the manipulator, Se and ge. Endpoint positioning, in this algorithm,
is done by specifiying a virtual trajectory, Ev’ and computing the
difference between this virtual endpoint position and the actual end-
point position. This difference is then multiplied by a feedforward
gain matrix (stiffness, ge) to result in driving forces. Damping, Be’

is included in the system by feeding the endpoint velocity through a set
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of velocity feedback gains and subtracting the resulting force from the
driving forces due to the stiffness Ke' This 1is all shown below 1n

block diagram form (in joint coordinates), Figure 2.l.

r’ >(_] Ke ¢ ] AMP |
virtual
trajectory
angular
__velocity,
Be DC
TORQUE
MOTORS
angular
position I-JA
Figure 2.1

IMPEDANCE CONTROLLER IMPLEMENTATION

The actuators and sensors act purely 1in joint coordinates.
Therefore, it 1s necessary to make transformations to find the current
cartesian endpoint pasition and to compute the needed control torque.
The Jacobian 1s defined as the relation between differential displace-
ments of the cartesian endpoint position, dx, and the manipulator's

absolute joint angles, dO:

8% = J86 [2-3]

These angles are considered "absolute” because they are both measured

with respect to a fixed non-accelerating reference frame.

The transformation between joint torques and cartesian endpoint
forces 1s shown using the principle of virtual work. The work done for
any force (or torque) through a differential displacement 1is just the
dot product of that transposed force (or torque) vector and the dif-

/
ferential displacement vector:
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Translation—-

Fl.sx [2-4]

LN

Rotational-

oWy = 1788 (2-5]
Substitution of the Jacobian definition (relation 2-3 above) into
equation 2-4 gives:
8W, = F-J88 [2-6]
When the amount of work done is the same for rotation and translation,
equating the differential work for each case gives:
FT 386 = 1760 [2-7]
This is now rewritten in the form:
T=2'F [2-8]
ft is this relation that will be used to make all the transformations

between joint torques and cartesian endpoint forces.

Finally the current endpoint position is needed for coamparison to
the virtual endpoint position. This is a transformation from measured
joint angles to endpoint coordinates, using the forward kinematic equa-
tions:

X = L8 [2-9]
Where L() is a function of the joint angles. Combining the relations
2-2, 2-8, and 2-9 yields the control law:

o T T 2-10
To = 3TKg(Xy - L(8)) - ITBodu [2-10]

Where '1‘c is the vector of command torques that is sent to the actuators.
It is important to point out that this algorithm does not require the

computation of inverse kinematics to command the endpoint location.
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With relation 2-10 the endpoint 1location need only be specified in
cartesian endpoint coordinates. This is a rather significant savings in

terms of copmutational workload of the control algorithm.

It is also important to note that this simplified algorithm has
some extremely strong stability robustness properties. It has been
shown that it can guarantee the stability of the manipulator endpoint.
Even more important, it has been shown that if a nonlinear impedance
controlled manipulator is stable in isolation, then when it 1is coupled
to a dynamic environment of arbitrary complexity, which is also stable

in isolation, the dynamic coupling does not jeopardise its stability.
2.3 Computational Complexity

For a digital control algorithm the execution speed of the real
time 1loop is an important consideration in maintaining stability cf the
complete system [7]. All of the programming for the control of the two
link manipulator was done in the language "C". This language was chosen
because it is a higher level language‘thac allows vector addressing. In
this way it is possible to do high level programming (implementation of
equation 2-10) and address the interface hardware (such. as analog to
digital converters, parallel interfaces and the real time clock) with

the same piece of computer software.

One drawback to programming in C is that trigonometric operations
(sine and cosine), that are necessary in computing the Jacobian, execute

extremely slowly in C. With a PDP 11/73 a simple cosine computation can
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take as 1long as 800 microseconds. This, in comparison to 80 micro-
seconds for a floating point multiply, 1s quite a time consuming
operation. The trigonometric operation time can be reduced by precom—
puting all of the sines and cosines and storing them in a table 1in the

computer's extended memory.

In this apparatus, the position of the links 1s measured, in abso-
lute joint angles, using optical encoders. These angles are considered
“absolute” because they are both measured with respect to a fixed
non-accelerating reference frame. The input to the computer from the
optical encoders is a number between O and 4000 (O to 180 degrees).
This number is used as an index for a table stored in the computer's
;xteneded memory. The numbers that are stored at the location addressed
by the index, are the cosine(i), sine(i), cosine2(i), sine2(i) and
cosine(i)sine(i). The "i" 1is the actual angle reperesented by the
encoder value. A complete read from the table in extended memory for a
single angle takes only 425 microseconds. This read generates sine and
cosine and three floating point multiplies. The three floating point
multiplies were included because the added time to read them from
extended memory is less than the time that the three floating operations
would have taken. The two trigonometric operations and three floating
point multiplies normally would have taken almost 2 milliseconds per
angle, but with the extended memory read, both angles are processed 1in

less than 1 millisecond (850 microseconds).

All of the control operations are done in floating point arithmetic

and the final torque command is then scaled to the appropriate integer
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units for the digital-to—analog converter. With floating point arith-
metic and the trigonometric lookup table it was possible to reduce the
execution time of the real time loop to 3.5 milliseconds. This sampling
frequency (SF) of 285.7 hertz gives a practical controller bandwidth
(BW) of 14.3 hertz according to relation 2-11 below. This bandwidth
seems to be sufficient for the control of the apparatus.

BW = F (2-11]

20

2.4 Gain Changes

The desired stiffness and viscosity are constant in endpoint coor-
dinates. This means that the joint stiffness and viscosity change as
;he manipulator configuration changes. 1In termé of manipulator kinemat-
ics, these terms change quite significantly as the manipulator moves
around in its workspace. The sampling rate used with the digital con;
trol algorithm must always be fast enough for the discrete
implementation to approximate the analog equivalent, but it must also be
fast enough to accomodate gain changes during fast movements. This is
not of much concern for slow movements, but with fast movements (end-
point speed greater than 2 m/sec) 1s important to have a digital
sampling rate that is fast enough to make the appropriate gain changes
to maintain constant endpoint stiffnéss and viscosity. This section
demonstrates the need to have a controller that changes or updates the

effective joint angle feedback gains based on manipulator orientation.

The transformation from endpoint to joint viscosity i1s made with

the Jacobian and its transpose defined in equation 2-3 above.
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By = 4'BJ [2-12]

Equation 2-12 is computed .for the implementation of the impedance con-

trol algorithm, 2-10.

The transformation from cartesian endpoint viscosity to joint
viscosity can be readily examined by assuming isotropy. This is a rea-
sonable assumption since any general viscosity matrix can be re-written
as the 1linear combination of the 1isotropic matrix and some other
non-uniform matrix. Mathematically, the simplest case of 1isotropy can
be obtained by assuming that the desired endpoint viscosity is equal to
the identity matrix:

Be=[=l

~

10|
01 [2-13]

in this case equation 2-12 reduces to:

Bg = 4" [2-14)
By further assuming that the lengths of the manipulator links are equal
to unity, it is easy to observe how the transformed matrix varies as the
endpoint of the manipulator moves around in the workspace. It 1s impor-
tant to stress that this transformed matrix represents the effective
joint angle gains needed to maintain constant endpoint viscosity. This
section examines particular gain changes which are components of these

transformed matrices of gains.

For the special conditions of this example (equal diagonal terms
and zero off-diagonal terms) it is shown in Appendix D that the diagonal
terms of the transformed matrix do not change and remain unity. Figure
2.2 shows the variation in the offdiagonal term of equation 2-14 as the

endpoint is moved along straight lines in the workspace. The plot 1is
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comprised of 1lines of constant y endpoint position as the x position

varies from one extreme of the workspace to the other.

TRANSFORMATION TERMS FOR CONSTANT Y ENDPOINT POSITION
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Figure 2.2 Off-diagonal Transformation Terms for Constant Y

An ‘interesting observation of Figure 2.2 can be made at the extreme
points 1in the workspace where the Jacobian loses rank and its determi-
nant becomes zero. If the determinant of the Jacobian and its transpose
become zero, then the determinant of B, in equation 2-14 must also be
zero. For the determinant of the matrix Ee in equation 2-14 to go to
zero, as the Jacobian loses rank at the extremes of the workspace, the
off-diagonal terms of matrix Ee must approach unity. Figure 2.2 shows
that this is indeed the case. These off-diagonal terms must go to unity

because the diagonal terms in the desired endpoint viscosity matrix are
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both unity and the link lengths were also chosen to be unity. For the
determinant of matrix Ee to then be zero, the off-diagonal terms must be

unity.

Figure 2.3 shows a plot of the offdiagonal terms when the x end-
point position is held constant and the y endpoint position varies from
zero to its extreme. The plot is symmetric about the line formed for x
equals zero. Again the offdiagonal terms must approach unity as the

manipulator extends to the extremes of the workspace.

TRANSFORMATION TERMS FOR CONSTANT X ENDPOINT POSITION

1,00

X = 0,00
-1.00 T T T

0.080 0.50 1.00 1.50 2.00
Y ENOPOINT POSITION

OFF-DIAGONAL TERMS

Figure 2.3 Off-diagonal Transformation Terms for Constant X

It is apparent that Jacobian transformed terms change significant-
ly. For the case y = 1.0 1in figure 2.2, even if the workspace is

restricted to + 1.3 (meters), the change 1in the offdiagonal term 1is
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almost one hundred percent. Not only that, but the slope changes rather
drastically (from O to 2.145 l/meter) over this range of x values. Thus
the need for a dynamics controller that changes or updates the joint
angle feedback gains based on manipulator location 1s clearly demon-

strated.

2.5 Endpoint Force Production

One of the goals of this work is to provide an apparatus that will
be capable of producing forces at the handle in aay desired direction.
Using the torque motor servo amplifier system described in the next
chapter, it 1is possible to generate torques about the axis of rotation
of each link. The maximum output of the torque motors determines the
maximum forces that can be generated at the the endpoint of the manipu-

lator.

Now the question arises, how much force 1s achievable for a
particular direction at the handle (the maanipulator endpoint)? In gen-
eral the maximum forces for all the directions around the endpoint form

a parallelogram as shown in Figure 2.4.

This can be explained by lookin; at the kinematics of the
apparatus. If the torque on the inner link is maximum (positive or
negative) and the torque on the outer link is zero, then a maximum force
is generated along the axis of the outer link as shown in Figure 2.5a.
Likewise if the torque on the inner link 1s zero and the torque on the
outer link is maximum, then a maximum force is generated parallel to the

inner link as shown in Figure 2.5b. When both links experience maximum
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MAXIMUM FORCES FOR MAXIMUM JOINT TORQUES (3.7268 N-m)
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Figure 2.4 Maximum Endpoint Forces for Several Orientations
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Figure 2.5 Maximum Endpoint Force Development
Figure 2.5a Maximum Torque on the - Inner Link
Figure 2.5b Maximum Torque on the Outer Link

Figure 2.5c Vector Addition to Find Maximum Endpoint Forces
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torques, the forces from each individual case above will add vectorially
‘as shown in Figure 2.5c. This maximum force makes up one of the corners

of the parallelogram shown in figure 2.4.

For this reason the shape of the parallelogram depends only ou the
relative angles between the links (and reduces to a square when 92 - 91
= 90 degrees). The orientation of the parallelogram is dependent only
on the inner 1link angle. For this reason, only one set of parallelo-
grams needs to be plotted. The set of parallelograms that arise as the
manipulator endpoint moves away from the shoulder along a straight line,

shown in Figure 2.6.
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Figure 2.6 Maximum Endpoint ‘Forces for Constant X

All the rest of the points in the workspace can be evaluated simply by

rotating this straight line about the shoulder. A consequence of this
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is that two of the four directions of maximum force generation form a
straight 1line through the "shoulder” (axis of rotation of the inner
link) of the apparatus. This is only true, however, when the 1link

lengths of the manipulator are nearly equal, as they are in this case.

This process has been automated so that plots can be made of the
maximum force generated in any direction, for a given linkage orienta-
tion. A description of this procedure and the FORTRAN program to do the
computations and plotting are in appendix F. The physical hardware
(i.e., torque motors, servo amplifiers, mechanical linkage, etc.) that
will be capable of producing these forces and applying the control

algorithm is described in the next chapter.
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CHAPTER 3: MECHANICAL HARDWARE AND DESIGN CONSIDERATIONS

This chapter presents the mechanical hardware used 1in this work.
This chapter 1includes a description of the manipulandum and the torque
motors and servo amplifiers used to drive 1it. This entire system 1is
designed to be used in experiments with human subjects, therefore it is
imperative that every consideration be made for the safety of the sub-
ject and the experimenters. The safety considerations in this thesis

are addressed in detail in section 3.3 on safety precautions.
3.1 Apparatus Description

The apparatus, shown in Figure 3.1, is a two liqk serial manipula-
tor (similar ‘to a SCARA robot) that is constrained to motion in the
horizontal plane. For all control and discussion purposes the orienta-
tion of the 1links 18 defined in Figure 3.1l. The orientation of the
inner link is defined by the absolute angle theta 1l and the orientation
of the outer link is defined by the absolute angle theta 2. The rela-
tive angle between the links is defined as the difference of the two

absolute angles, 02 -9 The links are driven by two DC torque motors

l.
that have output shafts that zre both co—axial with the axis of rotation
of the 1inner link. Thus one motor is mounted above the other motor so
that the output shafts of each motor face each other. These motors are

PMI JRI6M4CH D.C. Torque motors. Some of the relevant Torque motor

characteristics are listed in Table 3.1.
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Apparatus Zugppnrt Frame
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Figure 3.1 Two Link Manipulandum



TABLE 3-1 Torque Motor Characteristics
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Description Units Value
Manufacturer and Type PMI Jk . 6M4CH
Peak Torque (N/m) 37.48
Continuous Stall Torque (N/m) 3.52
Peak Current (Amps) 100.8
Continuous Stall Current (Amps) 9.65
Peak Acceleration Without Load Krad/sec/sec) 63.2
Torque Constant (N-m/Amp) 0.373
Armature Resistance (Ohms) 0.74
Viscous Damping Constant (N-m/KRPM) 0.0644
Moment of Inertia (N-m-sec—sec) 0.000593
Mechanical Time Constant Without Load (mSec) 3.15
Motor Weight (LBS) 17.5

TABLE 3-2 Servo Amplifier Characteristics

Switching Frequency (hertz) 5000

Bandwidth (hertz) 1000

Current Monitor Sensitivity (Amps/volt) 3

Peak Output Current (Amps) 30

Continuous Output Current (Amps) 10

Peak Current Time Constant (sec) 0.5

Channel

Open Loop Gains

1

2

3

Nominal Amplifier

1.29 < Gain 1 < 10.42 Amps/volt
0.62 < Gain 2 < 5.32 Amps/volt

0.33 < Gain 3 < 2.30 Amps/volt

Setting 3.0 Amps/volt (channel 2)
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The inner link of the apparatus is attached directly to the output shaft
of the lower torque motor, but the outer link is driven through a
four-bar-linkage, shown in Figure 3.2, that is attached to the output

shaft of the upper motor.

The enitre system (motors and manipulator links) are mounted on an
aluminum framework, shown in Figure 3.3, that will be refered to as the
support frame. The system is mounted on this frame so that the manipu-
lator can be used with a seated subject. It was not possible to mount
the system on any wall in the designated workspace because none of the
walls were structurally strong enough to support the torque motors and

_the rest of the system.

Both motors are mounted on an rigid support that can be considered
an 1inertial reference frame. That is, neither motor mount is actually
moving as would be the case if the outer link motor was mounted on the’
end of the inner link. It is common practice with industrial manipula-
tors to mount the torque motors at the junctions of the links. Thus the
torque 1is applied directly to the outer link. This 1is not practical in
this application due to the size and weight of the D.C. torque motors.
There 1s no problem with the bottom motor transmitting torque directly
to the inner link, but the top motor must transmit torque to the outer

1link through a drive mechanism.

A number of drive mechanisms to transmit the torque from the upper
motor to the outer link were considered. The manipulator has a range of

motion that is similar to, but greater than that of the human arm. The
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Figure 3.2 Photograph of the Four-bar Linkage

Figure 3.3 Photograph of the Apparatus Support Frame
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manipulator endpoint has the ability to move out in the workspace so
that the relative angle between inner and outer links 1is -43 degrees.
And the manipulator endpoint has the ability to move into the axis of
rotation for the torque motors, where the relative angle between inner
and outer 1links 1s 175 degrees. This range of motion (spanning 218
degrees) 1s made possible by using an offset in the elbow of the manipu-

lator, see Figure 3.4 below.

outer link 92-91
o] 7 -

4

L’fronge of motion Iimits)

Figure 34 Range of Motion for Offset and
Straight Elbows

The apparétus was originally constructed with a ladder chain drive, but
this was replaced with a four-bar-linkage to avoid problems with compli-
ance that are characteristic of a flexible chain drive. While the
four-bar-linkage improves the ability to position the endpoint, its
major drawback is that it limits the range of motion of the manipulator.
.
The minimum relative angle between the inner and outer links is now lim—
ited to 39 degrees and the maximum relative angle 1is 139 degrees. Thus
the addition of the four-bar linkage reduced the range of motion to less
than half the possible range of motion. Although this reduction may

appear significant, the reduced workspace is sufficient for experiments

currently performed human subjects.
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Servo Amplifiers

The motors are driven by PMI SSA 40-10-30 pulse width modulated
switching servo amplifiers. The servo amplifiers are supplied with "in-
ductive chokes” and the inductance of the motors is low enough, so that
the servo amplifiers are considered to be current sources to the motors.
The switching frequency of the servo amplifiers is 5000 hertz and the
bandwidth 1s specified by the manufacturer to be 1000 Hertz. It is
therefore reasonable to assume that the amplifier dynamics are suffi-
ciently fast so that the amplifiers can be considered transconductance
gains. The complete system of servo amplifier and torque motor shown in
Figure 3.5, provides a torque that is proportional to the input voltage

to the servo amplifier.
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The servo amplifiers are rated for both continuous and peak current
output. In this case the continuous current level (10 amps) 1is a third
of the peak current output, 30 amps. The servo amplifiers have buillt in
safety features that automatically limit the current output to the con-
tinuous current level if the continuous current level is exceeded long.
enough to build up charge on the capacitor that checks the duty cycle of
the servo amplifier. These safety features of the servo amplifiers are
installed to prevent the amplifiers from overheating the motors.
Unfortunately these safety features are useful in protecting the motors,
but they complicate the limitations on the amount of torque generated at
" each joint. The servo amplifiers are designed to provide peak current
(and hence peak torque) to the motors for only half a second. After 0.5
éeconds of peak current, there 1is a rapid decay (approximately 0.5
seconds) to the continuous current output. This means that if a sus-
tained force (longer than .5 sec) is desired at the handle, then the
magnitude of the force is limited by the continuous force output of the

system.

Besides the current limiting capabilities of the servo amplifiers,
there was another complication uncovered in testing the servo amplif-
iers. The servo amplifiers were unable to maintain a constant current
output for current levels that are greater than about twice the continu-

ous current limit as demonstrated by the following experiment.

The digital computer was used to generate a command voltage to the
servo amplifier and to measure the servo amplifier current monitor. The

current monitor is an output from the servo amplifier whose voltage 1is
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proportional to the actual current output. The sampling rate of the
test program was 2000 hertz. The current monitor signal was found to
contain components of the servo amplifier switching frequency. To avoid
aliasing problems with the current monitor signal, this signal was low
pass filtered before being input into the computer. The low pass filter
consisted of a passive RC filter that had a cutoff frequency (-3 Db) of

500 hertz.

The peak current output of the servo amplifiers is 30 amps. It was
found that, even if the servo amplifiers were commanded to output only
27 amps, then the current monitor would indicate that actual output cur-
rent was oscillating at 120 hertz about 25 amps with a peak-to-peak
value of approximately 2 amps. These tests were performed with the
servo amplifier output connected to a pure resistive load so that any
nonlinearities of the torque motor load would not be present. Figure
3.6 shows the results for various command voltages. These plots show
both the command voltage to the servo amplifier and the current monitor
output. The gain on the current monitor is approximately 3 amps/vol.t
and the servo amplifier gain is nominally set at 3 amps/volt.

These voltages range from 1 to 9 volts at 1 volt increments. Clearly
the system cannot be operated at or above 9 volts. The first indica-
tions of this oscillation start at about 8 volts. For this reason, the
command output from the computer is always limited to a maximum of +8
volts. This oscillation was seen on both amplifiers and in both direc-
tions (positive and negative outputs). It is possible that this ripple
is due to the line voltage ripple (120 hertz) on the power supply to the

amplifier. This problem was beyond the scope of this work, and 1its
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solution 18 left for further work.

As per a recommendation from PMI, the compensation circuit on the
servo amplifiers was disabled. This was done by removing 2 resistors
from each servo amplifier (R59 and R62; refer to servo amrlifier blue
print). This compensation circuit acts to limit the bandwidth of the
servo amplifiers. By disabling this circuit the servo amplifiers are
more sensitive to noise, but this reduces the open loop gains of the
amplifiers. Table 3.2 shows the new open loop gains. This change was
made so that the range of inputs to the servo amplifiers would be compa-
tible with the output of the computer’s D/A converters. The output
range of the D/A converters used in this work is + 10 volts. A gain

setting of 3 amps/volt (pin 2) on the servo amplifier will yield the

maximum current for the maximum output of the D/A converters.
3.3 Safety Aspects

Because the primary use of this apparatus is with human subjects,
the safety of the apparatus has been a primary concern of much of this
work. The servo system must be completely safe and must 1in no way
injure either the subject or the experimenter. The primary design phi-
losophy behind much of the safety features is to remove power from the
motors 1f anything goes wrong and to remove stored energy as quickly as
possible in the absence of power inputs. For an unacceptable condition
(for example, the manipulator moves outside allowable workspace) the
amplifiers will be disconnected from the motors and the motor terminals

will be short circuited.
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In the event of problems arising with the manipulator or torque
motor system, the servo amplifiers are completely disconnected from the
motors so that there is no way that the servo amplifiers can possibly
drive the motors. The servo amplifiers should never be run without a
load, therefore the same circuit that switches the amplifiers to and
from the motors, 1s used to control a set of relays that will disable
the servo amp when the motors are disconnected. The motor terminals are

short circuited to provide dynamic braking.
3.3.1 Mercury Displacement Relays

The continuous current output to the motors is 10 amps at 40 volts
BC. The maximum current output to the motors 1s 30 amps. Because these
currents are so high it w;s necessary to use relays that couid handle ut
least 10 amps at 40 Volts DC. The relays that were best suited for this
task were Mercury Displacement Power Relays made by Magnecraft. These
relays operate by having an energized coil pull a cylinder down into a
pool of mercury. The mercury then rises and completes the circuit. In
this way, each time a contact is completed there is essentially a new
set of points. The gaseous portion of the container holding the mercury

L[]
is filled with an inert gas, thus oxidation cannot occur.

In the unenergized (or passive) state, there are two types of mer-
cury displacement relays available. Those that are normally closed
(used to short the motor terminals) and those that are normally open
(used to open the circuit between the motor and the servo-amplifier).

This system has 2 normally closed relays, (2) WM35B-120A, (one for each
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motor), but 3 normally open relays, (1) WM35AAA-120A. Two of the nor-
mally open relays are used for the connections between the motors and
the servo amps and the third relay is used as a "latching relay”. That
is, when the coil for this relay is momentarily energized (by the momen-
tary switch in Figure 3.7), the now energized relay becomes the element
that keeps the coil energizing circuit complete. If this circuit 1is
broken at any time, the latching relay will revert to its normally open
state and the energizing circuit will be open. At this point, the user
must close the momentary switch in order to reactivate the coil energiz-

ing circuilt.

/ MOMENTARY

2A Switch
>——\
115 VAC
> —a
] TR YR
TTL CONTROL
Solid State Relay L]
o—d L——o0
TORQUE TORQUE
MOTOR MOTOR
—lollol =
10/30 10/30
AMP AMP
SAFLTY RELAY CIRCUIT
FIGURE 3.7

3.3.2 Relay Control Circuitry

The goal of the relay control circuitry 1s to monitor several

states of the apparatus and enahle or disable the ability to energize
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the power relays. The states are comprised of the 1linkage orientation
and thlie status of any control program (that i1s, is a program running?).
The linkage orientation 1is monitored by physical limit switches on the
apparatus and by specific bits in the parallel output from the optical
encoder decoding circuitry (described in chapter 4) representing angular
position. The combination of limit switches and encoder counter outputs
define a workspace outside of which the power relays cannot be energized
and hence the motors are unpowered. This workspace 1s shown in Figure
3.8 (the straight line in this figure is due to the physical size of the
target board under which the manipulator operates). To enable the abil-
ity to energize the power relays a program must be running and it must
set the proper bit on a particular parallel interface line. The details
;f the relay control circuitry are discussed in this section, but the
implementation of the limit switches will be discussed in the next sec-

‘tion.

YIIIIIIINIIIIIIIIA

Figure 38 Practical Workspace of the
Manipulandum
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The fail-safe aspect of this setup 1is that it requires the
experimenter to physically activate the coils to energize the relays.
This is done with the momentary switch in the energizing coil circuit.
It 1is the energizing coil circuit that is the key component here. Any
condition that breaks this circuit will shut the entire system down.
Because this circuit is energized by 120 VAC, it 1is necessry to keep the
entire circuit shielded from the experimenters and the subjects.
Therefore a solid state relay is used to control the energizing coil
circuit, see Figure 3.7. Unless the conditions are proper for this
relay to be energized, then the mercury displacement relays can not be
energized no matter how long the experimenter pushes on the momentary

switch.

