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ABSTRACT

Cyclotrons are particle accelerators that are used to create radioactive drugs for
nuclear medicine. Cyclotron efficiency is affected by the initial positioning of a plasma ion
source within a cyclotron. CTI manufactures cyclotrons that use a kinematically inexact
positioning scheme which relies on thread clearances to pivot an ion source.

This project analyzes CTI's current scheme, proposes design goals for an improved
method, describes analysis and development of the improved mechanism, and presents
experimental results and conclusions. The following design goals were defined:

o Range of Motion:
x & y axes: +3 mm; zaxis: 2 mm.

. Accuracy of Motion:
X,y, & zaxes: £0.2 mm.

o Minimum Required Increment of Movement:
X,y, & z axes: 0.1 mm.

The design solution is a kinematically exact, non-redundant mechanism which
positions the ion source with an accuracy of + 0.2 mm from a remote actuation point 425
mm away from the ion source. The design uses stepper motors and a differential lead-
screw drive system controlled by a personal computer.

A mathematical model describing the three degree-of-freedom system is developed
and evaluated. The resultant closed-form solution is incorporated into a C program which
operates on an Intel 80286-based personal computer.

The prototype system met the accuracy design goal, minimum increment of motion
goal, and the x-axis range of motion goal. Y-axis range of motion was 95% of the design
goal while x-axis range of motion was 85% of the design goal. Minor hardware
modifications to the prototype hardware are proposed to address x-axis range of motion.

The design is evaluated and experimental data are discussed. Improvements for

transition of the first-generation hardware to production use are discussed.
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CHAPTER ONE

INTRODUCTION

Background
Cyclotron Operation

Positron Emission Tomography (PET) is a medical diagnostic imaging technique.
Unlike magnetic resonance imaging (MRI) or radiographic computed tomography (CT)
which look at anatomy or body form, PET studies metabolic activity or body function.!
PET scanners track the flow of injected radiopharmaceuticals through the body and
measure the intensity of the radiation as an indication of the metabolic activity of the body
part under investigation.2

The mechanism for tracing the flow of the injected radiopharmaceutical is the
emission of positrons. As emitted positrons collide with electrons in the human body, two
gamma rays are emitted in opposite directions as a result of the annihilation of the two
elements. As large numbers of positrons collide with electrons, many pairs of gamma rays
are propagated. Figure 1 shows a schematic arrangement of a PET scanner. Note the
rings of detectors which sense incident gamma rays. As many lines of gamma rays are
sensed by the detectors an image is generated by the scanner. This image represents a
high density of metabolic activity of the radiopharmaceutical.

Cyclotrons are particle accelerators which bring about nuclear reactions that create
radionuclides which can be synthesized into short half-life radiopharmaceuticals. Figure 2
shows a schematic representation of a cyclotron. Wolf and Jones describe a cyclotron as
"an electromagnetic device in which a magnetic field is imposed on an evacuated chamber
located perpendicular to an electric field. The ions which move in a spiral in increasing
energy increments can be eventually deflected and brought outside the vacuum chamber
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Schematic Representation of a Positron Emission Tomography (PET) Scanner
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after passing through a thin foil window. The ion source which produces the ions to be
accelerated is located in the center of the cyclotron. [The source] may be introduced
either radially (from the side wall of the vacuum chamber) or axially through a hole in the
center of the magnet yoke."3

The electric field generated in the center of the cyclotron is maintained by
semicircular electrodes, called dees (due to their resemblance to the capital letter "D"),
that are driven by an alternating voltage of fixed frequency. With the ion source inserted
into the cyclotron between the dees, ions are pulled from the anode of the source plasma
by the resident electric field. A puller device assists in drawing ions from the plasma out
into the region between the dees where the ions experience effects from both the constant
magnetic field and the time varying electric field.# As a consequence, initial positioning of
the anode relative to the puller significantly affects the speed and trajectory of the
emerging ions, which affect the overall ion beam. Figure 3 shows the orientation of the
xyz axes for the critical interface between the anode and puller.

Ion source position may be fine-tuned to improve overall performance of the
cyclotron. CTI Cyclotron Systems Inc. (CCS), a division of CTI, Inc., designs and
manufactures negative-ion cyclotrons to provide radionuclides for use with PET scanners

manufactured by CTI PET Systems, Inc.

Current Positioning System

CCS currently positions an ion source in a cyclotron by displacing the ion source
mounting plate using three parallel lead screws. The three lead screws are turned by three
alternating current motors. A top view of this scheme is depicted in Figure 4.

This method alternately holds two of the three drive motors fixed while the third
motor drives one of the three lead screws. The resulting motion pivots the ion source

mounting plate about an axis through the fixed lead screws which, in turn, induces x, y,
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and z motion at the anode-puller interface in the center of the cyclotron. Pivoting about

the orthogonal axis requires actuation of the opposite diagonal lead screw with the
remaining two screws held fixed. By driving all three motors in unison, displacement in
only the z axis may be accomplished. Figure 5 shows a side view of one of the three
motor / screw systems.

Three main issues necessitate redesign of the current system. First, the current
system operates in an open-loop mode with no quantitative data describing the position of
the source assembly relative to a known starting point. Since the ion source assembly is
removed and reinstalled periodically during start-up and later for maintenance, an open-
loop positioning scheme makes realignment cumbersome and time-consuming. Second,
the current system does not generate kinematically predictable motion. System moves are
heavily dependent on friction and clearances in the screw thread profiles. Third, the
mechanical drive system experiences binding at the full range of motion of the system. It
is hypothesized that binding occurs outside of the operating space of the positioning
system after all clearances in the thread system have been consumed. Since the operator is
limited to remote actuation of the drive motors without position feedback, the motors are
easily driven beyond the intended range of motion and into a binding condition.

Figure 6 shows a photograph of the current drive system used by CCS. Figure 7
shows a photograph of the ion source used during this investigation. Figure 8 shows a

close-up view of the anode aperture.

Statement of Problem
The central problem that this thesis addresses is the lack of predictable kinematic
positioning of the cyclotron's ion source. Solution to this problem is a system that can

move the anode portion of the ion source to a user-specified xyz location relative to the
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Figure 6
Photograph of CTI's Current Drive System



Figure 7
Photograph of Ion Source Used in Cyclotron
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Figure 8
Photograph of Anode Aperture of Ion Source
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ion puller. The user can choose trajectories along single axes or specify moves that

involve multiple axes.

The following performance parameters guided system development:

° Range of Motion at Anode-to-Puller Interface:
x & yaxes: +3 mm (+0.118 in) from a defined center position.
Z axis: +2 mm ( £ 0.079 in) from a defined center position.
° Accuracy of Motion at Anode-to-Puller Interface:

X, y, & zaxes: £0.2 mm (£ 0.0079 in).

. Minimum Required Increment of Movement:
X, y, & z axes: 0.1 mm (0.00394 in).

System evaluation utilized a coordinate measuring machine (CMM) for evaluating
the machined dimensions of one part while a dial indicator and height gage were used to
assess overall system performance as a result of mechanism actuation. Comparisons

between predicted and actual motion were made and are presented in this document.

Project Scope
The scope of this thesis includes the analysts, design and evaluation of a prototype
positioning system for an ion source under development at CCS. The main purpose is to
demonstrate a functional concept. Full integration of this solution into production

hardware is beyond the scope of this project but could be pursued in a follow-on effort.

Project Approach
Project activities proceeded in the following fashion:
1. Investigation of the problem.

2. Selection of a conceptual design using a kinematically-sound approach.

12



3. Creation of a mathematical model that describes the motion produced by the
conceptual design (this model served as the main computational vehicle governing
system movement calculations).

4, Detailed design of mechanical system and controls.

5. Generation of software code to control system drive motors.
6. Overall system evaluation.

7. Project write-up.

Sequence of Presentation

Chapter two discusses the analytical approach used to develop the governing
mathematical model for this system. Included is the conceptual design evaluation,
mathematical model development and results, and system error analysis.

Chapter three presents the detailed design of the mechanical system. Included are
the governing design guidelines; torque, stress, and fits analyses; detailed discussion of the
improved drive system; and description of mechanism components.

Chapter four describes the system control scheme including choice of software
language and platform, implementation of mathematical model, and method for pulsing the
motors using a dedicated parallel port of a personal computer.

Chapter five summarizes system evaluation. This material describes the criteria,
methods, and results of the system evaluation. Theoretical and measured data are
compared to validate the theoretical development of chapter one.

Chapter six states the conclusions of this project and describes recommendations
for improving system cost and performance. Results are summarized and the significance
of key design features are restated in the context of overall system performance.

References follow the six chapters with Appendices A-F at the end of this

document.
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specified xyz location is a three degree-of-freedom (DOF) problem. The following three

options exist for producing the required motion:

. Gantry system (x-y-z table).
. Gimbal system with independent z motion.
. Pivoting system (3-leg table).

Figure 9 depicts typical configurations of these three schemes.

In considering these three approaches the gantry system was immediately
discarded since the o-ring constraint precludes direct x-y actuation of the ion source
assembly. Due to the pivoting nature of the allowed motion, the gimbal system and
pivoting system received the most consideration.

As shown in Figure 9, the gimbal system consists of two concentric rings which
pivot about orthogonal, coplanar axes which intersect at a common center point. The
outer ring is connected through bearings to mounting hardware while the inner ring is
connected through bearings to the outer ring. By mounting the ion source assembly on a
circular plate which serves as the inner ring, the required pivoting motion of the assembly
could conceptually be generated.

In contrast, the pivoting system consists of three legs which project through an
upper plate onto a lower plate where they maintain constant contact. A uniform gap
between the upper and lower plates could be achieved by forcing the three leg lengths
between the two plates to be the same value. By varying the lengths of the three legs, the
upper plate could be pivoted into an arbitrary position. A scheme based on this method of
actuation is used in the current cyclotron.

Each of the two methods of actuation have positive and negative attributes. The

following is a brief comparison of these two methods:
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Gimbal System - Positive Aspects

Could provide the required xyz motion at the anode-puller interface.

Is well suited for the type of motion needed to actuate the ion source at the anode-
puller interface since it generates rotational motion in two orthogonal axes.

Generates very little z motion that would require compensation when pure x or y
motion was specified.

Gimbal System - Negative Aspects

z motion is not readily generated using this scheme.

Space surrounding the potential location of a gimbal mechanism is at a premium in
the existing hardware, placing strict requirements on the drive mechanism design.

Drive backlash using rotary motion would become significant with this scheme as
maximum angular displacements are on the order of + .5 - 1 degrees. Linear
actuation would be less susceptible to backlash.

Gear reduction for the small increment of motion would be difficult to implement.

Sufficient electrical isolation could be a problem since this approach would occupy
more space.

Pivot System - Positive Aspects

A Linear motion mechanism could be packaged such that the thread systems could
be less susceptible to backlash problems.

Reduction in equivalent thread lead may be achieved by using a differential screw
concept which has different internal and external thread profiles.

Space required for mechanism actuation would minimize encroachment into space
around current system.

Both pivot and z motion are readily generated with this scheme.

Could use parts of existing hardware to minimize overall cost.

17



Pivot System - Negative Aspects

. Generation of pure x and y motion at the anode-puller interface requires coupled
motion of the three legs.

. The pivot point is not stationary.
o An overall mathematical model would be required for generating motion.
° Scheme is not easily configured for displacement feedback transducers.

