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ABSTRACT

Within robotics, areas such as locomotion, unmanned aerial vehicles
(UAV’s), machine vision, and dexterity of robots intensive research has been
performed. In considering the dexterity of robots, work has been done for
various types of rébots. Also the robotic ability to manipulate or closely
mimic the agility of humans has been extensively investigated. Humans are
able to do a wide variety of tasks based on the complex series of joints at the
wrists. The area of research into robotic wrists has however never attempted
to emulate the human wrist. The wrist with its tendons, ligaments, and
metacarpals allow three degrees of freedom (DOF’s), and this would be
extremely advantageous in many scenarios where robots are used.

The goal of this thesis was to emulate the human wrist, by conceiving and
designing a 3 DOF manipulator which could be easily attached to any robot
arm or similar device.

The end result of this thesis was to design an easy to implement 3 DOF
spherical tendon based manipulator, complete with control system for which
the approximate systems response would be known.

At the conclusion of the work this was indeed the end result, and all lessons

learned are enclosed herein.

Kevin Gilbank Design and Control of a 3-DOF Spherical
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Nomenclature:
Symbol Meaning
0 Angular Position
w Angular Velocity
Vi Voltage Input
T Torque
i Current
¥ Coefficient of friction
v Back electromagnetive force
P Electrical power
L DC motor inductance
J Inertial load
M, Mechanical Power
Eore Error
K, Mechanical gain
K Electrical gain
Y Measured state
w Triangular Toeplitz matrix
R Motor armature resistance
F Force
@, Feedforward velocity value
Fs Sampling frequency
F. Cutoff frequency
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1.1 Introduction

This project’s objective, as defined at the outset was to design a 3-DOF tendon-driven
manipulator. The literature review therefore aims at specific key areas required to
make this project successful. Through analyzing the best available structured wrist —
that of the human wrist, énd taking into account the strengths and weaknesses it is
thought that this will result in a stronger design. One of those strengths is the use of
tendon manipulators, of which there are a variety of types, each with their own
application and specialty niche. After the wrist is designed, it must be controlled
using an efficient controller, for which the PID controller and a new observer
feedback system were considered. Finally through studying and critiquing other
tendon-driven machines that researchers have developed, and exploiting the key
benefits of each, the expected outcome will be an improved 3 DOF tendon

manipulated wrist.

1.2 The Human Wrist:

As seen in figure 1.2.1, the wrist is made up of eight carpal bones, the radius and the
ulna. The carpal bones, as seen in figure 1.2.2 can be divided into two sub categories,
the proximal and distal rows. The proximal row (closer to the centre of the body) is
made up of the scaphoid, lunate, triquetrium and pisiform. The capitate, trapezium,

trapezoid and hamate form the distal row (further from point of attachment).

Kevin Gilbank Design and Control of a 3-DOF Spherical
Tendon Based Manipulator
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CARPALS

Figure 1.2.1 Anatomy of the human wrist

Radius

Figure 1.2.2 Anatomy diagram of the carpal bones

Connecting all these bones is an interweaving network of ligaments. Ligaments work
their way through the wrist joining the carpals to each other, and also connecting the
carpal bones to the radius and ulna. The vast network of ligaments can be seen in

figure 1.2.3 [2).

Kevin Gilbank Design and Control of a 3-DOF Spherical
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Short radicluncte
ligoment

*Radioscapholunote
ligoment
Figure 1.2.3 Wrist diagram showing ligaments

The movement of the wrist is as complex as the wrist itself. The proximal and distal
rows articulate to enable movement. The movements of the wrist can be divided into

three major components, as shown in figure 1.2.4 [2].

Radiat deviation Ulnar deviation /\

Extension Flexion

Thumb

v etacarpals
Trapoziod g Pisil
Trapeziu { > Triquetrium
Capitate
Scaphoid
Radius ]

Pronation Supination

Figure 1.2.4 Movement of the human wrist
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1. Deviation is subdivided into radial deviation and ulnar deviation.
Deviation is the side-to-side movement of the wrist. This movement is
approximately 22° for radial deviation and 365 for ulnar deviation.
The name of the movement implies that it is centered around the radial
and ulna Bones and as such the centre of movement is the capitate (tip

of the radial and ulna bones) [3].

2. Extension/Flexion is the fore/aft movement of the wrist, and healthy
wrist joints normally exhibit around 76° for flexion and 75° for
extension. This direction of movement is as well centered around the

capitate of the radial/ulna bone region [3].

3. Pronation/Supination is the twisting motion (about the forearm) of the
wrist. Motion is again centered around the capitate of the radial/ulna

bone region.

Some research has indicated that this full range of motion is not required to perform
normal everyday tasks. Recent studies have indicated that even a small amount of

movement can allow an increase of the reach of the fingers by approximately 5-6¢cm

(3]

Kevin Gilbank Design and Control of a 3-DOF Spherical
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However, most tasks such as drinking from a glass use the wrist movement, humans

would have difficulties with a serious reduction or lack of mobility in the wrist.

1.3 Tendon Manipulators
Control of tendon driven inanipulators, sometimes referred to as antagonistically
driven manipulators (in reference to the push-pull drive method) have been the
subject of numerous papers.
The majority of research with tendon driven manipulators has been in the area of
versatile fingers. There are three basic actuation methods to any single joint tendon
driven manipulator [1}:

1. Infinite length continuous cable

2. Actuator pulling with relaxing spring

3. Dual actuator drive
The first drive method, which involves a single actuator continuously driving a joint,

is shown below in figure 1.3.1.

Kevin Gilbank Design and Control of a 3-DOF Spherical
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TENDDOH —

\

Figure 1.3.1 Model of an infinite length cable with single joint actuator

This type of design has been used successfully to develop three fingered hands, in the
past [1]. Using this method of simple actuation requires that the tendon cable be
heavily pre-tensioned in order to prevent slipping or slacking of the tendons when the
joint moves at higher velocities, or when unexpected disturbances are introduced to
the joint. The pre-tensioning however creates a large amount of friction and backlash
which then gives a serious degradation of performance.

The second approach also utilizes a single actuator, but instead of locping the cable
infinitely as in figure 1.3.1, a pre-tensioning spring is used. The spring acts as a pull
only actuator, done by preloading the spring, through pre-tightening of the tendon and
actuator. As the load is released from the actuator the spring unloads keeping tension

on the tendon. This method of actuation is presented in figure 1.3.2.

Kevin Gilbank Design and Control of a 3-DOF Spherical
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Figure 1.3.2 Model of pulling spring and actuator for single joint

For short response times the spring used has to be of extremely high stiffness, which
then results in a larger load transferred to the actuator, subsequently resulting in a
required stronger actuator to load the spring completely. The other disadvantage is
that if any sort of tendon/cable slip is experienced, then the joint will experience a
large amount of error.

The final system, using one cable and two actuators (a true push-pull system), is
similar in nature to the one proposed in this thesis. This system shown in figure 1.3.3
uses two actuators which closely resemble the human bodies’ actuators (ligaments

and joints).

Kevin Gilbank Design and Control of a 3-DOF Spherical
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Figure 1.3.3 dual actuators driving single joint

The advantages of this type of actuation over the previous two methods include [1]:
1. Minimum amount of drag on the opposing actuator
2. Minimum tension required of the tendon (cocontraction)
3. Simple implementation

4. good positional control

The disadvantage to this method is obviously that a second actuator is required, which
results in a more complex control system and in some cases, in an increased weight;
the size of the actuator can also be a significant disadvantage.

Typically, these tendon-driven manipulators are compared to a double acting single
actuator system such as a load driven by a stepper or DC motor through a backlash

free gear train. While the tendon driven manipulators will most likely never exceed

Kevin Gilbank Design and Control of a 3-DOF Spherical
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the performance of these systems with the correct control system they can come to

have comparable performance.

1.4 Control Systems:

For each tendon driven robotic system currently under research there is a different

type of controller. One of the more common approaches is the traditional PID

controller. PID control is easy to implement and can be developed using time-domain

methods. [9]

The PID controller includes a PD controller, using its damping to resolve overshoot,

rise time and settling time, these improvements however come at the expense of

higher bandwidth and resonant frequency. Steady state error is not typically affected

unless it varies with time. When required to modify this controller by including 1

control. PI control reduces overshoot, decreases bandwidth, improves gain margin

and phase margin, but it increases the overall rise time [21].

Table 4.4.1 below, illustrates the advantages and disadvantages of the three steps in

the PID of controllers and what each means to the overall system response. [9]

Controlier Damping Max. Rise Time | Settling Time | Bandwidth |Gain & Phase | Steady State
Overshoot Margin Error (Ess)
PD improve Small Change |Reduced Reduced Improve Improve Not Affected
Pl Improve Increase Increased Increased Decreased Improve Eliminate
PID Small Change |Decrease Reduced Decreases Improve Improve Small Change
Table 1.4.1 System response of PD/PI/PID controller
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Another form of controller that has been used in tendon controlled robots ig that of
fuzzy logic. [10] Fuzzy logic values are not the precisely true or false values of
conventional logic. Fuzzy Logic was developed in the early 60fs [11}], yet it did not
experience wide spread application in the area of control systems until the later 70°s,

due to the lack of computer processing capabilities. By definition fuzzy logic is

“a structured, model-free estimator that approximates a function through linguistic

input/output associations” [11]

Basically fuzzy logic allows a certain “vagueness™ for answers and the solutions are
not of just true or false values, but can be of a range of possible values. Hritsu et al,
[10] used fuzzy logic to control a five fingered tendon driven robot with 18 degrees of
freedom. Their fuzzy controller is based on a force command input from the user,

and the logic control algorithm contains feedback from the velocities from two joints
and the motor velocity. These three feedbacks are partitioned into five sections which
range from negative big to positive big. This simple fuzzy controller was reported to
give the multifingered hand much better performance than the traditional PID control.

[10]

The results of the experiments, where the users input command was to move a single
finger 45 degrees, the performance of the PID controller versus fuzzy logic, are

shown below in figure 1.4.1 [10].
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Figure 1.4.1 Fuzzy logic vs. PID (Hristu et. al [10])

As can be seen from this figure, the PID controller requires about 0.5 seconds to settle
to within a one degree error and the fuzzy controller takes approximately 0.4 seconds

to come within the same one degree of error but then eventually settles near zero error.

While both of these systems gave very good responses, there is one other option that
has previously been untested for use in tendon based control systems, it is that of the

observer based control system.

1.5 UTAH/MIT Dexterous Hand

Most of the work done with tendon driven manipulators has been in the area of
dexterous hands. The robotic end effector is a very natural choice for a place to start
in this research as it presents many problems and offers a very sufficient base for
testing.

The Utah/MIT Dexterous Hand (DH) was designed by S.C. Jacobsen et al, and is

now available commercially mostly for the research community, primarily for use as
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a general research tool for the study of machine based manipulation [8]. The DH can

be seen below in figure 1.5.1. [8]

Figure 1.5.1 Utah/MIT dexterous hand

The source of motion for this hand are the actuators that drive the tendons, where the
actuators are pressure controlled valves with low stiction cylinders, as shown in
figure 1.5.2 and figure 1.5.3.

The cylinders (B in figure 1.5.3) and valves (A in figure 1.5.3) for each tendon are
included with an adjustable pneumatic damper (C in figure 1.5.3), and a spring
tensioning unit (B in figure 1.5.3) which are paired with the opposing end of the

tendon to make up one module. This setup allows for the release of any residual
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tension when the system is unused, as long-term residual tension can lead to

misalignment of tendons, which can affect tendon life.

Egie
R

VALVE | —|

PP

e S i

Eo VALVE 2 —__|

Figure 1.5.2 Actuation system of Utah/MIT dexterous hand

Figure 1.5.3 Complete Actuation system including dampers of the Utah/MIT
Dexterous Hand
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These modules of the DH have to be relocated outside of the hand, due to fheir larger
volume, as most of the available space in the hand is taken up with structures, joints
and sensors. Having moved the actuator modules to the wrist (location, allows the
added advantage of making the modules larger allowing for more performance
(strength, torque) and les; restrictions in size, shape, weight, cost and volume. Due to
the fact that the actuation modules are in such a remote area, the tendon routing is
very critical.

Once the tendon leaves the module it is routed through what the Utah/MIT group
refer to as “quasianthromorhic geometry” - meaning that it resembles the human hand
as closely as permissible. The DH contains only 3 fingers and an opposable thumb,
the reason for this being that they saw no immediate advantage for the 4t finger (little
finger).

The routing of the tendons through the hand is shown in figure 1.5.4.
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Figure 1.5.4 Routing of the UTAH/MIT dexterous hand

As can be seen from Figure 1.5.4, the routing is very complex, especially considering
that only the path of the most outlier cables have been shown. The first two joints of
each finger (joints 0 and 1 in Figure 1.5.4) were changed to use flat belt tendons,
because these joints make sharp axial twists, and therefore require good strength and
fatigue life.

The remaining joints (joint 2 and 3 in Figure 1.5.4) use a composite structure for the
tendon material. The tendon material is routed through the hand around pulleys and
axial twists. The 288 pulleys vary in diameter from .95 of an inch to as small as .38
inches in diameter. All pulleys contain domed contact surfaces which enable the

pulleys to self align. The composite tendon material is made up of Dacron Fibers that
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are woven around multiple longitudinal elements of Kevlar. {8] Through tﬁe use of
having Dacron as the outer sheath material serves both purposes of aligning and
protecting the interal Kevlar fibres, which is the load bearing rﬁaterial.

According to Jacobsen et al [8], one of the most important factors to system reliability
is the fixation of the tendén ends, and for this reason they have implemented three
types of termination methods for the tendons.

As can be seen in figure 1.5.5, the three types are a permanent clipping method (A in

figure 1.5.5), a doubled back clip (C in figure 1.5.6) and simply a knot (not shown).

Figure 1.5.5 Tendon and tendon terminating method of the UTAH/MIT Dexterous
Hand

The doubled back clip, which relies on friction to keep the tendon restrained, allows
for adjustment of the tendon, if stretching has occurred, as it is reversible.
The permanent clipping method, which is made up of an injection molded component,

allows for quick disconnecting capabilities.
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The remaining sensors, that are required to drive the hand, include joint anéle Sensors
and tendon tension sensors.