The solid state relay in the coil circuit 1s a Grayhill solid state
relay 70S2-04-B-02-H. This solid state relay is capable of handling 2.5
amps at 120 VAC and has a control range of 3 - 30 VDC. Thus it possible
to put this relay directly into the energizing coil circuit with with
all of the mercury displacement relays. In this way, a single solid
state relay is controlling the full set of mercury displacement relays.
The energizing coil circuit is only complete when the solid state' relay
is energized by a 5 volt signal from the TTL (Transistor Transistor

Logic) relay control circuitry, Figure 3.9.
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Figure 39 Relay Control Circuitry

The TTL control circuitry consists primarily of a single Quad AND
gate chip, 74LS09. This chip is wired so that 5 inputs control one out-
put. All of these inputs must be high (5volts) for the output to be
high and the solid state relay to remain energized. Two inputs come
from the encoder counter information, one input comes from the 1limit
éwitches on the hardware itself and one input comes from.a control bit
(the CSR bit) on thé parallel interface that supplies the offset angle
to the D/A angular position card for theta 1. The offset angle and D/A
angular position cards are described in detail later in section 4.3.2.
The final input is temporarily wired high as a spare for later applica-

tion.

The input from the D/A angular position card for the outer 1link
angle 1s taken from the overflow bit of the binary adder chips (des-
cribed in in chapter 4). This bit is normally high wuntil the adders
output a parallel binary word that corresponds to less than 0 or greater
than 180 degrees. It is necessary to use the overflow bit so that
changing the angular offset (a parallel binary input word) will not only
change the z;ro reference, but it will aﬁpropriately adjust the position

at which the relays will be shut down. The input from the binary signal
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for the inner angle, however, 1s taken from the thirteenth bit of the
Encoder decoder circuit. The inner link cannot practically span a range
that is any greater than 0 to 180 degrees which is the range that 1is
allowed using the thirteenth bit of the encoder decoder circuits. Thus,

there was no reason to implement the same strategy on the inner link.

The implementation of the impedance controller involves using the
digital computer to generate command voltages to the servo amplifier.
To insure that the only commands that the servo amplifiers respond to,
are based on desired commands, it is important to have a program active
when the relays are active. This reduces the possiblity of having some
transient signal on the command input (output from the computer's D/A
;onverters) to the servo amplifier when the relays are energized. The
input that comes from the CéR bit (on the parallel input for the angular
offset of theta 1) insures that a program must be running in order for
the wuser to activate the relays. This is because the CSR bit is easily
set high at the beginning of the program, but returns to its normal low
state when the program is termirated. Also, 1f a condition arises dur-—
ing operation (i.e. excessive speeds), then the CSR bit can immediately

be set low and the system will be shut down.

The final spare input is intended to be used with a retriggerable
monoatable multivibrator TTL 74LS122. With this chip it is possible to
insure that the relays can only be turned on if the program 1s running
at the correct speed. The output of the chip remains high as long as
its input is pulsed (by the computer) every time step, dt. The duration

of dt can be varied depending on the external resistor-capacitor pair
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selected [24]. The larger the resistor or capacitor, the longer the

delay.

Unfortunately this retriggerable monostable multivibrator cannot be
implemented currently because of a problem with the momentary switch and
turning on the relays. Sometimes when the relays are energized with the
momentary switch, the encoder decoder counters are reset. A significant
amount of time was spent trying to solve this problem, but no solution
was found. It appears as though the energizing causes some random noise
on the circuit ground. This in turn causes a false reset signal on the
counters. If the relays were to be re—energlized before each experimen-
tal run, it would be necessary to also re-calibrate the encoder counters
gefore each run. The solution of this problem is postponed for later

.work.
3.3.3 Limit Switches

There are three limit switches mounted on the apparatus, Figure
3.10. Two limit switches are mounted on the support where the motors
are mounted and one switch is mounted on the four-bar-linkage. The two
limit switches mounted on the support act as backups for the encoder
counter disable inputs. They prevent the inner link from being driven
into the support behind the system. The 1limit switch on the
four-bar-linkage shuts the motors off just before the four-bar-linkage

comes in contact with the inner link.

The limit switches are simply mechanical switches and exhibit
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Figure 3.10 Limit Switches
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mechanical switch bounce that is a common problem with such switches.

To get rid of this problem it was necessary to "de—-bounce" the switches

with the circuit shown in Figure 3.11.
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F——limit switches ————

Figure 311 Switch De-bounce Circuitry

ska PV

This circuit utilizes TTL S-R latches 74LS279 [24] and has the limit
switches wired 1in series. If any of the limit switches changes the
ground from S to R then the output of tha S-R latch will go "low" and
the relays will “shutdown"”. This is "de-bounced"” because during the
transition phase (switch from S to R), the inputs to the S-R latch are
both "high" and in this state the S-R latch continues to hold its last

output.
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3.4 Relay Operation

There are a set of steps that must be followed in order to set up
the system for operation. As discussed above, it 1s not possible to
have the servo—amplifiers drive the torque motors without the relays
being energized. Currently there are operations that must be performed
in software and to the apparatus itself, these are:

A. CAUTION: Make Sure The Amplifiers are DISABLED.
(silver switch DOWN)

B. Set the offset values to the Encoder D/A s to zero.

D. Set the CSR bit for Encoder D/A Ol high (1).

E. ﬁove linkage to far left to clear encoder counters.
(1links will have smallest absolute angles)

F. Move linkage back towards the normal workspace.
(until the limit switches click into operation)

G. Press the black switch on the relay panel.

(An orange pilot light indicates that the coils are
energized (1))

H. Move the manipulator endpoint to a calibration position.
I. Compute and Output angle offsets to Encoder D/A.

J. ENABLE amplifiers, to run (silver switch UP).

(1) If the relays do not come on, then keeping the black switch
depressed and moving the arm back and forth will help set the proper

state in the relay control circuitry.
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CHAPTER 4: CONTROL SYSTEM HARDWARE

4.1 Sensors

To control stiffness and viscosity using feedback it 1is necessary
to measure both position and velocity. Likewise, the modification of
endpoint inertia requires force sensing. Restricting ourselves to the
control of endpoint stiffness and viscosity will eliminate the need for
force sensing. This chapter will first present a discussion of the sen-
sors used 1in this work and then discuss in detail, the electronics
associated with each sensor as well as a backplane that houses the elec-

tronics for the position sensing circuitry.

For a system that has rotary actuators (such as the D.C. torque
motors used with 'this apparatus), several options exist for directly
measuring the angular postion of the actuator output shaft. Rotary
potentlometers provide an analog voltage output that corresponds direct-
ly to angular position, while the output of optical encoders 1is
typically in a digital form that 1s better suited for digital control.
The digital output of the optical encoder can be fed directly into the
.computer through the digital parallel interface. This is generally much
faster than the analog to digital (A/D) converter needed to convert the

analog potentiometer signal into the equivalent digital signal.

This chapter discusses the application of optical encoders to meas-
ure the absolute angle of each manipulator link. This chapter also

addresses the lssue of measuring the angular velocity of the manipulator
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links. The absolute angular velocity is measured by integral tachome-
ters that are built directly into the D.C. torque motors. These
measurements are considered absolute in both cases because they are made

with respect to a stationary (non—accelerating) reference frame.
4.2.1 Optical Encoders

Position is sensed by incremental optical encoders attached to the
cutpaut shafL of each torque motor. There are basically two different
types of encoders; absolute and incremental. Absolute encoders output
a digital code that is distinct for a given location and are most often
used in environments where power may be temporarily lost. Incremental
e;coders provide only a pulse train output. With incremental encoders
th;re is no way to distinguish any of the pulses from any.of the other

pulses.

Incremental encoders are used here because of high resolution and
reasonable cost. These encoders are Litton 70SSB12000-1-2-1A optical
encoders and have 2000 lines per revolution. There are two channels of
output data that each generate 2000 pulses per revolution and one chan-
nel with a single pulse ;er revolution. With two output channels and

the proper decoding circuitry it is possible to generate 8000 counts per

revolution (that is, .0007854 radians per count).

Because of physical limitations of the hardware it is not possible
to set the manipulator 1links at the absolute reference angle of zero

degrees and initialize the encoder counters. It 1s also extremely dif-
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ficult to mount the encoders so that the zero index 1s aligned with what
has been defined as zero degrees on the torque motor support. For this
apparatus the encoders were mounted with the zero index within 20
degrees of absolute zero. The linkage is put in a known calibration
orientation and the encoder decoder outputs are measured. Comparing
these measurements with the known orientation of the linkage will give
angular offsets for 61 and 92 (as previously defined in chapter 3, Fig-
ure 3.1). These angular offsets are used in the digital control program
to compute the absolute angles of the links referenced to any orienta-

tion.

TABLE 4-1 Endpoint Location Errors Due To Encoder Counter Errors

Nominal Endpoint Position: X = 0.0, Y = 0.4492 (meters)
Nominal Joint Angles: '91 = 41.69, 02 = 142.926 (degrees)

Joint Angle Error: + 0.045 degrees

61 02 X Y AX AY MAG

41.735 142.926 -.0001942 0.4494 -.0001942 -.0002 .00028
41.645 142.926 0.0001875 0.4490 0.0001875 0.0002 .00027
41.735 142.881 -.0000322 0.4496 -.0000322 -.0004 .00040
41.645 142.881 0.0003495 0.4492 0.0003495 0.0000 .00035
41.735 142.971 -.0003561  0.4492 -.0003561 0.0000 .00036
41.645 142.971 0.0000256 0.4488 0.0000256 0.0004 .00040
41.690 142.971 -.0001652 0.4490 -.0001652 0.0002 .00026
41.690 142.881 0.0001587 0.4494 0.0001587 -.0002 .00026

Average Magnitude Error: 0.00032 meters
Standard Deviation: 0.000062 meters

The ability of the encoders to predict endpoint position was evaluated

both quantitatively and empirically. For a given linkage orientation
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the errors in endpoint position can be computed for errors 1in the the
least signifcant bit of the encoder counters. Table 4-1 shows the
results for all the possible combinations of errors in the encoder out-
puts for the 1linkage 1in the orientation; 01 = 41.69, 62 = 142.926
(degrees). From this table it is possible to see that the error in end-

point position can be as much as 0.4 mm but tends to average about 0.32

The physical hardware was tested by moving the endpoint along a
straight 1line 1in the workspace and measuring the joint angles. Figure

4.1 shows the actual orientatton and range of this test.
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Figure 4.1 Test Orientations for Encoder Verification

Because the manipulator link lengths are nearly equal (Rl = .3654 m, 92

= ,342 m,liﬂ = .0234 m) a plot of the inner link angle against the outer
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link angle should be nearly linear for the range over which this experi-

ment was performed. Figure 4.2 shows that this is the case.
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Figure 4.2 Cross Plot of Absolute Angles for Encoder
Verification

If the link lengths were exactly equal, then the plot would be exactly
straight. For this test the correlation coefficient between the data
points is 0.9997. It is reasonable to assume that the optical encoders

will serve as an accurate measure of joint angle.

4.2,2 Tachometers

While it is certainly possible to measure only the position and
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then differentiate it to get velocity, this is not appealing for several

reasons.

In practice, analog differentiation is limited by the range over
which differentiation will occur. This constraint arises because it 1is
not possible to implement a pure differentiator. At some point (for
increasing frequency) the differentiator will stop differentiating and
simply act as a gain. Even a decade before the differentiation stops,
there 1s phase lag in the output of the circuit that leads to degrada-
tion of the differentiator performance. As the frequency increases, the
differentiator will eventually roll-off and effectively become an
integrator. This can all be summed up by equation 4-1 below. In this
é&uacion, C 1is the design cutoff frequency (in RAD/SEC), or effectively
the frequency at which differentiation 1s no longer occuring. And D 1is
the frequency at which integration begins.

CDs

- [4-1]
(s + C)(5 + D)

Another inherent problem with differentiation is that by increasing the
cutoff frequency more noise is not only being passed through the filter,

but amplified as well.

It 18 possible to estimate the velocity using digital differentia-

tion techniques. The most common approximation is:
(X5 = Xj-1) [4-2]

Ts

For this estimate to work properly the choice of '1'S is critical. If TB
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is too 1large, then the digital implementation of an analog controller
will not have adequate bandwidth. If Ts is too small, then the gain on
the velocity will be increased and the computed velocity will be more

gsensitive to errors in measuring positions x, and x Another problem

1 i-1°
arises due to the ability to measure the position. If the amplitude of
(xi - xi-l) is less than the quantization level of x for the sampling

period Ts' then the relation 4-2 will generate an error on its estimate

of the velocity.

Measuring the velocity directly is a alternative to digital or ana-
log differentiation. The tachometers used 1n this project have a
maximum velocity of 4000 RPM or 418.8 rad/sec, which is greater than the
ﬁhximum unloaded speed of the torque motor, 317.5 rad/sec. The manufac-
turef of these tachometers suggests that the tachometer signals be low
pass filtered at a cutoff frequency of 1000 hertz to reduce tachometer
ripple. The tachometer signal in this work is low pass filtered Lefore
being 1input to the computer, but for reasons described helow, in the

circuitry section, the cutoff is significantly lower than 1000 hertz.

Unfortunately these tachometers were designed to be run at high
speeds and have correspondingly low output voltage at low speeds. They
were used in this work because they are built in the motor housing and
it was not practical to change them. Rather than modify the tachometers
themselves, Analog Devices AD524 instrumentation amplifiers were used to

amplify the output signals.

To verify the tachometer sensitivity it was necessary to calibrate
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the actual tachometers. This not only served to give an accurate esti-
mation of the tachometer sensitivity, but it was done to incorporate the
amplifier and the low pass filter into the calibration. The calibration
was done by measuring the angular position (from the encoders) and
measuring the output of the tachometers. The output of the tachometers
was then integrated by computing the area under the curve with a rectan-
gular approximation:

This is represented graphically in Figure 4.3.

Vil

Vi-%————{\—l

iy t,)
T,
Figure 4.3 Integration Using Rectangular
Approximation

Al represents the integrated tachometer signal at the time T = 1idt.
This integrated tachometer signal is related to the position, at time T,
by a constant scaling factor. This calibration coefficient 1s computed
by dividing the area under the velocity curve, at time T, by the posi-
tion measured at that time. This procedure was repeated several times

and the results were averaged to give the calibration factor listed in
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table 4-2. Figure 4.4 shows a typical calibration run. The velocity
signal starts off at zero reaches a peak and then drops back to nearly
zero. The position signal simply shows the transition from one location
to another. A curve for the calibration factor is generated by plotting
the computed calibration factor for each time T. This curve shows some
transient behavior at the beginning of the movement, but then settles to
a constant value for the duration of the movement. This transient 1is
most 1likely due to the numerical integration scheme given in equation
4-3 above. For this reason, only the constant value was considered to

be representative of the actual sensitivity of the tachometers.

TABLE 4-2 Sensor Calibration Factors

Sensor Units Yalue
Optical Encoder (rad/count) 0.000393
Tachometer (volts—-sec/rad) 0.312
Force Transducer (volts/N) 0.17

Another approach to calibrating the tachometers would be to attach
a constant velocity source to the tachometer shaft, spin the tachometer
shaft at this speed and measure the tachometer output voltage. This
could be done at several speeds and the results averaged together to
give a calibration constant. This approach, however, would not work in
this project. With the manipulator links attached to the motor output
shaft, the tachometers are not free to spin continuously. Every time a
calibration needed to be repeated, the manipulator links would have to
be removed and a reliable velocity source attached to the motor shaft.
The numerical integration calibration approach does not require that

motors spin continuously and 1is easily repeated whenever there are
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Figure 4.4 Tachometer Calibration Plot
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changes made in the amplifier or filter circuits.
4.3 Circuictry

This section describes circuitry that is necessary to decode the
optical encoder signal and the circuitry that is needed to amplify and
filter the tachometer signal. There is also a description of some cir-
cuitry thaf converts the encoder—-decoder output into an analog signal.
Finally the backplane that holds the encoder—-decoder and D/A converter
1s described. To minimize noise effects, the tachometer amplifier and

filter were put as physically close to the tachometers as possible.
4.3.1 Encoder-decoder

These optical encoders are basically comprised of a disk that has
2000 slits etched 1into it. On one side of the disk is a light source
and on the other side is a light sensitve open collector transistor.
The slits in the disk act as windows and allow light to pass through the
disk only when the window is in line with the light source and the light
detector. When the detector is occluded, then its output signal is low.
However, when the light hits the detector, the signal from the «detector
changes from low to high. It is the motion of the rotor windows and the
subsequent high/low transitions of the detector output that generate an

output pulse train.

According to Johnson [15) unclocked decoding circuitry can be a

problem with incremental encoders. Vibration in the rotor windows can
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cause the encoder counter to "run away”. Encoder counter run—aﬁay is a
condition that can exist when input oscillations of the encoder shaft
(to which the rotor window is attached) are restricted to one encoder
slit. When this condition exists, a false pulse train to the counter
will cause the counter to count up or down without the appropriate real
motion of the mechanical system. Johnson's paper presents a decoder
circuit that is supposed to prevent this phenomenon, but work by other
graduate students in the Man-machine lab, at M.I.T., found that this
circuit will not work. This is because the signal is never properly
latched. The decoder circuit that was used in this work is shown in
Figure 4.5. 1t is comprised of analog amplifiers (to scale the signal
up), quadrature and direction sensing logic [5], counters, and latches.
The quadrature and direction sensing logic is shown in Figure 4.6a with

the appropriate timing diagram 4.6b.

The outputs of these encoders are two quasi-sine waves, see Figure

4.7. below, and a single channel representing the zero index.

360°/2000
1 cvcwj-<—a-1
j -—-I 90 + 45 ELECTRICAL DEGREES
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TR

Figure 4.7 Raw Encoder Outputs, Quasssine Waves
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The quasi-sine Qaves are 90 degrees out of phase with each other. This
is known as phase quadrature [15]. Using phase quadrature it is possi-
ble to sense both direction and magnitude of movement. The zero index
is fixed on the encoder and provides a pulse each time the encoder shaft
turns one complete revolution. On the circuit, shown in Figure 4.5, the
zero 1index 1s connected to the counter reset. Each time the encoder
shaft passes through the zero index, the counters are reset to zero.
While it 1is possible tc put the arm in a configuration that will cause
the encoder shaft to pass through the =zero index (and reset the
counters), this orientation, Figure 4.8, is not in the usable workspace

shown in Figure 3.8.

(L]

x‘_lY

Figure 4.8 Manipulator Configuration for the
Zero Index

Again it is stressed that these encoders do not output absolute
position 1information. The decoding ciruitry to count pulses and output

the current location in a binary parallel data form is discussed below.

The encoder output is not TTL compatible, thus the signals must
first be sent through some operational amplifiers to increase thier mag-
nitudes (TTL levels are O to .125 volts for logical low (0) and .24 to 5
volts for a logical high(l)). This signal is then sent through Schmitt
triggers so that the edges will be more distinct. This generates TTL

square pulse trains that are ready to be decoded. For the following
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discussion, this TTL signal is now refered to as the original signal.

The decoding circuitry is comprised of TTL circuitry that is depen-
dent on the phase separation of the two data signals. This phase
separation is necessary because the Quadrature logic shown 1in Figure
4.6a generates a count pulse on both the leading and trailing edges of
the original signals. Thus there are now 4 count pulses generated for
each cycle of a single original data signal. Depending on which origi-
nal signal pulse comes first (rotation clock-wise or counter-clock
-wise), a count up or count down pulse is generated. These count puises

are then sent to counters.

The counting is done with a cascaded set of Synchronous 4-bit
up/down counters (74LS193). .These counters -count up or down on the
low-to-nigh level transition of the count up or count down signal from
the previously described logic. The counters are provided with a reset
(currently connected to the zero index) and borrow and carry outputs so
that cascading them is straightforward. The outputs of the counters are

put into D-type flip-flops (74LS374) that are used as data latches

between the counters and the computer's parallel interface.

A timing diagram, shown in Figure 4.9, clarifies the way 1in which
the data 1s held constant (latched) for the computer to read it. The
parallel interface (DRV-11 board) in the computer needs at least 1150
nSec to read the data from the counters. The clock pulse in the
encoder-decoder circuit is 500 nSec wide (2 Mhz). Using a Positive-nor

(NOR) gate, the Data Transfer signal from the DRV-1l and the clock sig-
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nal on the encoder-decoder circuit together generate a pulse train at
the frequency of the clock. This pulse train is then used to control
the 74LS374 latch. The Data Transfer pulse goes high to signal that the
DRV~11 1s ready to accept data. On the positive transition of the Data
transfer pulse, the data is held on the latch until the read is complete

(that is, the data transfer pulse drops low).

This buffered parallel data is then set to two different devices.
The parallel signal is sent directly to the digital computer through a
DRV-11 parallel interface card and to a Digital-to—Analog converter.
The parallel signal sent into the digital computer is then used in the
digital implementation of the impedance control algorithm. There 1is a
ééparate parallel interface board in the computer for each angle. This
was done to avoid the unnecessary complexity of multiplexing the paral-

lel signals onto a single parallel interface board.

CAUTION: There is a potential point of confusion about the output
of this decoding circuitry. There are 8000 counts per revolution. Any
computer program to use this information in the control of motion must
use the appropriate scaling factor when determining angular position.
The point of confusion is that, the output of the binary counters 1is
indeed binary. If the rotation of the encoder shaft correponds to a
count-down command to the binary counters, then there 1s no problem
(with counting down) unless the binary counters are reset to zero (the
shaft passes through the zero index configuration) and motion in this

direction continues past this point.
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There are two problems with this; first 1s the discrete transition
from O radians to ZPI radians and the second is the binary representa-
tion of the encoder-decoder output. Without special considerations
control strategies would have difficulty controlling motion through the
discrete transition point. The other complication 1is that the angle
represented by encoder counters 1s not exactly 2PI radians past the
transition point. When the binary counters are counting down from O
they use a 13 bit representation of the angle which corresponds to a
count of 8191 units. This is a problem because there are only 8000
counts per revolution! With 8191 units, the angle just below O radians
appears to be 6.433 radians (368.6 degrees) when it is actually only 2PI
radians (360.0 degrees). The best way to avoid any confusion is to just

never count down below zero.

4.3.2 D/A Converters For Encoder-decoders

This system was originally setup for both analog and digital con-
trol. D/A converters were constructed to generate analog signals from
the digital information output by the encoder decoders. These D/A con~
verters are not used currently in the control of the apparatus.
However, it is useful to monitor their output with an oscilliscope to
make sure that the encoder decoders are working properly. Each angle
has its own D/A converter on a single board. Both of these boards must
be plugged into the backplane during operation because of the role that

they play in the relay operation covered section 3.3.2.

The D/A converters are Analog Devices AD565 High Speed 12-bit
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Monolithic D/A Converters. Unfortunately a complete revolution of the
encoder shaft generates 13 bits of information. Either the least signi-
ficant bit of the encoder counter output must be unused (with the D/A
converters), or the encoders must be limited to only 180 degrees of
motion. This particular application 1limits the encoders to only 180
degrees of motion. It was felt that an accurate representation of the
shaft angle 1s more importaant than the ability to measure beyond 180
degrees. Thus the least significant bit (LSB) of the encoder counter is
tied to the LSB of the D/A converter, and the 12th bit of the encoder
counter is tied to the most significant bit of the D/A converter. These
bits would be wired exactly this way 1f there was not a problem with

angular offsets.

The purpose of the D/A converters is to produce an analog s;gnal
that 1s equivalent to the digital representation of the angle used for
control. To do this, it 1is necessary to adjust the D/A converter out-
puts with the same angular offsets (described in section 4.2.1) that are

used with the angles in the digital computer.

To add the offset angles in this hard wired circuitry, it was
necessary to use three 4 bit binary adders with the D/A circuitry.
These binary adders add the signal from the encoder-decoders (the actual
angle) and the signal from the computer (the angular offset) together.
Thus the parallel signal from the encoder-decoders goes directly to the
binary adders. The other input to the binary adders comes from the cor-
responding outputs of the parallel interface boards. On each DRV-1l

(parallel interface board) in the computer, the input to the DRV-l1l is



PAGE 82

the actual encoder measurement and the output is the offset angle. It
is the output of the binary adders that then goes to the D/A converters.
Thus the D/A converter then generates an analog signal that can be moni-

tored with an oscilliscope or used with analog feedback at a later date.

4.3.3 Tachometer Amplifier And Filter

This section discusses the circuitry necessary to both amplify and
filter the tachometer signals. It also provides an explanation for the

low cutoff frequency used in the tachometer low pass filter.

The tachometer sensitivity is very low (3 volts per 1000 RPM),
therefore it 1is necessary to amplify the signal. This 1s done with an
Analog Devices AD524 instrumentation amplifier. For this work, velocity
is defined as positive in the counter-clockwise direction. Because the
two torque motors are facing each other, it is necessary to reverse the
tachometer output leads 1into the instrumentation amplifier. The top
motor (outer link) has the postive tachometer lead connected to the
positive input of the amplifier and the negative tachometer lead ground-
ed. The bottom motor (inner link) has the negative tachometer lead
connected to the positive 1input of the amplifier and &£he positive

tachometer lead grounded.

The manufacturer of the torque motor/tachometer system suggests
that the tachometer signal be filtered with a single pole low pass
filter, cutoff frequency of 1000 Hz., to reduce the tachometer ripple.

The tachometer ripple is a signal that arises due to tachometer armature
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moving past a finite number of magnetic poles. This filter recommenda-
tion 1is probably based on the assumption that the tachometer signal is
feed directly into the servo amplifier and that the servc amplifier com-
pensation circuit is intact. This application, however, does not input
the tachometer signal directly into the servo amplifier, but directly

into the digital computer through a D/A converter.

Tachometer ripple, however, was found to be insignificant in com-
parison to vibrations assoclated with the support frame (described in
section 3.1). This framework appears to be vibrating at 400 hertz, a
frequency which is well below the suggested 1000 hertz cutoff frequency
for the tachometer ripple. To demonstrate the complications that arise
due to this 400 hertz noise two tests were performed. The first test
was qone to identify the noise and the second test shows the problems
this noise caused when a velocity feedback loop was closed around the
system. For both tests the outer 1link was removed from 1ts torque

motor.