The pivoting system was chosen over the gimbal system due to the drawbacks of
space requirements, backlash, and difficulty in generating z motion with the gimbal system.
Further consideration of the pivoting system was required, however, to determine how to

best implement the mechanism actuation for changing the effective leg lengths.

Actuation Scheme for Pivoting System

As shown in Figure 5, page 8, the current implementation of the pivoting scheme
uses a threaded stud, a differential screw with internal and external threads, and a threaded
plate. The thread interface between the outer threads of the differential screw and the
threaded plate serves both to displace the plate along the turning screw threads and to
provide a bearing surface for the upper plate. As described, alternately two of the three
screws are held fixed while the third screw is driven. A pivoting motion is generated.
Displacement of the upper plate relative to the lower plate is possible due to clearances in
the mating threads between the differential screw and the threaded plate. The internal
threads of the plate, for example, are a standard 3/8-32 thread profile. The minor diameter
of these threads is 3/8 = .375 in. The mating threads of the differential screw outer
diameter, however, are a custom .369-32 profile. The diametral difference between the
threaded plate and the differential screw is [.375 - .369 = .006 in (.152 mm)]. As pivot

angles increase, thread clearance is consumed and a binding condition is eventually

18



reached as thread friction produces a resisting force (and moment) greater than the drive
components can withstand. Analytical prediction of the absolute position of the sliding
thread surfaces (and thus the orientation of the pivoting plate) is a formidable task. These
two issues provided sufficient incentive for investigating an alternative scheme.

An important simplifying element of the analysis was to specify that the three legs
would always remain orthogonal to the pivoting upper plate. This requirement forced the
separation of power transmission into two tasks: (1) linear displacement along screw
threads; and (2) orthogonality between the plate and legs. A differential lead screw
scheme can provide high-precision linear actuation of the upper plate. A precision-ground
driveshaft mating with a bronze bushing can maintain orthogonality. Figure 10 depicts the
conceptual drive system.

A final assumption for the conceptual design was to eliminate axial rotation about
the shared centerline of the upper plate relative to the lower plate. Introduction of axial
rotation is inconsistent with generating pure x and y motion in a plane at the anode-puller
interface. Constraint of one of the three legs in a radial groove would prevent this relative

rotation. Figure 11 shows a schematic representation of the conceptual design approach.

Mathematical Model
With a kinematically non-redundant conceptual design chosen, governing
mathematics will be developed to describe system motion. From the "Statement of
Problem" of chapter 1, the required inputs for the system are xyz values at the anode-
puller interface. These values are in turn used to calculate the final leg lengths that will
produce the desired displacement of the anode. Conversion of the user inputs into

corresponding leg lengths is the essence of the math model.

19
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Coordinate Transformations

User-specified xyz coordinates can be converted into two angles and a vertical
displacement, or apz, coordinates. The center point of the o-ring is assumed to act as a
system pivot point and is a natural choice for the origin of the mathematical model. Figure
12 shows the orientation of the xyz triad based at the pivot point relative to the ion source
geometry. Definition of a and P are also shown in Figure 12.

Three of potentially four degrees of freedom (DOF's) could be described by
(1) rotation about the x axis, (2) rotation about the y axis, and (3) pure z motion. A fourth
DOF could be generated by rotation about the z-axis. As discussed during the conceptual
design definition, a groove could be added to the stationary lower plate to prevent rotation
about the z-axis.

Without the assumption of an initial coplanar condition, z-axis rotation could be
induced about a theoretical line extending from the non-coplanar origin to the leg
constrained to motion in the groove. Figure 13 presents a schematic illustration of this
assumption. The final form of the math model does not require a coplanar condition.

In general, the center point of the o-ring will be displaced from this coplanar
position as a result of a system move due to clearances between the o-ring and its groove.
All subsequent calculations treat each move as starting from the coplanar condition and
subtracting the current value from each calculated value for incremental changes.

The main component of the math model is the description of the position of the
upper plate in terms of the original xyz coordinate system after it has been rotated through
B and o angles. Coordinate transformations accomplish this task by assigning a new
coordinate system as a result of B rotations and then as a result of a rotations. Figure 14
shows the progression from the xyz system to the x'y'z' due to B rotations about the y-axis

non_n

and progression to the x"y"z" coordinate system as a result of a rotations about the x' axis.
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Figure 15 extends the double-primed coordinate system to four more coordinate systems
pertinent to this analysis.

The desired result from defining the six coordinate systems is to develop
expressions which describe the displaced geometry in terms of the original geometry

through a conversion matrix. The general development of the math model is as follows:

(xlylzl
xyz = x'yz' = x"y'z" o> x"y"z" - {x2y2z2
lx3y3z3
or,
. xlylzl
Conversion
xjyz=[ ) ]Of x2y2z2
Matrix
x3y3z3

From Figure 14, it may be seen that, for rotation about the y-axis through B, the

original coordinates xyz may be expressed in terms of the new coordinates x'y'z’ as:

x =x'cos(B) +z'sin(B) 2-1)
y =y (2-2)
z ==x'sin(B) +z'cos(B) (2-3)

Again from Figure 14, for rotation about the x'-axis through angle a, the x'y'z’

"o, n

coordinates may be expressed in terms of new coordinates x"y"z" as:

x' =x" (2-4)
y' =y"cos(a) —z"sin(a) (2-95)
z' =y"(sina) +z" cos(a) (2-6)

Stated in terms of matrices,

X 1 0 0 x'
y|=10 cos(B) -sin(B)| (2-7)
z 0 sin(f) cos(p) |z’
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Figure 15

Coordinate Transformations Due to Translations
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or,

X x' 1 0 0

y|=[41] y'| where [A1]=]|0 cos(B) -sin(B) (2-8)
z z' 0 sin(f) cos(f)

Similarly,

x’ cos(a) O sin(a) | x'
y' = 0 1 0 y" (2 -9)
z’ -sin(a) O cos(a) |z

x' x" cos(a) 0 sin(a)
y' |=[A42] y"| where[42]= 0 1 0 (2-10)
z' z" -sin(a) 0 cos(a)

"o n_n

Relating the xyz coordinates to the x"y"z"” coordinates:

"

X
=[41][42) »" 2-11)

n

N e K

¥4

where [47][42] can be renamed as a combined matrix [4] is shown in its expanded

form below:

cos(B) 0 sin(B)
[A1][42] =[A] =] sin(a)sin(B)  cos(a) -sin(a)cos(B) (2-12)
—cos(a)sin(B) sin(x) cos(a)cos(B)

”n

Further definition of coordinates from the ()" system to the ()" system is possible

by recognizing that the center point of the pivoting upper plate shown in Figure 15 is

"

located along the z"-axis a distance A from the origin. Defining a ()"’ coordinate system:
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n

x’ x
yll - ylll (2 _ 13)
zl’ zlll + h

which may be stated in terms of the original coordinates as follows:

14

X X
y|=[4] ¥ (2-14)
Z " +h

The final three coordinate transformations relate the tops of legs /, 2, and 3 (with
their corresponding coordinate systems x/y/z/, x2y2z2, and x3y3z3) back to the x"y"z"
coordinates as shown in Figure 15. The relationship between the 1,2, 3 coordinate systems

and the ()"’ system may be stated as follows:

xl-—;- =x" x2-L=xm x3+r=x"

3 3
y1+-‘/5——r=y"’ yz_grzym y3:ym (2_15)
21=zlﬂ 22 :z'" Z3= zl"

The relationship of the /,2,3 coordinate systems to the xyz coordinate system may

be stated as follows:

x1—£ x2—£
X 2 X 2 X x3+r
V3 J3
y|=[4] y1+7r y |=[4] y2—7r y|=[4] y3 (2-16)
z zl+h z z2+h z z3+h

Calculation of Leg Lengths
As stated at the beginning of this development, the overall goal is to find an

expression of the required leg lengths for user-specified x, y, and z inputs. The preceding
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mathematical development, culminating in the three elements of equation (2-16), provides

the means for making such calculations.

Consider an observer located at the top of leg 1, looking down the z/-axis toward
the x-y plane. At this location, the origin of the x/y/z/ coordinate system, x/ and y/ are
equal to zero. Recall that the goal of this development is to state the new length of leg 1
in terms of the user-prescribed input values, xyz, which are converted into p and a values.
z1 is the variable that represents the new leg length. In the left-end expression in equation
(2-16), x and y are the coordinates of the end of the leg that rests on the z=0 plane.

To calculate z/, first calculate the values of the [4] array, given by equation (2-12)
due to B and a rotations. The resulting right-hand side of the left-end element of equation
(2-16) will have one unknown, z/. The left-hand side of equation (2-16) still has three
unknowns, x, y, and z. By setting z equal to zero, the left-hand side is reduced to only two
unknowns. Solution of leg length 1 is summarized as a three-equation, three-unknown

problem. Shown in an equation format:

x= —A,,%+A,2-‘/2—§-r+ As(z1+h) 2-17)
y=—A21§+A221/5—3—"+A23(21+h) (2-18)
0=—A,l%+A32gr+A5,(z1+h) (2-19)

where A, values are elements of [4], r is the radius of the circle containing the
three leg locations, and 4 is the initial distance between the upper and lower plates.

Solving for z/ in the equation (2-19):

r V3
% 5 - Ay, —2—r
zl= -h (2-20)
Ay
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Values for x and y may be obtained by substituting z/ back into equations (2-17)
and (2-18). Solutions for z2 and z3 were obtained in a similar manner. A spreadsheet
program was used to calculate values for z/, z2 and z3 for different p and a values. Figure

16 shows a typical output from the spreadsheet analysis.

Verification of the Math Model

In order to independently verify the mathematical model, IDEAS® CAD system
was used to generate a solids model of the ion source assembly geometry. Figure 17
shows the undisplaced solids model of the ion source assembly. An upper plate was
rotated through some B and a values relative to a fixed lower plate. After rotation, the
gap between the upper and lower plate was measured at three locations, 120° apart. The
method of measurement replicates the dynamics of the conceptual model by projecting a
line through the leg location along a path that is orthogonal to the displaced upper plate.
Measurement of the length of the projected line from the lower surface of the upper plate
to the intersection with the upper surface of the lower plate yields the leg length. Figure
18 shows the overall ion source in a displaced position.

Table 1 shows a comparison of values between the mathematical model and the
CAD model for four different angular displacement combinations. The close agreement

between these values satisfactorily validates the mathematical model.

Other Contributions to Model

In order to completely describe the motion of the conceptual mechanism, two
other contributions to system displacement must be considered. First, up to this point in
the model only the effects of p and o have been considered. As mentioned previously, the
user may prescribe motion in any or all of the x, y, and z axes at the anode-puller interface.
Pure z motion may be accomplished by displacing all three legs an equal amount.
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Leg 3
Leg 1

Initial Geometry for Solids Model
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Figure 17
Solids Model for Ion Source in Undisplaced Position
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Displaced Geometry for Solids Model

Figure 18
Solids Model for Ion Source in Displaced Position
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Table 1

Verification Data from 3D CAD for Ion Source Mathematical Model

—
——

Leg Length Leg Length
l o1 B Location | Math Model CAD Verification
| e | (en) (rm) (mm) |
4 0 |Legl 0.804390 0.804390
| Leg2 6.815610 6.815610 |
Leg3 3.810000 3.810000
i
I
0 4 |Legl 2.074710 2.074710
" Leg2 2.074710 2074710
Leg3 7.280580 7.280580
3 3 |Legl 0.253765 0.253765 I
| Leg2 4.765153 4765153
Leg3 6.411082 6.411082
o4 0.4 | Legl 3.336665 3.336665
Leg2 3.936835 3.936835
___|Legs 4156500 4.156500
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Figure 19 shows schematically how displacement of some z amount after rotation can
cause unwanted horizontal displacement of the bottom of the legs. Horizontal
displacement is undesirable only in the leg constrained by the guide groove since it allows
displacement only along the groove. Second, as the upper plate of the mechanism is
rotated through B and a angles, two small z components (H, and /) are generated.