At each joint is a Hall effect sensor which measures the angular deflection. The Hall
effect sensor is located in the proximal link (A in figure 1.5.6) while the distal link
contains a disc with two magnets that are placed in a dipolar configuration (B in
figure 1.5.6), as can be seen in figure 1.5.6. The disc’s magnetic field, as it passes
under the Hall effect sensor, produces an output current that corresponds to the
angular deflection (varying between 0 and 95 degrees). The reported benéﬁts of the
Hall effect sensor include a linearity within 5%, a continuous output signal, high
bandwidth operation, low friction, no mechanical contact, long life and tolerance to

external environments. [8]

Figure 1.5.6 Hall Effect Sensor contained in each joint of the UTAH/Mit Hand
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The 32 tendon tension sensors, are contained in the wrist and consist of a pulley
which diverts the path of the tendon. The tendon tension sensor shown in figure 1.5.7,
and is basically a semiconductor strain gauge that is installed on a cantilevered beam,

and provides a linear output of strain which can vary between 0 and 30 pounds.

Figure 1.5.7 Tendon tension sensor contained in the wrist of the UTAH/Mit dexterous
hand
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CHAPTER 2
OBSERVER DEVELOPMENT
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2.1 Introduction

The first step in this problem was to design a linear observer control system and then
to move into the more complex tendon-driven problems. Whét was required then
would be a simulation with simple feedback —a DC motor equipped with tachometer
and potentiometer sensors. For this purpose, a commercially available laboratory
experiment setup was used, allowing for quick and easy set-up and modifications.
The experiment used — MathWorks MATLAB™ for writing of the control software,
and Feedback Instruments experimentation hardware. The fact that commercially
available equipment was used, which was readily available, proved to be an asset, as
the actual task is to design the tendon-driven manipulator and not to rework control
system experiments.

An observer control system is ideally used where some of the state variable feedbacks
that would normally be measured are not accessible for measurement. Observer
control systems use feedback estimates of state variables that are not measurable from
state variables from another system. Through using these state-variable estimates,
rather than measured values, it is possible to achieve very suitable performance, in
some cases even exceeding that of direct measurement systems. This is only the case
when the measured errors are larger, due to the inaccuracy of the measuring

instrument (sensor) being larger than the errors in estimating these state variables. [12]

Kevin Gilbank Design and Control of a 3-DOF Spherical
Tendon Based Manipulator



Page 31

Observer based control was introduced as a theory by D. Luenberger in 1963 [12]
who showed that, for a linear system, an observer can be developed that will have an

estimation error that will go to zero as quickly as designed [12].

2.2 Experiment Set-up |

The initial step in building the tendon driven mechanical wrist was to develop and
verify the control system. The Luenberger linear observer based controller was
assumed to be ideally suited for this application, but this had to be proven. To
validate and fine-tune the linear observer was the preliminary task undertaken and a
feedback control system in its most basic form would be the launching platform for
this task. The most elementary control system decided upon would be a basic DC
motor driving an inertial load with feedback from a tachometer and potentiometer.
This feedback system while simple has numerous applications in the real world, from
a heavy inertial load such as an antenna positioning system to a small load like a
precision gauge in the dashboard of an automotive vehicle.

The apparatus to build this basic feedback system was using Feedback Instruments

Ltd.’s Modular Servo MS150 System [13], shown below in figure 2.2.1 [13]
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Figure 2.2.1 Feedback Instruments MS150 Modular System

This system is a very valuable tool as it allows quick and easy setup (the units are all
magnetically placed on a steel table) and the wiring is simplified by using simple
push-in connectors. The versatility of the system is due to the sub-units available for

various configurations:

—  OP-Amp Unit (OU150A)

—  Pre-Amp Unit (PA150C)

- Servo Amplifier (SA1500)

- DC Motor-Tacho Unit (MT150F)

~ Input Potentiometer Unit (IN150H)

—  Output Potentiometer Unit (OP150K)
— Power Supply (PS150E)

- Attenuator Unit (AU150B)

- Motor Loading Unit (LU150L)
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With the components configured, next was to develop the control system. The
system consisted in a data Acquisition board (DAQ) from National Instruments,
model PCI-6024E, and initially with software from National Instruments called
LabVIEW Virtual lnstrumént (VI) to communicate between the two. LabVIEW VI
allows quick control of software development for the DAQ, but does not allow true
real-time control. It was realized that a better option for real-time control of the DAQ,
was available, MATLAB xPC Target toolbox from MathWorks™. The main reason
why xPC target is useful to the Mechatronics Designer, is flexibility. Besides this
flexibility, the xPC target system is based on the popular Simulink software which is
casily applied to numerous control systems problems. MATLAB xPC Target is a true
real-time solution for Hardware-in-loop (HIL) setups and uses two Personal
computers interfaced to the DAQ board that allows real-time testing of applications
(figure 2.2.2). Using one computer, the host, running MATLAB, Simulink, Real-
Time Workshop, xPC Target, and a C compiler, the system is modeled, and then the
code is downloaded to the second PC. Known as the target PC, a slave computer in
this process; it needs a real-time operating system and is started using a special boot
disk, that loads the real-time Kernel onto the Target PC. The real time application is
downloaded from the host to the target computer, where it can be run in real-time

with HIL equipment; all this allows for no interruptions to the target PC and avoids
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real-time operation disruptions due to interrupts that are associated with Windows

based software.

Figure 2.2.2 MATLAB xPC interface

The following MATLAB toolboxes (version 6.5.1 Release 13) were installed to allow

the design of XPC applications and to execute the real-time code (table 2.2.1).

MATLAB Version 6.5.1
Simulink Version 5.1
Control System Toolbox Version 5.2.1
DSP Blockset Version 5.1
Data Acquisition Toolbox Version 2.2
Dials & Gauges Blockset Version 1.1.3
Real-Time Windows Target Version 2.2
Real-Time Workshop Version 5.1
Signal Processing Toolbox Version 6.1
xPC Target Version 2.0.1
xPC Target Embedded Option | Version 2.0.1

Table 2.2.1 Required MATLAB Toolboxes for xPC Target
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The next required program is the C/C++ Compiler. This is required becauée, before
the program is downloaded to the Target xPC machine, it is converted into a basic C
program which enables the real-time process to be run. The C/C++ compiler chosen
for this development was Microsoft Visual Basic (version 6.0).

The next step was to modél the circuit and the control system which was to be
developed using MATLAB. The first step was to obtain the differential equations
based on the model and the block diagrams which would permit the development of

linear observer block diagram.

2.3 System Model:

The DC motor driving the inertial load can be seen in figure 2.3.1.

/—INEFJTIAL LOAD

MOTOR

Figure 2.3.1 DC motor driving an inertial load
The torque (1) developed at the output shaft of the motor is directly proportional to

the current (i):
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T=K,i (1)

The back EMF (v) is directly proportional to the speed of rotation or angular velocity

(w):
v=K,w @
The electrical power (P) is:
K. ot
P=vi="2
Kl
(3)

Mechanical Output Power (M) is the product of the torque and anguiar velocity:
M, = ot 4)
If no conversion loss occurs, then mechanical power and Electrical Power are then
equal and:
K, =K, (5)

The rotor electric circuit gives, for which mechanical inductance is negligible and

thus L =0:
I/i —-v=IiR (6)
For a purely inertial load (J):
ow
T=J— (7)
ot

Eliminating T and i from Eq.’s 1, 4 and 5 gives:
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JLS
ot (8)
Kl
=— (V. -v
2, =)
Eq. 8,Eq.2anqu.9gi§e:
ow K
J===2L-v) & v=K,0
af R(z V) 2
ow K
JZ2 =211 -K,w
at R(z 2 )
JaW:K‘V,.—K'Kza)
ot R R
aW:KlV—K‘KZa) (9)
o0 JR ' JR

Eq. 9 is a first order equation with angular velocity (w) as the measured variable and
voltage (V;) as the input. With regard to the position (8), this equation becomes in

matrix form:

oY KK, K, e (10)
ot| O ——lol| |7
JR JR
Substituting:
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KIKZ
o =
JR (11)
gk
JR
The following state-space equations result:
. (12)
J=w

. 13
W =-aw + Pu 4

This is the dynamic system represented in the usual state-space representation of

control systems:

* (14)
x=Ax+ Bu
Along with the control law:
U=-Gx (15
It is assumed that it is not possible to measure the state X directly but only y
y==Cx (16)

It is also assumed that the matrix dimensions of observation value y are less than the
matrix dimensions of x. It is then obvious that if y(t) and matrix C are known, one
could invert matrix C and solve for x(t). This is not the case however because C is a

singular matrix it is only possible to obtain an estimate x(t) of x(t) . The estimate of

the output of the dynamic system can then be written as:
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Through carefully selecting matrices A, Band K in relation to the measurement Y and

input U, the error between X the actual value and the estimate X can be found as:

e=X-X
By substituting the above equations into the error formula e the differential equation

becomes:

e=X-X

= Ax + Bu —'g(x —e)— Bu — Kex

= de+(A-KC - A)x+(B- B
The goal is to make the error go to zero asymptotically, for any x and u. As a result
the coefficients of x and u must be zero. 4 must then be the dynamics matrix of the

stable system:

A=A-KC
B=B
and this puts conditions on the selectable matrix K. The matrix B is determined from
the control matrix and the estimate of (A4) is chosen depending on the values of that
matrix.
Thus the defining equation of an observer is:
2= (A-KC)3 +Bu+hy
= Ax+ Bu + k(y — Cx)

The only difference in this final equation and the earlier equation of the normal state

space representation:
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x = Ax + Bu

is the addition of k(y — Cx), referred to as the residual, the difference between the
actual measurement of y and the estimated measurement of y.

If the error e = X — X is forced towards zero then the residual will tend towards zero

as well.

Figure 2.3.2 shows the typical outline of a Luenberger linear observer.

~

>
STATE ESTIMATE

Y RESIDU
C—; R

r'!:
X3
f

Figure 2.3.2 Block diagram of Luenberger linear observer

The only question remaining now is to obtain the gain matrix K:

kl
k=
k2
The Bass-Gura formula [12]:
k=[(NwY]'(@-a) (17)

For which the variable N, the observability test matrix in this is defined as:
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Where:

a, a,

a=|: | and a=

a, a,

and 4, ... a, are defined through the desired charateristic equation :
A k__] A
|sI—A|:sk +as  +..q,=0

a, ... a, aredefined through the original charateristic equation :

ISI —A| =s‘+as"+..a,=0

and W:
1 aq a,, |
W - 0 1 a,_,
0 0 .

where W is referred to as a triangular Toeplitz matrix [12]

For the desired angular position (6;), the error can be defined as:

—A_ 18
e=0-0, (18)
The state vectors are defined as:
n (5
X = .
w
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The only quantity that can be measured in the system is the error (e), and not the
estimate of angular velocity therefore the systems input (y) is:

y=e=[1 0]° - (19)
w

The observation matrix C is:

C=[1 0]

The following matrixes can now be defined:

—a —a, - -, —a
1 o - 0 0
A= 0 1 -0 0
0 0 1 0
0 1
A=
0 -«
b,
: 0

Using Eq. 19, which defines the system input, and using them in the equation for the

structure of the observer, Eq. 16, gives the two differential equations to define this

observer:
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=w+k(e—é) | (20)

N> e

w=—aw+ Pu+k,(e—é) 21

Figure 2.3.3 shows the block diagram of the observer:

BIroY

~
) T °
s s hl
Integrator Integratart
N
W
<@ >

Figure 2.3.3 Observer structure
The gain matrix K:

kl
k,

K=Fk=

is obtained using the Bass-GURA formula k = [(NW Y] (@ - a) to find the gain matrix
values. The observability test matrix N and the triangular Toeplitz matrix W must

now be solved for:

1 O
N=[C' A'C']=
0 1
where C and A are defined above.
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Substituting into N and W into Equation 20, the Bass-Gura formula gives:

0
(=
o= 0

-a 1

The estimate of 4 and a matrix must be defined to solve Eq. 17.

The characteristic polynomial of the 2™ order open-loop system is defined as:
poly p p sy

s -1 22
sI- A= =5’ +as (22)
0 s+a
The ‘a’ matrix can now be derived from this characteristic equation:
o
a= (23)
0
which gives for Eq. 17:
L k] [ 1 0]fa] [«
k| |—a 1)la,] |0
k1 [ 1 04—«
k _ 1| _ 1
k| |—a 1| a, |
or
A (24)
ki=a-a
k,=a,-—a(a —a)
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In Eq. 22, the characteristic polynomial of the open loop system was defined as:
D(s) = s* +as

The desired characteristic polynomial of the closed loop system also must be defined:

s’+as+a,=0 (25
where if a, and a; are the coefficients of the desired characteristic equation, then:
a=oa a,=0
s’+as+0=0
s(s+a)=0
If we let Py and P, represent the poles in this equation, then:
B =0and P, = -«
If these values are plotted on the real and imaginary axis, an estimate of the value
required for critical damping (2 andP,) can be found. An estimate for a critically
damped system could then be anywhere from -a to zero. Let the estimate be equal to:
A _ A _ a
1~ 27777
3
Substituting these into the desired characteristic polynomial of the closed loop system:
o ) o’
St—|s+—|=s +—as+—=0
3 9
(26)
- 2
3
8 =&
, = —
9
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Suitable values for o and then values K; and K, from eq. 24 and 25 can be found.
These values are specific to the Hardware in the Loop equipment, the values for the

Feedback Instruments Ltd.”s Modular Servo MS150 System are given below in table

2.2.2 (Appendix V):
Parameter Value

Moment of inertia of unloaded Motor/Tach (Jm) - 30x10kgm?
Moment of inertia of Disc (Jd) - 412x10°kgm*
Back emf Constant of Motor (K2) - 60x107rad”
Effective back emf Constant of Motor - 100x10rad"
Motor Armature Resistance (R) - 3.2ohms
Torque Constant of Motor (K;) - 17x10°Nm/A

Table 2.2.2 Values required for Feedback Instruments equipment

Therefore K (Torque Gain) =17x10"Nm/A
K, (EMF Gain) = 60x107rad”’
Jt (Total Moment of Inertia)'= 442){10“"kgm2
* Total Moment of inertia includes unloaded motor and tachometer (J; = Ji + J4)

Substituting these values into the equations as follows:

o= ————-—-——— KI K2 ﬁ = £<_1_.
- R | JR
-3
_—(17x10°)(60x10°)  @n  g= 17x1?
“- (442x10°)(3.2) (442x10°)(3.2)
a=-12 £=12.01
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Eq 27 and Eq 28 can then be substituted into Eq 26:

L2 .l

. 2 (29) _ 2 (30)
4=2¢12) NECE

R 9

4,=-0.8 3,=0.16

Eq 29 and Eq 30 can then be substituted into Eq 23/24:

K- k|l |1 0Ola-a a, -«

k, -a 1| a, a,—a(a, —a)

This gives the values of the Gain Matrix K.
~ 2
k=@ -a)= (5(—1.2)—(—1.2)) = 0.4
a’ 2
k,=(a,-a(a -a)=> 7—0{(—3—05 —a)

,
k, g——[—l—azj = —gazj:—.48
9 3 9

Combining the two estimated state vectors to obtain a single input to the plant gives:

U=-G%
or
U=-geé—g,d

Where g; and g5 are the position and velocity gains respectively [12], and these gains

are determined as follows:
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First with defining a second matrix (b) from the open loop characteristic polynomial,

Eq.21:

b=
0

which can now be substit'uted into controllability test matrix Q and matrix W
0= [a, ab]

0

g —ap

and
|l «a
o1
These two matrices Q and W are now ready to be calculated using the Bass-GURA
formula:
=
g=lmT'@-a
"0 -
aw=|, *
B 0
0
o= #
B 0]
0
[QW']—1 = / /ﬂ
/ﬂ (a a) 3hH
VR
Kevin Gilbank

Design and Control of a 3-DOF Spherical
Tendon Based Manipulator



Substituting Matrix A now gives:

0

yﬂ a,—a

g=%5 0 i,

or

g:

4,/ B
(g -a)/ B

Using the values from Eq. 27 — Eq. 30 gives

g =a,/p
g, =0.16/12.01
=.01332
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g, =@ -a)/ f=(-8-(-1.2))/12.01=4.804

(32)

This now defines all variables for the Luenberger linear observer and it takes the form

as shown below in figure 2.3.4.