The first test was completely open loop. For this test the torque
motor terminals were short circuited and the motor was completely pas-
sive. Several points on the supporting framework were 1lightly tapped
with a lucite hammer and measurements were made of the unfiltered ampli-
fied tachometer signal. These measurements were made on an FM tape
recorder with a tape speed of 15 in./sec. (bandwidth of D.C. to 5000
hertz). The tape was then played back onto strip chart recorder at a
tape speed of 15/16 in./sec. (16 times slower). By doing this it was

possible to retrieve high frequency information on device with a rela-
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tivly low bandwidth (the strip chart recorder has a bandwidth of about
200 hertz). Figure 4.10 shows a typical plot of the amplified tachome-

ter signal.

t
0.0 0.0125 0.025
TIME (Seconds)

fiqure 4.10 Amplified Tachometer Signal for Frame Tap Test

From this plot it is readily apparent that there is an approximately 400
hertz signal on the tachometer output due to the vibration of the sup-
port. The problem with this 400 hertz noise becomes even greater when a
velocity feedback loop is closed in the system to produce a viscous load

on the link.

The second test was done with velocity feedback. For the velocity
feedback case, the torque motor was active and the signal that was used
in the feedback was filtered with a low pass filter with a cutoff fre-
quency of 21 hertz. Light taps were again applied to the supporting
framework and measurements were made of the unfiltered amplified tachom—
eter signal. Figure 4.11 shows a typical plot of the noise present in

this case. One thing to note here is the unexplained spontaneous bursts
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Figure 4.11 Amplified Tachometer Signal with Velocity
Feedback
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of noise. This figure also shows the filtered velocity signal that was

fed back.

Clearly there 1s a need to filter the tachometer signal to get rid
of this noise. A second order Butterworth filter with a cutoff frequen-
cy of 50 hertz was tried in the velocity feedback loop, but this was
insufficient to reduce the noise. Since this filter was not effective
in attenuating the noise, a 4th order low pass filter was implemented.
This 4th order low pass filter was found to be effective at eliminating
the noise due to the stand vibration. Figure 4.12 shows a plot of the
filtered tachometer signal for the same test that produced the unfil-

tered tachometer signal in Figure 4.10.

This filter is comprised of 4 passive first Qrder filters cascaded
together wifh operational amplifiers set up as voltage follwers. Each
stage 1n this filter in designed to have a nominal cutoff frequency
(-3 dB on the magnitude response) of 50 hertz, but the overall cutoff
frequency 1s at 21 hertz. Figure 4.13 shows a Bode plot for the

theoretica1,4th order filter.

Although this filter i1s very effective in eliminating the noise, it
is by no means the optimal solution to the noise problem. It 1is used in
this application because of its ease of implementation and it does in
fact work. One problem with this filter is that it has significant
phase lag at low frequencies (5 degrees of phase lag at 1.0 hertz). As
shown in chapter 2, the theoretical bandwidth of the controller is

approximately 14 hertz. With the phase lag from the filter there will
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certainly be some reduction in the controller bandwidth.
4.3.4 Control Circuitry Backplane

The backplane to hold all of the circuitry used here 1is a VECTOR
CCM14A card cage. One purpose of the backplane is to provide power (+15
volts and +5 volts) and ground to all of the circuit boards. The most
important function, however, 1is to provide a means of making reliable
connections between circuit boards. Figure 4.14 shows the basic layout
of the backplane as viewed from the back of the card cage. The numbers
and letters on the figures correspond to the numbers (and letters) on
the edge connectors and on the circuit boards themselves. The backplane
d6nta;ns both analog and digital circuitry. The analog circuitry is not

used in this application, but will be used at a later date.
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CHAPTER 5: SYSTEM MODEL

This chapter presents a mathematical model of the two link manipu-
lator. This model of the manipulator is developed for two reasons: 1)
It is to be used in simulations aimed at evaluating the effectiveness of
the controller, and 2) It is developed in anticipation of controlling
the apparatus with a model based impedance controller. The impedance
controller proposed by Hogan [l11] requires information about the manipu-
lator dynamics to modify inertance. To implement this 1mpedancé
controller in further work, it is important to develop an accurate model
of the manipulator. Once this model has been developed, it is possible
to simulate movements of the modelled manipulator and compare those
movements with actual movements of the physical manipulator. The final

section of this chapter discusses the method of simulation.

Development of this model involved assumptions about both the mani-
pulator links themselves and the torque motors used to drive them.
These assumptions and modelling decisions are discussed in the following

next couple of sections.

5.1 Manipulator Dynamics

It is assumed that the manipulator consists of rigid 1links that
have both mass and rotational Inertia. For this model, the structural
dynamics of the links and the four-bar-linkage drive mechanism are

ignored. It is assumed that there is some ideal transmission mechanism
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that transmits the torque frcm the motor, mounted on the support frame,
to the outer link. Any structural dynamics of the four—-bar-linkage are

neglected in the model.

The contribution of the four—-bar-linkage to the inertia tensor was
approximated by assuming its mass 1s added into the rotational inertia
of the outer link. The quantitive value for the rotational inertia of
the outer link was determined by a swing test, and the quantitive value
for the rotational inertia of the inner link was determined by direct
couputation of the contribution of each of the link components. These
computations and data are included in Appendix C. In the swing test,
the outer 1link was allowed to swing freely in the vertical plane about
its axis of rotation. The damped natural frequency of the oscillations
was measured and ﬁsed with a measurement of the link mass to compute the

rotational inertia. This parameter is listed in table 5-1.

TABLE 5-1 Manipulator Link Parameters

Parameter Units Value
Inner link length, %, (meters) 0.3654
Outer link length, %, (meters) 0.342
Outer link center of gravity, h, (meters) 0.1572
Outer link mass, m, (Kg.) 0.5952
Inner link moment of inertia, J, (N-m-sec-sec) 0.0285
Outer link moment of inertia, J,  (N-m-sec-sec) 0.0285

The swing test was used to determine not only the outer link rota-
tional inertia, but also to quantify the amount of friction present in
the joint between the inner and outerllinks. This swing test was done

with the four-bar-linkage attached to the outer link. Thus, this test



PAGE 93

also quantifies the friction in the drive mechanism as well as the con-
tribution of the dyanmics of the four-bar-linkage to the inertia matrix
below in equation 5-1.

2 o
Jl + lez 21h2m2C05(92 91’ [S_l]

Elh2M2C05(62 - 91) J2
For this reason, the rotational inertia computed using the swing test is

used in the model and in all the simulations.

The apparatus is designed to be set up in the horizontal plane and
hence gravitational forces are absent on the manipulator links and not
included in the model. This model assumes low (but not zero) friction
at the connection between the two links. This friction, as determined
éith the swing test, is probably‘due to Coulomb friction but was includ-
ed in the model as a viscous force. This modelling decision was made to
simplify the model and could be changed at a later date if the differ-
ences between Coulomb friction and viscous friction are found to be

significant.
5.2 Torque Motors and Servo Amplifiers

The torque motors are mounted on a nearly static support (the
vibration of the suppoft framework was discussed in section 4.3.3).
This model, however, assumes that the motors are applying pure torques
from an absolute (non-accelerating) reference frame. This reference

frame is located, as shown in Figure 3.1, at the base of the inner link.

Each motor is also modelled with non-zero internal bearing friction



PAGE 94

and some rotational rotor inertia. The servo amplifiers are modelled as
pure voltage controlled current sources (a transconductance gain, Ka)
and the motor inductance is ignored. Thus the model includes the motors
as voltage controlled torque sources. All of the aforementioned parame-
ters for 1linkage dynamics are 1listed 1in table 5-1 and the motor

constants are listed in table 3-1.
5.3 Modelling Technique

The development of a complete system model was approached using an
extremely powerful modeling technique known as bond graphing [16,23].
As shown in Figure 5.1, it is possible to apply bond graphs to kinematic
;echanisms. This figure shows a bond graph model that is a specific
case for a single link or component of a mechanism. These single compo-
nent bond graphs can be easily cascaded to develop models of more

complex planar systems.

For this work, two components of Figure 5.1 were cascaded and then
reduced to a manageable form. Figure 5.2 is the reduced form of the

bond graph used to derive the equations of motion.
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Figure 5.2 Bond Graph Model for a Two-link Manipulator

The derivation 1; done in Appendix A. A derivation using Lagrange tech-
niques 1s done 1in Appendix B. Both derivations are presented here so
that readers unfamiliar with bond graphing can follow the math 1in the
Lagrange derivation. Both derivations give the same results, but in the
bond graph derivation care must be taken in assigning the power flow
directions. If the power flow is not assigned properly for the dissipa-
tor (resistive element modelling the friction between the links) on the
elbow joint, then energy may be added to the system instead of dissipat—

ed.
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The final results of the derivation are a nonlinear model of the

manipulator:
2 dw)
[ Jy o+ #4m, 2,h,mycos(8, - 8;) ] at |
dw) -

[5-2]

[ -(By + Bg) B ][ w, ] [ Ty + R homuwdsin(8, - 6))
+

B -(B, + Bg)

2.
c Tz - flh?_mzwlSln(Gz - 61)

w2

Where B, and B,are the frictional contribution from each motor, and Bc is
the friction at the interface between ipner and outer links. From equa-
tion 5-2 it is clear that the inertia temsor is not a static quantity:
With the torque motors applying torques to both links from a stationary
reference frame, the diagonal terms of the inertia matrix are constant.
The off-diagonal terms, however, are position varying terms and are
dependent on the relative angle between the 1links. Likewise, the
Coriolis terms are also dependent on the relative angle between the

links.

This model has been developed here to be used later with simula-
tions of manipulator movements. These simulations are aimed at
verifying the model so that it can be used 1in further work with
lmpedance controllers. A comparison of actual manipulandum movements
and simulated manipulandum movements 1s shown in the next chapter.

Obviously, this type verification is directly dependent on the proper



PAGE 98

operation of the control strategy. The control strategy in the simula-
tioa must perform in the same way as that used in the actual hardware.
It will be shown in the next chapter that actual control strategy is

performing satisfactorily.

This model has been developed in the absolute joint angle coordi-
nates of the manipulator. The 1impedance controller, however 1is
controlling the endpoint in cartesian endpoint coordinates. Although
the absolute and relative angles have been defined in chapter 3, they
are re—examined here to clarify the relationships between the coordinate

frames.

;.4 Coordinate Frames and Transformations

There are several different coordinate frames that are of interest
in both the control and dynamic representation of a manipulator. In
this application the joint torques are applied in an absolute reference
frame, but the control of endpoint impedance is done in endpoint carte-
sian coordinates. Thus it 1is necessary to develop transformations
between endpoint coordinates and absolute joint coordinates. The most
natural representation of Inertial components is with an inertial coor-

dinate frame [4].

For this work, two coordinate frames are of interest: absolute or
joint coordinates, and endpoint coordinates.

A) Joint coordinates:

qp = (8, 63) [5-3]



PACE 99

B) Endpoint coordinates:

qQ; = (X, y) [5-4]
The transformation from joint coordinates to endpoint coordinates, the
forward kinematic relationship, is simple and straightforward:

X = L(8) [5-5]
or

Where L() is a function of the jdint angles. This can be written out:

X = 2,c05(6,) + £5c0s5(68;,) [5-6]

y 218intBy) + 2,5in(6,) [5-7]
The Jacobian has been defined as the relation between differential dis-
placements of the cartesian endpoint position and differential
éisplacements of the manipulator's absonlute joint angles; The Jacobian
matrix, J, can also be thought of as a tramsformation between endpoint

cartesian endpoint velocities and joint  angular velocities.

Differentiating relationships 5-6 and 5-7 above:

U= -2,0;5in(8;) - Rrwysin(8,) [5-8]
v o= f£,wyC05(8)) - 2,w,Cc05(68;,) [5-9]

Written in matrix form:
V= [5-10]

Where V is the vector of endpoint velocities and W 1s the vector of

joint angular velocities. The Jacobian is then written in matrix form:

.
-R15in(B8;) -R2s5in(62) [5-11]

f£1cos(081) R2zcos(82)

The transformation from endpoint coordinates to joint coordinates,
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the inverse kinematic relationship, is nontrivial and is thought to be
the most difficult problem in manipulator control [20]. The "“inverse
kinematics” problem, however, is not difficult for a two link manipula-
tor, and it is again pointed out that the impedance control relationship
given 1in equation 2-2 does not require the computation of inverse
kinematics, but only the forward kinematic relation given in relation
5-5. Thus in the control of the manirulator in this work, the inverse

kinematics problem is not an issue because it is not done.

With all of the relations above, it is possible to develop a com-
petent simulation of the manipulator and any control strategy that might

be used to control the apparatus.

5.5 Dynamic Simulation

As stated previously in this chapter, one reason for developing an
accurate. model of the manipulandum 1is to be able to simulate actual
movements of the manipulator. Now that the model has been developed «n
equation 5-2, a simulation can be developed that will generate a time
history of the states of the system. That is, this simulation will take
the equations of motion (given in equation 5-2) and a set of initial
conditions, and will output time histories of the absolute joint angles
and joint angular velocities. This 1s done by solving the equation of

motion for the angular accelerations in equation 5-2.
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d26, 2 21
d267 - .
=7 !lh2m2COSl62 - BIJ J
dt . 2 [5_12]
-(B; + B.) B, Wy [ T, + Blhzmzwzzsin(e2 - 8y) ]
+
Be -(B, + Bg) || w, T, = 2,h,mudsin(e, - 6,)

These angular accelerations are then integrated by the simulation pack-
age to give the angular velocities of the links. The angular velocities
are then integrated to yield the angular bositions of the links. Using
éhe forward kinematics in relation 5-5 (relations 5-6 and 5-7) it is
possible to have the sihulation package output the endpoint trajectory

of the manipulator.

The simulation of the nonlinear manipulator model was written using
DYSYS. DYSYS is a FORTRAN program which integrates first order ordinary
differential equations. These equations can be linear or non-linear and
the integration technique used is a fourth order Runge-Kutta approxima-
tion. The relation 5-12 above 1s written 1in a form that can be
converted easily into FORTRAN code and input to DYSYS. These equations
are presented to DYSYS in the form of a subroutine known as an EQSIM
(EQuation SIMulator). This EQSIM subroutine can also contain other FOR-
TRAN statements that will add other non-linearities, such as

servo—amplifier saturation and static friction, tuo the simulation.
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The DYSYS used for all of these simulations 1is a version called
Portable DYSYS. All of the simulations were done on a PDP 11/60 com-
puter (With an RSX11M V4.1 operating system) in the Newman Laboratory
For Biomechanics And Human Rehabilitation. There is approximately 64k
of addressable memory in this computer and this is the only limitation
to the the complexity of the EQSIM. Portable DYSYS on the PDP 11/60 is
currently limited to 20 state variahles. A copy of the EQSIM for the

simulation of the manipulator is listed in Appendix E.

The simulation was performed with DYSYS and the results were found
to be quantitatively consistent with actual data from movements made
with the manipulator. The simulation data along with the work that was
éone to verify the endpoint impedance controller is all presented in the

next chapter.
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CHAPTER 6: CONTROLLER EVALUATION

This chapter presents the results from experiments that were aimed -
at evaluating force control at the manipulator endpoint (equation 2-8)
and experiments to evaluate the ability of the impedance controller
(equation 2-2) to produce the desired endpoint behavior. Data on force
generation at the endpoint will be presented as well as data on the use
of the servo amplifier current moniftor to estimate the forces that are
commanded at the endpoint. Experiments are then discussed and data

presented for the evaluation of the impedance controller.

The final sections of this chapter present two experiments that
were performed with human subjects to demonstrate some of the uses of
ghis manipulandum. These experiments are included to give the reader an
idea orf what types of néw investigations might be done Qith the

apparatus.
6.1 Static Force Evaluation

One of the goals of this work is to provide an apparatus that will

be capable of producing forces at the handle in any desired direction.
[

Chapter 2 presented a discussion of the control necessary to generate

forces at the manipulator handle and this section addresses the question

of how accurately endpoint forces can be produced.

The verification of this desired e¢ndpoint force production is sim-
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ple and straightforward. A two axis force joystick (Measurement Systems
Model 436 Hand Control) was mounted rigidly out in the workspace of the
manipulator and the endpoint of the manipulator was attached to the
force sensor as shown in the Figure 6.1. The manipulator endpoint was
then commanded to push with the same magnitude (4 and 10 Newtons) at

zero impedance in various directions.

One problem encountered with this force transducer was that there
was an offset 1in the transducer that could not be nulled out. It was
possible to minimize this problem with software. Before each force gen-
eration run, 100 samples of the force transducer output were taken and
averaged to get an estimation of the offset. This offset was then sub-

tracted in post-processing of the data.

The endpoint force production was tested in three different

orientations as shown in Figure 6.2.

LY

xi‘

Figure 6.2 Orientations of the Manipulator
for Force Generation Tests
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Figure 6.1 Manipulator Endpoint Attached to Force

Transducer
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One orientation corresponds to the position where the encoders are cali-
brated. The other two orientations were picked as endpoint locations in
the workspace which would be representative of experimental locations
used with human subjects. One orientation, A, had the Cartesian end-
point coordinates x = -.1016 meters, y = .40 meters and the other
orientation, B, had the Cartesian endpoint coordinates x = .1056 meters,
Yy = <4496 meters. For the calibration and A orientations, the forces
were 10 Newtons in all the directions, and for orientation B, the forces
were 4 Newtons in all the directions. For the calibration orientation,

forces were gererated in only the 4 directions shown in Figure 6.3.

Figure 6.3 shows that the endpoint force production in the calibra-
tion orientation 1s reasonably accurate. The greatest error in
magnitude is .75 Newtons in the positive x direction. This error,
however, is only 7.5 percent of the maximum commanded force, 10 Newtons.
This figure also shows that there is an error in the orientation of the
measured forces. When force was commanded in the positive x direction,
a small force was observed in the negative y direction. It also shows a
small force 1in the positive y direction when a force was commanded in
the negative x direction. Independent tests with another two-limk mani-
pulandum have shown similar orthogonality errors in the measured force
using this particular force transducer. Thus it is possible that these

orthogonality errors are due to the force transducer itself.

The test results presented for the two test orientations are for

force generation tests that were performed 6 months after the force
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10N

Figure 6.3 Endpoint Forces Generated for the Calibration

Orientation
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tests done in the calibration orientation. In these two test orienta-
tions the forces were generated in 8 directions equally spaced around a
circle. Figures 6.4 and 6.5 show the results of the tests. The steady
state errors in magnitude are not significantly worse than those errors
in the calibration orientation, but the orthogonality errors are
greater. The greatest error in magnitude in Figure 6.4 is 0.812 New-
tons, which is 8 percent of the steady state commanded force (10
Newtons). In Figure 6.5 the greatest error in magnitude is 0.274 New-
tons, which is 6.8 percent of the steady state commaned force (4
Newtons). In Figure 6.4 the greatest orthogonality error is 0.7 Newtons
and occurs when a force is commanded in the positive x direction. The
greatest orthogonality error in the calibration orientation is only 0.2
Newtons and occurs when a force is commanded in the negative y direc-
tion. From this data it 1s clear that the ability to control the
direction of endpoint forces is degraded when the manipulator moves away
from the calibration orientation. The position dependence of these
orthogonality errors implies that there may be some calibration error in

the mechanism.

It should be pointed out that because of the construction of the
frame that supported the force transducer, the orientation of the trans-
ducer when measuring forces in the half of the workspace containing
position A is 180 degrees different from its orientation when measuring
forces in the other half of the workspace, which contains position B and
the calibration position. This change in the transducer's orientation

may account for the differences in the orthogonality errors seen in the
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10N /

Figure 6.4 Endpoint Forces Generated for Test
Orientation A

i

<

4N

Figure 6.5 Endpoint Forces Generated for Test
Orientation B
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calibration position and position A. If Figure 6.4 is rotated 180
degrees then it appears as though the offset forces for forces applied
in the y directions are similar for both position A and the calibration

position.

For all of these experimental runs, the desired force was ramped to
its maximum value in 0.32 seconds and then held at the maximum for 0.32
seconds. The sampling rate of the digital computer was 200 hertz. A
time response of the actual measured force is shown in Figure 6.6. This
time response is plotted for a desired force in the positive y direction
and a desired force in the positive x direction. These plots represent
the best and the worst of the data from this test and show that the
actual force output from the transducer tracked the commanded force with
at most a 26 milli-second delay. For the force generated in the y
direction, the largest error in the steady state is less than 0.2 New-
tons (less than 2% error). In the worst case, force generated in the x

direction, the greatest offset force is 0.70 Newtons (7.0% error).

Performing a static test with the impedance controller showed that
there 18 an apparent hysteretic loop that may be attributed to the force
transducer. Without any motion of the endpoint, postion commands in the
impedance controller resulted in forces at the endpoint depending on the
selection of the endpoint stiffness. An isotropic stiffness of 40 New-
tons/meter was imposed on the endpoint so that commanded displacements
of 10.0 cm in a particular direction gave rise to forces of 4 Newtons in

only that direction. The stiffness was chosen to be small so that the
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command displacement had to be large to generate a reasonable interface
force. It was found that with small command displacements, the
impedance control algorithm was sensitive to small displacements in the

manipulator endpoint.

This static test with the impedance control algorithm involved com-
manding an endpoint position that moved out to the final position and
then back to the starting position. This test shows the variation in
transducer output for increasing and decreasing forces. The hysteretic
loop arising from the loading and unloading of the transducer is shown
in Figure 6.7. 1In all of the tested directions, this figure indicates
that the increasing force applied to the transducer was different than
the decreasing force applied to the transducer. It is interesting to
note that when an increasing force was applied in the positive x and vy
directions, the decreasing forces came back to zero in the first qua-
drant. Likewise, when an increasing force was applied in the negative x
and y directions, both decreasing forces came back to zero in the third
quadrant. This symmetry may indicate that the transducer has some

inherent preferred direction of displacement.

This preferred direction of displacement would account for the
slight variation of the command force in each direction shown in Figure
6.7, The command force was based directly on the actual measured end-
point pcsition of the manipulator. Any variation in the tip position
would change the command force. The assumption here, 1is that the

non-ideal behavior of the force transducer causes the varlations in the
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Figure 6.7 Hysteresis for Loading and Unloading the Force
Transducer
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command force (through actual motion of the manipulator endpoint) and

not vice-versa. However, further work is needed to verify this.

Comparing Figures 6.3 and 6.4 (10 Newton forces) with Figures 6.5
and 6.7 (4 Newton forces) it is clear that the errors in the latter fig-
ures are getting close to the resolution of the measurement system.
Typical errors are less than 0.2 Newtons, which is 0.17 percent of the

full range of the force transducer and the computer's A/D converters.

6.2 Current Monitor Force Estimations

As described in chapter 3, the PMI servo amplifiers are equipped
with current monitors that output a voltage proportional to the amount
of current that is being output to the motors. Since there is not yet a
direct measure of force at the manipulator endpoint, forces at the end-
point can only be measured in the static case (when the endpoint 1is
attached to the Measurement Systems force joystick). In order to deter-
mine endpoint forces in the non-static case, an alternative approach was
explored. A test was performed to see if 1t was possible to use the
output of the current monitor to estimate the amount of force that the

system was generating.

This test was performed in the static case, with the endpoint
locked to the force transducer. The output from the computer was again
a command voltage to the servo amplifiers to generate a desired endpoint

force. The computer sampled both forces (Fx and Fy) measured by the
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force transducer and the current monitor voltage at a sampling rate of
200 hz. The current monitor output voltage from the servo amplifiers is
proportional to the output torque of the motors, therefore it was neces-
sary to transform these estimated torques into estimated endpoint forces
using the following transformation (from equation 2-8):

F= it et
Without an anti-aliasing filter on the current monitor output there
appeared to be 60 hertz noise on these measurements. Therefore a finite
impulse response low-pass filter was used off-line to filter the data
before plotting. The cutoff frequency was picked to be half of the fre-

quency of the apparent noise; 30 hz.

Figure 6.4 shows an XY plot of both the desired force and the force
measured by the force transducer. Figure 6.8 shows an XY plot of both
the desired force and the force estimated by the current monitor output
voltage for the same data presented in Figure 6.4 (orientation A). It
1s possible to compare the quantities measured by the force transducer
and those estimated by the current monitor by looking at the ramp
reponse shown in Figure 6.9. This figure is the same as Figure 6.6, but
now the actual measured force trace is replaced with the current monitor
estimation. These figures demonstrate that the current monitor 1s
clearly inferior to measuring force directly, but that it could used to
make reasonably accurate predictions about the direction of a force and

less accurate predictions about the magnitude of a force.
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Figure 6.8 Endpoint Forces Estimated by the Current
Monitor, Orientation A
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6.3 Impedance Controller Evaluation

The evaluation of the impedance controller involved several steps.
The first step was to evaluate the control of Cartesian endpoint stiff-
ness in the static case. Once the ability to control static Cartesian
endpoint stiffness was verified, then free movement tests were performed
with only stiffness and no viscosity. The purpose of these tests were
to verify the manipulator model discussed in chapter % and to evaluate
stiffness in a dynamic and unconstrained way. To evaluate viscosity,
step responses with variations in desired endpoint damping were com-
pared. The viscosity was also verified by specifying viscesity and no
stiffness and then having a subject move the manipulator around in the
workspace and recording the commanded force. Finally, movements over a
larger portion of the workspace (a 25 cm movement), with nominal K and
B, were made and compared to the reults from the simulation. Each one

‘of these steps 1s expanded in more detail in the following sections.

6.3.1 Static Stiffness

The endpoint stiffness of the manipulator is controlled by specify-
ing the stiffness of the endpoint in Cartesian endpoint coordinates.
The goal of this section is to present to what extent it was possible to

specify endpoint stiffness in the static case.