These two values represent error in the z axis and should be included as z-values along
with the user-prescribed z-motion discussed above. By including all user-prescribed and
motion-induced z values in equation (2-19), (z # 0) prior to multiplication by the rotational
coordinate transformation matrix, final calculations for leg length and subsequent moves
produce no unwanted horizontal motion. Figure 20 shows a schematic representation of

the two z-axis induced errors, H, and Hy, which are defined below.
-l
H =x-tan > (2-21)

H =y -tan(%) (2-22)

Relating Model Variables to Operator Inputs
Some final calculations relate x, y, and z values to quantities familiar to a cyclotron
operator. The actual alignment process positions a 0.5 x 5.0 mm aperture on the anode
with a 1.5 x 7.5 mm aperture on the puller. The x and y axes were defined such that the
"Gap" between these two apertures falls along the y-axis, while the in-plane "X-Aperture" |

alignment orientation falls along the x-axis. Vertical alignment of these two apertures, "Z-

Aperture", falls along the z-axis. The following are physical analogs to x, y, and z values:

. X-axis: x alignment of the anode aperture with the puller aperture;
. y-axis: gap between the anode aperture and puller aperture along the y axis;
. Z-axis: z alignment of the anode aperture with the puller aperture.
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Figure 20

Definition of Errors Hx and Hy Due to Z-Axis Compensation
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Figure 21 shows a top view of the anode-puller interface with labels showing the
physical representation of the alignment values corresponding to the x and y axes. This x-
y plane is offset from the origin along the z-axis by 424.71 mm (16.721 in). The offset

values shown in Figure 21 are included in the software code.
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Figure 21
Top View of Anode-Puller Interface Showing Correlation of Alignment Values with x and
y Axes.
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CHAPTER THREE

DETAILED SYSTEM DESIGN

Governing Guidelines

The governing guidelines for the mechanical design configuration ensure that the
three analytical assumptions are maintained and that the minimum increment of motion is
achieved. Recall that the first assumption was that the three legs would always remain
orthogonal to the pivoting upper plate. The second assumption was that the base of the
three legs which mated with the lower plate would initially be coplanar with the o-ring.
The third assumption was that the upper plate would be constrained not to rotate relative
to the lower plate about the z-axis (through their centerlines). Design of the drive system
for adjusting the leg lengths focused on generating, with margin, a minimum increment of
motion of £ 0.1 mm at the anode-puller interface.

Other practical considerations that governed the design approach included
designing features for homing the mechanism and creating an assembly that could easily be
retrofitted into existing hardware. The scope of this effort was to generate a prototype
mechanism that demonstrated the ability to very accurately position the ion source from a

remote actuation point. It was important to minimize the overall cost.

Maintaining Key Assumptions
Keeping Legs Orthogonal to Pivoting Upper Plate
The first key assumption was that the three legs would always remain orthogonal
to the pivoting upper plate. Figure 22 shows the main components of the drive system

and their relative orientation with the rotating upper plate. Observe that the upper plate
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combines the two distinct tasks that are required for actuating the upper plate: threads for
linear motion and a bushing to maintain orthogonality.

The two other components that are concerned with the linear displacement of the
upper plate are the driveshaft and the differential screw. Notice that the driveshaft
integrates several important design features. First, the 3/8" precision ground driveshaft
which has a 10 pin surface finish mates with a bronze bushing to maintain orthogonal
motion of the shaft relative to the pivoting plate. Second, a brass ball, pressed and bonded
into the end of the driveshaft, serves as the bearing surface with the stainless steel lower
plate. Third, the driveshaft is threaded on the upper end to serve as a fixed, threaded rod
in the differential screw drive scheme. A slot in the driveshaft provides clearance for a
pressed-in guide pin that keeps the driveshaft from spinning axially and allows it to act as a
threaded stud.

Figure 23 shows an exploded view of the differential screw drive system concept.
Three separate parts with two mating thread surfaces comprise this sub-system. The
threaded end of the driveshaft is a 1/4-28 externally threaded rod which mates with the
1/4-28 internal threads of the differential screw. The 3/8-32 external threads of the
differential screw mate with the 3/8-32 threads of each tower in the pivoting upper plate.
Two opposing displacements are induced with each input clockwise revolution of the
differential screw. To appreciate the motion generated by these three elements, first
consider the driveshaft as a fixed, threaded rod. For each clockwise revolution, the
differential screw may be considered a nut which moves down the driveshaft at a lead of
(1/28 = .0357 in). Next, consider the OD threads of the diﬁ‘eréntial screw and its mating
part, the upper pivoting plate. Assume that the bottom of the differential screw is held
against a plane but it is still allowed to rotate axially. For a given clockwise revolution,
the pivoting upper plate moves up the differential screw at a lead of (1/32 = .0313 in).
Combining these two motions into one event, the net displacement for a given clockwise

43



(NMOQ Y! $$00°) = (dN €1S0°) + (NMOQ /S$0°)

PUO IO 1PIJuUdUd} 41 JO @UNYDN SIPOARY dAO0QY
pPajuesady SUOI Oy OM| @yl buluiqwo)

®j040Yy o) Seu4 Inq
suD)4 0} pex|y
8| meudg |0y jusieyy |0 l

_ _

~£1£0°22€/1 9N seacy

o n)y bujoealy '.le Jeddn
.>oﬂm)u induy | a0y upjong
shyug ey 1g seddy buyjonjg pue uy) Jemo) jo
MOUDG 10| usIe) 1] Jep|sUC) uo| 404 pepoeJy]
yndug
m »lSE0 =82/ | uUmo(] seaocy
As.udS 1o juese;si]
casy M) yndup | aey
tRyuQ jjpyseanjag pupr
‘.Lom d'—.‘.L.*‘_o L.‘_.cou
(#°301d )
sposuayy Q] mwlm\n spoesyl Q0 B82-¥/| gl spossyl BZ2-v/}
oyo)d sed ®3044ng puno.g g/¢ a0 spoe4yl 2¢-8/¢
340 Uo|jdog pepoeay) {0yseaylQg moudg P jusdey
17 0 T
A

-

$ndug
no

Figure 23

Detailed Presentation of Differential Screw System




revolution is (.0357 in 4) + (0313 in T) = (.00446 in ¥), .1134 mm downward
displacement of the pivoting upper plate. For a counterclockwise revolution, the
directions are reversed and the pivoting upper plate moves upward .1134 mm.

The final component of the drive system is an acetal coupling which is mounted
onto each motor output shaft. The lower portion of the coupling is slotted so that the
differential screw cross bar may nest into it. Extra clearance between the inner diameter
(ID) of the coupling and the outer diameter (OD) of the differential screw supports the
requirement of orthogonality between the drive system and the upper plate by allowing
angular offset between the centerline of the motor shaft and the centerline of the drive

system. The coupling is shown in Figure 24.

Base of Driveshaft Coplanar with O-ring

The second key assumption was that the base of the three legs which mate with the
lower plate would initially be coplanar with the o-ring. Figure 25 shows how the lower
plate is attached to the stationary flange of the existing hardware. Observe that the mating
surface between the brass balls of the driveshafts and the lower plate is indeed coplanar
with the centerline of the o-ring. Figure 26 shows the two countersunk clearance holes in

the lower plate that allow the retrofit mechanism to be secured to existing hardware.

Upper Plate Constrained from Rotating Relative to Lower Plate

The third key assumption was that the upper plate would be constrained not to
rotate relative to the lower plate about the common axis through their centerlines. Figure
26 shows a spherical groove oriented radially from the center of the lower plate. This
groove, located along the theoretical x-axis, matches the radius of the brass ball pressed

into the driveshaft and ensures that the third assumption is maintained.
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Figure 25 also shows two sets of shoulder screws that complete the layout of the

mechanism. First, three equally-spaced shoulder screws are fastened into the lower plate
and compress nested springs which provide system preload to eliminate drive system
backlash. Second, another three shoulder screws are screwed into the lower plate and
extend through the upper plate. The lower face on the heads of these screws are the
mechanical stops used during system homing. By driving the upper plate into the stops a
uniform gap is set between the upper and lower plates. From this position the upper plate

is displaced into the starting position where the o-ring is coplanar with the lower plate.

Achieving System Minimum Increment of Motion

The final governing guideline was to ensure that the system could achieve the minimum
increment of motion of + 0.1 mm at the anode-puller interface. Movement of the anode
along a single axis a value of 0.1 mm corresponds to a change in leg length of €. The
differential drive system produces & amount of linear motion per input revolution. This
minimum increment, 8, corresponds to a value of y degrees of rotation by the input shaft.
Using a 200 step/revolution stepper motor in the half-step mode (400 step/revolution),
this corresponds to ¢ steps/degree. Thus, y-¢ yields the minimum number of steps for the

minimum increment of motion. Shown in equation format:

£=.00584 mm =.00023 in; 6=.1134 mm =.004S5 in
.0058

£
=2.(360°) = ——-(360°) =18° 3-1
4 5( ) .1134( ) -1
$,, =400 steps
i1 400 .
= —=—=——=1.11 steps/ 3-2
¢ 360° 360° P (3-2)

S, =7 -9=18-111 steps/® = 21 steps (3-3)
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This level of precision is easily achieved with the control software and motor

driver cards operating in the half-step mode.

Other considerations for the design of the moving upper plate include clearance for
attaching the ion source assembly into its mounting holes and clearance for the cooling
lines and gas delivery lines for the plasma. Isolation of the 3/8-32 threads and the brass
bushings into three separate towers provides enough clearance in the upper pivoting plate
to accommodate the other system components. Appendix B contains all engineering

drawings created for this project.

Drive System Calculations
Four sets of calculations undergird system design. These calculations include a system
torque analysis for sizing drive components, a shear stress analysis for sizing the
differential screw, a hoop stress analysis for determining an appropriate press fit for the
brass ball and mating hole, and a fits analysis for the mating surfaces of the drive system.
A discussion of the pertinent equations and sample results are shown in the following

section. Detailed calculations are presented in Appendix A.

System Torque Analysis
The torque analysis for this system is unique in that it considers the torque both to

raise and to lower a given load. The following equations’ are used in these calculations:

For lowering a load: For raising a load:
7 Q)| prdy —proos(e,)] (3 4 7 (D), +p-cos(@)] (5 s,
2 #d_ cos(a,) +up 2 wd_ cos(a,) —up
where:
T = System torque a,, = thread angle in normal plane.
O = System load p = lead of thread.
d,, = mean diameter of thread u = coefficient of friction.
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The reason that both raising and lowering a load are considered in this analysis is

because of the opposing action of the differential screw. For a given input clockwise
revolution of the differential screw, the 1/4-28 mating threads lower the system load while
the 3/8-32 mating threads raise the load. This concept was presented in greater detail in
the earlier section "Keeping Legs Orthogonal to Pivoting Upper Plate" and in Figure 23.
The system load consists of several components. First, the source assembly exerts
a constant downward load due to its weight. Second, the system preload exerts a
downward load dependent on the height of the upper plate above the lower plate. A
maximum value for preload was assumed for the torque calculation. Third, the o-ring
offers resistance to motion due to friction against its mating surface. Finally, the force of
atmospheric pressure exerts a constant downward load due to the pressure differential
across the o-ring and the evacuated area surrounding the ion source assembly. The

following are the values used for the load, which is divided into three locations.