ERROR
E
}1.
il
J"

E(estimate)

]

Integrator

5

s

integrator. G1

o—

Alpha

Alpha

Westimate) |
=| 2

G2

Figure 2.3.4 Complete Luenberger Linear Observer
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2.4 Software Implementation:

The linear observer is ready to implement with the software and eventually with the
hardware in the loop setup. For every XPC target program, run witl.1 MATLAB,
basically two files are re(iuired a Simulink Model Front Panel, and an xPC target

Simulink model.

Simulink Model Front Panel — This block diagram is so named because it interfaces

with the user and it is used to change variables while the program is running. Once
the xPC target Simulink file is downloaded to the target computer, this file is the only
means to “communicate” with the program.

xPC Target Simulink Model — In this file are the blocks that run the target computer,

the Simulink blocks, including any files used to communicate the target PC with the
DAQ.
The xPC target Simulink model and the linear observer, and can be seen in figure

24.1.
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Figure 2.4.1 xPC Target Simulink model with observer

The interface to the NI PCI-6024E DAQ can be seen in this Simulink file, in the form

of the analog input and output, as well as the observer subsystem.

The observer subsystem can be seen in figure 2.4.2.

S observer.co ol 2/Subsystem
File Edit View Simulation Format Tools Help

D& LA ZfiNovmal M)
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Eestmae)
Kt
< L
b s
Integratort
o (estimate)
< Hesmas
Hpha
Ready 85% o odeS

Figure 2.4.2 Observer subsystem

The next stage was to make the Target PC and DAQ communicate with the Feedback

Instruments equipment, and this required that the tachometer, the operational
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amplifier and the output potentiometer be connected with the DAQ as shown below

in figure 2.4.3.

Figure 2.4. 3 Wiring and layout of Feedback Instruments equipment

At this stage, the xPC Target Simulink Model file communicates with all the
hardware of the Feedback Instruments setup. The Simulink front end panel file is now
required to be able to communicate with the user. The file for this application was
required to follow the criteria:

1. User Interface — The user must be able to change the desired input, in this case
angular position.

2. User Output — For calculating and displaying both the experiments results and
the positional error of the setup. In this form, the problems are easily
identified and resolved.

3. Gains and Parameters —~The gains and parameters can be changedbthrough the
Simulink front end panel file at this stage; this prevents time-inefficient

reconfiguring and recompiling of the xPC Target Simulink Model File.
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Having defined the requirements, next step is to start building the file; that basically
contained all the parameters that are required for the equipment to communicate with
each other and to the user.

The flow of information is as follows:

User 2 System

1. User Input —the user inputs the desired Angular Position (0p)

2. Conversion — converting degrees to voltage required for the output
potentiometer.

3. Observer Input —values are sent to the xPC Target Simulink file

System > User

1. Angular Position — the angular Position of the DC motor is returned in terms
of voltage.

2. Conversion — the position is again converted, this time from voltage to
degrees, so the user can reread the values and compare.

3. Display to the user — The positional values are then displayed to the user.

Information from System €= Information from User

A large amount of data is continuously “cross talked” back and forth between the
two file requirements this data includes values for the gains (G and K Matrix
values). The values are sent and their resultant mathematical products are

watched and plotted, to verify that the observer is working correctly.
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The Simulink front panel was constructed, with all these criteria, and can be seen

below in figure 2.4.4.
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Figure 2.4.4 Simulink front panel for controlling equipment

2.5 Observer Development Results

After the equipment communicates correctly the next step is to gather data and
interpret the observers results. The system was completely calibrated and then reset
to zero degrees, a step input of 45 degrees was applied to the system, and the results

can be seen in figure 2.5.1.
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Observer Step Input for DC Motor
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Figure 2.5.1 Observer response to 45° step input

It can be seen that the observer works well, but it has a significant amount of
overshooting, most probably as a result of friction. A solution to a similar problem
using the observer based control system was used very successfully by the Cologne
Laboratory of Mechatronics (CLM) from the University of Applied Sciences Cologne,
Germany, to investigate the effects of friction on a high speed, highly accurate
electromechanical Positioning System (EMPS) [18]. The EMPS, which can be seen
in Figure 2.5.2, uses a current controlled DC motor to drive a backlash free ballscrew
drive linear positioning unit. The unit converts th¢ rotary movement of the DC motor
to displace the carriage linearly. Through measuring the position of the carriage at
high precision (1.25 um) and then controlling the input voltage to the DC motor, the
CLM group claims that the setup they have developed very closely mimics drive

systems used in industrial applications such as machine tools or robotics. [18]
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Ycho incr

Figure 2.5.2 Electromechanical Positioning System (EMPS) used by CLM

The CLM group uses an observer with a feedforward value of the velocity of the DC
motor to provide compensation for the static torque in the system. The system
differentiates between the effect different directions of motion has on friction by the
direction of the motor, and then gives a positive or a negative friction torque value.
Their controller is shown in figure 2.5.3 [18], where the feedforward of the velocity

value (o) are displayed.
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Figure 2.5.3 CLM Controller with Feedforward Friction compensation

The conclusion of CLM investigation is:

“Compensation of friction by feedforward of a suitable estimate for this non-
measurable disturbance is a feasible method to reduce the position errors in the
control of drives with friction. A linear estimate was evaluated with a linear observer
Jor the plant which was augmented by an appropriate disturbance model. The friction
compensation scheme is well suitable for numerous applications. It turned out to be
very robust and is easy to realize. ’[18].

This method was then applied in this thesis for the observer design. The velocity was
calculated in the Simulink Front End Panel file in terms of Voltage/Sec, such that by
using these unusual units, no rounding error was created. This is very crucial as the
value for the coefficient of friction in this particular setup was estimated to be very
small (.0004). The velocity value was then feedforward to the output of the observer,

where the two values were coupled, as is shown below in figure 2.5.4.
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Figure 2.5.4 Linear observer with feedforward friction value

The significant improvement of the response to the step input is shown below in

figure 2.5.5.

Observer Control for DC Motor
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Figure 2.5.5 Linear Observer with feedforward friction - response to step input
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CHAPTER 3
TENDON-MANIPULATOR DEVICE
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3.1 Introduction:

After finalizing the simulations and the observer, documented in Chapter 2, the next
step was to build a tendon-manipulator device. In this phase a one Degree-of-
Freedom (DOF) system was developed, which would then lend helé to designing a

three DOF system.

3.2 Device Requirements:
The first phase in building this apparatus was to consider what functions it would
have to perform:
1. Position Control — required to measure and provide feedback on angular
position
2. Low Friction —to avoid detrimental affects of high friction which would
degrade performance.
3. Versatility — to allow for research and development and retrofitting of the
equipment, if required.
4. Size — for a concept-proving design, size is not an imposing problem, however
should be substantial enough to allow adjustments to be easily made and to be

possible use “off-the-shelf” products.

After some research, a suitable device was found in the form of a system

manufactured by ECP (Educational Control Products) under the name of Model 505:
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Inverted Pendulum. The device is described in detail in Appendix VI, and can be seen

below in figure 3.2.1.

Figure 3.2.1 ECP Model 505: Inverted Pendulum

This device proved to be suitable for this study. The device contains a large number
of components that could be modified and utilized as required.

The inverted pendulum according to ECP is
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“not the conventional rod-on-cart inverted pendulum, but rather steers a horizontal

rod in the presence of gravity to balance and control the vertical rod” [17]

The inverted pendulum can be seen in figure 3.2.2. [12]
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turther adiust plant dynemics) . Ry
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«
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Figure 3.2.2 Breakdown of ECP Model 505: Inverted Pendulum

With some slight modifications this device will satisfy all criteria outlined above to
be met. All shafts and moving components are either ball or roller bearing equipped,

the vertical rod already had an optical encoder to measure angular velocity, and the

pendulum even had the ability to add or remove counterweights.
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3.3 Device Retrofitting:

Retrofitting of the device consisted of creating a Computer Aided Design (CAD)
model, using a 3D CAD/CAE package, SolidWorks 2003, The device was measured
using common engineering metrology tools (calipers, verniers, etc)‘and reproduced
into the SolidWorks CAD package. The Inverted Péndulum can be seen in Figure
3.3.1, stripped down to its essential components and before any modifications took

place, optical encoder as well as the vertical rod are omitted for clarity.

Figure 3.3.1 SolidWorks model of ECP Model 505: Inverted Pendulum

The first step in developing the tendon-manipulated device was to acquire the
actuators to drive the tendons and the pulleys which would handle the actual tendon.
The motors chosen to deliver the power to the tendon were dual Pittman DC Electric

Servomotors, Harleysville, PA, USA No: GM14602D261, (see Appendix Il for
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further information). These motors were chosen because they were readily available,
offered a large gear reduction (75:1) and, if further work was required, each motor
was already equipped with an optical encoder on its output shaft.

The placement and layout of the two motors can be seen below in figure 3.3.2.

Figure 3.3.2 Placement of the Pittman DC motors

On the pivot shaft of the main rotor (vertical shaft omitted from view) two standard
/2" V belt Pulleys with 4™ inside diameters were purchased and installed onto a
common shaft but the two motors for this application were required to have custom

made pulleys. All component drawings can be seen in Appendix 1. With the tendon
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routed and the pulleys installed, the next step was to develop a system that would

ensure that the tendon was kept in acceptable tension at all times.

For this purpose a pulley on a cantilever beam where the tendon would ride up and

over, was built to provide feedback, as to when the tendon was in tension and when it

was not. The concept can be seen below in figure 3.3.3.

MAIN ROTOR
PULLEY

\

SPRING —\

() Eie

\ LIMIT SWITCH _/

SLACKENED
TENDON
SWITCH - ON

TAUT TENDON
SWITCH - OFF

\ MOTOR PULLEY

Figure 3.3.3 Conceptual drawing of tendon tension system-

Packaging the tendon tensioning system proved to be quite difficult and the only

solution was custom made parts with micro switches. It was found that two limit

micro switches would be suitable for use, these limit switches basically either sense

whether the tendon is tight enough, they are not able to measure the tendon tension
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which would prove to be a problem later. The fully packaged and finished assembly

is shown below in figure 3.3.4 and figure 3.3.5.

Figure 3.3.4 Completed modified inverted pendulum with tendon tension system

Figure 3.3.5 Completed modified inverted pendulum views
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It was first observed during initial testing of the tendon-driven experiment‘was that
any amount of slack in the tendons would create a downward spiraling unstable
system, the solution was to control each motor independently and to monitor the
angular position of the actual wrist joint. It is a well known fact that no two identical
motors will have the samé performance, this is due to many factors, friction, useable
life of the motor, slight differences in op-amp gains, etc. To check the differences in
the performance of the motors, two tests were run.

The first test was checking the current drawn by the individual motors at varying

voltage inputs, shown in figure 3.3.6.

Current vs. Voltage Input for Motors 1 & 2
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Figure 3.3.6 Plot of Current vs. Voltage for Motors 1&2

The average current difference in the two motors over the 0 — 10 V input is 0.0296 A

and the maximum difference is 0.05 A. Therefore, this could result in a torque
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difference of .1375*10>N-m/A. The second test to measure the differences in motor

performance was to plot RPM vs. volts, this can be seen in figure 3.3.7

RPM vs. Voltage Input for Motors 1 & 2

60
50 /
40 + s

30

e

RPM

20

10

0
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Figure 3.3.7 Plot of angular velocity [rpm] vs. voltage for motors 1 & 2

The average difference over the range of volts is 3.8 rpm and the maximum
difference is 8 rpm. This shows how important it is for the two DC motors to be
closely monitored and controlled. The motors were overseen by installing two DC
tacho-generators (Servo-Tek Type SB 740B-1, Appendix VII). These tachometers
would serve for monitoring and feedback control to ensure that both monitoré were
turning in equal time. Although this is not ideal, as it would have been in the case of
using optical encoders, the limitations of the experimental system (xPC and National
Instruments DAQ) limited the experiment to only monitoring speed.

The dual tachometers were placed at the output side of the DC motors (same side as

the pulley) instead of the opposite end. In that manner the tachometers were subjected
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to the same velocity as the pulley, as opposed to the opposite end, which ié not run
through the geartrain. The position measurement of the main rotation shaft is
monitored by an analog potentiometer, mounted on the end of the shaft opposite the
pulleys. The movement of the shaft, which is limited to 90 degrees of rotation by the
nature of the retrofitted ﬁachine, means that the potentiometer is more than accurate

enough for this application.