These tests were done by fixing the end of the manipulator to the

Measurement Systems force joystick (as in Figure 6.1) and then command-
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ing the endpoint to move to a point 10 cm from the current location.
However, because the endpoint was not free to move, forces arose at the
tip of the manipulator due to the endpoint stiffness and the commanded
displacement. If the desired stiffness was zero in the x direction, and
a move was commanded in that direction, there would be no force generat-
ed in that direction. For a desired stiffness of 40 N/m in the x
direction, a 10 cm move commanded in the x direction would result in a 4

Newton force generated in that direction.

Several tests were performed in this manner. Two different linkage
orientations were tested with isotropic stiffness at the endpoint. In
one test orientation, tests were performed with non-zero terms 1in the
off-diagonal elements of the stiffness matrix. The linkage orientations
for the isotropic stiffness are shown in Figure 6.10. More exhaustive
tests of different locations are needed, but are postponed for further

work.

L1

Y

(01055m, 03474 m)

(0.1056m, 0.4496m)

Figure 610 Manipulator Orientations for
Endpoint Stiffness Evaluation
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Orientation B is the orientation in which the non-isotropic stiffnesses
were tested. Figure 6.11 shows the results for the isotropic stiffness
tests for both orientations, A and B. It is clear from these plots that
the stiffness appears to be the same in both orientations. These plots
show the Cartesian force generated by the impedance control algorithm
and the actual force measured by the transducer. The Cartesian forces
generated by the impedance controller are also referred to as the
expected interface forces. These forces were kept small (4 Newtons) to

miniuize any displacement of the manipulator endpoint.

The tests in Figure 6.11 were performed by specifying an 1isotropic
stiffness of 40 N/m and then commanding the 10 cm displacement in 8
directions equi-distant around a cirlce. The same position commands
were also used in the evaluation of the non-isotropic stiffness matirx.
In the isotropic stiffness case the tips interface force vectors were
expected to 1lie on a circle, but in the non-isotropic stiffness case,
the tips of the interface force vectors lie on an ellipse for the same
position commands. The selection of diagonal and off-diagonal terms

determine the shape and orientation of this force ellipse.

Figure 6.12 shows the results from the tests that were performed
with the non-isotropic stiffness. The stiffness matrix that produced
the results in Figure 6.12a had diagonal stiffness terms of 40 N/m and
off-diagonal terms of 20 N/m. As would be expected, the orientation of
the major axis of the resulting force ellipse 1s at 45 degrees.

Likewise, Figure 6.12b shows results for a stiffness matrix with diago-
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Orientation A

4N

Orientation B

Figure 6.11 Isotropic Stiffness Test Results
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Figure 6.12a
Off-diagonal Stiffness
Terms, 20.0 N/m

Figure 6.12b
S Off-diagonal Stiffness
N \0\ Terms, -20.0 N/m

4N

Figure 6.12 Non-isotropic Stiffness Test Results
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nal stiffness terms of 40 N/m and off-diagonal terms of -20 N/m. And,
as would be expected, the orientation the major axis of the resulting
force ellipse 1s at 135 degrees (a 90 degree shift from the orientation

of the ellipse in Figure 6.12a).

Clearly, the impedance controller has the ability to control stiff-
ness In this constrained case. Deviations in the transducer output,
from the expected interface force, are attributed to either the
non~-ideal behavior of the force transducer or calibration errors in the

mechanism.
6.3.2 Dynamic Stiffness with No Damping

While it is possible to control the Cartesian endpoint stiffness,
it 1is not yet possible to control the endpoint inertance (without force
feedback). Thus, as the manipulator moves around in the workspace and
the relative angles between the links changes, the interia matrix from

equation 5-2 changes:

I =

3+ ﬁmz 2,h,mycos(6, - 6) ] [6-2]
LY

£ihomycos(6;, - 6;) Ja
These tests involve computing the endpoint inertia matrix, Ie, (in
Cartesian endpoint coordinates) from equation 6-2 for the location x =
.1016 meters and y = 0.4492 meters. The endpoint inertia matrix is com-

puted with the following relation:

-1 _ -1,7 6-3
(Le)™! = 217!y [6-3]
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An endpoint stiffness matrix is chosen based on this endpoint inertia
matrix and undamped oscillations for step in position are observed about
the point of interest. These tests not only confirm the ability to con-
trol the endpoint stiffness, but also verify the inertial aspects of the

manipulator model.

The stiffness matrix was computed as a factor of the computed end-
point 1inertia matrix to align the stiffness ellipse with the inertia
ellipse. The stiffness and inertance ellipses are ellipses that are
determined by the eigenvalues and eigenvectors of each matrix. Because
the stiffness matrix is a factor of the endpoint inertia matrix, the
shape and orientation of the stiffness ellipse should be the same as
that of the inertia ellipse. Thus, for this location, the frequency of
the all the oscillations in any direction should be given by:

AN [6-4]
While it is possible to compute a different natural frequency for each
set of stiffness and inertia elements in each matrix, the task of deter-
mining a stiffness matrix was simplified by choosing a single value for
the natural frequency and then computing each element in the stiffness
matrix with the following relation:

- 2 [6-5]
Kij = Ynh Mij

J

Figures 6.13 and 6.14 show oscillations that were produced in two

different cases near the desired point (x = .1016 meters and y = 0.4492
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meters) and for two different desired frequencies. The oscillations
were initiated by commanding a step of 1 cm from this endpoint location.
These rosition commands were steps in the positive and negative x direc-

tion. In Figure 6.13 the desired stiffness matrix was:

K =

[ 441.42 =299.44 ]
~e

-299.44  580.26
Thus the natural frequency of the oscillations should be 5.03 hertz.
Computations from the plot show that the frequency of oscillations is
5.04 hertz (a .2 percent error). In Figure 6.14 the stiffness matrix
was:
[ 286.92 -194.64]

fe T -194.64  377.17
Thus the natural frequency of the oscillations should be 4.06 hertz.
Computations from the plot show that the frequency of oscillations 1s
4.092 hertz (a .79 percent error) Although these tests are not conclu-
sive, they do show that it is possible to specify a natural frequency
based on the model of the endpoint inertance and the commanded endpoint

siffness.

Without any velocity feedback (B = 0I) the oscillations 1in this
test were unstable. As the low negative damping ratio (-0.022) for fig-
ure 6.14 indicates, the system is barely unstable. This instability may
be attributed to the sampled data nature of the controller. With zero
velocity feedback the poles for this second order system will be stable,
but very close to the imaginary axis (they will not be on the imaginary

axis due to friction in the system). A delay due to the finite sampling
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rate of the digital computer can be simplistically modelled as a pole on
the real axis of the s—plane plot. The addition of this pole increases
the order of this system and forces the originally stable second order
poles into the unstable region. With the small negative damping ratio
there 1s no noticeable change in the damped natural frequencies and
hence the frequency data presented above is valid even for this unstable
system. A detailed analysis of this instability is postponed for furth-

er work.

6.3.3 Dynamic Stiffness and Damping

A demonstration of the ability to control endpoint damping is shown
in Figure 6.15. For various values of damping, these Figures show the
time reponse of the endpoint position to a commanded step change 1in
position. In this case the commanded step changes in postion were 1 cm
in the negative x direction and 1 cm in the positive y direction. The
starting position of the endpoint was always x = 0.1016 meters and y =
0.4492 meters. For these tests, the stiffness was chosen so that the
natural frequency of the oscillations at the endpoint would be 4.06
hertz and the damping matrix, B, was chosen to be non-zero and 1sotro-

pic.

From Figure 6.15 it is clear that increasing B had an effect on the
response of the system. This figure shows that as the damping
increased, the amplitude and the number of oscillations decreased. From

the peak value of the first overshoot it was possible to compute a value
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TABLE 6-1 Theoretical and Measured Values of Damping Ratios

1 cm movement in the positive y direction

B Gcal € meas Zerror

2 .125 .188 50.0
6 .373 .321 13.9
10 .622 «555 10.8
20 1.235 - ———

1 cm movement in the positive y direction

B Gecal C meas Zerror

2 .153 «216 41.2
6 459 <426 7.2
10  .766 714 6.7

20 1.531 - ——--
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for the effective damping ratio of the endpoint of the manipulator [19].
Table 6-1 lists the measured damping ratio and the the theoretical damp-
ing ratio for each value of endpoint damping, B. Because the measured
damping ratios were computed from the peak overshoot it was not possible
to estimate damping ratios for B = 20I. For low values of endpoint
damping the error in the measured damping ratio and the theoretical
damping ratio is large (as great as 50 percent). With a lightly damped
system, the motion of the manipulator endpoint may be large enough to
cause errors in the effective endpoint mass. It is also possible that
the effects of static friction (which is not included in the theoretical
prediction of the damping ratio) become significant for small damping
(the measured damping ratio i1s 50 percent greater than the theoretical
damping ratio). For larger values of endpoint damping there is reason-
able agreement between the theoretical (computed) and measured damping
ratios. The largest error is 13.9 percent (B = 6L in the positive y
direction) and the smallest error is 6.7 percent (§ = 10I in the posi-
tive y direction). While these errors may be due to errors 1in
estimating the effective endpoint mass, they may also be due to the

phase lag of the filter used with the velocity feedback signal.

For large values of the damping matrix, B, this figure shows that
the endpoint of the manipulator came to rest a significant distance from
its desired equilibrium point. This is complicated by noting that the
distance from the equilibrium point 1is clearly a function of the magni-
tude of the damping matrix. The greater the damping matrix, the further

from the equilibrium point the manipulator endpoint came to rest. The
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cause of this problem is clearly demonstrated by plotting the absolute
joint angles of the system during the movement. Figure 6.16 shows plots
of the joint angles for the both directions of movement when B = 10L and
B = 20I. In both cases it was the outer link that did not reach its
equilibrium position. This clearly shows that there 1is significant
static friction in the four-bar linkage. While both motors have some
internal friction, it was only the outer link that experienced the fric-

tion of the motor and the added friction in the four-bar linkage.

When B = 201 the offset in the outer 1link 1s 0.00704 rad. The
torque needed to drive the outer link to its final position was found to
be 0.1089 N-m. This torque is 1 percent of the total torque available

from the torque motors (l11.178 N-m), a very small torque.

6.3.4 Damping with No Stiffness

Damping was also evaluated for a large motion without any stiff-
ness. Figure 6.17 shows data for a move across the workspace that was
performed with only viscosity commaned at the endpoint. For this exper-
iment the handle at the manipulator endpoint was grasped by the subject
and moved from one point in the workspace to another after the real time
control loop was started. The endpoint trajectory for this move is
shown in Figure 6.18. The damping matrix that was used was:

15 O
€ 0 15

The plot shows both the time history of the endpoint velocity and the
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commanded endpoint force generated 1in reponse to this velocity. The
time history of velocity and the commanded force both look very smooth

and appear to be mirror images of each other (as would be expected).

start

finish

10cm

Figure 6.18 XY Plot of Endpoint Trajectory for Isotropic
Viscous Load

6.3.5 Large Amplitude Motion

Figure 6.19 shows an XY plot of virtual and actual position of the
manipulator endpoint as it moved from one point in the workspace to
another. The virtual position was ramped to the final position in 0.350
seconds and the distance traveled was 25.4 centimeters. The ramp was
comprised of 100 points and the total distance traveled was divided into

100 equal segments.
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The desired endpoint stiffness and damping were:

400 O
K =

~e 0 400

15 0
Be =
0 15

Figure 6.20 shows a simulation of the same move using the model
developed 1in chapter 5 with an EQSIM subroutine in DYSYS. The only
difference between the simulation and the actual hardware was the sam-
pling rate. The loop time in impedance control loop was .0035 seconds
and the time step in the simulation was dt = .00175 seconds. In order
to keep the number of steps in the ramp the same, the position in the

simulation was only updated every other time step.

Figure 6.2]1 shows the time histories of the data from the simula-
tion and the data from the actual manipulator. Not only is the data
qualitatively consistent, but the quantitative values are nearly the
same for the simulation and the manipulator. The same overshoots in the
position traces occur in both sets of data and the velocity profiles are
nearly the same for the manipulator and the simulation. This comparison
clearly confirms the validity of the model and the performance of the

impedance controller.
6.3.6 Parameter Limits for Large Amplitude Motion

The physical limits for 5e and ge were qualitatively evaluated for
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large amplitude motion. These experiments were performed by setting the
two parameters (K and B) and then commanding moves of the manipulator
endpoint between four different points in the workspace (at least 20 cm
apart). The four points in the workspace were always kept constant and
the parameters K and B were increased until any one of the moves caused
a high frequency instability of approximately 400 hertz. The values of
K and B were tested in three different ways; holding B constant and
increasing K, holding K constant and increasing B, and finally 1increas-
ing both of the parameters at the same time. The qualitative limits for
each of these cases are listed in table 6-2. The larger the stiffness,

the smaller the allowable damping and vice-versa.

TABLE 6-2 Qualitative Maximums Of Endpoint Stiffness And Viscosity

Increasing K, holding B constant:

K = 1400 N/m B = 15 N-sec/m

Increasing B, holding K constant:

K = 400 N/m B = 28 N-sec/m

Increasing K and B simultaneously:

K = 1000 N/m B = 20 N-sec/m

6.4 Human Subject Experiments

Several tests with human subjects are presented here to demonstrate

some of the uses that the apparatus will have in studying the control of
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human movement. These tests show that the apparatus is capable of per-
forming the stiffness experiments (described in chapter 1) as well as
some new experiments that cannot be done with the apparatus that was
originally used to perform the stiffness experiments [18). These tests
are by no means definitve experiments, but are presented here to demon-

strate the type of experiments that might be done with the apparatus.

6.4.1 Stiffness Experiment

Figure 6.22 shows a typical test of a subjects endpoint stiffness
in a single direction. In this test, the endpoint of the manipulator
was commanded to move from its starting point to a position 1 cm in the
negative x direction. It was assumed that the subject's desired equili-
brium point was still at the starting point and that the interaction
force arises as the subject tried to maintain this original equilibrium
position. This interaction force and the displacement of the subject's
hand from its equilibrium position combine to give an endpoint stiffness
of 352 N/m in that direction. This value of stiffness for this isolated
experiment 1s within the range of values reported in previous studies

[18].

6.4.2 Instability Compensation

The apparatus that was used for the previous set of stiffness

experiments had the ability to change the apparent endpoint stiffness,

but did not have the ability to modify the damping matrix as 1is possible
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with the impedance control strategy used in this work. It is this abil-
ity, to modify the endpoint damping, that will be exploited in the mnext

experiment.

This experiment was performed to see if it is poesible to determine
some the dynamic parameters of the moving human arm. The parameters of
interest here are the effective endpoint stiffness, damping and inertia.
To date, stiffness has only been sucessfully measured in the static case
as described above and the effective endpoint damping has always been an
elusive quantity. While the mass and inertance of the limb segments
will not change, it is possible for the subject to modify his endpoint
inertance by movement of the wrist [12]). None of these parameters has

yet been determined under dynamic conditions.

In this experiment, a dynamic condition was created by intentional-
ly destabilizing the the manipulator. Without the subject grasping the
handle of manipulator, the oscillations of the manipulator would have
grown rapidly beyond the limits of the manipulator workspace. This ins-
tability was generated by commanding negative damping (positive velocity
feedback), at the manipulator endpoint, which made the real part of the
complex pole pair (representing this second order system) positive.
Estimates of the negative damping ratio of the manipulator with this
control strategy range from -.24 for motion in the direction of greatest

inertia, to -.98 for motion in the orthogonal direction.

These preliminary experiments were performed on two subjects. For
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one subject, A, only one value of isotropic endpoint stiffness in the
manipulandum was used (Ee = 600I), but for the other subject, B, four
different values were used. These stiffness values ranged from K = 200
[N/m] to K = 800I [N/m] at increments of 200 [N/m]. For both subjects

the desired endpoint damping matrix was always ye = ~-151.

In this experiment, the subject grasped the handle of the manipula-
tor and was 1Instructed to move the handle enough to initiate the
instability of the manipulator. The subject then let the oscillations
drive him wuntil the control loop ended (after 1.792 seconds). Figure
6.23 shows plots of the oscillation for subject A for one endpoint
stiffness. Figure 6.24 shows plots of the oscillations for subject B
with four different values of endpoint stiffness. In both cases there
was a growing oscillation followed, in some cases, by what appears to be
a period of steady state or decaying oscillations. This period of
steady oscillations could have been due to either saturation of the
actuators, or changes in the physiological system. The subject may be
increasing his effective endpoint damping to either balance the unstable

manipulator in steady state oscillations, or to reduce the oscillations.

To help in the interpretation of this data, a working hypothesis is
postulated that assumes that the human subject does not change or adapt
his parameters. If this was the case, then a linearized comstant coef-
ficient analysis would be valid with this data. For this analysis a
semi-log plot of the peak amplitude of each oscillation versus time will

determine the combined effective damping of the subject and the unstable
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manipulator. A plot of the squared frequency of oscillations versus the
commanded manipulator stiffness will determine the the combined effec-—
tive mass of the svbject and the manipulator, and the natural frequency
and stiffness of the subject. Although the frequency of these oscilla-
tions 1s considered the damped natural frequency, the damping ratio 1is
small enough so that the damped natural frequency and natural frequency

will be considered the same.

For this linear analysis the effective endpoiat damping is related

to the damping ratio and the natural frequency by the relation:
B = 2fw, m [6-6]
And the natural frequency is related to the effective stiffness and mass

by the relation:
¢ (6-7]
W, = - -
n m

Relation [6-7] can be rewritten to show the relationship between the
natural frequencies, LA the combined stiffness of the subject and the
manipulator (Ktot = Kh + Ka) and the combined effective mass of the sub-

ject and the manipulator (Mtot = Mh + Ma):

Kot (6-8]
Mot
The difference between two natural frequencies is now computed:
(Kpo + K,5) (Kny + K q)
h2 a2 hi al
uhp - vap = - [6-9]

M M
tot2 totl
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The assumption that the system parameters do not change implies that the

subject's stiffness does not change (Kh1 = Kh2)’ and that the combined

mass of the human and the manipulator does not change (Mtotl = Mtotz =
Mtot)’ and gives the following relationship:
K - K
2 2 a2 al
Y2 T Y T T [6-10]
tot

Equation 6-10 shows that the inverse of the combined mass, M is the

tot’
slope of the 1line plotted on this plot of the squared frequency of
oscillations versus the commanded manipulator stiffness. The y inter-
cept of the line plotted on this plot corresponds to a manipulator with
zero stiffness and predicts the natural frequency of the subject. The x
intercept of the line in this plot is the point where the natural fre-

quency in relation 6-8 is zero and represents the stiffness of the human

subject.

Using superposition it is possible to estimate the damping for the
human subject., It is assumed that the total damping in the
manipulator/human system is simply the sum of the damping due the human
and the damping due to the manipulator:

Brot = Bn * B, [6-11]
By substituting relation 6-7 into 6~6 it is possible to estimate the
total damping:

Btot = 28 /KtotMtot [6-12]

Since the commanded damping, Ba, in the impedance control algorithm 1is



PAGE 148

known it 1is possible to compute the damping of the human subject, Bh.
Solving relation 6-6 for the damping ratio, gives the following relation

for the damping ratio of the subject:

1
_— [6-13]
KnMn

th = 48y

To determine the total damping, B it is now necessary to deter-

tot’
mine the combined effective damping ratio of the human subject and the
unstable manipulator. A stated previouly, this 1s done with a semi-log
plot of the peak amplitude of each oscillation versus time. Although
the stiffness of the manipulator defines an equilibrium point shown 1in
the plots, the oscillations are not symmetric about this point. For
this reason, the amplitude (for the semi-log plots) of each peak 1is
measured from the previous peak. These semi-log plots are shown in Fig-

ure 6,25, From these plots the growing oscillations are clearly

visible.

A linear regression was performed on two sets of data to see how
well the data was correlated. This regression was performed for K =
2001 and K = 800I. For this regression some of the maverick points at
the beginning and end of each data set were neglected. For K = 200I the
last two points were thrown out for the x direction, and the first and
last two points were thrown out in the y direction. For K = 800L only
the last point was thrown out in the x direction, and the first and last
points were thrown out in the y direction. Figure 6.26 shows plots of

the data with the best fit lines in each set. For this data the corre-
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' lation coefficients range from .9719 to .9954.

Each best fit line has a slope associated with it. In the semi-log
plot this slope 1is normally called the logarithmic decrement, but in
this case the slope 1s more accurately referred to as the logarithmic
increment. From this slope/logarithmic increment it is possible to com—

pute the damping ratio with the relation:

62

¢? = S (6-14]
4nc + &

For the two sets of data that are best correlated (Figure 6.26c and
Figure 6.26d), the negative damping ratios were found to be { = -,101
and § = -.104. This demonstrates that within the resolution of these
particular experiments, the combined damping ratio of human arm and
manipulandum is not changing even though the stiffness commands to the
manipulator are different.

The next step in determining the total damping, B ot (and ultimate-

t
ly the damping of the subject, Bh), is to determine the total effective
mass of the system, and the stiffnes of the subject. Figure 6.27 shows
the plot of these squared natural frequencies versus the manipulator
stiffness used during the each experimental run. From Figure 6.23 the
the natural frequencies were computed from consecutive periods and then
averaged together. It is these averages with the computed standard

deviation that are plotted in Figure 6.27. Points that deviated signi-

ficantly from the trends in the data were 1left out of the average
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computation. Only two points for K = 400L and two points for K = 6001
were left out. The justification for the omission of these points 1is
shown in Figure 6.28 which contains plots of the squared frequencies

versus cycle number.

For the three greatest manipulator stiffnesses the averaged values
of squared natural frequencies fall on the straight line shown in Figure
6.27. The correlation coefficient of these points is 0.9999. Equation
6-10 showed that the inverse of the slope of this line 1s the combined
mass, Mtot. From Figure 6.27 the slope is computed to be .6185, which
makes the total mass 1.62 kg.. This is a reasonable value for the total
mass, since the maximum apparent mass of the manipulator alone is about
+8 kg. For the rest of this analysis it will be assumed that the effec-
tive mass of the subject is 1.0 Kg and the effective mass of the
manipulator is .62 Kg (less than maximum apparent mass of the manipula-

tor).

The y intercept of the line plotted in Figure 6.27 is the natural
frequency of the subject. It was found to be 351 [(rad-rad)/(sec-sec)]
or 2.98 hertz. While this number is high for human subjects, it is not

unreasonable.

The x intercept of the line plotted in Figure 6.27 is the subject's
stiffness and was found to be =568 N/meter. This number is at the high
end of the range of stiffnesses previously measured for human subjects.

It is possible that these quantities (human subject stiffness and natur-
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al frequency) are high because the subject was required to stabilize the

unstable manipulator.

Now a value of the damping ratio for the human subject can be

estimated. For the following values:

; = "Oo 101
K = 800 + 568 = 1368
tot
Mtot = 1.62
The total damping, Btot’ computed from relation 6-12 is -9.5

N-sec/meter. The commanded damping in the computer was -15 N-sec/meter,
thus the damping due to the subject is computed to be 5.5 N-sec/meter.
Substituting this damping of the subject along with the values of the
humans effective mass and stiffness into relationship 6-13 gives a damp-
ing ratio of ;h = .120. While this value seems low, it is a reasonable

estimation for this preliminary investigation.

Through this analysis it has been possible to quantify a set of
parameters that could not previously be identified. Clearly this

apparatus opens up new avenues of experimentation.
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CHAPTER 7: DISCUSSION, CONCLUSIONS AND RECOMENDATIONS FOR FURTHER WORK

This chapter discusses some of the experimental results from both
the endpoint force generation and the control of endpoint dynamics,
stiffness and viscosity. Suggestions for improvements and futher work
on the apparatus are made as well as recomendations for possible uses of

the apparatus.

7.1 Discussion of Results

7.1.1 Endpoint Force Production

The endpoint force production was evaluated at several different
locations in the workspace. The calibration orientation was chosen
because that orientation would provide the least errors in actual end-
point position. The other two orientations were chosen to provide some
variation in the linkage configuration (namely in the relative angle

between the joints).

While the force production appears to be the best in the calibra-
tion orientation, deviations in the desired and measured forces are
clearly seen in the other orientations. These errors are present 1n
both the magnitude and direction of the measured force. The greatest
.error is in the 10 newton case and is 8 percent of the maximum force
commanded. While this error 1is acceptable, improved endpoint force pro-
duction is desired and is left for further work. The variations in

Figures 6.4 and 6.5 and Figure 6.3 might be attributed to the fact that
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the data in Figure 6.3 was taken 6 months prior to the data taken 1in
Figures 6.4 and 6.5. This assumes that in the course of 6 months, the
transducer calibration has been degraded. This could be checked by
re—testing the calibration orientation, but is also left here for furth-

er work.

It was shown that within the 1limits of the actuators, it 1is
possible to generate a desired force at the manipulator endpoint in any
direction. This was only shown, however, in the static case and further
work will be required to show that the same force production is possible

when the manipulator endpoint is free to move around in the workspace.

The servo amplifier current monitor was evaluated as means of
estimating the endpoint force when the manipulator was free to move
around in the workspace. In some cases this estimation was consistent
with the commanded force, but it was shown that in most directions the
estimation was a less accurate measure of endpoint force. Another draw-
back to wusing the servo amplifier current monitor to estimate the
endpoint force is that torques that are commanded to be output from the
motors (the quantity that the current monitor is measuring) will not
represent the actual endpoint force in the dynamic motion of the manipu-
lator. It may be possible to estimate the endpoint force with a model
based observer, but the best solution is to measure force directly at

the manipulator endpoint.
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7.1.2 Impedance Control

The performance of the impedance controller was found to be good
for both the control of the endpoint stiffness and the endpoint viscosi-
ty. It was possible to evaluate the control of the endpoint stiffness
both statically and dynamically. The endpoint viscosity, however, is a

function of velocity and could only be evaluated dynamically.

7.1.2.1 Stiffness Control

Allowing for the non-ideal behavior of the transducer, the stiff-
ness control of the static endpoint is very good. In both orientations
of the linkage, the outputs from the force transducer are nearly the
same. Given the plots for the two different orientations (Figure 6.11)
it 1s not possible to determine which orientation corresponds with which

plot.