. Weight of ion source: 4 lb. (measured);
. Preload @ 3 places: 10 Ib. (calculated - see Appendix A);
. O-ring resistance: 5 1b. (measured);
. Pressure Differential: 38 Ib. (calculated - see Appendix A),

The mean diameters were chosen according to the thread profile under
investigation. The coefficient of friction, 4, was chosen as 0.35 initially (brass on steel) to
see worst-case torque but later used as 0.20 (brass on steel, lubricated) for use in sizing
the system motors. The thread lead, p, was chosen appropriately for the thread system
being analyzed. The maximum torque required for the system is 36 oz-in, assuming an

unlubricated condition for the drive threads. The specified motor will deliver 150 oz-in of
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torque (no-load). Since system inertias are low, no ramping of the stepper motors is
necessary for system moves. Table 2 shows a summary of the torque, shear stress, and

hoop stress analyses. Solution details are presented in Appendix A.

Differential Screw Shear Stress Calculation
The shear stress calculations were based on two sets of equations®. First, the

shear stress was calculated using the standard equation:

I, + Tr,

3-6
7 (3-6)

where 7= shear stress, 7 = system torque, 7 = radius where torque is applied, and
J is the polar moment of inertia.

Next, the factor of safety was calculated assuming that failure in the differential
screw would occur at the point of maximum shear stress. Since the differential screw is
subjected to pure torsion with no bending, the shear stress calculated above is equal to the
maximum shear stress (7=7,,,,). Assuming a value of o,,, = 10,000 psi’ for brass, the
factor of safety may be calculated as follows from the Maximum Shear Stress theory of

failureb:
FS=—2% 3-7

In order to ascertain the worst-case loading on the differential screw, the shear
stress equation was applied both to the inside thread pattern and the outside thread
pattern. The highest-load motion is seen when the load is lowered. For this case, at the
maximum torque of 53 oz-in (u = 0.20), the factor of safety for the differential screw

failing due to shear loading is 3.5. This is an acceptable factor of safety value.
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Table 2

Summary of Torque, Shear Stress, and Hoop Stress Analyses

System Intermediate Calculated Value Design
Variable Variables (Worst-Case) Value
Torque T = 36 0z-in T = 150 oz-in
Load Q =57/3 Ib
p = 0.35 (unlubricated)
Shear Stress Tror = 1419 psi FS=3.5
Torque T = 94 o0z-in TDthd = 1082 psi | FS = .S0,,/T1ot

Mom. Inert. J = .0013 in4

ToD thd = 337 pSl

Oyp = 10 ksi
Hoop Stress up = 0.0005 in
Eccr = 30 ksi (hole increase)
A=0.002 in p = 66.67 psi
n=034 (interference
pressure)
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Hoop Stress Calculation for Ball/Shaft Press Fit

To maintain a consistent driveshaft diameter where the brass ball was pressed into
the stainless steel driveshaft, a stress analysis was conducted for this fit. The following
equations® may be used first to calculate the pressure exerted on the ID of the stainless
steel shaft where the ball is pressed in, and second the amount of which the OD of the

driveshaft grows due to this press fit:

)
+[@
p=E—A[1—(“ﬂ (3-8);, and u=2 ——(—b)—+# (3-9)

sa| \b E, [1_(_;)2]

where,

p =  pressure exerted onto the inner diameter of the driveshaft (calculated).

A = diametral interference between diameter ball and diameter hole (chosen).
a, b =  inner and outer diameters, respectively (@ = .25 in; b =375 in).

E.E,=  modulus of elasticity for hole (stainless steel: E=E,= 30,000 psi).

4 = Poisson's ratio (brass: u=0.34).

u, =  growth of outer diameter of outside diameter of driveshaft due to press fit.

Using a value of 4 = 0.002, the calculated pressure p = 66.7 psi, and the resulting

value for u;, was 0.0005 in. This value is acceptable as an increase in the driveshaft OD.

Fits Analysis

Finally, a fits analysis for all the mating drive components was performed for
appropriate callouts on the detailed fabrication drawings. Fit between the three
driveshafts and mating bushings, the bushings and their mating holes, roll pins in both the
drive system towers and acetal couplings, and roll pin into the top of the differential screw
were all considered. Figure 27 shows a summary of the various components, their mating

parts, and associated fits.
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Interface: OD Bushing to ID Tower (3 PL)

Hole in Tower OD of Bushing
(in) (in)
.503, +.002 -.000 .502, +.000 -.002

Interface: ID Bushing to OD Driveshaft

ID Bushing OD Driveshaft
(in) (in)
376, +.001 -.000 (STK) .3747, +.0000 -.0002 (STK)

Interface: Guide Pin Hole and OD Roll Pin

ID Hole OD Roll Pin
(in) (in)
094, +.002 -.000 094 - 099
Later modified to
099, +.002 -.000

Interface: Cross Bar Pin Hole in Differential Screw with Roll Pin
Motorshaft Pin Hole with Roll Pin

ID Hole OD Roll Pin
(in) (in)
094, +.004 -.001 094 - 099

Summary of Mechanical Fits
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Error Analysis

In conjunction with performing the detailed analyses for proper parts design an
error analysis can highlight areas that could contribute error to system motion. The
sequence of activities that the system undergoes to position the ion source in the critical
region of the anode-puller interface includes a variety of tasks which are listed below with
their expected error contributions. Complete calculations for the various error values may

be found in Appendix A.

Software / Electrical Errors

* Software mishandles receipt of x, y, and z values from user and improperly converts
data to a, B, z parameters for coordinate transformations. Mistakes in calculation of
exact solutions for z/, z2, 23 leg values.

Expected Error Contribution: None.

* Software inconsistently calculates number of revolutions and steps for move.
Expected Error Contribution: None.

* Stepper motor pulsing data is lost during transmission to motor driver cards.
Expected Error Contribution: None. Comparison of actual with theoretical pulse
output would eliminate this as an error contributor.

Drivetrain Errors

* Inefficiencies in transmission of torque through the drivetrain caused by system
backlash or inexact thread profiles results in linear displacement errors.
Expected Error Contribution: Minimal. Screw threads will be preloaded by constant
downward atmospheric pressure on o-ring, preload springs, and weight of source.
Both screw thread profiles are standard unified thread profiles which will be created
with standard taps.

* Resistance to sliding motion of brass balls on stainless steel plate due to excessive

frictional forces causes increase in system torque load.
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Expected Error Contribution: None. For a u=.35 (brass on steel), the frictional force
value is uUN=(.35)-(57/3) = 7 Ib. This amount of force will not cause any significant
bending moment in the 3/8" stainless steel driveshaft at the entrance to the bushing or
any extra torque load on the motors.

O-ring loses lubricity and triples resistance to motion value.
Expected Error Contribution: Minimal. 3X increase in o-ring resistance (5—15 Ib.)
offers minimal impact on system torque load. Torque load factor of safety is three.

Excessive torque is generated because system is run without lubrication in drive
system threads.

Expected Error Contribution: None. Maximum expected torque load in a no-
lubrication condition is 93 oz-in. Each stepper motor is rated at 150 oz-in (no-load)
torque.

Loss of Orientation - Inexact Positioning Errors

Stepper motors lose step periodically due to over-pulsing.
Expected Error Contribution: None. Pulse rate limited by software.

System is inadvertently driven into existing hardware causing motors to stall.
Expected Error Contribution: None. Range of motion limited by software.

System loses step when driven against the mechanical stops and all motors do not
move uniformly to the start position.

Expected Error Contribution: Minimal. The motors could be out of phase by at most
8 steps (for 1/2-step mode) which corresponds to (8/400*360) = 7.2°. The minimum
increment of system motion is 21 steps. Since this error value is a one-time, non-
cumulative contributor, the 8 steps are not considered to offer significant error.

Overall, this design approach seems relatively insensitive to error. The accuracy of

this error analysis will be evident in Chapter Five, "System Evaluation".
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Cost Summary

Table 3 shows a comparison of the current system cost and the new system actual
cost for those components that would change with the new mechanism design. The
difference between the new system cost and the current system cost is ~ $1500. The main
reason for the difference in these two values is due to the cost differential between the
presently-used alternating current motors with no driver cards and the new step motors
with associated driver cards. Other significant contributors include a 2.5X increase in cost
between the current pivoting upper plate and the new pivoting upper plate. The reason
for this difference is the increase in functionality that the new pivoting upper plate offers
by combining linear actuation and the maintaining of orthogonality between the pivoting
upper plate and the driveshafts.

If the new system is chosen for use as regular production hardware, costs would

be lowered in the following areas:

. PN 1403529, Flange, Top, Ion Source Tower could be integrated with PN
1403886, Flange, Stationary Plate, Ion Source Positioning with a single cost
similar to that of 1403886.

. PN 3301341, Assembly - Cover - Faraday Cage could be stamped sheet metal
with a lower cost instead of being machined as it was for the prototype.

. PN 3301338, Assembly - Flange, Pivot, Plate - Ion Source Positioning could
potentially be made out of aluminum instead of stainless steel if it is compatible
with the electrical requirements.

Total potential savings if the above three changes were implemented would
amount to ~ $616. This would correspond to a total system cost of ~ $2400. This is a

$1000 increase over the current system. Table 3 summarizes this information.
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Table 3

Cost Comparison Between Current and New Systems

Parts Used in Current System:

Current Ext.
PN Description Qty | Current Cost Cost
1403530 Flange, Adjusting Plate, Ion Source 1 241.23 241.23
1403529 Flange Top Ion Source RDS 111 1 266.31 266.31
1403717 Safety Cage, Ion Source 1 333.50 333.50
1403713 Shaft Screw Adjustment 3 20.00 60.00
1403714 Coupling Screw Adjustment 3 30.00 90.00
1403566 Screw Differential Ion Source Adjust. 3 28.90 86.70
Motor, A/C 3 37.00 111.00
2360046-03 Compression Spring 3 0.50 1.50
1403567 Pin Differential Screw (modified PUR part) 3 83.37 250.11
2330047-04 Pin Spring 1/16" diameter 6 0.25 1.50
2600476 Screw 1/4-20 x .625 L Shidr Skt Hd SST 3 0.25 0.75
2600522 Screw 1/4-28 x 1.25 L Pan Hd SIt SST 3 0.29 0.87
TOTAL: $1041.60 $1443
Parts Used in New System:
PN Description Qty Actual Extended
Cost Cost
3301338 Assy, Flange, Pivot, Plate 1 695.00 695.00
1403529 Flange Top lon Source RDS 111 1 266.00 266.00
1403886 Flange, Stationary, Plate 1 320.00 320.00
3301339 Driveshaft, Threaded, Ion Source RDS 3 118.00 354.00
1403717 Safety Cage, Ion Source (Mod'd Cover) 1 200.00 200.00
5650050 Motor, Step, Hybrid, Size 34 3 114.00 342.00
5650051 Driver, Step Motor, Full & Half Step 3 138.00 414.00
1403889 Coupling, Driveshaft 3 77.00 231.00
3301340 Assy, Screw, Diffrential, Ion Source Adjust. 3 86.00 258.00
System Cables (Estimated Internal Labor) 2 120.00
2360046-03 Compression Spring 3 0.50 1.50
2330047-04 Pin Spring 1/16" diameter 6 0.25 1.50
2600476 Screw 1/4-20 x .625 L Shidr Skt Hd SST 3 0.25 0.75
NEW Screw 8-32 x .625 L Shidr Skt Hd SST 3 1.00 3.00
NEW Screw, 1/4-28 x .625 L Flat Hd SST 2 0.50 1.00
TOTALS: $3200




CHAPTER FOUR

SYSTEM CONTROL SCHEME

Overview
The system control scheme consists of an executable 'C' code, which converts
user-prescribed inputs into step and direction data for motor pulsing, and five pieces of
hardware which use the control logic ultimately to drive three step motors. Controlling

hardware will be described first, followed by a description of the software code.