3.4 Control System Development:

The control system was implemented on xPC Target. The first step was to build the
xPC target Simulink Model, as with earlier xPC target files. The block diagram is
relatively simple as all the work is done by the Simulink Front End panel file. The

tendon driven manipulator xPC target Simulink Model can be seen below in figure

3.4.1 below.

DBEE& s RBITGir = Mo T FHRSH REE - ®

0 1 PCI-8024€
Mational Instr.
2 Anaiog Qutput

motor_one
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PCIE0Z4E
Nationat Instr. 2 »
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Pot_motor2 Display2
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Figure 3.4.1 xPC Target Simulink model file
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The main purpose of this file is to control the DAQ and to communicate \)\"ith the
Simulink Front End Panel file. The file has two main flows: the first from the
Simulink Front End Panel to the DAQ and, the ;econd, for information from the DAQ
to the Simulink Front End Panel. |

All calculations are therefore done in the Simulink Front End Panel file. The

Simulink front end panel file is shown below in figure 3.4.2.
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Figure 3.4.2 Simulink Front End Panel File

The Simulink Front End Panel File can be broken down into three basic components
1. User Input — The user inputs the amount of angle that is desired (for this

system between 0 - 90°) by a horizontal slider bar, displayed on an angular

gauge.
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2. PID, Plant & Feedback loop — The Control system feedback in this case PID,
Plant and Feedback loop are the main blocks, with numerous subsystems

contained within.

3. Display Output via Front End Panel — For the results to be monitored and

viewed.

The three components can be seen below in figure 3.4.3.
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?LL ; »‘70 angle Cisplay o~ [T7 Nl
: SO 0 |
b [oeadzonet| P10 Contoine Positen Enar Motors_vatisge
Iteter WILT:
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Y 2
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Figure 3.4.3 Breakdown of functions within Simulink front end panel
In the Simulink diagram, in front of the PID controller block, is a dead zone block, as
can be seen in figure 3.4.3, that is set to exclude passing of very small errors into the

PID controller (£0.25°). This is done so that these very small differences in error,
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which can often be due to fluctuations of the potentiometer’s signal, are ignored and
do not cause excessive “deterring”. Once the desired angle is entered and compared
to the feedback from the actual angle, the error is the passed through the PID

controller and is the command sent to the plant. This subsystem can be seen in figure

3.4.4 below.
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Figure 3.4.4 Plant subsystem

The main objective of the plant subsystem is to take the PID value for the position
error and calculate the voltage commands to be sent to the two DC motors.

Before any voltage is applied to the DC motors it is passed through a saturation
block as seen in figure 3.4.4, such that no voltages greater than 10 volts will pass,
thereby protecting the DAQ board from voltages higher than its allotted amount.

Also, enclosed in this plant subsystem, shown in figure 3.4.4, is the potentiometer
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block converting voltage to position. The input in volts, sent from the >.<PC Target
Simulink file is converted to angular position for the user to read.

After voltage saturation, the signal is sent to each of the two DC motors.
Analyzing only one of these subsystem blocks, (as they are identical in structure),

another subsystem and subsequently another PD controller are contained within.

Figure 3.4.5 details what is contained within these DC motor subsystems.
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Figure 3.4.5 DC motor subsystem

The DC motor subsystem is the center of all the motor functions; the flow of the

functions through this block is shown in figure 3.4.6.

Kevin Gilbank Design and Control of a 3-DOF Spherical
Tendon Based Manipulator



Page 74

U gesires W ervon Vin Vout Wacun

. VOLTS DEGREE
X~ FID ———— P ANT FILTER CONV.

Figure 3.4.6 DC motor subsystem block diagram

In figure 34.6 it is shown that the velocity error (o) is fed into the PID control

system and thus calculates the voltage command that is to be sent to the plant,

through the analog input ports of xPC.
3.5 DC Motor Transfer Function Derivation:
To determine the values for the PD control system that would control the velocity of
the DC motor, the transfer function would have to be derived. The motor torque (T)
is directly related to the armature current (i) by the torque constant factor (K,):

T =K,
whereby the back electromagnetic force (emf) (E ,,) is directly related to the rotational
velocity (o) by the electrical constant (K,
E =Kw

Modeling the diagram of a DC motor will aid in the derivation of the electrical

portion of the transfer function. The diagram can be seen in figure 3.5.1. [15]
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L

. —
U

Figure 3.5.1 Diagram of a DC motor

From the above figure and using Newton's second law combined with Kirchhoff's law,

the following equation can be acquired to show the voltage (U) drop:

U:Ri+lﬂ+Em
dt

where the armature-winding resistance (R) is a function of current (i) and armature
winding inductance (L) added to the back emf (E ,), which was obtained earlier.
Figure 3.5.2, shows a free-body diagram (FBD), which is required to obtain the final

equation for a DC motor. [15]
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Figure 3.5.2 FBD of mechanical portion of DC motor

The mechanical portion must be analyzed, to obtain the final equation of the system:

JL =T -bo—-T

Two differential equations, two algebraic equations and six unknowns (T, ®, Tr, Em, i,
and U), can be further reduced by taking the laplace transforms. Before this is done
using the algebraic equations, two variables can be eliminated, the internal variables
of the rotor torque (T,) and the back emf (E ,):

U(s)=Ri(s)+ Li(s)+ E,_(s)

E _(s5)=K, w(s)
T.(s) = K i(s)
Jsa(s)=T.(s)-bw(s)-T(s)
Next step in attaining the transfer function of the DC motor, is to start combining

and reducing the equations, by combining the last two equations:
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Jsa(s)=K,i(s)-bw(s)-T(s)

i(s) = [Jsa)(s)+ ba(s) _T(S)]'fi_

t

Taking this newly obtained equation, combining it with the back emf equation

and substituting it into the equation for voltage gives:

U(s)=[R+LJi(s)+E,(s)

i(s) = 7(1— Us20(s) + b(s)6(s)]

t

E, (s)=K,(s) a(s)

U(s)=[R +L]--]-<1— [Js26(s) + b(s)0(s) |+ K. (s) - o(5)

t

This new equation now can be used to give the following transfer function:

U(s)=R -[%(s +1)]—1—§—s-0(s) {%s +1}+Ke(s)-a)(s)

t

- i_bs . Q(S)K% (s+ 1))(—‘2 (s+ I)H +K,(s)- a(s)

14

Substituting 7, = % and 7, =% into the equation to simplify further yields the

final transfer function of a DC motor.
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K

t

S-a(s) _ Rb
Uls) t,7,8° +(r,+71,)S+ [Ig;e]b(’ + 1}

The values for the parameters, taken from the PITTMAN DC catalogue

(appendix III) are shown in table 3.5.1:

Parameter Nomenclature Value
Torque Constant K 27.5*10°N-m/A
Electrical Constant K. 27.3*10°Vs/Rad
Moment of Inertia J 1.62*10"°kg/m?
Armature-Winding Resistance R 0.45Q
Armature-Winding Inductance 3
(negligible) L 5.5*10
Viscous Friction Coefficient of Motor

(negligible) b .0001
Viscous Friction of Load (negligible) B .0001

Table 3.5.1 PITTMAN DC motor parameters

These values can now be entered into the transfer function which gives:

275*%10°
Us) _ (43(000)
As) |(1*10° Y 1.62*10° ), | |(1*10°) (162*10° (273*10°)275*10°)
+ + + +1
45 L 0001 45 0001 (45(.000)
UGs) 61111

As) 3.5%10°S% +1622*1025+1768

PID controller transfer function is: [21]

S

!

G.(s) =Kp[l+TL+TdsJ

The characteristic equation for the closed-loop system is given by:
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3.5%107s" +1622%1075+17.68+ K, =0

Using the Routh-Hurwitz stability criterion, the Routh array becomes:

s’ 3.5%10°° 17.68
s' 16.22*107 K,
o 2867-35*107K,
16.22*107

Now setting the equation to zero and solving for K, will give the critical gain.

 2.867-3.5%107K,
1622%107
K,=17.67*%107 -2.15*10"°
K, ~.02

The critical gain, was chosen as Kcg= 0.02, and the characteristic equation now

becomes:

3.5%107°5% +16.22*%10 %5 +17.7+0.02 =0
To find the frequency of oscillation, substituting s = jo into the characteristic

equation gives:

3.5%107° (jw)? +16.22*107 (jw) +17.7=0
~3.5%1070w? +16.22*107 jo+17.7=0

Giving the values of:

® =-34800r8114.28
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From these two values, the frequency of the sustained oscillation can then be

determined,
P, =2
(4]
=27 __ o018
~1606
P =—2" _ _q74%10"
2339196

The smaller value (2.68*107) as it is very closely approaching zero, is ignored. Table

3.5.2 from the Ziegler-Nichols Tuning Rule based is required to solve for the gains:

[21]
Type Of ]
Controller Ko Ti Ta
P 0.5Kq 0 0
Pl 045Ky | 1/1.2P¢ 0
PID 0.6 K 0.5P 0.125P,

Table 3.5.2 Ziegler Nichols tuning rule parameters

Using the value of K, and P, the values that are finally determined are shown as
below, respectively.
Kp =0.6K, =0.12

T =0.5P, =-0.0009
Td =0.125P, =-2.25*107*

Having derived the transfer function for the DC motor, and subsequently the PID
controller, the next step was to check the system response in MATLAB/Simulink.
Figure 3.5.3 shows the Simulink file with all blocks contained within, including the

gain from the amp and the gear ratio of the motor (75:1).
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{2.2°10%-¢" |€27|2‘{2.2'1 DA2+1228+118.£8+1)

211,11
< 7

PIC Controlier

OF-AWF gain Gear Ratic Displey2

Transfes Fen

Figure 3.5.3 DC motor transfer function

The system response from the PID controller, as shown in figure 3.5.4, required some
small adjustments to the controller during the actual experiment. The values found,

could be used as a starting point for the PID values in the experimentation.

Figure 3.5.4 System response to initial PID controller

3.6 Butterworth Digital Filter

The plant, as seen previously in figure 3.4.5, also contains the feedback from the DC
generator; this signal however is very noisy, due to the nature of DC tacho-generators,
hence it must be filtered. The filter chosen was a lowpass filter, sometimes referred

to as high-cut filters or treble cut filters. As the DC generator can produce high-
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frequency noise, the low pass filters can filter out unwanted higher frequen.cies and
pass the lower useful frequencies.

One of the more common types of lowpass filters are Butterworth filters, originally
designed by the British engineer S. Butterworth in 1930, it is designed to have a
frequency response whicﬁ is as flat as mathematically possible in the passband [19].
The most basic Butterworth filter is the standard first-order lowpass filter whose

frequency response can be described as that of figure 3.6.1.

T

0dB : Cutoff

——"\\H frequency
(-3 dB)

. 76 dB per
. Octave

Y
::,:"

N
Stopband \

Figure 3.6.1 Frequency response of a 1st order lowpass Butterworth filter

Paésband

The passband of the filter, is designed to ideally have no ripples. The stopband or the
cutband of the filter must therefore perform the attenuating function. The first order
filter as shown in figure 3.6.1 on a logarithmic Bode plot, slopes off at -6 dB per
octave for a first order, -12 dB per octave for a second order filter. The magnitude of

the frequency response of an n order filter can be defined as [25]:

1
‘G(J'Cf))IZ————z—
1+
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Where: G — gain of filter

o — frequency of the signal in radians
n — order of the filter

The first step in creating the Butterworth filter is to look at the noisy raw signal

coming out of the tachometer, shown in Figure 3.6.2.

: i S | - . e
[ 100 200 300 400 500 600 700

Figure 3.6.2 Noisy tachometer signal

The signal exhibits noise, which ideally is filtered out by the FDAtool, within

MATLAB. This block is shown in figure 3.6.3, and is extremely useful when
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designing digital filters. The FDAtool allows quick design of FIR or IIR filters (finite
impulse response or infinite impulse response).

«* ‘Block' Parameters: Digital Filter Design
File Edit Analysrs Targets View  Window Help

EHED < PRPPX T EQKE}IE#&@FMQIE »

— Current Filter Information — Magnitude Response (dB)

Structure: Direct-Form FIR _@
Order: 18 Py
Sections: 1 g
Stable: Yes E

Source: Designed

G Bl 2.2 83 G4 g8 g2 a7 08 oe

( Store Fiter .. ]
Normalized Frequency (xz rad’sample}

[ Filter Msnager ... ]

— Magnitude Specifications

~Response Typg e FiterOrder_____ _  _ Freguency Specifications

® ( Specity order: Units: Uniits:
O Highpass -
[ A | ) Minimurm order
() Bandpass @ Apass:
L— 11| ( Benustop __ Options Wpass.
at w Astop:

Density Factor: :LS_ __________ i wstop

Figure 3.6.3 MATLAB Simulink FDATool

The chosen filter for this application, the Butterworth filter, is an IIR type filter.

To design this simple filter, three variables must be known:

1. Order of filter (n) — The order of filter determines the drop off rate, the
slope after the cutoff frequency is equal to the order of filter (n) times -

6dB per octave.
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2. Sampling Frequency (Fs) — The sampling frequency must be higher than

that of the cutoff frequency.

3. Cutoff Frequency (F.) —The cutoff frequency is the point to which all

values that are higher will be attenuated.

For the required filter of the DC generator, a lower order filter will suffice, for
example in the order of 5 (-30 dB per octave) and the cutoff frequency of 50Hz, while
the sampling frequency was chosen to be 1000Hz. The resultant plot of the

magnitude response can be seen below in figure 3.6.4.

100 y

Magnitude Response (dB)
T

¥ I T T l

Magnitude (dE)

500 i ! i i i i i i i
0 008 [15] 015 0.2 425 03 038 04 045
Frequency (kHz)

Figure 3.6.4 Magnitude response of Butterworth filter design
An example of the effect of this 5™ order Butterworth filter can be seen below in

figure 3.6.5.
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Figure 3.6.5 Plot of Butterworth filter performance

The output of the filtered signal in [v] is then sent through a simple conversion into
[rpm] (where 20.8volts is equal to 1000 rpm or each volt = 48.07 rpm). After the

conversion the signal is sent to be compared with the desired velocity.

3.7 Experimental Testing:

The first thing realized during running of the simulation was that the limit switch
which were used due to there availability in the lab, were not sufficient in controlling
the slack. The nature of the switches, on or off, meant that this tendon tensioning
system was too susceptible to slack, often causing the system to “’jolt” the tendons

tight, which could cause quivering in the positioning system. One simple alternative

was to remove the micro switches and to use the frame as a tendon slack absorbing
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system (TSAS). Through using a carefully chosen spring the system could be used to
pull significant amounts of slack out of the system. The modified system is shown in
figure 3.7.1, with the micro switches removed and the modified spring remounted to a

higher location.