The ability to orient and shape the endpoint stiffness was clearly
demonstrated in Figure 6.12. From this figure it is also possible to
see the effects of the non-ideal force transducer used to measure the
endpoint forces. In all of these plots it appears as though the offsets
in the transducer output are always in the direction of the second and
fourth quadrants. This 1s especially true in Figure 6.12b where the
deviation of the force transducer output is towards the major axis of
the ellipse formed by the command forces. This supports the claim in
the previous chapter, that the force transducer may have preferred

directions of displacement.
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The undamped oscillation tests were performed to show that it was
possible to determine an endpoint stiffness (based on the modelled end-
point 1inertance) that will produce oscillations with predictable
frequencies. In this way, the wundamped oscillation tests not only
demonstrated the ability to control endpoint stiffness, but they also
verify the manipulator model developed 1in chapter 5. Errors in the

measured and predicted frequency are small (.2% to .79%).

It might be of interest in future work to include an algorithm in
the control program that modifies the endpoint stiffness matrix based on
the mathematical model of the manipulator endpoint inertance. In this
program an experimenter would enter an endpoint natural frequency rather
than the endpoint stiffness. The algorithm would then maintain this

natural frequency regardless of the linkage orientation.

7.1.2.2 Viscosity Control

The control of endpoint viscosity was verified 1in two different
ways. The reponse of the system to a step command in displacement was
monitored for various values of the endpoint damping and the manipulator
endpoint was moved by a subject with only a viscous load commanded at

the endpoint.

For the step response it was shown that increasing the effective
endpoint damping decreased the size and number of oscillations. There
were problems, however, with steady state offsets in position for large

values of damping. These positioning errors were shown to be dependent
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on both the static friction in the system, and the amount of torque

required to drive the outer link to its final position.

With only a pure viscous load commanded, the commanded endpoint
forces should have been a mirror image of the measured velocity (i.e., 1
meter/second equals -1 Newton). This 1s exactly the case for Figure
6.17, when B = 15I, and demonstrates that the algorithm is working prop-

erly for the commanded viscous load.

7.1.3 Impedance Con:rol Parameter Limits

Although the physical limits of K and B were not quantitatively
evaluated, several qualitative experiments were performed to determine
maximum limits on values for these desired endpoint parameters. These
experiments were performed to determine how large these parameters could
be before an instability ocurred. The instability in this case was a
high frequency oscillation at approximately 400 hertz, that caused unde-

sirable vibration in the manipulator links.

7.2 Suggestions For System Improvements

7.2.1 Modelling of Support Frame

In the tachometer filter section of chapter 4 it was demonstrated

that there is an approximately 400 hertz vibration in the support frame.

This vibration appears to generate 400 hertz noise on the tachometer
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output signal that 1is detrimental to stable velocity control. A 4th
order low pass filter was found to be very effective in eliminating this
noise, but 1s by no means the optimal solution to the problem. This
filter has considerable phase lag at low frequencies and may eventually
compromise the implementation of the impedance controller [11] proposed

for further work.

The solution to this problem is to develop a model of the system
that will predict why this 400 hertz vibration causes instability in
velocity control of the manipulator. An accurate model of the system
will facilitate the design of an improved compensator for this applica-
tion. This improved compensator would pass a velocity signal to the
control algorithm that has less than 5 degrees of phase lag at 40 hertz

(i.e., one decade down from 400 hertz).

7.2.2 Servo Amplifier Replacements

There are several problems with the servo amplifiers. The most
obvious problem is with the 5000 hertz switching frequency. This 5 Khz
switching frequency produces audible sound at this frequency. This
is of concern because the intensity of this sound 1s dependent on the
emount of torque being applied by the motors. Although it has not yet
been shown that this 1s a problem, it is possible that subjects may
receive audible cues from this sound and make changes in movement stra-

tegy based on these cues.
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There 1is also a problem with the servo amplifier feature that
allows peak current output for half a second. If a constant force is
desired at the endpoint for more than half a second, then this desired
force will be limited by the continuous current output capabilities of
the servo amplifier. This means that forces that require the peak out-

put current of the amplifiers can only be sustained for half a second.

It was shown earlier that it is not possible to use the peak output
current of the amplifiers due to 120 hertz noise in the amplifier. This
120 hertz noise produced undesirable vibrations in output torque and
hence the command voltages to the amplifiers had to be limited to a
range between +8 volts. For this reason, the amplifiers are not being

utilized to their maximum capabilities.

It is suggested that these amplifiers be replaced with linear
amplifiers. Properly designed linear amplifiers would not exhibit the
120 hertz noise seen on the PMI servo amplifiers and would not produce
the high frequency sound due the amplifier switching. In terms of
increasing the amount of achievable output force, it would be desirable
to purchase amplifiers that do not have a decay from the peak to the
continuous current limit. If this is the case, then 1t will be the
responsibility of the control algorithm to ensure that neither the
motors nor the amplifiers are overloaded. American Time Products builds
linear amplifiers that would be ideally suited for this application,
unfortunately, these amplifiers are currently being redesigned and will

not be availible for several more months.
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7.3 Further Work

7.3.1 Force Feedback

It has become clear that the ability to measure force directly at
the manipulator endpoint is extremely useful. Not only would this capa-
bility allow the experimenter to monitor subject's interaction force
with the manipulator, but the signal can also be fed back so that the
implementation of the complete impedance controller [l1] 1s possible.
With the implementation of this controller, controlled mechanical
interaction with the environment 1s possible. 1In this way 1t 1s not
only possible to control the apparent endpoint stiffness and viscosity,

but the apparent inertance as well.

To implement force feedback in this system, a LORD Corporation six
axis force-torque wrist sensor, the F/T 15/50, is currently being inter-
faced. This system is designed to be used in robotic applications as
the interface between robot and end-effector. Its application to this
project is ideal. The main proceesing unit can be programmed to compute
force and torque transformations to any point in the workspace. The
output from the main processing unit can be either fed into the computer
in serial form, or in parallel form. Application of the serial inter-
face uses a currently existing serial port interface in the computer and
does pot require the addition or modification of any hardware. The
drawback to the serial interface is that the transmission rate 1is slow
and limited to 74 hertz (serial binary data). The parallel interface is

faster (a transmission rate that is 104 hertz), but does require some



PAGE 164

modification of the interface connections. These modifications will be
made so that the force information can be fed into the computer as

rapidly as possible.

After this new force transducer is implemented, it 1s suggested
that force production experiments be repeated to confirm the claims that
the errors in force generation were actually due to the measurement sys-—
tems force joystick. It 1is also suggested that step responses be
performed at the endpoint to find the maximum rate of application of
forces. In performing this test, however, care must be taken to 1nsure
that the manipulandum is being characterized and not the force transduc-

er.

7.3.2 Parallel Processing

One option for improved system performance 1s the use of two
computers. One computer would act as the host computer and run all the
primary experimental protocol. The other computer would act as a slave
to the host computer and would be entirely dedicated to real time con-
trole The host computer would make decisions about details such as the
type of perturbation to the subject and the desired set of parameters
for that perturbation. The slave computer would be dedicated to real
time control of the manipulandum. Its only function would be to inter-
face with the experimental hardware and implement the desired control
algorithm. In some cases it may be possible to divide the workload of
computationally compllex algorithms, thus the complexity of a control

algorithm would not be a limiting factor in real time control. The
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slave computer would operate on time critical computations and the host
computer would operate on computations that do require a high computa-

tion rate.

7.4 Potential Uses Of The Apparatus

A preliminary experiment was presented at the end of chapter 6.
This experiment demonstrates that it may be possible to measure parame-
ters in human subjects that have not been measured before. These
quantities are the effective damping and inertance that the subject
exhibits at his hand. This was done by destablizing the manipulator
with positive velocity feedback and then observing the motion that
results when the stable human is coupled to the unstable manipulator.
While these experiments were performed without any careful controls or
strict experimental protocol, they do show that there are trends in the

data from two different subjects that are consistent.

Another experiment that would be interesting, would be to see if it
is possible to de-couple mass and weight. This would require some
hardware modification that would re-orient plane of motion in the verti-
cal plane In this new plane of motion gravity will have an effect on the
manipulator. With impedance control it should be possible to make the
endpoint have an apparently low inertance, but then add in a bias force
that will result in a higher effective gravitational constant. And
likewise, 1t should be possible to make the endpoint have an apparently
high inertance, and then command the interface force to be 1low. This

would be effectively reducing the effective gravitational constant and
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thereby simulates a space environment.These experiments could then be
potentially verified by similar experiments done in space where gravity

is minimal.

7.5 Conclusion

The work has demonstrated the application of an impedance controll-
er to a two serial 1link manipulator. It has been shown that it is
possible achieve target endpoint impedances within the 1limitations of
the actuators. It was then shown that this form of the impedance con-
troller is suitable for continuing and developing the study of human arm
movements. The impedance controller not only allows the experimenter to
command endpoint position, but by definition it allows the modification
of endpoint properties such as stiffness and viscosity. It was the mod-
ification of endpoint viscosity that was used in a new experiment to

determine physical parameters in the human subject.

This new experiment showed that with a set of simplifying assump-
tions (a 1linear system with constant stiffness and constant apparent
mass) it is possible to determine the subject's dynamic damping and
stiffness. Although the analysis of the results from this experiment
produced reasonable results for stiffness and damping, this 1is by no
means the definitive experiment. In order to strengthen the validity of
these experiments, a larger field of experimental subjects is needed, as
well as careful planning of the experimental protocol. Careful consid-

eration must be given to the commanded endpoint instabilities and the
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interpertation of the data collected.

While this 1instability compensation experiment may eventually
provide some insight into the neurological details of movement control,
it 1s only used in this study to determine effective endpoint parame-
ters. It 1s reasonable to assume that the combined neurological,
muscular and skeletal systems provide a set of effective endpoint param-
eters. Clearly 1t has been shown that with the impedance controlled
manipulandum, it is possible to determine these endpoint parameters.
Accurate determination of these parameters and inferences about the neu-

rological system are left for further work.
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APPENDIX A: Derivation of Two-link Manipulator Dynamics Using Bond
Graph Techniques.

%*
I=m2
f,c0s6, 1"" hxc0s6,
MT ¢+ 73 ~0 5 d h:lT
12
y 16
r8, RBc Ras,
3 1"’ 1?7
I o 1 - R
SeTy—-1+ m 0 g 11 SeaTz
*5/’P4 g &
A
I J1 MT. 5 —0 7 - MT I 12
-f;5in6, ]‘6 —h25|n62
I:m2

Bond Graph Model for a Two-link Manipulator

Lagrangian
State variables: f, = w, (flow)

n
= ]
—

f18 = W, (flowi

n
<
N

* Differential

Causality: dfe

e = m25¥ (effort on bond 6) [A-11]

e14q = m2%{14 (effort on bond 14) [A-21]

In terms of Lagrangian State variables:

f14 ‘2]005(91)f2 - thOS(Gz)fIB [A-4]

Differentiate retations [A-2] and [A-3] with respect to time:

.d_f6 = - - 3 d__wl _ _ : 922 _
at £1cos(61)uwy 2151n(91)dt hacos(62)w2 h251n(92)dt [A-51
3%14 = -#215in(81)wy + Rlcos(el)%%l - h2sin(62)wy + hzcos(ez)g%z [A-61]

Elemental Equations:

dwy _ 1 duz _ 1 -
at - 1) e1s [A-81

€2 [LA-7] at I,



wWhere junction equations are:

€2
€8

In terms of
€
€3

e4

€g

€9

€11

€12

€16

€17

€19

Substitution into equations [A-7] and [A-81 gives:

wp = 3,0 T
And

& = + (T
2=1,l T2

€) ~ €3 - €4 - €1y - €y

€19 ~ €g ~ €9 ~ €14 ~ €19

the Lagrangian state variables

- w1By - 21M25in(61)cos(By)w] - 2;mpsin2(8y )iy

T
w;B,

-a,sin(el)ng{ﬁ

—hosi dfe
hzsln(ez)mzdt
Be(wy - w2)
Be(wy - w3)
afi4
91C05(9l)m2dt
dfi4
hzcos(Gz)mzdt
w2B)
T2

R1h2m2sin( 01 )cos(82)ws - R1ham2sin(8y)sin(62)107
2 2 .
Belwy - wp) + £1m2c0os(8))sin(B))wy - Rimacos2 (8 )w;

21h2m25in(62)cos(91)w§ - 21h2m2cos(61)cos(62)5} ]

2 -
w2B2 - R1hamasin(82)cos(8;)wl - hamasin2(62)@;

ham2sin(62)cos(62)uh ~ 21homasin(8))sin(62)e;
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[A-9]

Be(wy - w3) + £1h2m2cos(92)sin(61)wi + ﬁZmzcosz(ez)Gg

ﬂamzsintez)cos(ez)wz - 21h2m2c05(91)cos(92)31 ]

[A-10]
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Collect the terms:

€
b
n

1 [ T1 - w1By - ﬂzmz(sin2(61) + €0s2(61))w
31 ' 1 [A-11]
- R1h2am2(sin(8))cos(62) - sin(82)cos(B8y))wd

- 21h2m2(sin(B1)sin(682) +cos(61)cos(82))wy - Bel(wy - w2) |}

wp = % { T2 - wpB2 - 23hom2(sin(B82)cos(8y) - sin(&l)cos(ez))wi

- ham2(sin2(82) + cos2(8))wp [A-12]
- R1hom2(sin(B1)sin(82) + cos(B))cos(82))wy + Belwy - w2) )

Applying Trigonometric Identities
Equation [A-11] becomes:

Jj Wy = Ty - wy(By + Bg) + Bew2 - R1hom2sin(6; - 62)ws
2 e L]
- Rimawy - Rihpmacos(62 - 61)wy
Jq 61 = T2 - w2(B2 + Bg) + Bewy - £1h2m2sin(6y - Bz)wﬁ

2 . 0
= hamaw2 - gfi1hgomacos(62 - 61)wy

Again Collecting Terms:

(J; + timz) L; + f1h2mpcos(82 - 61) &2

= Ty - wi(By + Bg) + Bowp + R1hamesin(62 - 61 )ws

2 .
(I2 + homp) 2 + f1hpmpcos(8 - 61) Wy

= T2 - wa(By + Be) + Bowy - Rihamasin(6y - 61)uw;

written in Matrix Form:

2 dwj
Jy + £1m2 £1h2m2cos(82 - 0) at
21homacos(8y - 8y) Jz %%2
-(By + Bg) Bc vy Ty + R1homawdsin(és - 61)
+
Bc -(By + Bg) wp T2 - £1hompwisin(6y - 6))

where: Jo = I + hamy



APPENDIX B: Derivation of Two-link Manipulator Dynamics Using
Lagrange's Techniques.

Lagrange‘s Equation:

nlu
o+

SRR SRR

where: t; are the generalized coordinates
X; are the generalized forces

For the manpipulator:

DY IRy E1 = 6)
E2 = 62
X1 =Ty
X2 = T2
Moment of inertia for each link:
a) About the center of gravity I, ana I,
b) About the axis of rotation J, and J,

The parallel axis theorem gives:

2

2

The Lagrangian is the combination of kinetic co-energy and
potential energy
L =T1"-v

The manipulator acts purely in the horizontal plane,
hence the contribution from the potential energy term is zero:

V=0
Kinetic co-energy:

FLE L 1,8 by 8)? + Fmyad +vE)

-
*
n

where: . ]
= tieISin(el) + hzezsin(ez)

[ =
N
|

= £,6,C0s(8,) + h,6,c05(8,)

<
N
!
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and
(B + v3) = #3827 + 20,n,68,6,(sin(6;)sin(8,) + c0S(6,)c0S(8,)) +h, 65

= R%é% + 22,h,8,6,c05(6, - e,)+-h§é§

With substitution and the parallel axis theorem, the kinetic co-energy is:

*- ] .
PRI R L
+hm2,8)2 + 2yn,my6,6,c0s(0, - )
14517 17227172 2 1
frictional losses are added into the equation as external forces:
fOP 92: Bcel - (82 + Bc)ez

where:
Bl and 82 are the frictional losses in the motors

BC is the friction between the two 1links

Apply Lagrange‘s Equation to each generalized coordinate:

For 8;: %TI J161 + ma£i8y + £1hamabacos(62 - 61)

- | thzmzéjézsin(ﬂz - 81) | = Ty + Bghz - (By + Bg)by

For 62: %?l Jzéz + 21n2mzélcos(62 - 81) |

- l -ﬁlhzmzé]ézsintez - 61) I = Ty + BcéI - (B2 + Bc)éz

Perform the differentiation:
For 8,: J,8; + my#36, + 2,h,my6,c0s(6, - 6;) - R h,my8,(8, - 8,)sin(6, - 6;)

- glhzmzezelsin(ez - el) = Tl + Bc92 - (Bl + Bc)el

FOF 622 Jzaé + 21h2m231C05(62 - Gl) - glhzmzé’(éz - 61)5in(62 - el)

+ th2m261625in(92 - el) = T2 + Bcel - (Bz + Bc)ez



Algebraic reduction gives:

. 2 L] L1 _
For 91- (J, + ngl)el + 21h2m292C05(62 61)

- R homB8sin(6, - 6,) = T, + BB, - (B, + B,)é,
For 623 J292 + glhzmzelCOS(ez - 91)
+ 2yhomB2sin(e, - 8;) = T, + BB, - (B, + B.)6,

This can be written:
. 2 Lid (1} _
For 61. (Jl + m221)61 + th2m262C05(02 91)

= T, + 2;h,myB3sin(8, - 6;) + BB, - (B; + B.)B,

= Ty - #,h,my&sin(6, - 6,) + BB, - (B, + B.)6,

Written in Matrix Form:

Ji + £qm2 £1hamacos(62 - 61) %%1
f£1homacos(62 - 83) J2 %%2
-(By + B¢) Bc Wy Ty + Rihamawasin(82 - 6y)
+
Bc -(By + B¢) w2 Ty -~ R1homawisin(6y - 61)

[Equation 5-2 Non-linear model of the two-link manipulator]
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APPENDIX C: System Parameter Identification

This appendix contains Procedure wused in determining the moments of
inertia of the inner and outer links of the manipulator.

A)Inner Link

The moment of interia of the inner link was determined by computing
the moment of inertia for each component of the inner link and then
adding all the moments of inertia together.

The parallel axis theorem is used extensively in this calculation:

I, = Iy + m(AG)2

9

The inner link is comprised of four components: one component is an
aluminum tube, there are two clevis style hinge blocks (one at each
end of the tube) and one coupling flange that attaches a hinge
block to the torque motor.

For the tube, the equation for the moment of inertia of a circular
cylindrical shel) about its center of gravity is:

_ 2 .1 2
1g = Lor s73 me

For the hinge blocks, the equation for the moment of inertia for a rec-
tangular section was used:

= 2 2
lg = Fmw? + 22

For the coupling flange, the equation of the moment of inertia about its
axis of rotation is:
_ 2
122 —j-mr

The moment of inertia about the axis of rotation of the inner link was
computed for each component:

1) Tube 1,; = 0.003740 N-m-sec?
2) Inner hinge block l,, = 0.000523 N-m-sec?
3) Outer hinge block I,3 = 0.023140 N-m-sec?
4) coupling flange a4 = 0.000041 N-m-sec?

The total moment of inertia is computed:

I 0.02744 N-m-sec?

a = lay + laz * 1a3 + Iag

Adding in the torque motor rotor moment of inertia gives the moment of
inertia used in the simulation:

0.02744 N-m-sec? + 0.000593N-m-sec?

Jy

0.0280 N-m-sec?
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B) Outer 1ink

The moment of inertia of the outer link was determined by performing a
swing test using a system called TRACK. The TRACK system is set up for
the automatic accumulation and reduction of three-dimensional kinematic
data. Using this system, it is possible to compute both the natural
frequency and damping ratio of the outer link swinging free in the
gravity field, The photograph below shows the experimental set up,

The tigure below shows a typical plot of data from a free swing of the
outer link,

2.18 -

nun-j

-

X Displacement [Meters]

-8.38 T T T T T T T T T
8.8 1.8 2.0 3.8 4.8 S.0 6.8 7.8 8.0 9.8 10.0
Time [Secondel
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From this plot it is possible to compute the logarithmic decrement:

X

8§ = = Loge2
Xn

when n =3, Xo=0.137 meters, X3 = 0.0579 meters
Then 6 = 0.287

The damping ratio is computed:

_ 82 _ (0.287)2 _
(2 = 4n2 + 82 ~ 41l + (0.287)2 0.002082

0.0456

¢

The damped natural frequency is computed:
Wg = 2m (1.0 Hertz) = 6.28 rad/sec

The natural frequency is computed:

_ 6.28
J 1 - (0.0456)7

The moment of inertia is “ow computed:

wn = 6.29 rad/sec

1. = Mgh2 _ (0.5952 kg)(9.81 m/sec?)(0.1572_m)
a ﬁ; (39.56 1/sec?)

1 0.0232 N-m-sec?

Adding in the torque motor rotor moment of inertia gives the
moment of inertia used in the simulation:

0.0232 N-m-sec? + 0.000593N-m-sec?

Jz

0.0238 N-m-sec?



APPENDIX D: System Parameter Identification

The endpoint viscosity matrix is:

B1 B2
Be =
B3 By

The transformation to joint coordinates is given:

Where the Jacobian, J, is defined:

-£1sin(01) -22s5i1n(62) -R151 -R2S2

{3
n
[}

f1cos(8)) Racos(62) £1Cy £2C>

Now the matrix multiplication gives:

-2151 £1Cy By B2 -R1S1 -R2S2
3TBeJ =

~8252 R2C> B3 Bg 21Cy R2CH
-2151B1+21C1B3 -2151B2+21C1Bg -2151 -82S2
-2252B1+822C2B3 -R252B2+R2(C 2By -21Cy -£2C>
UL UR

= =§e

LL LR

Where the diagonal terms are:

UL

“E151(=#15,By+2,CyB3) + £,C,(-2,5,By+2,CyB)

LR

"£252(~255581+23C2B3) + £5C5(~255,B,42,C,B,)
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Multiply out the upper left term:

= p2c2 2 2 202
uL = RlslBl - RlSlClB3 - llSlCle + 21C184

If the off-diagonal terms are equal to zero (B, = B3 = 0):

= plc? 2-2
UL = 215181 + llClB4

If the diagonal terms are equal (B; = B,)

UL = R%BI(S% + C%) = 2181 which is a constant
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APPENDIX E: EQSIM listing for Simulation

c“““#l!"'#‘t‘l."‘.‘.""“"'t“‘-!tl‘!‘l‘tl!!##!#v###ﬂl#ﬂﬂvﬂﬂ T

OO0

o000 (2]

OO0

DYSYS SIMULATION --> SUBROUTINE EQSIM. 2LINKA.FTN
OF
A 2-D, 2-LINK PLANAR MECHANISM

CONTROL of a nonlinear linkage using a "reduced’ impedance
controller. F = K(Xv - X) - BV
Uniform stiffness and viscosity are desired at the endpoirt.