Control Scheme

Figure 28 shows a block diagram of the control scheme for this system. Note that
the major components of the control scheme include a personal computer (PC) executing
a 'C' control software, a parallel-port input/output (I/O) card that plugs into the backplane
of the PC, an open collector driver circuit, three motor driver cards, and three stepper
motors. Each component will be described in this section.

The personal computer used in this project was an 8-MHz, AT-style PC. Faster
computers could be used; however, the 80286-class microprocessor in this PC was more
than adequate for the mechanism actuation / control task.

A parallel-port YO card was used as the output path for sending pulse and
direction bits to the motor driver cards. The card is divided into three, 8-bit ports that
may be used for either input or output tasks. For this application, all ports were set to
output. For convenience in programming, Port A was chosen for step pulse output bits
and Port B for direction output bits. By segregating step data from direction data, the

software can independently write a byte (8-bits) to each port and simultaneously step and
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Figure 28

Control System Block Diagram
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set direction on all three motors. This approach allows system moves to be made in a
more expedient manner than sequential stepping of each motor would allow.

Setup activities performed by the software include defining the base address for the
I/O card, specifying the address offsets for each port, and specifying either input or output

data direction for each port. See Appendix C for a complete listing of the 'C' source code.

Open Collector Driver Circuit

Step and direction output from the PC I/O card next passes into an NPN open
collector driver circuit. The motor driver cards require a logic source that is capable of
sinking 5 mA8. The PC I/O card is capable of sinking only 1.7 mA®. To account for the
mismatch, an NPN open collector driver circuit was inserted between these two cards.
The external open collector circuit will sink 12.5 mA, well in excess of the required value.
The design equations for the open collector driver are included in Appendix E.

Input logic to the open collector driver is inverted by the transistors in the circuit.
For this reason, the 'C' control code was arranged to invert the logic for step and direction
prior to sending it to the open collector output. This inversion was accomplished by
taking the one's complement of the output byte prior to making the port call. In'C', one's

complement may be accomplished by
Outvaluel = ~Outvaluel;

where Outvaluel is the variable name for the output byte.

Motor Driver Card
The 2035 Step Motor Driver® uses dual, bipolar H-bridge power amplifiers that
switch at 20 kHz. The input voltage may range from 12-35 VDC. The output current

ranges from 0.125 - 2.0 amps/phase. The drive is capable of supplying 70 watts maximum
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output power. Automatic idle current reduction reduces the current to 50% of specified

current after one second of inactivity. For the ion source positioning mechanism, input
voltage is 24 VDC and the output current is 1.75 amps/phase, chosen to match the motor
values for maximum performance.

Stiffler10 refers to this type of drive as a chopped-voltage drive ("chopper driver")
as it applies higher-than-rated voltage to the motor to induce a rapid rise in current with
torque following the current. As current exceeds rated current, a current sensing network
switches off the voltage until the winding current decays below rated current at which
point voltage is reapplied. The net effect is that the motor is driven by rated current
(averaged) but responds more quickly than if rated voltage alone was applied. Motor
inertia is sufficiently large to average the chopped torque and to provide smooth motion.

The driver card uses optical isolation circuitry to prevent the electrical noise
generated by the switching amplifiers from interfering with the driving logic. Optical
isolation is accomplished by powering the motor driver from a different supply than the 5
VDC (from the PC backplane) that drives the step and direction logic. Signal
communication from the logic input circuitry to the driver circuitry is accomplished with
infrared light that turns off and on as dictated by the logic. Phototransistors in the drive
circuit generate motor pulses corresponding to step and direction logic. Complete

specifications for the motors and motor driver cards are included in Appendix D.

Step Motors

The final hardware components of the control scheme are the three step motors
that provide the input torque to drive the system. As calculated in the "Drive System
Calculations" section, the maximum torque required by the system is on the order of 50
oz-in. Requiring a factor of safety of at least two, preferably three, the 4034-322 step
motor was chosen from Applied Motion Products. This motor is built around the smallest
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NEMA class 34 chassis and delivers 150 oz-in of holding torque under no-load, zero-
velocity conditions. Space constraints between the top of the upper yoke and the inside
face of the lead / concrete shielding of the cyclotron dictated that the motor height had to
be less than 2.5 inches. The 4034-322 has a height of 2.48 inches.

The motor was modified in two ways for use in this mechanism. First, a 0.094 in
(2.388 mm) hole was drilled into each motor shaft to accommodate a roll pin that is
pressed also through the acetal coupling. The acetal coupling transmits the motor torque
to the differential screw. Second, one corner of the motor mounting flange was milled off
at a 45° angle so that all three motors could be nested into position on the mounting plate.
The system layout required that only two motors be modified. However, the choice was
made to alter all three motors so that CTI has to maintain only one part number and can
easily interchange any of the three motors.

Six-lead motors can be connected to the driver card in either a series mode or a
center tap configuration. In series mode, motors produce more torque at low speeds but
cannot run as fast as the center tap configuration. Since inertial loads are low for this
system, the center-tap configuration was chosen with the motors operating in half-step

mode. Appendix D shows the center-tap connection diagram for these motors.

System Software

General Approach

The main computational engine for the software code is the mathematical model
that was presented in Chapter Two. Figure 29 shows a block diagram of the software
algorithm. The software code was written in the 'C' programming language for
compatibility with other CTI / CCS programs and ease of future maintenance. The user
runs an executable file when positioning the ion source with this mechanism. A complete
listing of the source code for the controlling software may be found in Appendix C.
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The software performs the following computational tasks using double-precision,

floating calculations:

. Queries users for desired gap, xy-aperture alignment, and z-aperture alignment
values.
. Converts these values into xyz values for moving the anode aperture relative to the

puller aperture.

. Converts xyz values into afiz values and calculates H,, H,, values.
. Calculates new leg lengths based on afiz and H,, H,, values.
. Calculates number of steps and direction data for each leg.

Having converted user-prescribed inputs into logical data for pulsing the motors,

the software performs the following input/output (I/O) and motion control tasks:

. Sets the base address for the personal computer (PC) parallel-port I/O card.

. Sets the offset address for the three ports on the /O card.

. Sets the three ports to output only.

. Writes data to the I/O card to home the motors and place the mechanism in the

"start" position using a fixed routine for pulsing the motors.

. Writes the "move" data to the output port based on system calculations causing
simultaneous pulsing of the three step motors.

Software Delay

In order to successfully pulse the motor, the software cycles the output step bits
from a logical low to a logical high state at the desired pulsing frequency. Direction bits
are set once for each move. This cycling requires the use of a software delay function that

keeps the pulses in either a high or low state for an exact length of time before switching

to the opposite state.
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The DOS/BIOS timing function of all true PC-compatible machines has a 54 msec
system clock pulse that keeps PC functions synchronous. To achieve timing functionality
below this threshold, two options are available.

First, a machine-dependent loop can be established that simply makes a function
call a calibrated number of times to accomplish the desired delay. This function would be
called each time an output pulse was required to wait between a high and a low state. The
main drawback to this solution is its lack of portability between different hardware. This
method also requires calibration of the output signal with an oscilloscope.

Second, specialized software!4 may be purchased that can access the 8253 timer
chip found in all compatible PC's and perform micro-second level timing. This software,
and its affiliated function calls and libraries, allows complete portability between PC-
compatible machines and offers ultra-precise timing capability to the programmer.

During the course of this project an older version of micro-second-delay timing
software was evaluated for use in this application. Executing the demonstration delay
routines in this shareware software revealed that, indeed, micro-second delays were
possible. An attempt to deploy these function calls and library files directly into
mechanism source code was unsuccessful. The manufacturers encoded the demonstration
software with a flag that flashed a message about the company and said to "press any key
to continue" each time the delay routine was called. This message, embedded in the
library routine, rendered the software useless for any purposes other than demonstration.
For a price, however, this software is available and could be integrated at a future time.
The current revision of the mechanism control software has all of the function calls and
variable declarations included as comments.

In the spirit of prototype demonstration, a machine-dependent delay was used for
this application. Different multipliers corresponding to numbers of passes through the
delay loop were used to calibrate the delay function. Figure 30 shows the correlation of
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numbers of passes to elapsed time as measured by an analog oscilloscope on the output
pin of the SSI board. A value of 20, for example in Figure 30, corresponds to a hardware

delay of 1 msec.
Finally, the executable software that the operator sees was designed to be "user-

friendly". Appendix C shows sample output from the three screens that serve as the

interface for this control software.
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CHAPTER FIVE

SYSTEM EVALUATION

Overview

After assembling the mechanical hardware and completing the controlling software
code development, a range of evaluation tests were conducted to assess system
performance. These tests included measurement of individual piece parts for comparison
of post-machining dimensions with that of design specifications as well as system testing
for minimum increment of motion and complete range of motion. Evaluation of the
control system included verification that an accurate pulse count was being sent to the
stepper motors and that accurate numbers of revolutions of the motors were achieved for
a calibrated input.

Original plans included the use of a coordinate measuring machine (CMM) for
minimum increment of motion and range of motion testing. Several attempts were made
to use an LK-850C computer-controlled CMM in use at Martin Marietta Energy System's
Y-12 Operations in Oak Ridge, Tennessee. However, due to administrative problems at
the Y-12 Plant, the CMM was not available for system test. Instead, hand tools were used
to verify system performance along single axes of motion. A detailed description of the

tools and methods used for evaluation follow in this chapter.

Test Configuration
The basic test configuration for measuring the minimum increment of motion, the
system range of motion, and system repeatability is shown in Figure 31. The test stand is
constructed of extruded aluminum members with machined ends which allowed for
construction of a rigid platform for mounting the positioning mechanism and ion source
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Photograph of Test Configuration
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assembly. Prior to each test run the stand was adjusted to an approximately level

condition and securely clamped to a granite surface plate. The stand did not have to be
absolutely level or perfectly square since all measurements were recording relative

displacements from an arbitrary starting point.