MAIN ROTOR
PULLEY

SPRING -~

- ! -+ MOTOR PULLEY

Figure 3.7.1 Modified tendon slack absorbing system (TSAS)

While this tendon tensioning setup was more than adequate for the trial 1-DOF
system, a better solution would have been to use strain gauges. By measuring the
tension with strain gauges (as is done with the UTAH/MIT Dexterous hand — chapter
one) the shuddering experienced in the system would be avoided and the slack could
be taken out proportionally.

The second thing observed was that a considerable amount of tendon slack could also

be reduced by constraining each end of a tendon to a pulley (2 tendons — 4 pulleys),

Kevin Gilbank Design and Control of a 3-DOF Spherical
Tendon Based Manipulator



Page 88

instead of the conventional tendon system, where the tendon would go from one
motor pulley up and over the main pulley and then to the other motor pulley.
After initial runs of the experiment, with the tensioning system was repaired, the

system seemed stable enough to continue fine tuning of the controllers. The first

system response plot to a variety of step inputs is shown below in Figure 3.7.2.

Figure 3.7.2 Initial system response to step inputs

Next values required for the PID controller of the closed loop system for angular
position feedback were examined. The Ziegler-Nichols tuning rules were used to
determine the values for the PID gains calculations [21].

In this method the T; and Ty values are set to infinity and zero respectively and the
PID controller is run initially as purely proportional gain. Setting K, to zero and
continually increasing until K, is reached, this occurs when the output of the system

exhibits continuous sinusoidal oscillations. The period of these oscillations is then set
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to P, and using this and K, will give suitable values for Kp, T; and Ty, as shown in
tabie 3.5.2. Through this method and some fine tuning of the parameters the values

for the PID controller were found to be:

K, =.02
T, =.032
T, =.008

With this PID controller, the system was able to give a system response shown in

figure 3.7.3.

System:Response of Experimeﬁtai Tendon Control
50 T T — T T T T T T

q . ) B h ' . '
[y | SRR | R I L R — [ [ Cmmemeanns Lo [
b i h h v b v v

o B

g i i 1 I l ] i i
S0 200 400 60D 800 . 1000 1200 1400 1600 1800 2000
. i Time {msecs) .~

Figure 3.7.3 System response of experimental tendon control

This proved that the experimental setup could give good results, and the next step was

to go onto the observer for the 1 DOF system.
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3.8 1 DOF Observer Development:

The observer and feedforward friction control system developed in Chapter two, was

used to replace the PID control system. The system used is shown for the 1 DOF

manipulator in Figure 3.8.1.

S.C%—l—> Actual pos'n Xep ;'1\

»
2y P 4 Posn V VU u

Desired " Velocty observer_gamn
[ Chbserver

Figure 3.8.1 Observer and friction feedforward for 1 DOF manipulator.

p—

Calculating new values for the variables in the observer equation yields:

a=-103.74
B=3772
K, =-34.58
K, =184.67
g, =.31688
g2=.3333

These values were used in the observer and a new value had to be found for the
friction coefficient(s), in any system there can be any combination of up to the three

different types of friction, defined as:
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1. Static friction (i) — occurs when two objects are not in motion, initial force

required to get an object moving in relation to another, also referred to as

stiction.

2. Kinetic friction (px) — value of the limiting friction after movement has

occurred

3. Rolling friction () — limiting friction when two objects are rolling over one

another.

Typical values of friction for a variety of materials are as listed below in table 3.8.1.

[22, 23]
Material (1) (1) (mo)

Steel on Steel 0.74 0.57 -

Aluminum on Steel 0.61 0.47 -

Copper on Steel 0.53 0.36 -

Metal on Metal (lubricated) 0.15 0.06 -

Self-aligning ball bearings

Cylindrical roller bearing - - 0.0010

Thrust ball bearings - - 0.0011

Single-row deep-groove ball

bearings - - 0.0013

Tapered and spherical roller

bearings - - 0.0015

Needle bearings - - 0.0018
- - 0.0045

Table 3.8.1 Typical coefficients of friction

The ECP Model 505, Inverted Pendulum at all joints uses single-row deep groove ball

bearings giving a pu,= 0.0015, which was rounded to .002 as the bearings were not

new. With the observer defined and modeled in the Simulink control system for the 1
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DOF manipulator, the 45° step input was once again used to test the system. The 1

DOF manipulator’s system response to this input is shown in figure 3.8.2.

1-DOF Obsesver System Respmse
m 1 L) T T
T S Cemeen RN WS— o S —
e RCIEe AR RN Y CRRRRE e T
) Rl [t SETTRRS fononnneeees onenenenes oo
1 S O R R— S S —
o :
22 R e - e sen oo e
<« : : : .
P I SN N SR A AR S
| (Y SESETRERREE SROETY RON| E RCPCREPTRTE oo nm oo SRREEEPERLS i
Y TN — — e
SO SR 1 S— A — SE—
o ; | j | i
] 100 20 300 400 500 600

Tune {secs)

Figure 3.8.2 1 DOF systems response to 45° step input

The response to the step input is good, with no overshoot and the system behaves
linearly right up until reaching the desired angle. Comparing this with the previous

PID system, as in figure 3.8.3, as expected the observer has given better results.
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Figure 3.8.3 PID vs. observer for 1 DOF manipulator

Figure 3.8.3, shows the observer controller getting to the desired angle much faster
and with almost zero settling time, but there is however a small amount of overshoot
as can be seen, considered acceptable performance for this experiment.

These results proved that the 1DOF system responds well to the control system, and

the next step was the simulation of this 1DOF experiment.
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CHAPTER 4
SIMMECHANICS ASSISTED
SIMULATION
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4.1 Introduction:

The results of the 1 DOF experiment can be used to validate results obtained when
simulating the same experiment. This was done using MathWorks SimMechanics, to
confirm that the same results could be obtained in both experiment and simulation,
with an error of no more tﬁan 5%. Once it was confirmed that the simulation and
experimental results were similar, a 3 DOF device could be designed using the

simulated system.

4.2 Introduction to SimMechanics:

SimMechanics is an add-on for MATLAB that has tools for modeling and
simulating a variety of mechanical systems. The toolbox has a Wide variety of blocks
that can be configured to replicate any mechanical structure. Through entering
parameters including masses, moments of inertia, inertia tensor matrix among others,
the assembly will give results similar to those expected from the real-time hardware.
The first step in building the SimMechanics model was to determine all of the
parameters required, which include:

1. Geometry — SimMechanics requires extensive knowledge of the simulation
geometry to be able to give accurate results. All distances, radii, and angles
must be specifically defined, so that the system can be constrained correctly.

2. Moments of Inertia — All bodies must have an inertia tensor matrix defined.
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3. Volumes/Masses — All bodies as well must have closely defined vo.lumes and
masses.
When all the geometry, moments of inertias and Volumes/masses have been defined
it is possible to start to build the simulation geometry. SimMechanics uses specialized
blocks to allow developing of rigid body machines and their motions, using standard
Newtonian dynamics of forces and torques [20].
Instead of just the normal Simulink input/output ports the SimMechanics blocks have
two different types of specialized connection ports.
1. Body Coordinate System (CS) Ports — appear on the body and ground blocks
and are able to connect body and ground blocks to each other as can be seen in
Figure 4.2.1. These blocks use a coordinate system whose origin specifies the

location of the associated connection. .

d

Body CS port

— B

Ground

Figure 4.2.1 Body coordinate system port

2. General-purpose connection Ports — appear on joints, constraints, drivers,
sensors and actuator blocks. These connection ports allow connection of

joints to bodies and connect sensors and actuators to joints, constraints and
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drivers. An example of a general-purpose connector port appears in figure

4.22.

General purpose

/ connection port
8

ds & P

Angle Driver
Figure 4.2.2 General purpose connector block in SimMechanics

Within the SimMechanics toolboxes are all the libraries required to build a realistic

simulation, which include: [20]

1. Bodies — this library contains blocks that represent rigid bodies and ground
points

2. Joints —representing all DOF’s (over 15 types) and custom blocks that allow
the user to build massless connections.

3. Constraints & Drivers — Specialty blocks that allow or restrict external drive
methods between pairs of bodies DOF’s.

4. Sensors & Actuators — Blocks to motivate or sense bodi§§ and their motions,
that includes blocks for detailing the bodies initial conditions.

5. Force Elements — Include blocks to create forces/torques between bodies for

example between springs, dampers, etc.
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6. Utilities — miscellaneous blocks for interaction between Simulink Files and/or

Virtual Reality scenes.

4.3 Building a Simple SimMechanics Model:

SimMechanics was designed to be user friendly and to be easy to implement.
To aid understanding of how SimMechanics works a simple completed
SimMechanics model will be demonstrated. This is the first step in modeling the
single DOF system, the pulley driven by the DC motor. Figure 4.3.1 depicts the
pulley as it is attached to the DC motor.

Motor
Pulley

Tachometer

Figure 4.3.1 DC Motor with installed pPulley

The DC motors used, PITTMAN No: GM14602D261 (Appendix I1I) were also

required to be modeled as their performance directly affects the simulation results.

Kevin Gilbank Design and Control of a 3-DOF Spherical
Tendon Based Manipulator



Page 99

First step was to model the DC motors, by doing this the motor’s influence on the
simulation would be better understood, and it could be identified how each parameter
of a DC motor can affect the outcome. From Chapter 3, it was found that the

equations for a DC motor were:

U:Rz‘+L£+Em
dt

E,=K,o
T'=K,i
TzJia-)—-kba)

dt

by eliminating En, and T, the model is reduced to two differential equations with four
variables: [15]

U=Ri+Lfl’i+K€a)
dt

Kti:J@+ba)+T
dt

Most DC motors have very negligible armature-winding inductance (L), so in this
equation L is assumed to be zero and eliminated. Solving for the cut variables on the

mechanical side (T, ©) and (U, i) on the electrical side gives:

@ = L U - K. 0]
K, R
I'=- i U+—J£ﬂ+ K+?£i
K, ) d |K K, )dr K,
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To model this in Simulink, it is rewritten it in the form below, sometimes referred to

as the data flow form [15].

-0y

Memery  Voltage Drop

Cureent

T=Blgwi

Figure 4.3.2 Simulink model of DC motor

Gees Ratio down

S

Following conventional notation, the diagram in figure 4.3.2 uses the following

nomenclature, for ease of labeling. [15]

1 K
A4 =— =
“ R AO R
Bi = E B() = é
J J
B =1
J
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The values used for this model are the same as that in table 3.5.1. To build the
SimMechanics portion of the model, the first step is to create a body joint, and then

enter all the parameters required. figure 4.3.3 depicts the bodies parameter dialog box.

Moment of Inertia
Tensor Matrix

Body Mass

=3 Block Parameters: Body Parameters

Body

Represents a user-defined rigid bod
axes for center of gravity (CG) angdiher user-specified Body coordinate systems. The
initial pasition and orientatiogglinless Body andrior connected Joints are actuatge

Mass propeniei/w-»--
Mass Inertia

imass_motor_| {ka v MOI_rnotor kg2 v

ady defined by mass m, inertia tensor |, and copelinate origins and
dialog sets Body

*with respect to the CG (Center of Gravity) Body coordinate system

Body coordinate systerns

 Position | Orientation | -
Show Origin position Translated from - Components |
port Portside ‘Name vector [xy 2] Units ¢ originof axes of
Right  wlco  |[dim5-dimé 0] m W IWORLD .~ {WORLD <
Left ~4¢81  |[radius_motor_wheel 0 0] [T j .“’v_: CG v 1CG b
[ ¥.iCS2 |[radius_motor_wheel 0 0| v |C6 N )
[ (et ¥ |c83 [0 radius_motor_wheel 0] | v ico v |CO )
Body Coordinate
Systems

[ oK jLCancelj[ Help j[ Apply ]

Figure 4.3.3 Block parameter dialog box for SimMechanics rigid body

As can be seen in Figure 4.3.3, there are basically three sets of data for any rigid body,

the mass, the moment of inertia tensor matrix and the body’s coordinate system.
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To determine the mass and moment of inertia tensor matrix, there are basiéally two
methods, one is through the classical analytical determination, and the other is to use
a Computer Aided Engineering (CAE) program to determine the parameters. Since
the system had already been drawn, and modeled in SolidWorks to have it
manufactured (as shown 1n Chapter three), it was simpler to give each body a density
parameter (steel — 7850kg/m) and then record the values obtained.

The mass determined from SolidWorks for the pulley was 61.23 * 10 kg. Next was

to determine the inertia tensor matrix, which must be in the following format:

]XX "Ixy _Iyz
_IXY Iyy ”1,\7
_Iyz _IXZ Izz

For the motor pulley it was found to be:

417*10°° 0 0 L
0 417*10° o0 |2
0 0 417*107¢ |

The body coordinate system is required to define all the “ports™ of the body, as shown
in Figure 4.3.3, for this motor simulation there is one default port which is the centre
of gravity (CG) port, and the simplest method is to define all ports in relation to the
CG port. First, the CG port must be defined and its relation to the world coordinate
system (WCS). Figure 4.3.4 explains the pulleys CG dimensions in relation to the

WCS.
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For the Tendon system, the WCS are at the centre of the main rotor shaft aﬁd all CG’s
are defined accordingly. The special port’s coordinate systems (CS, — where n
denotes number of port 1,2,3.....n) is then specified in relation to the bodies CG.
Through this method, the dimensions that are used to define locatior;s are kept to a

minimum and hence so are rounding errors and tolerances.

Figure 4.3.4 WCS and CG for SimMechanics

With the body block fully defined, the next step was to add an actuator and a ground
block. The ground block also has its own coordinate system; for this setup the CG is
also the ground position, and hence uses the same coordinates for defining the CG for
the body block. The actuator of the motor assembly is clearly the revolute joint

(which represents the pulley), and its only specifications are the axis of rotation (Z-
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axis in this simulation) and the number of ports required for sensors; the m(-)vement is
generated through entering the angular position, angular velocity and angular
acceleration. The final requirement for this simulation is the addition of two sensor
blocks, which measure the velocity and torque respectively. The complete simulation

diagram is shown in figure 4.3.5.