EQSIM by Ian C. Faye’ 21-May-85

PP T e ey T T TP P PR P R P L DL L L LS

SUBROUTINE EQSIM

cormoON T,DT,Y(22),F(22),STIME,FTIME,NEWDT,N ,NPNTS,
1 CONST(20) ,NVAR, 1VARE(20)

DATA CON/57.256/

FOURTH ORDER SIMULATION FOR LINKAGE INCLUDING CROSS COUPLING

PARAMETER TL1= .3654, ILENGTH OF LINK 1
1 TL2= .342, ILENGTR OF LINK 2
2 TKTi= @.3726, I TORQUE SENSITIVITY, MOTOR 1
3 TKT2= ©.3726, ITORQUE SENSITIVITY, MOTOR 2
4 BM1= .@0e€1, IMOTOFR 1 BEARING LCSSES
5 BM2= .00061 IMOTOR 2 BEARING LOSSZS
PARAMETER TINM1= 2.00059, {MOTOR 1 ROTOR INERTIA
1 Tiv2= 0.20059, {MOTOR 2 ROTOR INERTIA
2 H1= .1827, IDIST TO CENTROID, LINK 1
3 H2= .1572, IDIST TO CENTROID, LINK 2
4 TM1= .€409, IMASS OF LINK 1
5 Tr2= .5952 !MASS OF LINK 2
PARAMETER BEAR= .@136 IBEARING FRICT PETWEEN LINKS
1 AJ11= ,.QYE6, ILINK 1 INFRTIA
2 AJ22= ,9238 ILINK 2 INERTIA
PARAMETER DKi= 4¢c.o,
1 DK2= .9, ! stiffness
2 LK3= 2.0,
3 DK4= 4¢0.0, ! Desired Endpoint
4 DB1= 15.0, ! Conditions
] DR2= 0.0,
6 DB3= 0.0, | viscosity
7 DB4= 15.0
PARAMETER TCAL = 0.89461, ! Torque Calitration
1 AMPG = 3.0 ! Servo-Amp Gain
F(1) 18 ANCULAR ACCELFRATION... LINK 1
F(2) 1S ANGULAR ACCELERATION... LINK 2
F(3) IS ANGULAR VELOCITY OF LINK 1 !
F(4) IS ANGULAR VELOCITY OF LINK 2 !
! Angular velocities
Y(1) IS ANGULAR VELOCITY OF LINK 1 ! vl & w2
Yiz) IS ANGULAR VELOCITY OF LINK 2 !
Y(3) IS ANGULAR POSITION OF LINK 1
Y(4) IS ANGULAR POSTITION OF LINK 2
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) 1S X POSITION OF ENDPOINT ! endpolnt location
) 1S Y POSITION OF ENDPOINT 1 for link 2

) SERVO AMPLIFIER CURRENT FOR THETA 1

) SERVO AMPLIFIER CURRENT FOR THETA 2

) 1S REFERENCE ANGLE POSITION THETA 1

@) 1S REFERENCE ANGLE POSITION TRETA 2

1) 1S DESIRFD X ENDPOINT POSITION

2) 1S DESIRED Y ENDPOINT POSITION

3) IS X ENDPOINT VELOCITY

Y(14) 1S Y ENDPOINT VELOCITY

SRR ASARNARBRARNERNIREERRRB AR RS RAAR AR AR ARAER KSR E SRR RARRRERR QR KRR RTR R

g +q =4 =4 o ¢ =4 4 ¢

(5
(6
(7
(8
(9
(1
i1

1
(1

OO0

INPUT SOME NEW PARAMETERS
IF (NEWDT.EQ.~1) THEN
TYPE 202
202 FORMAT(’ LO YOU WISE TO INPUT REFERENCE ANGLES 7 “,$)
ACCEPT 2@3,ANREF
203 FORMAT (A1)
IF( ANREF.NE.’Y’ .AND. ANREF.NE.'y” ) GOTO 204
c
TYPE 200

200 FORMAT(’ ENTER THE INNER LINK REFERENCE ANGLE “,%)
REAL(S,*) TREF1
TYPE 201

201 FORMAT(° ENTER THE OUTER LINK REFERENCE ANGLE ’,$)
READ(S5,*) TREF2

GOTO 205

204 TREF1 = .8765 ! 0.3277
TREF2 = 2.945 1 2.3763

205 CONTINUE

c

C MASS AT THE HANDLE
TYPE 206

206 FORMAT(’ DO YOU WISH TO ADD MASS AT THF HANDLE ? “,$%)
ACCEPT 2@3,ANREF
IF( ANREF.NE.'Y’ .AND. ANREF.NE.’y’ ) GOTO 207

c
TYPE 208

208 FORMAT(’ ENTER THE MASS AT THE HANDLE IN Ke. “y %)
READ(S,*) TMALD

c

207 CONTINUE
c
C SATURATION OF THF SERVO-AMPS

TYPE 211

211 FORMAT(’ DO YOU WANT THE SERVO-AMPS TO SATURATE ? °,%)
ACCEPT 203,ANSERYV

c
ICNT1 =1

c

TYPE 302

382 FORMAT(’ DO YOU WISR TO CHANGE TRE # OF STEPS (108) 7 ’,$%)
ACCEPT 222 ,ANREF
IF( ANREF.NE.’Y’ .AND. ANREF.NE.'y’ ) GOTO 32%

TYPE 3082
300 FORMAT(“ ENTER THE # OF STEPS ',%)
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REAL(S5,*) NUM
GOTO 366

305 NUM = 100

306 CONTINUE

c

TFIN = 2*DT*NUM

c.""‘."'.‘l‘..‘!-.“‘!*."—"'.l"-¥."-"““'l‘!l#!lll"tl‘!!! REURE

c

C CARTESIAN COORLCINATE TRANSFORMATIONS
XSTRT = TL1*COS(Y(3)) + TL2*COS(
YSTRT = TL1*SIN(Y(3)) + TL2#*SIN(

Y
Y
XEND = TL1*COS(TREF1) + TL2*CCS(TR
YEND = TL1*SIN(TREF1) + TL2*SIN(TR

DX = (XEND - XSTRT)/NUM
DY = (YEND - YSTRT)/NUM
TYPE*, ‘DX = °,DX,” DY = °,IY 1 OUTPUT DX AND LY

XNOM = XSTRT
YNOM = YSTRT

2 ; ! X STARTING POINT

! Y STARTING POINT

! X FINAL POINT

4
4
EF2)

EF2) ! Y FINAL POINT

)
)
F
F

Y(11) = XSTRT
Y(12) = YSTRT

XCURR = XNOM
YCURR = YNOM

TREF1 = Y(3)
TREF2 = Y(4)

ENLIF

c
c""""'ltl‘lt.t!!t!!lvQl#'l!!‘#!!'!!‘.ttt#'ttvtt#l“l“""!l‘t!##t#!

c

(]

REFERENCE TRAJECTORY
IF(NEWDT .EQ. 1)THEN

UPDATE TRAJECTORY EVERY OTHFR TIME STEP
IF( (ICNT1,AND."1) .EQ. 1)THEN
XNOM = XNOM + DX
YNOM = TNOM + DY
ENDIF

ICNT1 = ICNT1 + 1

IF(T .GT. TFIN) XNOM = XEND
IF(T .GT. TFIN) YNOM = YIND
XDES = XNOM
YDES = YNOM

c
c
c

tnverse kinematics (not needed for the control in the simulation)

o0

TP1 = (XDES*#*2) + (YDES**2) - (TLi**2 - (TL2**2)

TB1 = 2*TL1*TL2

PEI = ACOS( TP1/TB1 ) Irelative angular displacement
TO1 = TL2*SIN(PRI)

702 = TL1 + (TL2*COS(PHI))



FAGE 182

TREF1 = ATAN2(YDES,XDFS) - ATAN2( T01,T02) {inner link angle

TREF2 = TREF1 + PHI ! outer link angle (absolute)
c

Y(9) = TREF1

Y(1@) = TREF2
c

Y(11) = XDES

Y(12) = YDES
c

ENDIF
c

CMMMIR I 00000 R O A 0 O 0o 0 0 R R O 0 e

c
C INERTIA MATRIX
IF(NEWDT .EQ. 1)THEN

c TKG = TM2 + TMADD
AJ11 = 2.02802 + (TL1**2)*TKC
AJ12 = (TL1*H2%TM2*COS(Y(4)-Y(3)))
AJ21 = (TL1*H2*TM2>COS(Y(4)-Y(3)))
AJ22 = 0.0238 + (TL2%*2)*TMADD

c

C MATRIX INVERSION (FOR INERTIA MATRIX)

D11=AJ22/(AJ11*AJ22-AJ12%AJ21)
D12=-AJ12/(AJ11%AJ22-AJ12%AJ21)
D21=-AJ21/(AJ11*AJ22-AJ12%AJ21)
D22=AJ11/(AJ11*AJ22-AJ12*AJ21)

c
C ANGULAR VELOCITY
OMGA = Y (1)
OMGB = Y(2)
c
C FEEDBACK LAW
c )
C DIFFERENCE COMPUTATION
ALPAA = XDES - XCURR
BETA = YDES - YCURR
("
¢ TRIG
S1 = sxn(r(a);
§2 = SIN(Y(4)
€1 = cos(Y(3))
€2 = COS(Y(4))
c
€ GAIN COMPUTATION
TOPK = DK1*ALPHA + DK2*BETA
BOTK = DK2*AIPHA + DK4*BETA
c
TORK1 = TL1*( BOTE*C1 - TOPK*S1 )
c
TORK2 = TL2*( BOTK*™C2 - TOPK*S2 )
c
¢ VELOCITY FEEDRACK CONTRIBUTION
OFFD = TL1*TL2*(DB1*S1*S2 + DB4*C1%C2 -DB2*((S1%C2)+(S2%C1)) )
¢

TORB1= - (TL1%*2)*(DB1*(S1**2) +DB4*(C1¥*2) -2%DB2%*(S1*C1) )*OMCA
1 - OFFD*OMGE



TORB2= -OFFD*OMGA ~ (TL2**2)*(DB1*(S2%*2) +DB4*(C2%*2)
1

1 -2%DB2*(S2%C2) )*OMGB

AAl = AMPG*TCAL*(TORK1 + TORB1)
BB1 = AMPG*TCAL*(TORK2 + TORR2)

c
C SERVO-AMP SATURATION ?7

c

c
443

IF( ANSERV.NE. 'Y’ .AND. ANSERV.NE.’y’ ) GOTO 443

IF(AAM.GT. 24.9) AAl= 24.90
IF(AAL.LT. -24.0) AAl= -24.0
IF(BB1.GT. 24.0) BB1= 24.0
IF(BB1.LT. -24.@) BBl= -24.¢

CONTINUE

c
C RESTORING TORQUES

o0

o0

00

oo

TOR1=TKT1*AA1
TOR2=TKT2*BB1

SYSTEM ARRAY

TOP=-(BM1+BEAR)*Y (1)+BEAR*Y
TOP2=TL1#H2*TM2*SIN(Y(4)-T(
BOT=+BEAR*Y (1)~ (BEAR+BM2)*Y
BOT2=TL1*H2*TM2*SIN (Y (3)~-T(

+TOR1
®(Y(2)*=2)
+TOR2

*(

2
)
2
))*(Y(1)**2

B~ ~

COMPUTE TERIVATIVES

)

i
ENDIF
F(1)=D11*(TOP+TOP2)+D12* (BOT+BOT2)
F(2)=D21*(TOP+TOP2)+D22*(BOT+BOT2)

F(3)=1(1)
F(4)=1(2)

CARTESIAN COORDINATE TRANSFORMATION

Y(5)=TL1*COS(Y(3) )+TL2*COS(Y(4))
Y(6)=TL1*SIN(Y(3))+TL2*SIN(Y(4))

XCURR = Y(5)
YCURR = Y(6)

ANGULAR VELOCITIES TO ENDPOINT VELCCITIES

Y(13) = -TL1*S1*Y(1) ~TL2*S2*Y(2)
Y(14) = TL1*C1*Y(1) +TL2%*C2*Y(2)

Y(?) AAl ICURRENT OUTPUT OF SERVO-AMP FOR LINK 1
Y(8) BB1 ICURRENT OUTPUT OF SERVO-AMP FOR LINK 2
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c
(G AR R 0 00 O RO R A R

n

RETURN
END

c
CRMBREIE R A A AR R GG O 6RO AR O RO O 000 0
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APPENDIX F: Program for Plotting Maximum Force Generation

(AR R0 ARV 8 0 A O R o R RO RS R
C PLOTT.ftn

PLOTTING ROUTINE
FOR PLOTTING MAXIMUM ENDPOINT FORCES Ian C. Faye” 14-NOV-€5

A O o o Ao o O O 0 T R R R RO TR R R

OO0

DIMENSION A(2,204),FAR(204),CAL(2,3)
DIMENSION IPLOT(2),BNDRY(4),IROW(4),ILT(4)
LOGICAL*1 XLAPEL(GG).YLABEL(SZ).TITLE(BZ)

5 CONTINUE
112 FORMAT(I1)

IPLT=9

NROWS=2

NP = 204

SCA= 25¢. ITRE GRAPR SCALING FACTOR

14 ITIMPL=0 IPhase Plot
TYPE*,’ TRF STATE VARIABLE # FOR THE X-AXIS IS 1°
IPLOT(1) = 1
TYPE*,’ THF STATF VARIABLE # FOR THF Y-AXIS IS 2°
1PLOT(2) = 2

NPLT = 2 1 2 VARIABLFES ARE TO BE PLOTTET
TIMAX= 3.726 111.178
T2MAX= 3.726 15.580 MAXIMUM TORQUES

TYPE”,” ENTER THE INNER LINK ANGLE’
ACCEPT*,THT1
TYPE*,’ ENTER THE OUTER LINK ANGLE®
ACCEPT*, THT2

TRIG
THT1
THT2

(3.1416/18¢.)
TRT1*TRIG
THT2*TRIC

TL1
TL2

.3654 ! INNER LINK LENGTH
.342¢ ! OUTER LINK LENGTH

TJ1
132
733
TJ4

XB
TH

-TL1*SIN(THT1)
~TL2*SIN(THT2)
TL1*COS(TRT1)
TL2*COS(TRT2)

TL1*COS (THT1) + TL2*COS(THT2)
TL1*SIN(THT1) + TL2*SIN(TRTZ2)

XE TL1*COS (THT1)
YF TL1*SIN(TET1)

DRAY THE MANIPULATOR
A(1,1) = O
A(2,1) = @

XE

nuwnann

o0

A(1,2)
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A(2,2) = YF
A(1,3) = XH
A(2,2) = YH
A(1,4) = -09¢9.¢
] A(2,4) = -9999.¢
C CHECK THE ENDPOINT LOCATION
c
Q1 = 1.
IF( XP .GE. 2.2 ) THEN
Ql = -1.
ENLIF
c
g CRECK THE OUTER ANGLE
2 = 1.
IF( TET2 .GE. 182.*TRIG ) TEEN
Q2 = -1.
ENDIF
c
g3 = 1.
IF( THT2 .LT. 908.*TRIG ) THEN
Q3 = -1.
ENLIF
c
THETA = ¢.0
LTHTF = 1.8
DTRTR = 0.0£31415
) EX = ¢.000¢01
C FIRST BALF
DO 9S 1 = 1,1¢¢@
THETA = (I-1)*CTHTR
c FACTOR = ( (TJ2+(TJ4*TAN(THETA))) / (TJ1+(TIZ*TAN(THETA))+EX) )

C FIRST QUADRANT

IF( TRETA .LT. 3.1415/2, ) THEN

IF( FACTOR .GT. 1.€)THEN
T2 = -T2MAX
T1 = T2/FACTOR

ELSE IF( (FACTOR .LT. 1.8).AND.(FACTOR.GT. 2.2) )THEN
T1 = ~TIMAX*QZ
T2 = T1*FACTOR

ELSE IF( (FACTOR .LF. ©.0).AND.(FACTOR.GT. ~-1.2))THEN
Tl = TI1MAX*Q2
T2 = T1*FACTOR

ELSE IF(TFACTOR LLF. -1.@ )THEN

2 = ~T2MAX
T1 = T2/FACTOR
ELSF
T1 = T1MAX
T2 = T2MAX
ENDIF

c
C SFCOND QUADRANT
ELSF IF( THFTA .GE. 3.1415/2. ) TREN




99
C
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IF( FACTOR .GT. 1.2)THEN
T2 = -T2MAX*Q1
T1 = T2/FACTOR

FLSF IF( (FACTOR .LT. 1.0).AND.(FACTOR.GT. @.2) )THEN
T1 = TiMAX
T2 = T1*FACTOR

FLSF I¥( (FACTOR .LF. @.0).AND.(FACTOR.GT. -1.2))THEMN
T1 = TI1MAX
T2 = T1*FACTOR

ELSE IF({ FACTOR .IE. -1.¢ )TREN

T2 = -T2MAX

T1 = T2/FACTOR
ELSF

T1 = T1MAX

T2 = T2VNAX
ENDIF
ENDIF
XTMP = T1/(TJ1+(TJ3*TAN(THETA))+EX)
YTMP = XTMP*TAN(THETA)
XF = XTMP/25@. + XH
YF = YTMP/25¢. + YH
INCEX = I+4
A(1,INDEX) = XF
A(2,INLEX) = YF
FAR(INDEX) = FACTOR
CONTINUE

C SECOND HALF

THIRE

(] o000

DO 97 1 = 121,2¢¢
THETA = (I-1)*LTHTR
FACTOR = ( (TJ2+(TJ4*TAN(THETA))) / (TJ1+(TJI3*TAN(TEETA))+EX) )

QUALEANT
IF( THFTA .LT. 3.%3.141%/2. ) TREN

IF( FACTOR .GT. 1.@2)THEN
T2 = T2MAX
T1 = T2/FACTOR

ELSF IF( (FACTOR .LT. 1.2).AND.(FACTOX.CT. @.2) )THEN
T1 = TIMAX™Q3
T2 = T1*FACTOR

ELSE IF( (FACTOR .LE. @.9).AND.(FACTOR.GCT. -1.8))THEN
Tl = -T1MAX*Q2
T2 = T1*FACTOR

ELSE IF( FACTOR .LE. -1.@ )THEN

T2 = T2MAX

71 = T2/FACTOR
ELSE

T1 = T1MAX

T2 = T2MAX
ENDIF
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g FOURTH QUALRANT

FLSE IF( TEETA .GE. 3.%*3.1415/2. ) THEN

IF( FACTOR .GT. 1.@)THEN
T2 = T2MAX*Q1
T1 = T2/FACTOR

ELSE IF( (FACTOR .LT. 1.0).ANL.(FACTOR.GT. @.2) )THEN
T1 = ~T1MAX
T2 = T1*FACTOR

ELSE IF( (FACTOR .LF. @.0).ANL.(FACTOR.GT. -1.@))THEN
T1 = -TI1MAX
T2 = T1*FACTOR

ELSE IF( FACTOR .LE. -1.0 )THEN

T2 = T2MAX
T1 = T2/FACTOR
ELSE
T1 = T1MAX
T2 = T2MAX
ENIIF
ENCTF
c
XTMP = T1/(TJ1+(TI3*TAN(THETA))+EX)
YTMP = XTMP*TAN(THETA)
o
XF = XTMP/25€¢. + XH
YF = YTMP/25@. + YR
c
INLEX = I+4
A(1,INDEX) = XF
A(2,INDEX) = YF
FAR(INLEX) = FACTOR
o7 CONTINUF
c

DO 309 I = 1,204
399 CONTINUE

TYPF*,’ DO YOU WANT MANUALLY CHANGE THE LINE TYPE ?°
REAL(5,141) ANSW
IF(ANSW.NE. 'Y .AND.ANSW.NE. ‘y’) GO TO 61
WRITE (5,198)

158 FORMAT( " Enter line types; ILT(2) will be the prase fplot line,’

1 /,° ILT(1), ILT(2), ILT(Z) ( I2 format) :°)

READ(5,92)(I1T(J),J=1,3)

92 FORMAT(312)

61 CONTINUE

TYPE*,” X_AXIS LAPEL: *
READ(5,140) (XLAREL(I),I=1,82)
149 FORMAT(€EQAL)
TYPF®,” Y-AXIS LAREL (UP TO 46 CHARACTERS):’
READ(5,150) (YLABEL(I),I=1,46)
150 FORMAT(46A1)
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TYPE®, " PLOT TITLE:’
READ(S,14@) (TITLE(I),I=1,80)

C
IAUTSC=1
TYPF*,” DO YOU WANT MANUALLY SCALE THE PIOT?”
READ(5,141) ANSW
141 FORMAT(AL)
IF(ANSW.NE. Y “.AND.ANS¥W.NF. 'y ") GO TO 60
IAUTSC=0
WRITF(S5,197)
197 FORMAT(’ Enter scale values XMIN,XMAX,YMIN,YMAX :')
REAL(5,*) (BNLRY(J),J=1,4)
c
€0 ITMDT=1
ISPEEL=15
CAIL CGRAPH(A ,NROWS ,NP,IROW,ITIMPL,STIME,FTIVE,,,ILT,XLABEL,
¢ YLABEL TITLF IAUTQC BNDRY 1..IS°1ED ITI“DT\
C PLOT A CALIBRATION MARK
CAL(1,1) = (1¢./258.) - .4
CAL(2,1) = .1
CAL(1,2) = -.4
CAL(2,2) = .1
CAL(1,3) = -.4
CAL(2,3) = (1e./25e.) + .1
c
CALL CGRAPH(CAL,NPOWS,3,IROw,ITIMPL,STIME,FTIME,,,ILT,XLAEFL,
1 YLAREL,TITLE, IAUTSC,BNDRY,1, ,JSPEED,ITIMIT)
C
LO 199 I=1,NRCWS
éQQ IROW(I)=@
WRITE(5,200)
200 FORMAT(” DO YOU WANT ANY MORF PLOT? "/
1 * 1=TIME P1OT’,/,’ 2=PHASE PLOT',/,’ ELSE=NONE',/,
2 ‘ YOUR CHOICE: 7,$%)
READ(5,112)IREPLY
IF(IREPLY.NF.1.AND.IRFPLY.NF.2) GC TO €€
GO TO 5
8o CONTINUE
END
c

(C 990 0 0 0 R 0 00O A 0 00O O A A 0 0 R R R O R RGO e
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APPENDIX G: Control Programs
/3 R 309 30 20 3 000 3 30 380 3 >l ok o0 e 2 300 70K 0K 0 200 280 70K 3 900 e 3 30 90 W o o8 3 ok e o8 0 o ok 0 e a6 e 0 3 o 20 0 o0 ol e 20 0 D0 30 96 RC K R0 UK ol Kok ok /
/% 8MOVEF .C
This program IS intenadea to impliement both position and velocity feeaback
on the apparatus. This will be a completeiy aigital Implementation
This program incluaes the torque command output In tnhe output gata file.
Tnis torque commanda s transformea to give the commanded endapoint force,

The Input to the computer |S the velocity signal from the tachometer.
The Input Oof position to the computer IS from the encoder ascoaer,

The command Torque signal is then generated based on:
Tc = CJ'RKIRCXV-L(O)) = C(J/wBRJINW

where:
K is the stiffness Iin snapoint coorainates
B IS the viscosity In enapoint coorainates
XV IS the virtual trajectory vector
(o] IS the abpsolute angular position vector
J IS the Jacobjan transformation matrix

Limit the torque command output sSo that we do not ask for more than 24 amps

The structure of the aata fjlle for storing endpoint postion (aesirea ana
actual) ang the enagpoint veioclity Is:

{ x_ages | y_oes | x_act | y_act { x_veil ! y_vel | x_for | y_for ]
Each column IS S12 points |ong the program to plot this data |s PLOT4B.C

version O:
The path from one point to another is a ramp that |Is 100 points.
The auration of the ramp IS ,350 seconds.

tan C. Faye
x/

#inciuae <atil.n>

saefine BELL 07

#aefine Pi 3.1415026

#gefine SCA_TRG (4000/P1)

#define SCA_POS 20000 /% position scale w/

#def ine SCA_VEL 1000 /% velocity scaje %/

#aefine SCA_FOR 200 /% force scale x/

#gefine FDX 100 /% the numper of sSteps auring a movement x/
#define FDX1 101 /% FDX + 1 %/

saefine MSi2 4006 /% was 3072 for 6x512 :: NOW 8x512 «x/
#aefine CsSI2 8192 /% 2 bytes per integer 2x4096 */

#aef ine PNTS 512

®aefine PNTSH 511 /% PNTS-~1 &/

float ena_x[(FDX1) = 0.0, ena_y(FDX1) = 0,0; /% endpoint location x/
int ena_xIi(FDX1l = O, ena_y | (FDX1) = O; /% integer vajues x/
int meas(MmMsiz) = O; /% buffer to store all the agata %/
float stor(8l = 0,.0; /% absoiute endapoint target jocations %/
float asp = ,01; /% gisplacement t cm »/

f loat a_link = ,3634; /% inner tink length %/

float D_link = .342; /% outer |ink iength %/

int c_size = CSIZ; /% number Oof bytes to store x/

int save = 0, prnt = 0O;



/% endpoint dynamics x/
f loat Kmts 0,0, Km2= 0.0,

Km4= 0.0, bm1

#gefine a2_I|Iink (,3634% 36354) /% itnner
#gefine b2_Ilink (.342x%x 342)
#gefine ab_IlIink (.3634% 342) /% Inner

/% coafficients for

/% outer

impeocance control %/

f 10at Cofik= O., COf2k= O,, COf3Kk= O,,
fioat COfSK= O,, COfék= 0., COf7k= O,,
float cofib= 0., COf20= O., COf3b= O.,
fi1oat cofSp= 0., cofép= 0., cof7p= O,,
maing)
¢

char aummy ;

char xflle_name = "ali:cosalf.