Measurement Tools

As shown in Figure 32, a height gage was used to measure the vertical
displacements of the positioning mechanism. Consistent probing forces were maintained
by incorporating a probing dial indicator with the standard height gage to monitor probing
deflections with each measurement. Figure 33 shows the test configuration for measuring
system y-axis motion. As shown, a standard two-inch-travel dial indicator was suspended
by a magnetic stand attached to a large steel section such that the probing tip of the
indicator sat squarely against the anode adjacent to the aperture. A known initial
deflection was applied to the dial indicator so that full range of system motion could be
measured without repositioning the dial indicator. Figure 34 shows the test configuration
for measuring x-axis system motion. Similar to the y-axis setup, the probing tip of the dial
indicator was placed on the curved edge of the copper housing surrounding the anode at a
height corresponding to a plane cutting through the center of the anode aperture. The dial
indicator was preloaded by a known amount for full range of x-axis motion to be tested
without repositioning the dial indicator.

Measurements of most piece-parts were made with standard hand tools such as
calipers and micrometers. However, CTI's manual CMM was used to measure the
diameter bolt circle of the rotating upper plate since this measurement could not have been

accomplished easily with hand tools.
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Figure 32
Photograph of Z-Axis Measurement Scheme
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Figure 33
Photograph of Y-Axis Measurement Scheme
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Figure 34
Photograph of X-Axis Measurement Scheme
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Test Conditions Relative to In-Use Conditions

Since existing hardware in the cyclotron hinders direct measurement of the

mechanism motion at the anode-puller interface, minor changes were introduced to the

system configuration to best model end-use conditions during testing. These

modifications include:

Use of a functionally equivalent ion source assembly with only those components
required to establish the critical distance from the positioning mechanism to the anode-
puller interface. The assembly also maintained the rotational orientation of the ion
source mounting holes relative to the anode aperture.

Placement of a higher-than-specified preload on the rotating upper plate to simulate
the constant downward load of atmospheric pressure on the o-ring. This additional
load is critical to generate the correct torque conditions on the stepper motors.

Manually aligning of the motor driveshafts with the differential screw centerlines in the
test stand using visual comparison only. This alignment method is used since no
special locating features are present in the test stand. This alignment, though inexact,
induces minimal error into system motion since the drive coupling acts as a universal
joint.

Evaluation Criteria

Engineering drawings of system components are the primary evaluation criteria for

measuring the performance of the fabrication processes that make the parts. Project

performance goals, stated previously in the "Statement of Problem" section, are the

primary metrics for evaluating system performance. Design goals are restated below:

Minimum Increment of Motion: 0.1 mm.

Range of Motion for x-axis: +3.0mm (£0.118 in).
y-axis: +2.2 mm (+0.088 in), - 3 mm (- 0.118 in).
z-axis: +2.0 mm (£ 0.079 in).

Accuracy of Motion for x, y, and z axes: *.2 mm (+.008 in).
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Original range-of-motion design goals specified + 3 mm along the y-axis. Later

investigation revealed that existing hardware prevents travel of a full + 3 mm of motion in
the y-direction. All other displacement target values were achievable within the
constraints of existing hardware.

Evaluation of the ability of the positioning system to home itself by driving against
mechanical stops and move to a desired start position was also assessed. Although end-
users stated that manual homing of the mechanism was an acceptable start-up method, the
final mechanism was designed to automatically home the system and set a starting gap of
3.81 mm (0.150 in) from an arbitrarily displaced position. Performance relative to these

criteria is discussed below.

Results

Software Pulse Count and Motor Travel Verification

The strategy for assessing the functionality of the control system was to capture as
many upstream operational steps as possible by a single downstream measurement. By
counting the number of pulses being sent by the control code to the motor driver cards,
the software code is treated as a black box with user-specified x, y, z inputs and pulse
counts as output. An ORTEC Model 871 Timer and Counter, plugged into a standard
nuclear instrumentation module (NIM) chassis, was used to count the number of pulses
sent to the motor driver cards for a given calculation. Comparison of theoretical to actual
pulses was straightforward since the software presents a data screen which details the key
parameters for future moves by the system. Testing showed exact agreement between the
software-generated pulse counts for a given move and that which was seen at the input to
the motor driver cards.

Motor travel verification was conducted by first calculating a set of system moves
in the z-direction that would generate a progressive series of integer output revolutions.
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The z-direction was chosen so that all the motors would move an equal amount enabling
review of any discrepancies that might exist between the three driveshafts for a uniform
move. The set of input test parameters covered the range of output motor driveshaft
revolutions from one to fifteen revolutions in one revolution increments. The performance
of the three output driveshafts was measured by using the lower slot in the acetal coupling
as a timing mark which was compared to a reference mark placed on each of the three
fixed towers on the rotating upper plate. For this test, all upstream calculations were
treated as a black box with user-specified x, y, z inputs and motor driveshaft revolutions as
output. Evaluation revealed an exact relationship between the calculated number of
revolutions required to complete a system move and that which each of the three motor
driveshafts executed for the input move.

By experimentally validating the analytical algorithm embedded in the software
code, the number of pulses sent to the motor driver cards, and the number of revolutions
of the motor driveshafts, performance of the mechanism was shown to be a function of the
mechanical hardware downstream from the motor driveshafts. Early establishment of the
control system functionality allowed primary focus to be placed on the hardware during

system troubleshooting.

Pivoting Upper Plate Evaluation

The rotating upper plate serves as an integrator for many different aspects of the
mechanism function. It supports and retains the plasma ion source, facilitates linear
displacement through the differential screw and driveshaft, and maintains "leg"
orthogonality via the three bushings. The most critical function that this part performs is
the transmission of pivoting motion corresponding to the desired anode moves from linear
displacement of the drive screws. Inspection of this part revealed that the 3/8-32 UNEF
threads were properly tapped into the three stainless steel towers. Inspection also showed
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that the three 0.094 in pin holes were properly drilled through the tower wall and brass

bushing. The diameter bolt circle (DBC) for the 3/8-32 UNEF holes was also fabricated

properly.

Wobble Error Induced by Test Configuration

The test stand shown in Figure 31, page 71, allows some variability in the initial
alignment between the fixed location of the motor driveshafts and the variable location of
the mechanism. Since the fixture has no special locating features, test alignment is set by
visual inspection only. An induced error, though small, was revealed as a periodic
wobbling motion evident during system testing. This wobble was propagated by a
misalignment between the centerline of each of the three driveshafts with each of the three
acetal couplings. To minimize the wobble error, the coupling was modified by adding ID
clearance so that the coupling could act as a universal joint between the motors and the
differential screws. The modified coupling is an enhancement to overall system flexibility
since the end-use mounting scheme for the drive motors is based on a low-tolerance
drawn sheet metal box mounted on the cyclotron. Built-in compensation for driveline

misalignment makes the overall mechanism a more robust design.

Driveline Errors

Overall system range of motion was reduced due to a design error in the driveline
calculations. Determination of the optimal engagement thread length for the differential
screw and driveshaft should be based on the thread pattern with the larger lead value.
Since the 1/4-28 thread profile generates a longer linear displacement than the 3/8-32
thread profile for a given input revolution (1/28 > 1/32), sizing calculations should have
used the 1/4-28 lead value of .0357 in (.91 mm) instead of the 3/8-32 lead value of .0313
(.79 mm). To avoid catastrophic driveline failure during operation, the mechanism is
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assembled so that mechanical homing is possible without disengagement between either

the differential screw and the driveshaft or the differential screw with the mating tower
threads. Biasing the driveline displacements to envelope the 0 — -2 mm portion of the z-
axis motion allows positive z-axis motion of only 0 - 1.4 mm. Correction to this
problem requires increasing the thread engagement length for both the differential screw
and the driveshaft based on travel calculations using the 1/4-28 thread profile and
remaking these parts.

Finally, the last piece-part error that was found during system evaluation was a
mismatch between the driveshaft guide pin holes in the towers of the upper plate and the
width of the guide slots in the driveshafts. This error became apparent only when system
actuation along an axis changed direction. During the transition stage between loading
from one direction to the other, the differential driveline delivered a lead of 1/32 in instead
of the differential lead discussed in Chapter 3. This is because the preloaded driveshaft
tends to rotate with the differential screw unless it is constrained to act as a threaded stud.
When acting as a threaded stud, the driveshaft's 1/4-28 threads oppose the motion of the
3/8-32 threads and the differential screw delivers the net differential motion. An error of
~.001 in at the driveline location in the mechanism gets magnified by a (17.671 / 1.954)
or 8.6 factor so that a .009 in error is seen at the anode-puller location. The solution to
this error is to increase the hole size from .094 in to .099 in and accept the minimal error
of .002 in at the anode to leave assembly margin to account for inexact drilling of the

guide pin hole.
On-Axis Displacement Data
Figure 35 shows the results of system testing along the y-axis using a dial indicator

to record displacements. The abscissa units reflect the operator inputs in millimeters while
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Figure 35
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the ordinate axis shows displacement values in the units of the test equipment - inches.

The darkest linear lines in Figure 35 represent the best-fit line using a least-squares
regression analysis from the experimental data collected for three trials. The three lighter
lines adjacent to the best-fit line are the experimental data taken in successive trials which
depict total system displacement (in) as a function of 0.2 mm progressive moves along the
y-axis. The labeled "IDEAL" line and the two companion dashed lines represent the target
value and tolerance band for the displacements. The V-shape of the displacement curve
reflects the positive values that were recorded for y-axis displacements in both directions
from the starting anode-puller "gap" value of 2.788 mm.

The curve-fit equations, variances, and maximum deviations are shown at the
bottom of each figure. The variance, labeled as "var" on all data figures, is defined12 as

follows:

n

Z (yacl, =~ Vbestht, )2

var = ¢* = &=/ (5-1)
n-1

Note the periodic nature of the experimental data. This behavior is a reflection of
the wobble effect manifested as an elliptical path of the coupling / differential screw
interface. Since the axial alignment between paired motor shafts and differential screws is
based on visual observation during test setup, this wobble effect may be more pronounced
along a single axis or spread more evenly across both the x and y axes. Exact positioning
of the origin of the mechanism directly below the center of the DBC of the motors would
minimize this effect.

Figure 36 presents the experimental data for motion along the x-axis using the
same dial indicator method as discussed for Figure 35. Notice that data for Figure 36
does not exhibit as pronounced of a periodic motion as the y-axis data in Figure 35. The
data, though very repeatable, still display a deviation from the ideal slope value of .0394.
The worst-case slope error is given by the following equation:
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X-Axis Displacement Results

Figure 36
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(.0394-0373)

% Error = -100 =5.26% (5-2)

.0394
Although the y-axis data seen in Figure 35 behave in a periodic manner which was
attributed to set-up misalignment, data in Figure 36 point to a systemic error independent
of test setup induced errors. Even with this 5.3% error, however, the x-axis motion is still
within the target band.

Figure 37 shows the data for z-axis motion. As with the x and y axis motion, the
dark line through the data represents the calculated, best-fit line for that data. Statistical
data are given at the bottom of Figure 37. Z-Axis motion is accurate and highly repeatable
as given by the low variance and max deviation numbers. Figure 38 summarizes the
curve-fit equations, variances, maximum deviations, and the final error offset values in the

extreme ends of each axis for the associated experimental data.