’4: Angle
Driver Gecund2 I!_"_@
:o' [ 4 g Valocity
@0—0 & »—m‘csﬂj}g—v—‘ (f \& >
p— 1 - )
Valodity Drivect Body Er— Joint Actuster I Accele:ation
|4<5/- —]

Joint Sensoet Cisplsy1
Velozity

=)

Joint Sensor Display2

Angle cut

Figure 4.3.5 DC motor pulley SimMechanics block diagram

All components in figure 4.3.5 are then contained in a subsystem block, which can be
viewed in the overall assembly in SimMechanics figure 4.3.6. Figure 4.3.5 also
shows a velocity driver block; this is used to drive the tendons that connect to this
motor pulley in the simulation. A velocity driver works on the principal of a linear
combination of the translational and angular velocities of the two bodies involved.
[20] The basic concept of the velocity driver in this simulation is to take the rotation
of the DC motor’s pulley, convert it into terms of circumferential movement and

translate this to the tendons. The SimMechanics subsystem is then twinned to the DC
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motor and PID control (similar to that of the actual experiment, detailed in Chapter

three), shown below in figure 4.3.6.

{3
Torque
Controfler . P Simiechanice Subsystem
orque Ou *
PID | V/oltage In . . Angla Angie
Velage velooity ' o Velecity Welceity

OP_AWP Gain PITTHMAN DC MOTOR DEGHS CONV Drive '—L.?fi” elocity

Figure 4.3.6 Complete motor assembly in SimMechanics

The complete motor assembly, as shown in figure 4.3.6, can then run independently

to give a realistic simulation of the DC motor.

4.4 Development of 1 DOF System Simulation:

With the motor and tachometer simulated and running accurately, the next step was to
elaborate the remainder of the 1 DOF simulation around the basic concept derived
above.

The first phase was to determine all geometry of the apparatus, which was extracted
from the SolidWorks file. This SimMechanics model is made up almost entirely of
subsystems. The main system which can be considered as the user panel is shown

below in Figure 4.4.1.
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Simitechamcs

Figure 4.4.1 Simulink 1 DOF model

The plant motors subsystem holds all the parameters for the two DC motors and

pulleys. The position error (6.) which is determined by desired angular position (84) —

actual angular position (8,) is then put into the two DC motors, as shown in figure

4.4.2.

GO

FPositien Errer

Tergus One

Hator_cne

DRNER motor one

totor_tvio

DRIVER motor e ____.l

MOTORS VELOIIY

—0

Scopet
Angle

HQTORS ANGLE

Figure 4.4.2 Motor subsystem block

Within this subsystem are the two DC motors subsystems, containing the DC Motor
simulation and the SimMechanics Simulation of the DC Motor pulley, and is identical
to that of figure 4.3.6.

The outputs from this subsystem are the velocity drivers block, used to power the
tendons, and also data on the angular position and the angular velocity of the two DC
motors. One important issue for the tendon driven systems is that the motors need to

be synchronized and therefore there operation is closely monitored.
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The main user panel (figure 4.4.1) together with the DC motor subsystem are the core

SimMechanics equations. This is where the tendon information and main rotor pulley

is contained. Figure 4.4.3 shows this subsystem.
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Driver
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Drives One

[ B
‘g 3 & &
- o
Velocity Driver 8 8 Velocity Drivert b

lain Rotor

Position

Tenden 2

Driver

Position Cut

Constantt
Drivar Twe

Figure 4.4.3 Tendon and rotor subsystem

The principle of this drive system is that the velocity driver from the motor pulleys

controls the tendons, and the tendon velocity driver then controls the main rotor, as

shown in figure 4.4.3. The tendons subsystem block contains the body and joint

information for both tendons. The tendons are constrained with a prismatic joint to

only move in the two directions of travel, and their movement is traced and observed

and passed onto the main rotor pulleys.

The two tendons drive information is coupled to the main rotor body, and

continuously compared for discrepancies in tendon movement. Figure 4.4.4, shows
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the main rotor body, revolute joint, sensor, ground, and most importantly, the friction

model.
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@) Actuator
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Figure 4.4.4 Main rotor SimMechanics subsystem

Up to the description of this block no friction or any other disturbance has been added
to the SimMechanics model. Although the system uses low friction ball bearings and
the tendons exhibit zero friction, there is still a small amount contained within the
main rotor shaft, the potentiometers, the tachometers, etc.

Friction has to be added at the main rotor shaft of the SimMechanics simulation. In
Chapter 3 the coefficient of friction was estimated to be u, = 0.002, for rolling friction.
There is no function in SimMechanics for rolling friction, and the output

potentiometer that measures main rotor shaft angular position uses a wiper which
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generates kinetic and static friction and it was decided to use the more conv.entional
types of friction.

SimMechanics has a block that allows application of stiction friction to a p;rismatic or
a revolute joint, and the friction is applied using MATLAB’s ‘friction model’.

The joint stiction actuator rblock, shown in figure 4.4.5, displays the five parameters
required to build the friction model: external actuation, kinetic friction, stiction limit

(forward and reverse) and static friction.

Extarnal Acteation

Kinetic Frictior £

(& Fowsrd Stiction Limit

Static Friction

Ravarss Stiction Limit

Joint Stiction Actustor

Figure 4.4.5 Joint stiction actuator block

Another subsystem with this joint stiction actuator block as the central part of the
friction model was then designed. This block, which was modeled after a

SimMechanics case study [20], is shown in figure 4.4.6.
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Figure 4.4.6 SimMechanics friction model

The basic principle is that the joint sensor measures the angular velocity, reaction
force and the computed torque and uses this data and the force applied by the velocity

driver to apply correct amounts of both kinetic and static friction.

4.5 Comparison of Results of Experiments and Simulations:

The results from the MATLAB SimMechanics simulation were close to experimental
results but initially not close enough for the purpose of this thesis.

First the coefficients of friction, which were one of the few unknowns, had to be
adjusted even if they could not be measured in the experimental system. The final
values were found to be static friction 0.003 and kinetic friction .0023.

At this point, everything in the simulation were identical to that of the experimental

setup, including values of the PID controller for angular position feedback, and the
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fine tuning of the coefficients of friction. As a result the SimMechanics simulation
gave good results when compared to the experimental results.
Figure 4.5.1 shows how close the comparison of the two systems were.
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Figure 4.5.1 Experiment vs. simulation of tendon-driven manipulator

The two sets of data gathered, one from the experiment and the other from the
simulation were compared to plot the average difference (degree vs. time). The
average difference between the simulation and the experiment was calculated to be
1.0636°, which is reasonable for the simulation, as it is less than 2.3% error on a 45°
step input. SimMechanics simulation was consequently verified by the experiment

results and could be used to design and simulate a three DOF simulation.
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CHAPTER 5
THREE DOF SIMULATION
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5.1 Introduction
With the two different versions of the 1 DOF system compared and justified, the next
step was to design what was considered a useable and realistic 3 DOF system

simulation.

5.2 Design of a 3-DOF system:

A new design of the three DOF system was constructed, again using SolidWorks. The
system had to be tendon driven and was required to have 3 rotational axis of freedom.
The size was decided to match up to a typical laboratory grade robot (Puma, etc.) i.e.
roughly the size of a human hand or the size of the UTAH/MIT Dexterous hand (see
Chapter One). It was decided that the three axis of rotations would all cross at the
same point (herein referred to as the AXIS,y, of the design), the reason being that the
dynamics and kinematics of the manipulator would be kept simple and give the best
response. After several iterations of the design, the best was chosen and the
component drawings are contained within Appendix II. The overall design can be

seen below in Figure 5.2.1.
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Figure 5.2.1 3 DOF final design

5.3 DC Motor Transfer Function and Simulink Model

For the 3 DOF system, new motors were selected to suit the estimates of size, torque
and velocity requirements of the new system. Again PITTMAN DC Motors offered
the solution in their micro sized motors — the LO-COG line. LO-COG motors are
22mm diameter (O.D.) brush commutated DC motors, the motor chosen No. 6X12 is
also valuable for its wide variety of gear heads available (from 4:1 — 107:1) and the

possibility of adding optical encoders in the future. To model the motors performance
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and develop the control system once again, the transfer function is required. The

transfer function (derived in Chapter three) is once again used:
K.
S-o(s) _ Rb
ves) 7,7,8° +(r, +1,)S +[%+1J

The parameters of the selected motor (appendix IV) required to solve for the transfer

function are seen below in table 5.3.1.

Parameter Nomenclature Value

Torque Constant K: 0.013 N-m/A
Electrical Constant K. 0.013 Vs/Rad
Moment of Inertia J 5.15%10"kg/m?
Armature-Winding Resistance R 7.75Q
Armature-Winding Inductance

(negligible) L 4.05%107
Viscous Friction Coefficient of Motor

(negligible) b 4.85*10”7 N-m/(Rad/s)
Viscous Friction of Load (negligible) B, 0.0001

Table 5.3.1 DOF system DC motor parameters

Giving the transfer function the following end value:

435.69
6.9*%107*S% +1.33825 +57.641

U(s)=

Next step, the Routh array is found by setting the characteristic equation for the
closed-loop system to:

6.9%10 52 +1.33825 +57.641+ K, =0

Using the Routh-Hurwitz stability criterion, the Routh array becomes:
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5’ 6.9%10" 57.641
s 13382 K,

. 13382(57.641)-69*107° K,
* 13382

Now setting the equation to zero and solving for K, will give the critical gain.

0=57.641-523*10"K,
K, ~.67.64

A critical gain Kcr= 57.64, was chosen and the characteristic equation becomes:

6.9*107°S? +1.33825 +115.28 =0
To find the frequency of oscillation after substituting s = jw, the characteristic
equation gives:

6.9%107 (jw)> +1.3382(jw) +115.28 =0
~6.9%10 w* +1.3382j0 +115.28 = 0

The solutions are:
®=2%*10%0r-4.03*10"°

From these two values the frequency of the sustained oscillation can then be

determined:
p=2E_ 2% __|s5%10°
o -4.03*107
i - =.0031
2*10
giving the following values for the gains:
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K, =06K, =34.58
T =05P, =.00165
Td =0.125P, =3.875*%10

For these gain values MATLAB based simulations were performed. The system
response was found to be excellent, so the gains calculated will be the gains used in
the simulation. The Simulink model of this motor, the velocity control system and the
pulley geometry was built in SimMechanics, using the same method but with the new

geometry as the 1-DOF system.

5.4 Simulation of a 3-DOF system:
With this 3 DOF design, the SimMechanics model was the next step. The orientation
of the manipulator (in simulation the home position is with all angular positions set to

zero) is shown in figure 5.4.1.
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Figure 5.4.1 Orientation of 3 DOF manipulator

For the simulation all geometry is required as are all the moment of inertias for all
components, these were again determined using SolidWorks CAD software and were
entered into SimMechanics. The simulation can be broken down into similar sub-
blocks. All six motors (3 sets of 2 pairs of tendons for each rotation) are all identical
and differ only in the direction of rotation. Also the pulleys, and tendons are identical
(X/Z direction) and top and bottom u-joints.

The simplified block diagram for the system was conceived for simulating the system

and is shown in figure 5.3.2.
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Figure 5.4.2 3-DOF simulation block diagram

The user defined angular position (Bgesireq) 1S €ntered where it is compared to the 3

DOF system position (Bcuar) giving the positional error (Beror), this is then put

through the controller. The PID controller as shown in figure 5.3.2 was used only to

prove that the system worked, and later would be changed to use the observer type

system as discussed in chapter two. Individual motors then receive their comments

for the angular velocity which is controlled by individual PID controllers, the motors

then drive the tendons which in turn drive the 3 DOF system.

Figure 5.3.3 shows the Simulink file, with the three XYZ inputs.
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Figure 5.4.3 3 DOF Simulink file

Within each Motor block are identical PITTMAN LO-COG DC Motors models as
derived above, and the individual pulley that each motor drives. Connected to this are
the tendons, which are then inserted into the main rotor shaft block and can be seen in
figure 5.3.3. The Main rotor shaft contains all data required for the main rotor 3 DOF
joint.

5.5 Special Considerations of a 3-DOF system:

When Mutually perpendicular axis intersect (point of AXIS,y), cross coupling
(sometimes referred to as crosstalk) must be avoided, cross coupling, a phenomenon
whereby the rotation of joint » has a direct effect on the rotation of joint n-/. Cross
coupling can be expressed in terms of degrees/degrees (degrees of cross coupled
rotation of joint »n due to the degrees of rotation of joint »n-/) or simply in terms of a

percentage [24]. Cross coupling in any system is dependent on any number of factors
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backlash for example is one of the main causes of high amounts of cross coupling, the
moment of inertia also has an effect, figure 5.5.1 illustrates this inertia driven cross

coupling problem.

Figure 5.5.1 Inertia driven cross coupling

Due to low angular velocities (below 10rpm) and angular accelerations, this type of
cross coupling is not a factor and was ignored. Cross coupling due to the effect from
any slack in the tendon drive system, which can be considered directly as backlash, is
a major concern in tendon based systems. In the experimental sttfdy of the I DOF
tendon manipulator it was found that tendon slack could be considerably reduced by
“anchoring” each end of a tendon to a pulley, and keeping the amount of tendon in

the system to a minimum.
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Tendon slack could not be generated by the SimMechanics equations, and therefore

this data was taken from the 1-DOF experiment.

5.6 3-DOF System Response:

The first test of the 3 DOF‘tendon manipulator was to check the performance of the 3
different directions of motion. This was achieved by means of bypassing the PID
controller and supplying the motors with a set voltage (in this case 10 volts, the
normal maximum voltage output of most DAQ’s) and plotting the systems response.
This would ensure the system was modeled properly and also show how the motors
would be affected by the three different varying loads and moment of inertias. Figure

5.6.1 shows the plot of results.

Comparison of Speed of 3 DOF Manipulator
T T T

120 T T

SRRSO U [ IO S

Y-pos'n
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1
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Figure 5.6.1 3 DOF manipulator response to common input

As expected the X and Z angular velocities (degree/sec) are very similar, Z angular

motion is slightly different due to the added weight and inertia requirements of the
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cross axis block (see appendix II), which results in the slightly slower respo.nse of Z
angular velocity. The Y angular velocity lags much slower behind that of the two

other DOF partly because of the much larger moment of inertia and also because of
the slight variances in pulley size compared with that of the other tw;). Figure 5.6.2

shows the systems response to a 45 degree step input.
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Figure 5.6.2 PID 3 DOF system response to a 45° step input

As can be seen the system response is acceptable for the X and Z directions, while in
the direction Y might require improvement, an issue addressed later during the

observer controller system design.
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5.7 Observer for 3-DOF system:

As shown in chapter 2 and 3, the observer control system with the feedforward
friction value can give better results than those expected from a normal PID control
system. To develop an observer system for the 3 DOF system, each joint can be
looked at independently. Figure 5.7.1 illustrates the simple joint (in this case the
upper joint), and shows that in this portion of the manipulator it can be considered an

inverted pendulum.