Int pase, count, ), ans;

f loat at, dax, t, tf_n, X, cn_x.,
float X_strt, y_strt;
float a_des, p_aes;

float save_tf_n;

/2 S8t tne enapoint
Km1 = 400.;
Km2 =« 0.0;
Km4 = 400.,

om1 15.0;
om2 = 0.0;
oma = 15.0;

aynamic conaitions =/

/% initialize everything %/

/X

/%

/m

/%

printf (" Running SMOVEK.C;

version O:

= 0.0, bm2= 0.0,

Iink length squaread x/
tink tength squared x/
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pma= 0.0,

ana outer link lengths x/
cof4k= O, , COfk= O, ;

COf8ks O,, COfOK= O, ;

cof4ab= 0., COfb= O, ;

cof8b= 0., cofob= O, ;

agat”; /% the |ookup fille x/

cn_y, tnht_a,

tht_o,

str_set(); /% Store endpoint locations x/
csr_set(); /% CSr set to enabie the relays x/
gac_put(0,0); /% Zero the D/A converters x/

initialize the extenaea memory =/

Xb_init();
Xo_rfiiectile_name);

pause to aliow the usear to turn on the rejays x/

printf(" enter an (s) to start: \n");
scanf (" %c",&aummy);
if(aummy a= ‘s‘)
¢
off_out();
off_com(&ao0,ap0); /% fina angular offsets x/

The time base ®&/
pase = 4;
count = 33,
at = ,00330;

t = 0.0,
tf_n = FDXxxat;
Ck_Sset(base,count);

start the program =/

/% final

/% this combination makes at

time in seconas x/
/% set the clock &/

ao,

100 point ramp\n");

0o0;

.00350 sec »x/
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while(ans (= ‘e’)

(

ang_com(ao, b0, &tht_a, &tht_Db ); /% fina current position %/
jconvitht_a, tht_b, &x_sStrt, 8y_strt); /x cartesian endpointw/

if¢( ans

If( ans

if( ans

If¢ ans

if¢ ans

If¢ ans

If¢ ans

if( ans

if¢ ans

/m jocation w/
am 'm’ )
menuc) ;

am Ipl )
prnt = 1;

ems ‘N’ )
prnt = 0O;

== X’ )

(

save_tf_n = tf_n;

tf_n = ot,

printf(" In step mode nowi\n");
)

as ‘Y’ )

(

tf_n = save_tf_n;

printf¢® Out of step moae nowli\n");
)

== &)
show_enc(ao, bo);

mm ‘2’ )

(
fileit(),
save = 9,
}

am 'C’ )

(
enafiled);
save = O,
}

ax ‘q’ )
aistsnce() ;

If¢ (8NS >= ‘1) 86 (ans <= ‘4’))
aynamics(FDX, km1i, km2, km4a, bmi, bom2, pm&4,
xX_Sstrt,y_strt,storfl(ans-1)%2-96),stortansk2-97), tf_n,at);

if( ans

-s /|’ )

dynamics(FDX, km1, km2, km4, bm1, bm2, bma,

x_strt,

ifc ans

y_Strt, (x_Strt + asp ), (y_strt+0.0), tf_n, at),

s rs )

aynenics(FDX, kmi1, km2, km4, bmi, bm2, bm4,

x_strt,

if¢ ans

y_sStrt, (x_strt - asp ), (y_strt+0.0), tf_n, at);

eam ‘f’ )

aynamics(FDX, kmi1, km2, km4, bmi, bm2, bm4,

x_strt,

if¢ ans

y_strt, (x_strt+0.0), (y_strt - asp ), tf_n, dat);

== ‘0’ )
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dynamics(FDX, kmi, km2, km4, pmi, bm2, bma,
X_Strt, y_strt, (X_sStrt+0.0), (y_strt + dasp ), tf_n, at);

if( ans == ‘g’ )
<
change();
printre
“Ki1= %6.2f, K21= %6.2f, K22= %6.2f, Di1= %6 2f, D21= %6, 2f, D22= %6 _2f\n",
Km1, Km2, km4, bmi, bm2, bm4 );
)

ans = ttyj (),
)
)

printf("%c" ,BELL);

puts(" Bye");
)
/R SUBROUT INES X 3 ok s i i it R o i i i i i i e 300 300 90 06 28 30 20 i ok 20 20 28 280 28 200 0 28 o8 o6 200 0 3 2 2 i 3K o0 0 e o8 e 200 00 2 00 00 o0 s ol R K Kok K /)

menu()
[¢
printfc"  \n");

printf("(m) will print this menu.\n"),;

printf(” \n");

printf(”(p) will enab|® the print of storead gata.\n");
printf(“(n) will aisable the print of storea gata.\n");

Printf(”(x) puts the program in ‘step’ mode.\n");
printf("(v) takes the program out of ’‘step’ moae. \n"),
printf(”(s) snows the current encoder values (offset). \n");

printf("(z) wiill Initialize a aata file.\n");

printf("(c) wili close the gata file.\n");

printf("(1-4) wil) move the arm positions 1-4.\n");

printr( (1) will move the arm endpoint to the left. . \n");

printf("(r) will move the arm eandpoint to the right.\n");

printf("(i) will move the arm enapoint Inward.\n");

printf(" (o) will move the arm endpoint outward.\n"),

printr("(a) wiil allow the user to change dynamics.\n");

printf("(q) witli allow the user to change displacement d|stance.\n");
printf("(e) will exit the program.\n");

)

/% stiffness and viscosity subroutine %/
dynamics(num, k1, k2, k4, b1, b2, D4, x_strt,y_strt,x_end,y_end,tt,dat)
int num;
fioat k1, k2, k4, b1, b2, ba;
fioat x_strt,y_strt,x_end,y_end,tt,dt;
«
char aummy ;
fioat cost, sini, cosi2, sin12, botni;
fioat cos2, sin2, cos22, sin22, both2;
float sin1x2, cos1x2, bothix2, bothax1;

float K_top, K_bot, a_aes, b_ades, x_des, y_aes, a_tmp, b_tmp,
float ta_tmp, tb_tmp, aen_j;
Int icnt = 0, q = 0, val = 0, val_tmp = 0, acnt = 0;

Int tor_ail, tor_pl, ang_ai, ang_bi, off_aj, off_bli;

fioat tor_ka, tor_kb, tor_ba, tor_ob,

float omga_a, omga_p, vel_cal, tor_cal, off_alag, aw_tmp, bw_tmp;
long int chn_at = 0, chn_pt = O;



/% wWhat we need to make a movement x/
Int K, maa, idax= 0, tmpi,
int base, count, |, };
float t, tht_a, tht_b, ax, ay, tfin, x_pnt, y_pnt, alpha,

/% Zero tne D/A converters x/
gac_put(0,0);

ax = (X_eno - x_strt)/num;
ay = (y_end - y_strt)/num;
t = 0.0,

tfin = tt;

ena_xto0) = x_strt;
end_y(0) = y_strt;
ena_x1(01 = ena_x[0JIxSCA_POS;
ena_yil0) = end_y([0)l&SCA_POS;

/R precomputation of enapoint locations for the control 100p %/
forcis1, i < FDX1 ;i+¢)

(

ena_x(i) = ena_x((i=-1)1 + ax;
ena_yli)l = ena_yl(i-1)) + ay,
ena_xIili) = ena_x(i)xSCA_POS;
ena_yili) = ena_y(lilIxSCA_POS;
)

I = 0,
/% precomputation of some of the parameters for the contol |oop %/
vel_cal = (20./4096 )%(3.2258); /% raa/sec per A/D unit x/
tor_cajl = (40906./20.)%(.89461); /% A/D unit per N-m x/

comff(ki, k2, k4, b1, b2, b4);

off_al = 2044; /% offset of A/D channel 0 %/
Ooff_DI = 2045; /x offset of A/D channel 1 %/

Printrce \n");
printrce WORK ING \n"),
printf( sc” ,BELL);
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peta;

/% CONTROL LOOP sk ks 2 ik 0 2 e e 0 8000008 2 M MG I 0 28 20 3 0 30 00 70 0 000 20070 0 2307 6 0 o ke 0 0 0 o ok ok x /

/% real time |oop %/
/% for¢e ; ;) x/

cKk_clear();
ck_go();
wnile(ck_wait())
«
/% find the Joint angies ana do the TRIG |OOKUP %/
cos_a_find( &cos1, &sini, 8cos12, &sin12, &botn1, sang_al);
COS_pb_find( &cos2, 4Sin2, 8cos22, &sin22, &both2, 4an@_Dl);

/% eéndpoint trajectory assignment, store the desirea trajectory x/
/® If( 1cnt & 01 ) acnte++; move every otner at x/
If( (Tt +m agt) <= tfin )
4
Xx_des = ena_x( icnt J;
y_ces = ona_yl icnt );
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meas(iaxe+) = ena_xificnt);
meas( iax++] = ena_yllicntl,
)

else
t
x_des = x_endg;
y_des s y_enag;
meas( idxe++) = ena_xi|(FDX);
meastiaxe++) = ena_yl(FDX),
)

/® compute the common TRIG mulitiplies x/
8INIx2 = Sin1xsing;
COS1IX2 = COS1KCOS2,;
potnN1x2 = cos1xsing;
poth2x1 = COS2xsint;

/% Forward Kinematics, compute endpoint iocation from joint angles s/
X_pnt = a_linkxcos1 + b_IInkxcos2;
y_pnt = a_linkesint + b_Iinkasin2;

/% store the joint angles; measure and sStore tne angular veljocities x/
meas( iax++) = ang_ai;
measiiax++) = ang_»bl,
aagc_Iinco,aval); /n A/D channe| 0 x/
vaj_tmp = val-off_ai,
omga_a = (vai_tmp)kve|_cal;
meas(iaxes+) = val_tmp,;

aac_Inc(1,8val); /% A/D channet 1 %/
val_tmp = val-off_bi;
omga_p = (vai_tmp)rvel_cal;
meas( iax++) = val_tmp;

/% Error computation; desired minus actual endpoint position =/
alpha = x_0es - x_pnt;
peta = y_des - y_pnt;

/% The gain computation x/
K_top = (kixalpna ¢ K2xpeta);
K_DOt = (K2maipha + Ka4xpeta),

/% Torque contribution from stiffness =/
tor_ka = a_|iNk&( (COS1XK_DOt) - (SIntxk_top) );
tOr_KD = D_||ink%( (COS2%xK_DOt) - (SIn2%K_top) );

/% ViSCOSity R/
off_aiag = COf4DX3INTX2 + COfSDKCOSIX2 - COfDX(DOtNIX2 + DOtN2x1);

tor_a = -(cofibxsini2 ¢+ cof2oxcosia - cof3bxpotni)xomga_a
- off_diagxomQa_b;

tor_pp = - off_daiagxomga_a
~(COf7DRS |N22 ¢ COfBDRCOS22 - COf9DRDOTLNZ)KOMIa_b;

tor_ajl = (tor_calk(tor_ka ¢ tor_ba));
tor_Di = (tor_calm(tor_kb + tor_bb));

/% |imit torque command output SO that we do not ask for more than 24 amps &/
if(tor_ai > 1638) tor_ai = 1638;
if(tor_ai ¢ -1638) tor_al = -1638;



If( save ==

if(tor_pol > 1638) tor_bi = 1638,
ifctor_bi < ~1638) tor_bi = -1638,

/% store the command torques zx/

meas(idx++1} = tor_ai;
meas(idx++) = tor_bl;

agac_put(tor_ai,tor_pi)j;

/% upaate the (o00op counter x/

IfC 1cnt++ >= PNTS1 ) Dreak,
}
gac_put¢0,0);

printf( sc",BELL),
printf( wc” ,BELL);
printfcn DONE \n");

(
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1 ) /7% store the dpuffer only if a flle IS open %/

/= Transformation from ;oint coorainates to enupoint coorainates

for the storage matrix meas{ ] %/

for( i= O; I<MS1Z; |+=8)
(
/% position %/
a_tmp ~ (meas{ |+2 J))/SCA_TRG: /% theta
b_tmp ~ (meast (43 ))/SCA_TRG; /% theta
/% Forwara Kinematics «x/
meas[ i+2 1 = SCA_POSk(a_Ilinkkcos(a_tmp)
meas({ i+3 ] = SCA_POSk(a_Ilinkasinca_tmp)
/k veloClity =/
aw_tmp = (measl |+4 lave|_cal.;
bw_tmp = (meas{ |+5 Jlwve(_cal);
/x Transformation %/

+

/%
/%

in raaglansx/
in raciansx/

D_linKecos(p_tmp)),
D_1IiNKXxsin(b_tmp));

omega 1 x/
omega 2 %/

meast (+4 ) = -SCA_VELX(aw_tmpxa_! inkxsinca_tmp)
+ Dw_tmpXxo_ i {nkxsin{b_tmp)) ;
meas( 1+5 ) = SCA_VELX(aw_tmpka_| inkacosca_tmp)
+ Dw_tmpxb_ | Inkxcos(b_tmp));

/% commend torque =) endpoint force %/
ta_tmp = (measl (+6 l/tor_cal);
tb_tmp = (meas{ |+7 J/tor_cal),

/% determinant of tnhe Jacobian x/
gen_j = a_tinkeb_| inkk((CoS(a_tmp))asin(p_tmp)

- (cos(b_tmp))ksin(a_tmp)

/% Transformation &/

)i

meas{ |+6 3 = SCA_FORX( (1./0en_))x(tA_tmMP4D_1 INKXCOS(D_tmp)
- to_tmpxa_{ inkkcos{a_tmp)) );

meas( I+7 ) = SCA_FORX( (1./0en_j)%k(ta_tmpxb_I| iNnkksin(p_tmp)
- tb_tmpxa_|ink&xsinca_tmp)) ),

)

/% Store the meas(i pbuffer, only (f the real time

ifC Icnt >= PNTS1 )

(

printf¢(" ctore the buffer\n"),;
istore(meas, c_size),

printf("%c" ,BELL);

IS complinrtea x/



}

If¢ prnt s= 1 )

(4

/% print the gata to store only

for( q=0; < MSIZ; q+» 8)
printf(”idx= %a a= %d, b= %0, vas %a, vb= %a,
(q/8) ,meastql, meas[q+1l, meas[q+2), meas[(q+3],
scanf (" %c" ,sadummy) ;
)

b

/% compute the quantities that are constant in tne real

coeff(ki, K2, kK4, b1, D2, bA)

float K1, kK2, kK4, D1, D2, D4;

(
COfik = 82_1inKkxkt;
COf2K = a2_ | inkxk4;
COf3K = 2%a2_| INKRK2;
COf4K = aDp_ | INKXK1,
cCoOfk = ap_ | INnkxK2;
COfSK = ap_ | inkxk4;
cofék = 2xap_| IiNKXK2;
COf7k = D2_. Ink%xK1;
COfBK = D2_ | INKXKA;
COfOK = 2mD2_ [ I NKXK2;
cofib e« a&2_I1INK%xD1;
cof2p = a2_| INK%xD4;
cof3b = 2%a2_1 inkxb2;
cCof4b = ap_| inkkb1;
cofb = ap_ ) inkxb2;
cCOfSD = ap_ i inkxb4
cofép = 2%ap_| INKxD2;
COf7D = Db2_1Iinkkbdb1,;
cof8b = D2_1iNkxD4;
COfODb = 2%D2_ | IiNkxb2;

/% store the 4 |ocatijons for the endpoint x/

str_soet()
{
stortol = 0.1016; /% position 1 w/
s.orf1) = 0.3476;
stort2) = -0.1016; /% position 2 x/
stor(3) = 0.3476;
stor(4) = ~-0,1016; /% position 3 &/
stortS1 = 0.5000;
stor(él = 0,.1016; /x position 4 x/
stort7} = 0,.5000;

}

/% ajlow the user
change()

4

enter new Ki1: \n",

pPrintf("kt1 was %6 2f, Km1);

PAGE 196

If we want to =/

aas %a,
meas(q+4),

abs %a\n",
meas[(q+51),

time |oop %/

to change the effective enapoint aynamics x/



)
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scanf ("%f'", &kmi);

printf("k2t1 was %6.2f, enter new K21 (same as kK12): \n", km2);
scanf("wf", 8xm2);

printf("ka22 was %6.2f, enter new K22: \n", km4);
scanf(“sf", &km4);

printf(”"o11 was %6.2f, enter new bt1: \n", om1);
scanf("%f", &bm1);

printf("b21 was %6.2f, enter new b21 (same as b12): \n", bm2);
scanf("sf", &apbm2),

printf("n22 was %6 2f, enter new b22: \n", bma);
scanf("%f", &bma);

/% allow the user to change the reljative aisplacement aistance %/
aistance«)

<

)

printf("relative aisplacement was %4 3f meters\n", asp);
printf(enter the new dgisplacement in meters:\n"),;
scanf("sf'", adsp);

if(asp >= 1) asp = . 1;
printf("relative adisplacement isS NOw %4 3f meters\n", osp);

show_enc(a_0, b_0)

fioat

4

)

a_o0, b_o0;

fioat tnt_a, tnt_b;
int ans, ang_ai, ang_bi;
whilecans 1= ‘q‘)

¢

ang_com(a_0, b_O, &tnt_a, &tnht_b );

ang_al = SCA_TRGxtht_a;
ang_b| = SCA_TRGXtnt_b;

printf("offset sScaleg angi®s a= %d units, b= %4 units qeuit)nry,
ang_ai, ang_pi);

ans = ttyl();
)
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/= INTFAC.C

This s the program that contains all the subroutines

tnat computer uses to INTERFACE with the analog woria.
configurea to work with the POP 11/73 In Emilio BiIZZi‘s Lab.

AMAAKANR ROUT INES 2k ks ok b i sk s ok ok i pir sy 55 3t s ok ol s e i e o o e e 75 ol e i 3 o8 i ol o pbe e o o o e i e ok o o ok dc e ok ok 2k e o o ok

tty i) returns keypoard Input.

off_out() outputs offsets to the agigital interface.

csr_set() sets the csr bit on the parallel interrace,
SO that we can turn on the relays,

csr_off() sets the csr bit on the parajiel nterface,
to turn off the rejays.

agac_out(value_a,value_p) outputs values on corresponaing DACS,

adac_put(vajue_a,value_b) outputs offset vajues on corresponding DACS.

aac_raa(vajue_a,value_b) outputs RADIAN values on corresponding DACS.
(0O rad = -10 volItsS, P| raa = +10 volits),

adc_Iin(chann,vaiue) returns a vajue from the A/D converter
for channei chann.

off_com(ao,po) finas angie offsets pased on orientation

ang_com(ao ,b0,fa,fb) finas angles (radians) adjusted by the offset

ang_cim¢ra,fn) finas angies (integers) agjusted by the offset

end_fina(x_ena,y_end) finas |Ink angles, then computes cartesian
endpoint coorainates,

cos_a_fina(cos, sin, cos2, sin2, both, ang) extenaead memory read to find
trig vatues for theta 1

cos_pb_fina(cos, sin, cos2, sin2, both, ang) extendes memory read to fina
trig vajues for theta 2

jeconv(tnt_a,tnt_b,cn_x.cn_y) converts joint angies to endpoint coordiantas
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lan Faye 23 October 1985
18 December 1980

w/

#incluae "staio.n"

#incluagae "sta.nha"

#incliuae "ttyrt. nt”

®#incluae "rti1.n"

#inciuae ‘harawa. n”

fioat pos_a = 0.9, pPOS_D = 91.634; /% offset anglies for cailibration wx/

float Ink_a = .3654, Ink_D = .342;
GLOBAL Int a&0i = 0, DOl = O;
GLOBAL fioat tht_a(2) = 0.0, tht_p(2] = 0 O, out(S) = 0.0;

/% define some scailing conversion factors x/

#aefine Pi 3.141392¢6
#agefine TRIG_SCALE (P1/4000) /% fOr the encodaders x/
#aef inm DEGR_SCALE (180,0/4000) /% for the encoaers %/
#aef ine RAD_SCALE (P1/180.0)
#aef ine DAC_CON (4096, /P1)
#aef ine DAC_CR (4000,/P1)

/% the keyboara input &/
METACH tty) ()
«

register int c, hoia;



noia = Jsw;

J8W 1= SPECIAL;

If((Cc = emt(TTYIN,0))<CO)
CcC = EOF;

JS8W = NOIQq;

return¢c);

off_out¢)
«
int a,p0,a0,p00;

a - 017777 & ®Rvita_
(4] - 017777 & xvi1b_
ao - (pos_a/DEGR_SCA
Do = (poS_b/DEGR_SCA
printf(" \n");
printf(" Anglie offsets sent out
xvVifa_out = ao;
xVi1D_out = DO;
)
csr_set()
(¢
xCSra_out = 2; /% s@t CsSri on
)
csr_off()
4
xCcsSra_out = 0; /x set CsSr1 on
)
agac_out(ages_a, aes_b)
flioat ges_a, aes_bp;
4
Int out_a, out_p;
out_a = DAC_CONXx(aoes_a -~ .00
out_p = DAC_CONX(des_b ¢+ ,L00
wgac_buf = (out_a ) & o777,
xgac_buf = (out_b ) | 0100000;
)}
agac_raa(dges_a, dades_b)
float aes_a, aes_b;
[4
int out_a, out_bp;
out_a = DAC_CR%x(ges_a - .00
out_b = DAC_CRx(ges_b + .00
xgac_bpuf = (out_a ) & o7777.;
xgac_buf = (out_b ) | 0100000;
)
gac_put(ges_aj, aes_bi)

Int des_ai,
¢

aes_pi;

/R NOrmailly the offset sShould be about 2048, but DAC A
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in; /% reaa theta 1 x/
n,; /% reag theta 2 %/
LE) - a;

LE) - b;

a: %a, D: %a\n" ,a0,p0);
theta 1

to allow the reiays to be active x/

theta 1
to turn the relays off x/

) ¢+ 2048; /% 20 vits par P! rad %/
) + 2048; /% 4096. = 20%2048/10 %/
/% MASK with AND, DAC X %/
/% MASK with OR, DAC Y &/
i /% 20 vits per Pl raag x/

/% A096. = 20%2048/10 %/
/% MASK witnh AND, DAC X %/
/% MASK with OR, DAC Y %/

)i

is off
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SO0 It has an offset of about 12 units (to get zero voits) w/
wgac_buf = (ges_aj| + 2060) & 07?777 /% MASK with AND, DAC X =/
kdac_buf = (ges_bi + 2049) | 0100000; /% MASK with OR, DAC Y x/

)
aac_inccnann,value)
int avalue, chann;
4
R®ag_csr = (chann << 8);

while( t (xaa_csr & AD_DONE ) )

‘
Avajue = (®xad_buf & 07777);

)

/2 ccmputes the offset angles (in RADIANS)

off_com(ao,po)

fioat xa0, %p)d;
¢
Int a.o;
a - 017777 & ®viia_in;
o - 017777 & %xvi1o_in,
®ao - posS_amRAD_SCALE -
DO - pPOS_DXRAD_SCALE -
a0l - %xa0 / TRIG_SCALE;
Do - D0 / TRIG_SCALE,

)

/® finds the angles (in
ang_com(ao ,p0,fa,fb)

ragians) adjusted by the computed offset angles

x/

/% reaa theta 1 %/
/% read theta 2 =/

a%xTR|G_SCALE;
D*TRIG_SCALE;

*x/

/% reag theta 1 x/
/% reaa theta 2 %/

float a0, DO, xfa, xfb;

{
Int a,p;
a - 017777 & mvita_in;
[ ] = 017777 & ®wviib_Iin;
xra - TRIG_SCALE = a + ao;
xfDd L] TRIG_SCALE % D + DO,

)
/R finds the anglies (integers) aadjustec by
ang_cim(fa,fb)
int xfa, ®fb;
4
xfa = ((077777 & xvi11a_in) + aoi);
XfD = ((017777 & RvV11D_IiNn) + DOI),
)

/% pased on the current joint anglies, fina

the computea offset angles %/

the enapoint coorainates

tNis routine requires off_com(ao,p0) to be used first, =/
ena_f ina(x_end,y_ena)
float xx_ena,ky_end;
(4
xb_read( atnt_a(ol, 8, ((017777 & xvit1a_in) + a0i)xBL );
Xp_reac( &tht_b(0), 8, ((017777 & %xvi1D_in) + DOI)%BL )

xx_ena =
Ry_ena =

Ink_axtnt_ato) +
InK_aktnt_a(1) +

INK_bxtnt_blo0};
Ink_bxtht_bl1]);
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/% pased on the current joint angles, find and return to the calling
program the cosine ana sine vaijues for the angles,
this routine requires off_com(ao,b0) to be used first., x/
cos_find( cosini, cosin2, sinet1, sine2)
float mcosini, =cosin2, &sinei,xsine2;
(4
XD_read( &tht_afo0l, 8, ((017777 & mvifa_in) + a0 i) %BL );
XD_read( &tnt_blO0), 8, ((017777 & %v11D_IN) + DOI)I%AL );

®CoSin1 = tht_ato);
®mcosin2 = tht_b(oJ;
®sine1 = tht_at1);
Rsine2 = tnt_bl1);

/% based on the current joint angles, finag and return to the calling
program the cosine ana sine values ang their varijous combinations
cosinexcosine, sinexsine ana cosinexsine for the angles,

This routine requires off_com(ao,b0) to be used first. =/
cos_a_fina(cosine, sine, cosin2, sine2, both, ang)

int rang;

float "COoSine, =mcosin2, asine,xsine2, %xpotn;

(

%8Ng = ((017777 & ®vit1a_in) + a&0i);
Xp_reaa( &out(o), 20, (xang)x20L );

xcosine = outl(o);
zsine = outl1);
xcosin2 = outl(2);
xs|ne2 = outf3);
xpotn = out(a);

)
cos_b_finac(cosine, sine, cosin2, sine2, both, ang)
int xang;
fioat Xcosine, %cosin2, xsine,xsine2, %xpotn;
[4
Xang = ((017777 & %xvi1D_in) + DOi);
Xb_read( &outl0), 20, (mang)%x20L );

xcosine = outlol,
xS |ne a outl(1);
®cosin2 = outi2l;
xS |ne2 = outl3];
xpoth s outla];

)

/% tnis routine adetermines the endpoint position given |ink angles x/
jeonvitnt_a, tht_p, ¢en_x, en_y)
float tht_a, tht_D, %cn_x, XCNn_y;
(
float x, v;
MCN_X = |K_AXCOS(tNt_A) + |K_DXCOS(tht_Db);
RCN_y = |K_a%xsSin(tnt_Aa) + |Kk_bksin(tht_b);



/® CLOCK . C
Rea) Time Cilock functions

8M| 31-JAN-83

=/
®#gefine CKCSR 0170420 /m RT Ciock CSR agaress x/
#aaf ine CKBPR CKCSRe+2 /x RT Clock Buffer-Preset adaressx/

/&% Clock RATE ( ¢+ repeated intervai moae) x/

sgef ine MHZY 012 /R 1 MHZ K/
wdefine KHZ100 022 /m 100 KHZ =/
®agefine KHZ10 032 /% 10 KHz =/
#gerine KHZ1 642 /% 1 KHZ %/
#defrine Hz2100 082 /% 4100 HZ %/
®aefine 00 1 /% Start CIOCK =x/
#qef ine OVF 0200 /® Overfiow set wx/

Static unsignea xck_status s CKCSR;
static unsigned ack_bpr = CKBPR;

Ck_set (base_rate,ncounts)

™ FUNCTION Set real time clioCck rate (Repeated intervai moge).
T;t base_rate,ncounts;

‘ int rate;

switch (bass_rate)
(

case 2:
rate = HZ100;
break;

case 3:
rate = KHZ1;
break;

case 4:
rate = KHZ10;
break;

case §:
rate = KHZ100;
break ;

case 6:
rate = MHZ1;
preak;

agefauit:
puts(" Incorrect clock rate ");
rate = 0,
preak;

)
ACK_status = rate;
If(ncounts < 0)
«
puts(” incorrect Clock preset”);
RCK_DpPr = 0;
)
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else
XCK_Dpr = - pcounts;
return;
)
ck_go ()
/%
FUNCTION : Start the clock.
n/
(
aAcCk_status = QO;
return;
)
CK_8stop()
/%
FUNCTION : Stop the clock
n/
4
RCK_status &= ~00;
return;
)
cK_clear()
/n
FUNCTION : Clear the clock overf |ow
n/

(
ACK_Status &= “OVF; /Xclear overfjowm/
)

Int ck_weit ()

/X
FUNCTION : wait for a CloCk pulse. Signal if rate is too fast
RETURNS : O If rate is too rast

1 iIf rate is OK
®/
<
If¢( mCk_sStatus & OVF )
(4
puts(” sampling too fast !");
return¢o),
)
else
(4
wnile( t(xck_status & OVF))
’
RCK_Status &= ~OVF; /%ciear overf|owk/
returnd<1);
)

)

aetay(n)

/%

FUNCTION : wait n CloCK tICKS.
CALLS CK_go() ,ck_wait(),ck_stop
n/
int n;