Contact Stress Analysis

The loading condition along the drive system from the preload, vacuum load,
weight of source, and resistance of o-ring is concentrated on the tip of each of the three
brass balls that mate with the stainless steel lower plate. Although the theoretical contact
area for a curved surface such as a sphere is a point, the elastic nature of the materials
produces a small contact area because of deflections. Equations’ for the pressure and
contact area quantify these effects. First, consider a quantity A which is a function of

Young's Modulus (E) and Poisson's ratio (v) for the two mating bodies:

2 2
1=y 1-v

A t
E] EZ

(3-3)

Using this expression for A, the expressions for contact pressure (p,) and the radius of the

area of contact (a,) may be stated as follows:
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D, =0.578'3\/F(1/RA:-”R7) (5-4)

and
FA

a, =0.908 3 —————
1/R H/R,

(5-5)

where:

F is the loading force;

R, is the radius of the sphere;

R, is the radius of the mating part (flat plate in this case so Ry = o in this case);

For the mechanism under investigation, the following values> were used to

calculate A, p, and a:

F=573=191b E; = 15-106 psi vy =034
Ry =.125in E, = 28-106 psi v, =030

The resulting values for p, and a were 304,000 psi and .0055 in. This value for p,
is well beyond the elastic limit for brass. Thus, the brass ball will yield and develop a flat
spot where the ball contacts the stainless steel plate. The two non-groove brass balls were
measured and the diameter of the flat spot was found to be ~ .010 in. The value for p,, is
also beyond the elastic limit for stainless steel so that the stainless steel plate will
experience a dimpling effect that may be seen on the surface of the plate over time. The
combined effect of a recessed lower plate and a flattened brass ball on the driveshaft could
result in increased resistance to motion of the bottom end of the driveshaft which could be
reflected back to the motors as an additional torque requirement. A spreadsheet showing
the effects of different R values with different load values is shown in Appendix F. This
matter should be investigated more deeply to safeguard the long-term reliability of this

mechanism. Several minor hardware changes could be considered to eliminate this effect.
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CHAPTER SIX

CONCLUSIONS & RECOMMENDATIONS

Conclusions

The following conclusions may be made regarding the outcome of this project:

Efforts have resulted in a working mechanism that demonstrates repeatable actuation
of a plasma ion source to an accuracy of + 0.2 mm from a remote actuation point
located 425 mm away.

The mechanism meets the design goal for minimum increment of motion by effectively
moving the anode a minimum of 0.1 mm. The mechanism also produced positioning
motion that fell within the range of acceptable values dictated by design goals.

The closed-form solution to the mathematical model generated for this mechanism
gives CTI new insight into the governing motion of the current and new systems. This
knowledge can be helpful to CTI for overall optimization of cyclotron performance.
This algorithm may have wider applicability to solving general three degree-of-
freedom positioning problems.

The main drivers of the 2.5X increase in system cost over the current system are the
stepper motors and driver cards and the higher cost for the rotating upper plate which
integrates several functions into one part.

The mathematical algorithm that supports the software code is a robust element in the
overall system design in that it may be calibrated to account for deviations in part
fabrication methods.

Recommendations

Several areas for improvement were encountered during the course of this project.

These elements include the following items:

Improve the ease of retrofit of the mechanism onto existing hardware by adding
clearance holes for the 1/4-28 studs that are integral to the mating hardware.
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» Correct the design error in the differential screw and driveshaft to allow the system to
move over the entire range of motion. Verification of this requirement with the end-
user might reveal that original design goals were conservative.

o Add a machine-independent delay routine to the software code to enhance the
portability of the code.

o Further investigate the effects of experimental setup variation on the induced wobble
effect evident particularly in the y-axis data.

* Investigate further the high contact stress phenomenon. Pursue additional
experimentation and analysis to fully assess the impact of this systemic error. Consider
small interface element to increase the surface area of the mating parts while still
allowing for flexibility in system motion.

This project has been a challenging analytical and design effort. The original scope
was to demonstrate the ability to mathematically predict and execute the user-specified
orientation of a cyclotron ion source using a positioning mechanism to achieve the desired
motion in x, y, and z axes at the critical anode-puller interface. The data presented herein
demonstrate that this goal was achieved. Other interesting phenomenon were propagated

during the course of this development which are worthy of additional consideration.
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SUMMARY OF LOADS APPLIED TO SYSTEM

The following is a summary of the manner in which the system loading is applied
for the two cases of lowering and raising the upper plate of the mechanism.

As shown in Figure 23, page 44, for a given input clockwise revolution the 1/4-28
threads of the differential screw move downward { at a lead of 1/28 = .0357 in/rev. At
the same time the 3/8-32 threads of the differential screw displace the mating threads of
the upper plate upward T at a lead of 1/32 =.0313 in/rev. Thus, the differential screw
drive produces a net motion of (0357 4) + (.0313 1) = .0045 in ¥ (downward) for a given

input clockwise revolution. For this configuration, the loading is as follows:

2 Preload (against motion) 101b
2 Weight of Source (against motion) 41b
J Friction of o-ring (against motion) 50b
2 Vacuum load 381b

Total 4 57Ib
For a given input counterclockwise revolution, the differential screw drive
produces a net motion of (.0357 1Y+ (.0313 4) =.0045 in T (upward) for a given input

counterclockwise revolution. For this configuration, the loading is as follows:

{ Preload (with motion) 101b
{ Weight of Source (with motion) 41b
T Friction of o-ring (against motion) 5b
2 Vacuum load 381b

Total I 521b

Thus, the maximum loading is for lowering the load. This value is 57 Ib.
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CALCULATIONS FOR SYSTEM TORQUE

The following two equations, one to raise a load and one to lower a load, are
taken from Juvinall’, pages 281-282. Note that these equations are for any type of thread

profile and could be simplified down to the case of square threads by setting a, = 0.

For Raising a Load and For Lowering a Load

_w-<d,f xd,+L cos(a,) T _w-d,| f-xd,—L-cos(a,)

2 \=nd, cos(a,)—fL 2 \=nd, cos(a,)+f L

where the following definitions apply:
W = Axial load in Ibs L = Lead of Screw
d,;, = mean diameter of threads o, = thread angle in normal plane
J= coefficient of friction
For the 1/4-28 Threads: For the 3/8-32 Threads:
d, =223" d,A =350"

L =0.0357" L L =0.0313"

28 32

o, =29.934° a, =29.982°

In both cases the value for the load, W, is calculated from the following

w =(0:72) H4) :(5) +38.32) _57.304 1901 Ib

Calculation of Torque Values for Various Loading Combinations

Case 1: 1/4-28 Threads Raising a Load

7 (19)-(0.229)[ (35) 7-(223) H0357)-c05(29.934)] _,, 12).(0.2454+.03094)
2 7+(.223) c0s(29.934) <(.35)-(.0357) | 5946

T =0.9851 Ib-in =15.76 oz-in
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Case 2: 1/4-28 Threads Lowering a Load

T=

(19)-(0.223)[ (.35)- 7- (.223) - (.0357)- cos(29.934) (2 12)_(0.2454—.03094)
2 7+(.223) - c0s(29.934) + (.35) - (.0357) ' .6071+.0125

T=0733 Ib-in =11.73 0z-in

Case 3: 3/8-32 Threads Raising a Load

7. (19)-(0.350) (.35)- 7-(:350) +(.0313) - cos(29. 982)] 3 325).(0.3848#0271)
2 - (.350) - cos(29.982) — (.35)- (.0313) ' 9415

T=14551b-in =23.28 oz-in
Case 4: 3/8-32 Threads Lowering a Load

T=

(19)-(0.350) | (.35)- #-(.350) — (.0313) - cos(29.982) e 325)_(0.3848—.0271)
2 m-(.350)- c0s(29.982) +(.35)-(.0313) ' .9634

T'=12351b-in =19.75 oz-in

From the nature of the differential screw motion, there are two possible scenarios
in which torque is applied to the system. They are shown as follows:
1/4-28 Raises Load T while 3/8-32 Lowers Load {.

For this combination, the combined torque equals

Ty = 15.76 + 19.75 = 35.51 0z-in,

1/4-28 Lowers Load ¥ while 3/8-32 Raises Load 7.

For this combination, the combine torque equals

Ty = 11.73 +23.28 = 35.01 oz-in,

The worst-case torque configuration is when 1/4-28 Raises while the 3/8-32

Lowers the Load. The resisting torque that the motor must overcome is ~36 oz-in.
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SHEAR STRESS CALCULATIONS

The only component that is placed in shear during operation of the mechanism is
the differential screw. Since this part has both internal and external threads, the total shear
stress that the part experiences is a summation of the shear stress along the internal
threads and of the stress along the external threads. Thus, the total shear stress may be

expressed as.
2 . r ? .r
D + oD

J!D JOD

Tror = Tipt Top =

where:
T'=  system torque.

Tp = shear stress experienced along internal threads.

Top = shear stress experienced along external threads.
rip = mean radius of internal threads.

rop = mean radius of internal threads.

Jip = moment of inertia for internal threads.

Jop = moment of inertia for external threads.

Substituting in actual values for lowering the plate, considering the 1/4-28 threads:

_Ter,  (1173)-(0.1153)-(32) _ 43.279

T,n = =325.4 psi
Ty T T (0.2268)"-(16)  0.1330 P

For the external threads (3/8-32), considering lowering of the plate:

o Ty _(23.28)(01782)-(32) _ 132.752
C I 7-(0.3547)* - (16) 0.796

=166.85 psi

Thus, the total shear stress is (325.4) + (166.85) = 492.3 psi for the case of
lowering the upper plate of the mechanism.

Substituting in actual values for raising the plate, considering the 1/4-28 threads:

_T-r, _(1576)-(0.1153)-(32) _ 58.148

T, = =437.2 psi
Ly T T 4 (0.2268)-(16)  0.1330 P
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For the external threads (3/8-32), considering raising of the plate:

_Ter,,  (19.75)-(0.1782)-(32) _ 112.622

foo = T T 4 (0.3547)°-(16)  0.796

=141.49 psi

Thus, the total shear stress is (437.2) + (141.49) = 578.7 psi for the case of raising

the upper plate of the mechanism.

Factor of Safety Calculation
From Spotts®, the maximum shear stress theory of failure was used to calculate the
factor of safety for the above-calculated shear stress values. The maximum shear stress

theory of failure may be stated as follows:

FS= 0.5-0p

Tmax
where:
FS=  Factor of Safety for system.

Oyp = Yield Point of the material under investigation. (10 ksi for brass>)-
TMax = Maximum shear stress for system under investigation.

Since the differential screw is in pure torsion with no bending, Tygax is assumed to
be the same value as Tyop. Thus, substituting the greater of the two values calculated

above, a factor of safety may be calculated for the system in worst-case loading.

_05-0, _(0.5)-(10,000)
Thpux (579)

FS =86
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HOOP STRESS CALCULATIONS

In order to allow flexibility for pivoting motion by the tips of the driveshafts
against their bearing surface, the lower plate, brass balls were chosen to be inserted into
the ends of the driveshafts. However, the outer diameters of the driveshafts must remain
essentially unchanged so that a binding condition is avoided at the interface between the
driveshafts and the brass bushings. Hoop stress calculations are used to quantify the
amount that the driveshafts will grow as a result of pressing in the brass balls. Consider

the figure below:

P

For the configuration used in this development, p, = 0. The pressure exerted
against the internal walls, p, , is named p and is a function of the diametral interference.
Only the radial stress, &, will be considered in this development. From Spottsd, the

equations for the radial stress is defined as:

where:
a= internal radius of cylinder
b= external radius of cylinder
p=  internal pressure exerted onto cylinder
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The diametral interference may be defined as a function of the internal pressure.