G

Figure 5.7.1 Simplified joint of the 3-DOF system

The joint can be simplified as that of Chapter 2, in that the observer is modeled for
angular position control, and the estimate of velocity calculated by the observer is
used for the friction value. As in Chapter 3, the variables used in the observer control
simply need to be recalculated for the equipment and system considered in the design

of a 3-DOF manipulator.
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These values were used as:

a=-42.34
B =3257.1
K, =-28.22
K, =199.2
g =.0611
g2=-.008

Each DOF receives its own observer control, same as for the PID control, and this
allows independent joint motion and results in better performance for the system.
In response to the same 45° step input response used as the benchmark for systems
testing, the newly developed observer and the previous the PID controller response

are shown in figure 5.7.2, on 1 DOF only (X axis).
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Figure 5.7.2 45 Step input system response for observer & PID control
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As seen in the figure the observer control system does provide faster system response
but at the expense of an overshoot; with some slight adjusting of the values for the

observer, this response could be modified to give acceptable system response as seen

in figure 5.7.3.
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Figure 5.7.3 45° step input system response 3-DOF manipulator

The system response of the observer reaches the desired value just slightly quicker
than the PID controller (approximately .35 seconds quicker).
Figure 5.7.4 shows the system response to a sinusoidal input of amplitude 90 (+90 is

full lock for X and Z positions) and a magnitude of 1rad/sec (57.3%sec).
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Figure 5.7.4 3 DOF system response to 1rad/sec 90° sinusoidal input

As seen in this figure, the rotation Y, lags slightly behind because of its limitation of
geometry, the maximum angular velocities of the unloaded manipulator are

approximately 58.5°/second in the X and Z rotations and approximately 16.8°/second
for the Y direction. Therefore this system test is far exceeding the capabilities of the
Y rotation and fast approaching that of the manipulator. It is therefore much easier to
test the systems response on a smaller magnitude sinusoidal input, figure 5.7.5 shows
the test approaching the maximum velocity of the manipulator as 90 amplitude and a

magnitude of .261rad/sec (15°/sec)
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Figure 5.7.5 3 DOF system response to .261rad/sec 90° sinusoidal input

'S

As seen in figure 5.7.5, the system response for the X and Z Rotations are very close
to that of the desired sinusoidal input, the maximum difference is 4.5726°, which
occurs directly at a time of t=.4234 milliseconds which is at the beginning of the
simulation before the manipulator begins to move. The maximum difference for the
rotation in direction Y however is much greater the largest error is 30.9458°, due to
this test being so close to the maximum velocity of the manipulator. The error of the

three DOF over the simulation is shown in figure 5.7.6.

Kevin Gilbank Design and Control of a 3-DOF Spherical
Tendon Based Manipulator



Error in Rotation-X Tendon Manipulator

8; i . . i . -
i ' 1 _ ] 1 ] |
P R P RnEREEEEEELL CERERPES Fosmnenn-
g) I 1 1 1 1 1 t
] 1 1 t 1 1 ]
L opmmm e Im === ---- A-------- r-——-——-- e ———- Im=-——--- -
] 1 1 1 1 1 H
1 1 1 1 1 1 ]
o- - L 4 — e U li e e mm 4
s} 5 10 15 20 25 30
Time (secs)
Error in Rotation-Y Tendon Manipulator
40 r-—— v - + - v - ==
I t I L] ' ] I
1 1 1 - ] ] ]
o ] 1 t 1 ! 1 1
R e REEEEEET CEEEEEE e
<< | | 1 1 ] t 1
1 1 1 i i I ]
] t 1 1 [ ] |
QL—w—- DU =l 1 PN B J
0 5 10 15 20 25 30
Time (secs)
Error in Rotation-Z Tendon Manipulator
6r - T — Y e — =y
i 1 1 1 1 t I
1. 1 1 . 1 1 ' 1
o T e TRSRRELL Femmeeeo-
o 1 1 1 1 1] 1 ]
o i
3 s A L A R 2
I i 1 i b 1 i
] 1 1 1 b ] t
OLemm e — e l e e — - Jde - = F . § IR | I, J
o] 5 10 15 20 25 30
Time (secs)

Figure 5.7.6 3 DOF manipulator error for sinusoidal input

The average difference over the 360° range is 2.8297 in rotation X, 3.0723 in rotation
Z, and 11.4602 in rotation Y, this equates to .79%, .85% and 3.18% of error for the

three DOF’s.
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CONCLUSIONS
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General Remarks:

Over the course of this research project many lessons were learned - some very
positive, and others negative. The steps taken along the way of any project are the
unknowns, what is known is the hypothesis, which the outcome may or rriay not
support. The basic requirement of this project was to design a new type of
manipulator which would closely replicate that of the human wrist. It has been
shown by the steps taken through this project that it is very possible. The ultimate
goal of this project was to design a 3 DOF tendon manipulator system; the second

was to build the best control system for it.

Discussion of Results:

The two experiments performed in this project, the observer experiment and
the 1 DOF manipulator served their purpose very well. The purpose of thé feedback
instruments observer experiment was to implement an observer with feedforward
friction compensation, which was shown to give very good results over the observer
without the feedforward design. This step in the development of a 3 DOF
manipulator was also very beneficial as it was also used to implement the control

software, MathWorks MATLAB xPC Target.

The main experiment, building the 1 DOF tendon driven manipulator was one of the

largest hurdles overcome in this project, but one of the most important lessons learned.

Kevin Gilbank Design and Control of a 3-DOF Spherical
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The results gathered in the course of its use were viable in all the other aspe.cts of this
project, especially the SimMechanics portion. Through proving that similar results
could be gathered with SimMechanics gives great weight to the validity of the design
and expected results of the 3-DOF manipulator. The actual retrofitting of the
experiment, which includea design and manufacturing of many components, gave
valuable insight for the design of the 3 DOF manipulator, which was to come later in
the project. Adjusting the observer control system to this experiment reinforced the
development of the observer and also was the proving ground for whether or not this
control system was best for the tendon driven application. While the use of the
observer gives better results over traditional PID systems, the feedforward of friction
may not be an absolute requirement on a system that is tendon based. Depending on
the design of the system, friction compensation may not be required. If a system for
example is not tendon based then friction compensation is a very valuable asset,
however if the system is tendon based, with low friction to begin with (ball bearing
design etc.) then friction compensation may not prove to be give much better results.

due to other factors such as tendon slack.

Kevin Gilbank Design and Control of a 3-DOF Spherical
Tendon Based Manipulator



Page 133

Recommendations for Future Work:

The most obvious recommendation is to build the 3 DOF tendon driven
manipulator, as it will prove to be the ultimate confirmation of ‘this thesis” work.
Besides that, a first recommendation is to continue improving and fine tuning the
system that was built. Thé 1-DOF tendon manipulator’s performance and reliability
could very easily be improved as mentioned early. Through replacing all tachometers
and potentiometers with optical encoders an important step forward would be
experienced but at a large cost, the DAQ and xPC target software doesn’t support so
far optical encoders so then a microprocessor would have had to be used at a much
larger cost. The second improvement to the 1-DOF system would have been to use
strain gauges instead of the simple tendon slack absorbing system (TSAS) used to
regulate slack, this however was not the purpose of the 1-DOF system, the purpose
was to gather results and prove that tendon manipulated systems are easily designed

and implemented.

Kevin Gilbank Design and Control of a 3-DOF Spherical
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APPENDIX II
Drawings for 3 DOF Manipulator
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APPENDIX III
Pittman GM14602D261 DC MOTOR

Kevin Gilbank Design and Control of a 3-DOF Spherical
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SERIES GM14900 ) S

Gearmotor Data

Reduction Ratios
Line No. | Parameter | Symbol Units 5.9:1 | 19.71 65.5:1*
MECHANICAL SPECIFICATIONS (Standard and High-Torque Gears)
1 ozin 175 175 175
1 Max. Load Standard Gears T (N-m) (1.24) (1.24) (1.24)
. s ozin N/A 300 300
2 Max. Load High-Torque Gears T (Nm) N/A 2.42) 2.12)
3 Gearbox Shaft Rotation? —_ — cwW CCW W
4 Gearbox Efficiency — % 81 73 66
5 Gearbox Weight W oz 5.90 6.26 6.62
(Mass) G ® (167.3) (177.5) (187.7)
in max 1.373 1.373 1.373
6 Gearbox Length L {mm max) (34.87) (34.87) (34.87)
in max 4322 4,322 4,322
7 Length, GM14301 L (mm max) (109.78) (109.78) (109.78)
in max 4572 4572 4572
8 Length, GM14902 ks (mm max) (116.13) (116.13) (116.13)
MECHANICAL SPECIFICATIONS (High-Torque, Wide-Face Gears)
1 0z:in N/A 500 500
S Max. Load T (N-m) N/A (3.53) (3.53)
10 Gearbox Shaft Rotation — — cw ccw cw
11 Gearbox Efficiency — % 81 73 66
12 Gearbox Weight W oz N/A 6.52 6.88
(Mass) 6 g N/A (184.8) (195.0)
in max N/A 1.373 1.373
13 | Gearbox Length L (mm max) N/A (34.87) (34.87)
in max N/A 4.322 4.322
14 Length, GM14901 L (mm max) N/A (109.78) (109.78)
in max N/A 4,572 4572
15 Length, GM14902 b {mm'max) N/A (116.13) (116.13)
NO-LOAD SPEED (All Gears)
rpm 713 214 64.2
16 GM14901 SuL (3d/s) 751 2 o
pm 690 207 62.1
17 GM14902 Syt (rad/s) 72) (22) (6)

LRepresents gearbox capability only. Continuous load torque capability will vary with gear ratio, motor selection, and operating conditions.
2Shaft rotation is designated while looking at output shaft with motor operating in a clockwise direction. Gearmotor is polarity reversible.
*Contact factory for higher ratios.

LCG-14

PITTMAN’



SERIES GM14900

Motor Data
Line No. Parameter Symbol Units 14X01 14X02
18 ti 3 ozin 10.0 14.0
Continuous Torgue Te (N-m) (70.6 X10-3) (98.9 X 10°3)
19 Peak T Stall oz-in 62.8 107
eak Torque (Stall) Tex (Nm) (42) (.76)
20 M ozin/\W 4.45 5.93
otor Constant K (N-m/AW) (314 X 10°9) (41.9 X 1073)
2 No-Load Speed mm 4230 4087
o0ad Spee So (rad/s) (443) (428)
29 Fricti oz-in 1.20 1.20
riction Torque Te (N-m) (85X 1073 (8.5X10°%)
o2 -3 -3
R : ozin-s 1.6X10 23X10
23 otor inertia I (kg-m?) (1.13 X 10°5) (1.62 X 10°5)
24 Electrical Time Constant T ms 0.91 1.47
25 Mechanical Time Constant v ms 11.4 9.26
2% Viscous Damping— D oz-in/krpm 017 0.17
Infinite Source Impedance (N-m/{rad/s})) (1.15 X 1075 (1.15 X 1075
27 Viscous Damping— K oz-in/krpm 14.7 26.0
Zero Source Impedance D (N-m/(rad/s)) (9.91X 1074 (1.75 X 10-3)
A e °F 311 311
28 Maximum Winding Temperature Bpax {C) (155) (155)
°F/watt 49.8 48.2
29 Thermal Impedance Ry °C pwatt (9.90) (9.00)
30 Thermal Time Constant Ty min 22.0 24.0
31 Motor Weight W 0z 20.8 26.0
(Mass) M © (589.7) (737.1)
in max 2.953 3.203
32 Motor Length, 1410X, 1420X L (mm max) (75.01) (81.36)
3Continuous torque specified at 25°C ambient temperature and without additional heat sink.
Model GM14X01/GM14X02 Winding Data (Other windings available upon request)
Line No, Parameter Symbol |  Units GM14X01 GM14X02
33 Reference Voltage E v 120 191 240 30.3 120 19.1 24,0 30.3
ozin/A 3.72 5.89 7.44 9.46 3.90 6.16 7.80 9.85
34| Torque Constant Kr | (Nm/A) | (263X 1079 | (4.6 X 10-3) | (525 X 10-9) | (66.8 X 103 | (27.5 X 10-3) | (43.5 X 109 | (55.1 X 109 | (69.6 X 1079
35 BackEMF Constant K V/krpm 2.75 4,36 5.50 6.99 2.88 4.55 5.77 7.29
ackEMF Lonstan E | (V/rad/s) | (26.3 X 1073) [ (41.6 X 1073 | (52.5 X 103} | (66.8 X 10-3} | (27.5 X 10-3) | (43.5 X 10-3)| (55.1 X 10-3) | (69.6 X 10-3)
36 Resistance Ry Q 0.72 1.76 2.79 4.45 0.45 1.09 1.73 2.74
37 Inductance L mH 0.63 1.59 2.54 410 0.62 1.58 254 4.05
38 No-Load Current In A 0.52 0.33 0.26 0.20 0.49 031 0.24 0.19
39 | Peak Current (Stal)| I 16.7 10.8 8.60 6.80 T 264 175 139 11.1

“Theoretical values supplied for reference only.