(
Int count;
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/l.[lﬂl.llllllllllll‘llllllllllllllKlllll!llllllllllllllllllllllllllllll!ilﬁ

File operations FILEOP.C

Operatjons that are common to aimost ail
operations that we wouild ever do with a file:
A, Croate the aata flie
B. write tne gata out to the file
C. Close the aata file
D. Open the aata flle
E. Reag tne aata fiie
C_SIZE (BAMPLESX2) for integer numbers
C_S1ZE (SAMPLES®4) for floating point numobers

11/29/85

llltﬂ.ll.t.llillillllllillllll!llllllﬂltlllt!lllltllt!illllilllll!llll.llt*l/

®#inciuge "sta.n”
#jncluae “"useful.n”
#incluge "rti11.n"

int fa = 3, 1) = 0, Ik = 0
char =fjile_name = "di2:testjo.dat”;

/akx ROUT INES o o o O 2 0 0 0 0 0 0 00 O 5 M O I o/

/xCreate the aata filex/
BOOL fitejt¢)

4

char =xfname;

putfmt("Store gata In file named: \n");
getiin(fiie_name, 80),
fname = fj|l1e_name;
If((fo = creata(fname, WRITE, 1)) < 0)
errfmt("ERROR: can‘t create %p: %i\n", fname, fa);
eise
errfmt( “createcs: %p: %i\n", fname, fa);
return(SUCCESS) ;
)

/% Write tne agata out, frioating point x/
800L fstore(pbuffer,Cc_size)
fioat apufrfrer;
nt c_size;
4
if¢(1) = write(fa, buffer, c_slize)) i= c_size)
errfmt("ERROR: wWrite(%i, %ul, %i): %i\n", fa, pbuffer,
c_size, 1))
return(SUCCESS),
)

/% wWrite the cata out, integer =/
BOOL istore(puffer,c_s|ze)
int c_size, wpuffer;
«
If((IKk = write(fa, buffer, c_size)) |= c_size)
errfmt("ERROR: write(%i, %ui, %I): %i\n", fa, ouffer,
c_size, IK);
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return(SUCCESS) ;
)

/aC10Se the agata filex/
BOOL enaftied)
¢
If<¢i) = close(fa)) < 0)
errfmt(”"ERROR: close( %I ): %i\n", fa, {));
else
errfmt(close( Rl J): %i\n", fo, i));
return(SUCCess) ;
)

/% Open ola file x/
BOOL get_file()
[4

char =frname;

putfrmt(”Get oata Stored In fiie named: \n");
getiincfile_name, 80);

fnane = file_name;
If((f0 = openi(fname, READ, 1)) < 0)
errfmt("ERROR: can’‘t open %p: %i\n", fname, fo);
eise
errfmt(“open: %p: %i\n", fname, fa);
return(sUCCess);
}

/% Read the cata in, floating point %/
BOOL fr_gata(puffer,c_sSize)
float bufrter;
int c_size;
4

IfC(iy = reaa(fa, ouffer, C_Size)) I= C_size)

errfmt("ERROR: reaa(%i, %ui, %i): %i\n", fa, buffer,
c_size, i));

return(SUCCESS) ;

)

/% Read the adata in, Integer =/
BOOL Iir_oata(buffer ,c_slize)
int c_size, buffer;
(¢

If((Ik = reaag(ra, buffer, c_size)) != c_sjze)

errfmt("ERROR: read(%i, %ui, %i): %i\n", va, ouffer,
c_size, iK);

return(SuUCCESS) ;

)

/30 7 O 0 0 2 90K 2 3 0 90 90 20 o o e o g R 26K M 0 2 ok 2 o 2 o 38 20 20 o ok ok o o6 D o8 o 980 o o 2 < A0 ol R K o O 3 000 0 0K O ok /
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/% MO g0 ol R ol 39K ke 20 0l 30 R DO 20 300 28 e 360 3 200 0 200 e o 30 300 e 30 200 2 0 o ol M ol 0 ol e D00 0 o e odr e e 30 o0 30 o Ol i ol ok g i it e W ok

HARDWA H
This program inciuoges &1l the harcware aadress |ocations ang
aaaress vectors for the Interfaces in the PDP {11/73 comouter
Iin Emitio BiZZi’S LAD.

The paraliel interrfaces are the DEC DRv-11 esqguivaient

The A/D boara is a Data Transiation DT1761 SE
The D/A boara is a Data Transiation DT1741 SE

The real time Clock IS a MODEL 30& Programmapbizs Real Time ClOocK
maage bv Grant Technology Systems Corporation.

lan Faya, October 25 1983
n/

/% paraillel interface =/

#gefine DRV11A_IN 0767764 /% inner |.nk encoaer %/
®aef ine DRV118_IN 0787774 /% outer |ink encogsr */
#gefine DRV11A_OUT 0767762 /% inNNer |ink output offset x/
#aef ine PDRV1I1B_OUT 0767772 /% outer |ink outout offsat x/
#gefine CSKRA_OUT 0767740
®agef ine CSRB_OUT 0767770
sagefine DRV11_OUT 0747752 /% 0igital ocutput for MDACS =/
®gefina CSR1_OUT 0767750
/m
gefine the vectors that point to the naraware l(ocations
»/
int ®vi1a_in U ODRV11A_IN
int "VI1D_1N - ORV118_ 1IN
int wviia_out = ORV11A_QUT
int xvViiD_out = DRV11B_OUT
int xCcsSra_out = CSRA_OUT
Int ®CSro_out - CSRB_OUT
int ®v4ii_out = DRV11_OUT
Int xSri_out - CSR1_OUT

/n a-to-a converter =/

esdef ine AD_CSR 0777000
#gef ine AD_CHN AD_CSR + 1
®#aef ine AD_BUF AD_CSR + 2
#0efine AD_IVEC 0130
®gefine AD_PR! AD_IVEC + 2
#define AD_GO 1

saef ine AD_DONE 0200

#gef ine AD_ERROR 0100000

/R
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define the vectors that point to the narogware iocations

x/
nt =aqg_csr - AD_CSR;
int ®aa_buf - AD_BUF ,
Int ®ag0_ivec - AD_IVEC;
Iint ®xao0_pri = AD_PR 1,
/% d-to-a converter =/
#gef ine DAC_BUF AD_CSR + 2

/%

define the vectors that point to the naraware |ocations
x/

int wgac_buf - DAC_BUF ;

/% logicel (Dit-wise) |/0 locations x/

®agerine DR_CSR 0787770
®aef ine DR_OUT DR_CSR + 2
@gefine DR_IN DR_CSR + 4
/K
gefine tne vectors that point to tne naroware !O0CAtions
x/
int =ar_csr - OR_CSR:
int ®ar_out - DR_OUT,
int xar_in - DR_IN:

/% Real time ClIOCk m/

#gef i ne KV_CSR 0170420
®qgefine kKV_BPR kV_CSR+2
#gefine KV_OVF 0200

®#gefine KV_ERR 010000

#dgef ine KV_RATE 001 /x1 MH2x/
®gef ine KV_MODE 01

#define KV_GO 01

/%
define the vectors that point to the naraware jocations

a/

StaticC unsigned Rky_CSr = KkV_CSR;

static unsigned xkv_ppr = KV_BPR,

/R the pseudo glorage classes =/
®gef ine FAST register

®gefine OFF O

®gefine ON 1

/B R O I 38 2 a0 O 2O 0 ORI R K/
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/900 3 3 3 gk o 3 3 3k ik o ol g 3 2 ok o i o ol o ok ok i o okt e s 3 ok A v o0 98K e ok ok ok e 30 38 3 e o8 o0 ol 2 ok a0 ik e o e it ol e ok ok e ok ol e 3 o ok e b Ok O ok

EXTEND.C 4-NOV-83
From Tea M| Inér usead to be callea--
tstexb.c: test exbuff: axtendea memory buffer routines.
pProvides:
XB_INIT():
Initialize the extenoea memory burfer. Call thnis routine
firse.

int XB_WRITE( aata_pointer, number_of_bytes,
extenaed_memory_buffer_pointer ):
int moata_pointer;
Int numoer_of_bytes;
Iong Int extenaea_memory_buffer_pointer;
write number_of_bytes bytes from cata_pointer to tne
extendea memory buffer.
Returns tne number of bytes actually written.
Int XB_READ( aata_pointer, number_of_bytes,
extenaed_memory_buffer_pointer ):
int sagata_pointer;
int number_of_bytes;
Iong INnt extenaeo_memory_buffer_pointer,
Read number_of_bytes Dytes from the extended memory buffer
to aata_pointer.
Returns the number of bytes actually rsaa.
NOTES: .) AN extended memory buffer pointer |sS a long byte pointer
The beginning of the purffer Is OL. The end of the buffer Is
Xb_max_pointer;

00 980 380 280 e ol ;i ol 0 gl ok o e 0 2 2% 20k ok e oA ik 3 ke o 3R e 00 30k 20 e g o8 20 2 o0 30 e e a0 e oAk e A 28 ik e 2 R O G I 0 0 e 0 0O 0 O e e K K K/

#inciuge "sta. nh”

/00 a0 A K K o K g 2 K 0 3 0K 0K 3 o 2 g o O g8 2 O DA 3 0 O8C A0 J0 38 30 0 R o 20 e a8 00 0K 08¢ e ko8 0 o 000 80 o e ok R O K ok ok /

®def ine PACE_SHIFT ] /&% HOW mucn to Shift an extenaec memory
puffer aoaress to turn it Into & page aadress. x/
®cef ine PAGE_MASK (~077) /=x Make page adaresses point to page
pounaaries. =/
#aefine BTART_PAGE 01600 /% Starting page agaress. w/

/7 S0 03 20 2 20 6 i o o ok a8 9 ok o o o o0 o o e e 0 ik 0 0 A D o R R 00 P o o a0 o o g o e e 0 e e O 0 ol A ke i ol oke gl ol ke ol i/

GLOBAL Iong Int xb_max_pointer = 198608L;
/M Maximum extenaed memory buffer pointer:
A pointer >= xb_max_pointer Is iliegal. =/

/M ISR e o 9 30 380 3 9 9 3 2 3 o o 98 90 38 ¢ 200 2N o 280 30K 00 20 30 0 0 0 0 0K 0K 0K K K 0K K X 2 0 0 2 98 9 78 28 0 200 08 o o O D e e o ke O 0 o ok o o oK/

OLOBAL xb_init()
4
xofini¢); /% Just call the MACRO Initialize routine, x/

putfmt¢ "Initiallzea.\n" );
)

0 0 T 0 3 o o o e 2 2 0 e 3 o a2 e A e 90 ot 0 o o 0 o o e e o o a0 28 o0 o 0 A 380 oA o e o 0 o 0 90 e ol o e R o 0 e ok ok /

OLOBAL xp_write( p_ocata, n_pytes, p_xbf )
Iint xp_gata;
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Int n_bytes;

long int p_xbf;

[ 4

Int page_agadress;

Int w_pointerif 2 1; /% 2 worad extendea buffer pointer, x/
int return_value;

iIf ¢ ( ( nbytes /7 2 ) x 2 ) |= n_bytes )
«
errvmt( "Odad n_bytes in XB_WRITE: %i\n", n_bytes );
exit( NO );
)

page_aaaress = (p_xbf >> PAGE_SHIFT) & PAGE_MASK;
w_pointerft 0 J = page_aadress + START_PAGE;

w_pointert 1 1 = p_xbf - (((iong)page_adaress) << PAGE_SHIFT);
raturn_vaiue s xpfwrt( p_data, n_bytas, w_pointer );

return( return_vajue );

)

Vg L2t b e i e dddddddtdsstite st ididddddfsdtsissssississ it titssin ditsissssissssissss P

OLOBAL XD_reada( p_oata, n_bytes, p_xbf )
Int ®p_dgata;
Int n_bytes;
long Int p_xbf;
[4
int page_aadress;
int r_pointerr 2 1; /% 2 wora extendea puffer pointer. %/
Iint return_value;

if ¢ ( ( n_bytes 7/ 2 ) « 2 ) = n_bytes )
«
errrmt( "Oda n_bytes (n XB_READ: “%i\n", n_bytes );
exit( NO );
)

page_adadress s (p_xbf >> PAGE_SHIFT) & PAGE_MASK;
r_gointer( 0 1 = page_adaress + START_PAGE;

r_pointerl 1 1 = p_xbf - (((iong)page_adaress) << PAGE_SHIFT);
return_value = xbfred( p_aata, n_bytes, r_pointer );

return( return_value );

)

/9350 30 K e 9 e 0 2 2 0 0 2 ok e 7 26 o0 e s 7l 3 3 2 o O 20 0 phr 20 A M 200 J0C 30 20 ok e e 3 900 e i i 20 20 s 20 o 3 2 ol de o o o o a0 i e s o e o8 e ke okl ok kK K/

GLOBAL long Int xp_rfille( fiie_name )
TEXT xf | 1e_name;
«
int n_bytes;
FILE Inf;
TEXT bufl BUFSIZE 1;
long int totai_bytes = OL,

Inf = open( file_name, READ, 1 );
while ( 0 < ( n_bytes = reaa( inf, buf, BUFSIZE ) ) )
{
/a Desperateiy need error checking here, x/
xb_write( buf, n_bytes, totai_bytes );
' tota|_bytes +n n_pytes;
)

close( Iinf );
return( total_cvytes ),
)

/llllllll'lltllllllllllll!ltll!lllllIl!lttlll!tllltllﬁﬂll#ﬁtlllllﬂﬂllﬁ*llll*/
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/303 M e i 90 D DR 6t 20k 20 2 R 0 oA e ol e 200 i 38 i 3 3 R M0 JRC R e ke 90 3 R N 280 O 3 0 2 R pe 0 D K 100 0K 30 BN 306 DR DR N R NN K 0K e/
/7" FORCE2 . C
This program is intenaeoc to generate a force of des.:reg airecrion ana

magnituge at the nanale. This force will pe ramped up to the final
vajue, It will aIsSOo store the transaucer output ano current monitor.
Tnis versjon wiil take 100 sampies of signal from the force transaucer

and use that as tne offset to subtract from the actual| reaaings,

ian C. Feye’ S-van-8e
x/
/M3 ok ok 200 B 3R e e i e o ok R o0 30 20 8 T 0 D A 000 00 0 0 o0 T 200 0 30000000 2K R 200 J0C e o 90 e 2k o D0C J8C N 2 200 J0C e NN NG oK T K O K/

#incliuge <all. n>
#gefine BELL 07
sgefine PI 3.141592¢
#gefine RAD (P!/180.0)

float len_1 = 36854, jen_2 = L3420,
fioat sines( 512 ) = 0.0, forcel 236 ) = 0.0;
int t_force( 23586 1 = O;
Int savel 788 i = O, /% Save it in Integer form &/
int cC_Size = 1336, /X 2 Dytes per integer x/
int x_trans{100) = 0, y_trans{100] = 0O;
int fx_off = 0, fy_off = O;
maind)
<
char aummy, dum, cumy, ans;
char xf||e_name = "dl{1:co8Sin ast",

fioat fmag, fair, f_x, f_v, trise, tfin, ot;
float off_a, off_b;
float Xp_end, vp_end;

int pase, count, tr_cnt,
int tx_total, ty_total, |, val;
csr_set(), /% Set to turn on the rejays w/

gac_put( 0, 0); /= zero the DAC to sStart x/

/% Set up the extended memory x/
Xo_inite);
Xo_rtilacfila_name);

/% sSet the reai time cloCk %/
pase = 4,
count = 350;
Ck_sSet(base,count);

/% the time conaitions x/
at = ,0030; /% gepengent on base and count above %/
trise = &64mat;
tfin = 128xat;

/% wait for the user to Set the rejays %/
printf(" enter an [(S) to start: \n");
scanf(" %c",saumy),
off_com(soff_a,ao0ff_D); /% find the encoder offsets x/

ans s ‘y’,;
while( ans = ‘e’)
(4
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Ifcaumv == ‘s’)
(

/% sampie the transducer to get offsets &/

tr_cnt = 0;

ck_ciear();

/% Rea| Time Loop fOr the force output x/
cKk_go(),
wnile(ck_wait())
«

aac_in(u,aval);

x_transt tr_cnt ) = val;

age_in¢1,8val);
y_transt tr_cnt J) = va),

tr_cnt = tr_cnt + 1;
If¢( tr_cnt>99 ) break,
)

cKk_stop(),

/n forc | = 0; (<100; i+¢+ )
printf("x_trans= %a, y_transs %ad \n", x_tranz(i)-2048, y_transl|)-2048),
x/
/% fina the average of transducer sSignals =/
tx_total = ty_total = 0O;
forc i = 0; 1<100; I++ )
«
tx_total = (x_transl | )1-2048) + tx_total;
ty_total = (y_trans[ | )-2048) + ty_toteal,
)

fX_Off = tx_total/100;
fy_off = ty_total/100,

printf("Transaucer offsets computea; \n");
Drintf("for x ms=) %a, y ==> %a \n", fx_off, fy_off),
printfcr  \n");

end_frind(axp_ena, &yp_ena); /% find the endpoint position %/
printf(" In meters x = %7 Af, y = %7, 4f\n", xp_ena, yp_end),

printf(” enter the magnitude of the force:\n"\;
scanf(" %f", &fmag),

printf(" enter tne alirect.on of tne force in aegrees:\n");
scanf (" wf", &fair);

f_X = fmagasin((fair+90, )xRAD);
f_y = fMagxCcos((fair+o90. )%RAD);

printf(" FORCES: fx = %6 .3f, fy = %8.3f\n", f_x, f_y),
printf(" Dejay ~~=-=) type (g) to go\n");

scanf(” wc",saum);

scanf (' %c",&aummy);

ifcgummy == ‘@‘)
pusih_me(f_x, f_y, trise, tfin, at);

printf¢(" stop ----> type [e) to exit\n");
scCanf(" C",aans);
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b
ans = ‘e’ ;
printf("sc"” ,BELL);
puts(" Bye");
)

/0SS 3 g0 ol 200 e 3 R 300 R o i i 2 2 2 9 ol 0 0 3 00 20 A 00 2 980 o O 0 2 38 2 26 360 3 20 0K a0 6 a8 0 R K ke D00 N 00 2 oK 0 00 K NG NN K ke K/
/% routines &/

pusn_me(x_for, v_for, trise, tfin, at)

float trise, tfin, at, x_for, y_for;

¢
char aum;
Int tor1, tor2, i, jj, ), 'NAX, JNnax, Snax, kKnNax, fnax;
float cos1, cos2, sSin1, sin2, t, X_step, y_step, aet,
int tmp_x, tmp_vy;
fioat x_force, v_force, x_mul, y_mul, for_x, for_v;
Int xi_force, y|_force, vatl;
Int fx_total, fx_av@, ci_total, ci1_avg;
int fy_total, fy_avg, c2_total, c2_avg,

fioat f_torsy, f_tor2;

scanf (" %c",&aum),
printf("sc” ,BELL) ;
flieit();
scanf(” %c”",&aum);
printf(“sc” , BELL),

snax = O,
inax = 0;
t = 0 0;
x_force =« 0.0;
v_force = 0.0;

If(trisa 1= 0.0 )
«
X_Step = (x_forikx(at/trise);
y_Step = (y_for)k(at/tris=);
)
a|se
¢
x_step = x_for;
y_step = y_for;
)

forc j = 0; J ¢ 128; }J++)
(4

i_forcel ;%2 1 = (1024%x_force);
forcef )x2 ) = x_force;

If( x_for >= 0.0 )
«
if( (x_force += x_step) >= x_for ) x_force = x_for;
]
alse
<
if¢C (X_force += x_step) <= x_for ) x_force = x_for;
}
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n/

/% Rea|

/%
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I_forcel (;®2)+1 ) = (1024xy_force);
forcel (jw2)+1 ) = y_force;
IfC y_for >= 0,0 )
(
If¢ (v_force += v_step) »= y_for ) v_force = y_for;
)
else
(
if( (y_force += v_step) <= y_for ) y_force = y_for;
)
)
inax = 0;
for( ) = 0, j « 128; }++)
(
Printr(" fx = %7 4f, fv = %7 4f\N", forcel (nax++l, forcel Iinax++1):
)
inax = 0O;
forc j = 0, } < 128; j++)
4
printf(" fx = %a, fy = %d\n", i_forcel indx++), |_forcel inax++1);
)
/% 184 D/A units per Newton-meter; page 58 (31) Of DOOK 3 %/

X_muil =
y_mul =

184 . %1en_1;
184 . %ien_2;

Time Loop for the force output %/

indx s«  ;jNax = KNax = fndx = O;
ck_clear¢);

CK_go();

while(ck_wait())

for( jjy = 0; j)< S000; jj++)

(

x/

cos_fina(s&cos1,8C0S2,46%iNn1,8%iINn2);

x_force =

forcef

fnax++ J;

v_force = forcel fnaxe+

tor1 =
tora =

dac_put( tor

1.

(X_MuiXk(CoStmy_force -
(Vv_muinx(cos2xy_force -

tora);

b IH

sintxx_force)),
sin2xx_force));

/% Reag tnhe transgucer ana current monitor %/

for( i = 0; i < 4; i(e¢+)

(

aac_in¢i ,aval);

savael Inax ++ ) = va),;

)

save( Iinax +¢ ) = |_forcel INAaxe+e+
savel inax ++ ) = |_forcal jnaxes

/% Store the cosines ana

sines(
sinest
sines(
sines(

sSnax
snax
snax
snax

+ 4
X
e
xS

)

)
)
)

cos1,
cos2;
siny;
sin2;

sSines %/

)
] '
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/% If( (T += at) >= tfin ) break,
w/
If( inax >= 7867 ) Dreak:;
)

cKk_stop();
/% for(i = 0; i<512; |++)
printf(" inoex %a, vajues= %4 af\n", i, sinestil));

x/
printec”  \nv);
Erintf(” ingex IS %a \n", inax),
printf(“%c" ,BELL);
gac_put( 0, 0); /x Zero the force after we are aone %/

/% fina the average of eacn channei
tnis is only really useful when we expect a channel to be zero x/
fx_total = fy_total = ci_total = c2_total = 0,
forc I = 0; 1€128; i++ )
t
/% tne Force Transaucer x/
fx_total = (savel (I%6)+0 1-2048) + fx_total - fx_off,
fy_total = (savel (imxé)+1 )1-2048) + fy_total - fv_off;

/% the current Monitor &/

/% tnis cComputation IS with Newton-meters per A/D units k/
ci_total = (savel ({x8)+2 1-2048) + ci_total + 12,
c2_total = (savel (|x6)+3 )-2048) + c2_total + 12;

)

fx_avg = fx_total’/128;
fy_avqg = fy_totals128;
c1_avg = c1_totalis128;
c2_avg = c2_total/128;

printf(" The averages are fx_avQ: %4, fv_avg: %0, Ci1_ava: *%d, c2_avg: %»a\n",
fx_avg, fy_avg, c1_ava, c2_avqQ ),

/2 transform the measured )j)oint toraues to enapnint forces x/
for< | = O; 1¢128, i++ )
[4
/% see page 26 of book 3 for scaling factors w/

/X tn® Force Transaucer x/

tmp_x = savel (i%6)+0 ) + 34;

tmp_y = savel (i%6)+1 ) + 16,

/2 this computation IS witn Newtons per scaied A/D units
scaled means that thes numper |s scaled up by 1024 x/

savel (i%x8)+0 ) = 30mR(tmMP_X - 2048);

savel (|x6)+1 ] = 30m(tmp_y - 2048);

/% the Current Monjtor =/

/% this computation IS with Newton-meters oer A/D units x/
f_tor1 = 0,005458x(save( (ix6)+2 1-2048 + 12);

f_tor2 = 0.003458%x(savel (i%6)+3 )-2048 + 12);

cosS1 = sines( (ix4) J;

COS2 = sines{ (Ix4) +1 );
SIN1 = sinesl (i%x4) +2 ],
SiNn2 = sines( (ix4) 3 );

aet = |en_1x|en_2X((COS1%xsin2)-(sint1xcos2));
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for_x = ( (f_torik|mn_2%xcos2) - (f_tor2x|en_1xcos1) )/0et,
for_y = ( (f_torisien_2xsin2) - (f_tora2xien_1xsin1) )/aet;

savel (ixé)+2 ) = (1024%fOr_x);
savel (iI%6)+3 ] = (1024xfor_y);
)
forci = 0; i<788; j++)
printf(" inagex %A, vajue to sStore = %a, %4, %A, %4ad, %4d, g \n", (+-86),
saveli++), saveli++), saveli++), Saveli++), savali++), saveli++) ),
istore(save, c_size); /% store the save puffer w/
enafile();

}
A ittt i il tteds st dsdssidindssssdsesdiisitititiitissiseiiisstittiiessamys

7200 0 7 e 30 O 2 200 0 3 3 0 R 0K T 00 O O 38 3R A 300 o i e 30 R0 A R0 0 N
TTYRT N1 RT11 Terminal Hancling for concurrent C

ol o o ke ok 0 980 R o0 20 o8 3 i 30 e sk 30 a3 o0 i 08 2 30 phe N 3 00K 0 ale 2 o pic i a8 e a0 e o 200 3 T 0k ok 3 R 20 90 e e p ok N DN N Dl ok K ke W ek K/

/% JSW Dits, sem RT11 Aovancea Proarammers Guios &/

#gefine NOWAIT 0100 /% DON‘T wail fOor tarminal Dt w»/
®aef ine SPECIAL 010000 /% Speciai 1 /0 mooe bDit W/
#oef ine LOWER 040000 /% LOWEr case enaplea Dit %/

®gefine TTYBITS (“( NOWAIT | SPECIAL | LOWER )
/% TTY Dits of JSW are zero here (TTYBITS | JSW) Qives status of terminal
DITS INn JSW W/

sagefine DEFAULT ( NOWAIT | LOWER ) /% reguiar moge of terminail 1/Q W/
/% EMT calils: ¥/

#wagefine TTYIN 0340
#gefine TTYOUT 0341
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