PITTMAN’
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Model GM14X01 Model GM14X02 ' 50

Motor Speed & Current vs. Torque Motor Speed & Current vs. Torque
{24V Winding) {24V Winding)

2500 &
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3500
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Current (A}

3000 -

3000

P
-

52500 52500
4
gzono 200°
(24

1500

1000

500
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SERIES GM14900

GM149XX Motor
Ly MAX." #10-32 UNF-2B
Pt
. 2 180°
Ly MAX." =i | 730" ON A 1.500 (38.10) DIA. B.C.
+ 003 (.08) 535 ™ (19.5)
Ao~ lemt-tig20) oz )| 000
(2.54) TYP g7 062 —omt 21125
'“I I‘—(us) (1.57)
TYP 310
787
+.000 (.00) : ; |
o 00%02 (.05) e : i ¥
] A
(25.40) __L i

e 4 ERE B & -

2496 204
Lo (6.34) (5.18)
- ‘ - ol 1
2 +.015 (.38) E
B B -4 ? &y oiA
OPTIONAL #6-32 UNC-28B : DIA
200 {5.08) NOM, DEEP, 3 HOLES o0 DA ,
EQ. SP ON A 1.531 (38.89) DIA. B.C. (o (8.36)
GM149XX Motor
with 91X0 Encoder
OPTIONAL LEADWIRE \ Ly MAX

54 321 PACKAGES AVAILABLE 190 f

¥

GM149XX Motor
with 90X0 Encoder
1.810
fet—(45.97)
MAX.
54 321 .
Encoder Connection Chart
Pin No. Color Connection
1 Black Ground
2 Green Index/NC
3 Yellow Channel A
4 Red Vee
5 Blue Channel B
Notes:
* Unless otherwise specified, all tolerances are
to be +.005 (.01)

* All measurements are in inches (mm)
*See line no. 6 through 8 and 13 through 15
in gearmotor data chart

LCG-17
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APPENDIX IV
Pittman LO-COG DC No. 6X12
MOTOR

Kevin Gilbank Design and Control of a 3-DOF Spherical
: Tendon Based Manipulator



BULLETIN LC2

Series 6000

Pittman brand LO-COG® low cost, high performance 22 millimeter diameter brush-
commutated DC motors are ideal for use in applications requiring the power of an
“ironless core” or “coreless” motor, without the associated cost. This addition to our
LO-COG® family is designed for use in image processing, semiconductor processing and
mass data storage equipment, computer peripherals and office automation, as well as other
applications for the medical and industrial markets. By using a skewed 5-siot armature
design and bonded neodymium iron boron magnets, this motor provides more power
than most other DC motors of similar size. Cost effective planetary gearheads are
available to meet application specific speed and torque requirements. Our unique
cartridge brush assembly reduces audible and electrical noise and significantly
improves brush life by maintaining optimum brush force throughout the life of the motor.
For precision motion control, optical encoders are available with several CPR ranges to
meet your position, velocity and direction feedback needs.

Construction
* 5 slot skewed armature

¢ 2 pole permanent magnet stators are
constructed of bonded neodymium iron
boron magnets

* Diamond turned commutators ensure

Options

¢ Custom cables

¢ Shaft modifications

* Shaft-mounted pulleys and gears
¢ Ball bearings

maximum brush life
 Standard copper graphite brushes

* Precision ground hardened stainless
steel shafts

» Silicon-steel laminations
¢ Self-aligning sintered bronze bearings

PITTMAN

a PennEngineering® company

Power Your Ideas™

¢ Multiple windings
¢ RFI suppression
* Dynamic armature balancing

* Customized versions available in
production quantities

¢ Other brush materials available
+ Optical encoders

Get same day shipment of sample motors for models
listed in the Pittman Express Catalog (Bulletin PE).

5
G >
2 ipe

Series 6000™

e Available in 3 lengths

¢ Speeds up to 8550 RPM

* Peak Torques up to 10.2 oz-in

¢ Encoder resolutions from 16 to 256

\
new:
Longer Length Added.
Provides up to 40% More

Continuous Torque!!

Every Pittman motor is
subjected to automated
performance testing
prior to shipment.
Lc21



SERIES 6000

Motor Data
Line No. Parameter Symbol Units 6X12 6X13 6X14
. 1 oz:in 0.80 1.32 2.00
1 | Continuous Torque (Max.)" | T¢ (Nm) (5.65 X 103 9.32X 103 (14.1 X 109
2 ozin 2.70 5.56 10.20
2 Peak Torque (Stal) Tek (Nm) (1,91 X 102 (393X 102 (7.34 X 102)
- ozin 013 0.19 0.25
3 Friction Torque T (N-m) (9.18 X 1074 (1.34X1073) - (1.76 X 103)
pm 8260 7780 8550
4 No Load Speed Sn (rad/s) (865) (815) (895)
, ; ozin-s2 7.3X10°% 9.6 X105 11.4 X 10
5 Rotor Inertia h (kgm?) (515X 10°T) (6.78X 10°T) (7.98 X 107)
6 Electrical Time Constant T ms 0.52 0.65 0.78
7 Mechanical Time Constant v ms 234 14 115
8 Viscous Damping— D ozin/krpm 0.0072 0.0089 0114
Infinite Source Impedance (N‘m/{rad/s)) (4.85 X 107") 6X10°7) (7.68 X107)
9 Damping Constant— K oz-in/krpm 327 714 1.193
Zero Source Impedance D (N-m/(rad/s)} {2.2X1079) (4.81 X 1075) (8.03 X 109)
Maximum Winding °F 266 .266 266
10 Buax .
Temperature (°C) (130) (130} (130)
11 Thermal Impedance Riu °C/watt 37.80 28.00 223
12 Thermal Time Constant T4 min, 9.90 11.30 13.10
13 Motor Weight W oz 1.50 210 2.65
{Mass) M ) (42.52) (59.53) (75.12)
2 ozin/NW 0.66 0.98 1.270
14 Motor Constant Koo | nempaiw) (466 X 10°9) (6.92 X 10°3) (897 X 103)
in max. 1.256 1.556 1.901
15 Motor Length ! (mm max) (31.90) (39.52) (48.28)

1Continuous torque specified at 25°C ambient temperature and without additional heat sink.

2Theoretical values supplied for reference only.

©1999 Pittman, a PennEngineering company. LO-COG, ELCOM,
ELCOM Si, and ELCOM ST are brand names and trademarks for

motors manufactured exclusively by Pittman,

Lc2-2
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SERIES 6

Model 6X12

Model 6X13

Motor Speed & Current vs. Torqu ] . Motor Speed & Current vs. Torque
{24V Winding) G = {24V Winding) , o
8000 8000 . - 52
00 o . K
70 g 7000 g
000 o5 B 5000 B
E £
" T4 u
K00 X 5000 x
E €
= 4000 .g 4000 oo
; 3000 g 4000 5.2
2000 2000 F » 20
6'031
(82
Joo¢ 2,0) 1000
(4.1
° o ozif, °
(634 e gy :
00 Torq¥ (mN 00 (108)
‘0_0) (o‘O)
Model 6X14
Motor Speed & Current vs. Torque X
{24V Winding) "
9000 a?
5000 42
Z
7000 2 ?'E
3
5000 2.0
—
.g 5000 10
; 200% 0.5
3000 2.0
00
, (igg,m
200"
0 5.0
5.3) oL
bt @57 oraue (i m)
0.0
Motor 62XX (Wire Leads)
114" (6.4) STRIP
&TIN, TYP
—_(.17962)——.1 :1.020 (.508)
: ie . . BLACK LEAD
(15.01) Ly MAX I MOTOR )
2.0980 ‘
o578 Hn I
©.866 (048) == ] - ﬁ -
(22) ; v
+.000 (.00) l
- .002 (.05)
2.393 —

M2 X 0.41S0,
(2) HOLES 180° APART

M2 X 0.4 1SO, ON A @.591 (15) B.C.
(2) HOLES 180° APART
ON A ©.630 (16)B.C.
M2 X 0.4 SO,
(2) HOLES 180° APART
ONAQ.669 (17) B.C.

Lc2-3

+.002 (.05)
] .098

(2.5)

+ 020 (.508)
000 RED LEAD

(.00)
SHAFT
EXTENSION

MOTOR (+)



SERIES 6000

Motor 63XX (Terminals)

768 —=i
(19.5)

x.020 (.508)
59

2.0980

t 002(05)

+.010 (.245)

{10)
TYP.

110 X .020 TYP.
(2.79) (:508)

OPTIONAL

(0:98) 000 ¢ I TERMINAL
(2 5) (_00) +.020(51) POSITION
M2 X 0.4 1SO, SHART 197
(2) HOLES 180° APART EXTENSION (5.00)
V2 X 0.4 1SO, ON A @.591 (15) B.C. TYP.
2) HOLES 180° APART
5N A ©.630 (16) B.C.
M2 X 0.4 1S0,
(2) HOLES 160° APART
ONAD.669 (17) B.C.
Gearmotor PG66XX with Planetary Gearbox (Wire Leads)
866 1/4" (6.4) STRIP
05 L Ly MAX® & TIN, TYP
551 +.020
(14 £5)
315 BLACK LEAD

(8.00)

197500 B ol
: k{ 10980 (2.49) /
10978 (2.48
2362 (6.000) @49 &b Leap

2350 (5.968) HOTOR (o)
M3 X 0.5 ISO, e 1540 M +.000 2020 768
;58 (0.51) O WITH SHAFT SHAFT EX(;EOI\?STS‘I\I f19.51)
4HOLES EQ. SP. PUSHED 1N
AS SHOWN

Gearmotor PG67XX with Planetary Gearbox (Terminals)

.394 -010

Ly MAX"

1(10.01 —25) [~
TYP

2050 (1.27)
LA

;..

110X .020
279 x 51)TYP

Planetary Gearbox Data

Max, Torque | L, | No.Stages:| Ratio
27.78 oz:in | 1.161 3 107:1
(:196 N-m) | (29.5) 64:1
13.89 0z:in | .965 2 23:1
(.098 N'm) | (24.5) 16:1
6.94 ozin | .768
1 41
(.049 N-m) | {19.5)
Notes:

¢ All measurements are in inches (mm)

PITTMAN

*See line number 15 in data chart

OPTIONAL
TERMINAL

POSITION

LC24



SERIES 6000

Motor 63XX with HEDR 8X00 Encoder 128/256 Line Count

450
[ MAX, ———m — (11.43)
768 © 866 (22)
(19.51 REF. * Pin No. Function
ﬁ\cno)ss
FLATS ] 1 Motor Ground
T 2 Motor (-)2
—— — 3 B Ul o Ad\ .B1 3 MOtor(+)1
O {20.6) (;;592) 4 Encoder Ground
] , | 5 Vec +5VDC
— 63 (16) 6 Channel A
PIN #1 PIN #7 7 Channel B
SEE CHART FOR FUNCTIONS

Receptacle will mate with Molex plug 87369-0700.

Motor 62XX with HRPG Encoder

Color Connection

+.020 (.508)
591
(15.01) Ly MAX"
| Encoder Connection Chart
2.0980 e et

Gray Ground
Violet Channel B

+.000 (.00) SIS .
o 3—9.3002 (05) i . White Vee (+5VDC)
ha ' .002 {.05)
(9.98) L_ 5 548 384
- ('20_2? ot A Lo Blue Channel A

Notes:

¢ Unless otherwise specified, all tolerances are
to be +.005 {.01)

« All measurements are in inches (mm)

PITTMAN’

Lc2:5
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APPENDIX V
Feedback Instruments Modular MS150
System
Kevin Gilbank Design and Control of a 3-DOF Spherical

Tendon Based Manipulator



Page 143

APPENDIX VI
ECP Inverted Pendulum Apparatus

Kevin Gilbank Design and Control of a 3-DOF Spherical
Tendon Based Manipulator



" Model 505
ECP Inverted
Pendulum

Balance Weights -~

(Removable brass weights to
further adjust plant dynamics)

T Sliding

Balance Rod
. Linear Joint
Drive Sprocket (Linear ball bearings)
(Transiates motor torque
to force on balance rod)
- Rod Angle
Sensor

(High resolution encoder)
Pendulum Rod

{Encioses balance rod

This unique ECP design vividly demonstrates the
need for and effectiveness of closed loop control.
It is not the conventional rod-on-cart inverted
pendulum, but rather, it steers a horizontal
balancing rod in the presence of gravity to control
the vertical pendulum rod. As detailed in the
manual, the plant has both right half plane poles
and zeros as well as kinematic and gravitationally
coupled nonlinearities. By adjusting mass
properties, these roots may be varied to make the
control problem range from being relatively simple
to theoretically impossible! The system includes
removable and adjustable moment arm counter-
weights on the vertical and horizontal rods for
quick adjustment of the plant dynamics. It features
linear and rotary ball bearings at the joints for low
friction and consistent dynamic properties.

drive shaft)
T Servo Motor / Dynamics: 'ath order, nonminimum phase, open loop
P Shaft Encoder unstabie, kinematic & kgravntauonally coupled nonlinearities
(Motor drives balance rod, Parameter Adjustment: Adjustable vertical and
. encoder measures X. View horizontal rod mass, inertia, and CG offset.
Pivot Axle obstructed)
(Balt bearing 1O: SISO, SIMO,
supported)
Poles: Adjustable 0.4-1.2 Hz
Counter Feedback: High res. encoders (16,000 countfrev, 6,
Weights 44,000 count/m, x)
(M%‘zg's"aee%ﬁ‘t’sb'e Actuator: High Torque density, rare earth magnet type
Bench-top-size: 30x30x40 cm. (12x12x16in.)
Safety Features: Travel limit microswitches (horizontal
rod) , fail-safe shutdown, limit cushions (vertical rod),
amplifier over-current protection. In firmware (complete
system only): i2t thermal protection
Plant Model Dynamic Equations Characteristics
B . -2 .
F mXO+mi16 - mix©BE - migsinb® = FO | . nonlinearities in kinematic
. - . constraints and coordinate
\ " " m, XM+ Jo(BO+2m XOXO) - dependent mass properties.
X Exact (mlo* myle)g sind® - mgx®cosd® = 0
&)
ﬂ “ Siand fod) Jg) =T +mil5 x2) +J 1+ male
g mX@)+m; 100 - mg 6® = Fe) ,
Fo ¢ | Linearized XOHmILH0 - mg * Linearization about x = 0,
Time MuleK©+ J000 - (mile* malo)gB® - mpgx® = 0| 8 = 0 shown to be valid for
. many control schemes.
I Domain .
° ms . C2 (cg of Jo= Jo|x=o
\l * One RHP, 2 oscillatory poles.
c .
S-Domain ﬂs_) _ ~(los?-g) Non'mm phase (R.HP zero).
- F® * o 12y 4 _ 2. 2 * Attainable bandwidth
Uo-mlo)s® + (molo-mile)g s°- mag bounded from above and
below by RHP roots.

© 1995-2000 Educationa! Control Products, All Rights reserved
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APPENDIX VII
SERVO-TEK DC tacho-generator Type
SB 740B-1
Kevin Gilbank Design and Control of a 3-DOF Spherical

Tendon Based Manipulator
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