By specifying the interference, the pressure may be calculated and substituted into an

equation for the increase in hole size. The diametral interference, A, is given by

4.a-p . 1
E 2
1-(%)
where E is the modulus of elasticity for the cylinder. Solving for p from this equation,
E-A 2
e A ]
With p known, the increase in hole size is defined as uy, by the following equation:
o)
E
R

where p is Poisson's ratio and is assumed? to be 0.3 (brass) for the inserted balls.

A=

uh-

Sample calculations of the above quantities are shown below. A spreadsheet was
constructed to study the effects of different interference fits between the ball and cylinder.
Sample of output of the spreadsheet is shown on the following page. Considering an
interference fit where A =.002 in, a=.125in, b=.1875in, and E = 30 ksi

CE-AT, (a/F]_(30,000)-(002) [ (125Y'| . ) ‘
—n[l (%)]- @).(125) [1 (.1875) J—IZO (.556) = 66.7 psi

Substituting this value of p into the uj, equation,

L _ap. 1+(‘V) |- C129)-(667), I+ (12/1875) ')

" E (c/) 30,000 1_(,12/1875)

= (2.78E - 4)-(1.79) =.00049 in
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Thus, for an interference of .002 in, the diameter of the stainless steel cylinder will

increase by .0005 in. What follows is sample output from a spreadsheet that was used to

select the final configuration.

Brass Ball Sizing Calculations for 3/8" OD SST shaft
ID (in) 0.25
0D (in) 0.375
a (ID/2) 0.125 Esst (psi) 30,000(({a/b)" 2 0.444444
b (0D/2) 0.1875| mu (brass) 0.34|ap/Eh 0.000208
delta (int.) 0.0015 i) 1.832308
p 50 Uh 0.000382
Uh| 0.000382
ID (in) 0.25
0D (in) 0.375
a (ID/2) 0.125 Esst (psi) 30,000|(a/b)" 2 0.444444
b (0D/2) 0.1875| mu (brass) 0.34|ap/Eh 0.000139
delta (int.) 0.001 [] 1.832308
p| 33.33333 Uh 0.000254
Uh| 0.000254
ID {in) 0.25
0D (in) 0.375
a (ID/2) 0.125 Esst (psi) 30,000|(a/b)"2 0.444444
b (0OD/2) 0.1875| mu (brass) 0.34|ap/Eh 0.000417
delta (int.) 0.003 {1] 1.832308
p 100 Uh 0.000763
Uh! 0.000763
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APPENDIX B

ENGINEERING DRAWINGS
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CONTROL PROGRAM FOR ION SOURCE POSITIONING MECHANISM

Engineer:
Date Started: 8-9-94
Revision: 9A

Rev. Date:

10-10-94

Rick Paulus
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SUMMARY OF VARIABLES:

i,j,k:
gonogo, startstop:
max():

vall,val2,maxval:
initgap, xyap, zap:

oldgap,oldxyap,oldzap:

gapval, xyapval, zapval:

X, Y. 2t

x0,y0,20,cl,c2,c3:

alpha,beta:
alphadeg,betadeg:
Hy,Hx:

z0:

PI:
AlA2:
rad32:
h:

r:

cl,c2,c3:

num_steps:

difscrew:
Z2oldl,201d2,201d3:
LENG1, LENG2, LENG3:
LEGFIN1, '2,'3:
DLegl, DLeg2,DLeg3:
Revl,RevZ,Rev3:

Stepl, Step2, Step3:

Stepls,Step2s,Step3s:

Steplm, Step2m, Step3m:

MaxSteps:

Count variables.

User-query response variables.

Function used to calculate MaxSteps.
Returns maximum of two values.

Variables in max{) function.

Initial values for gap, xy-aperture, and
z-aperture.

Previous values for gap, xy-ap. and z-ap.
used for calculating incremental moves
from one relative position to the next.

User~specified values for gap, xy-ap. and
z-ap.

Calculated inputs to main algorithm.
Represent displacements in x,y,z of
anode relative to puller.

Variables used in initial conversion of
user-specified gapval, xyapval, zapval
to x,y,z values. Data from CAD values.

Calculated angles based on X & Y.

Degree equivalents to alpha,beta.

Calculated z-offsets for each set calc's.

Initial value from plane passing through
center-line of o-ring to center-line
of "central region". (c-1 puller slit)

Trig. function. (what you'd expect).

Matrix used for coordinate transformation
calculate leg lengths.

Calculated value for square-root of 3
divided by two.

The initial gap between the upper and lower

plates. (key variable in calc's)
Radius of the bolt circle in which the legs
are included. (initial geometry)

Constants used in the initial conversion
of user-specified gap, xy-aperture and

z-aperture values into x,y, and z values.

Defines the stepping mode that is used by
the driver cards. (200 - full step;
400 - half step). Half step mode is
used in this code revision.

Equivalent pitch value for differential
screw drive system.

Intermediate variable used to represent
"old” leg lengths.

Uncompensated leg lengths for legs 1,2,3.

New leg lengths as a result of all calc's.

Change in leg length values from previous
move to current move.

Number of rotations each leg will undergo
to execute current move.

Number of steps each motor will be pulsed
to execute current move.

Signs for rotating motors 1-3 (i.e. +or-)
+ (1) CW rotation; - (0) CCS rotation.
Direction info written to PORT2.

Maximum step values for motors 1-3 for a
given calculation.

Maximum number of steps for all 3 motors
for a given calculation.
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SUMMARY OF PROGRAM EXECUTION:

This program is designed to drive 3 stepping motors from a "home”
position to a new position based on user-prescribed inputs.

The program converts variables for anode-to-puller gap, xy-aperture
alignment, and z-aperture alignment into x,y,z values for input
into the main calculations. Further, these x,y,z values are
converted into alpha,beta,z values which are used in two coordinate
transformations.

The bulk of the remaining calculations and function calls are
concerned with completing the new "leg length" calculations based on
the user inputs. Closed-form expressions for the lengths of the
three legs are used. Refer to the thesis document for a complete
explanation and derivation. "Leg length” refers to the gap between
the moving upper plate and the stationary lower plate. This gap, or
"leg length" is changed using a differential screw drive system.
"Leg 1" refers to drive screw 1, "leg 2" to drive screw 2 and

"leg 3" to drive screw 3.

The key output of the mathematics is the step and direction infor-
mation for each of the three motors. These values are analyzed to
determine the signs (+/-) and magnitudes of each of the three step
motor moves. These values are fed to the output portion of the
which pulses the three step motors in half-step mode through PORTI1
and sets the direction bit for the three motors through PORT2. Each
write to output ports 1 and 2 uses a hex byte whose binary equiva-
lent represents the actual bits which should be on (1) or off (0}.

The program gives the user several opportunities to re-input values
or leave the program. All three motors are pulsed to a "home"”
position after querying user for pertinent move information.
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DELAY ROUTINE:

In order to pulse the motors at the desired frequency (for speed and
resonance considerations), a calibrated delay routine must be used.
Several options are available. A machine~INDEPENDENT routine is the
most desireable solution since it would allow unlimited portability
of the executable file among properly configured PCs. A machine-
DEPENDENT routine is a less desireable, but effective solution

for a given routine.

During development a machine-INDEPENDENT routine was found via Ryle
Design that has micro-second resolution. A shareware version was
found to provide satisfactory timing resolution and accuracy. Code
can be purchased for ~$100 (8/94). This cost was deemed beyond the
budget of this project.

Instead, a machine-DEPENDENT routine was created ("delay manual")
and calibrated using an oscilloscope to provide a 1000 usec (1 msec)
delay during writes to the motors.

Note the "delay call” routine in the global definition section of
this code. This block of code and the variables definition above it
are building blocks for the MSCHRT {microsoft 'c' high-res timer)
code available through Ryle Design. All the required calls and
variable definition are scattered throughout this code and are
indicated by the MSCHRT acronym in a comment preceding each section.
Conversion of this code, which uses the machine-DEPENDENT delay,

to code which has machine-INDEPENDENT delay would be a matter of
simply removing the comment symbols around the MSCHRT calls and
deleting the two calls to "delay manual® and the function "delay_
manual".
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********l'**************it**i************ﬁ*****t*i*****W****i****i*t******i****/

#include <stdio.h>
#include <math.h>
#include <graph.h>
#include <conio.h>
#include <bios.h>
#include <time.h>
#include <pchrt.h>

#define
#define
fdefine
#define
#define
#define
f#define
#define
#define
#define

/****
W e ek

BaseAdr 0x300 /* Base address for PCIOl2 card
PORT1 BaseAdr+0x0 /* Address for PORT1
PORT2 BaseAdr+0x01 /* Address for PORT2
IO ctrl BaseAdr+0x03 /* Mechanism for setting all ports
high 1
low O
port_set 0x80
bit_1 0x001 /* Hex values for writing to PORTs
bit 2 0x002
bit_3 0x004
MSCHRT Delay Global Definitions ****

and Library Calls ke

long unsigned min_delay;
long unsigned step_delay;
long unsigned delay request;
long unsigned hits;

long unsigned elapsed;

float delay_error;
float resolution;
tdelay_type dp;

void delay call(long unsigned how_long)

{

*/

main{)

{

long unsigned hits,elapsed;
tdelay type dp:
t_ask_delay(how_long, &dp);
t_reset{l);

if (delay request<54000L)

t_entry(l);
t_do_delay(&dp):
t_exit(l);

}

else

{
t_entry(l);
t_do_delay wints(é&dp);
t_exit(l);

}

/*%** TInitialize all variables and arrays ****/

int i, 3, k, gonogo, ststop, num_steps;

long int Stepls, Step2s, Step3s;

long int Steplm, Step2m, Step3m, MaxSteps;
long int start_step;

long int count, delay_manual{), max(), maxl;
long int delay, home_delay, delay_sign;
unsigned char Outvaluel;

unsigned char Outvalue2;

long unsigned how_long;
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/****

/«tt*

VAR

double
double
double
double
double
double
double
double
double

double
double

double
double
double
double

initgap, initxyap, initzap;
oldgap, oldxyap, oldzap;

gapval, xyapval, zapval;

X, y, 2z, x0, yo0, z0, cl, c2, c3;
alpha, alphadeg, beta, betadeg:;
Hy, Hx, PI:

difscrew,20ldl, 20ld2,Z201d3;
start_move;

correction_factor;

AlAZ2(4])(4);
h, r, rl, r2, r3, rad32;

LENG1, LENG2, LENG3;

LEGFIN1, LEGFIN2, LEGFIN3;
Dlegl,Dleg2,Dleg3;
Revl,Rev2,Rev3,Stepl,Step2, Step3;

Initialize the gap and aperture values (mm) at the

anode-puller interface. Values are taken off of nominal
stack of values from CAD geometry ****/
initgap = 0.10977 * 25.4; /* All Values in mm */
initxyap = -0.00882 * 25.4;
initzap = 0.0 H
x0 = -0.45271 * 25.4;
y0 0.05712 + 25.4;
z0 =16.721 * 25.4; /* Dist o-ring plane to c-1 central reg.*/
cl = 0.16690 * 25.4;
c2 = ~0.44390 * 25.4;
c3 = 16.721 * 25.4;
r = 1,954 * 25.4;
rl = 2.1558 * 25.4;
r2 = 2.1571 * 25.4;
r3 = 2.1554 * 25.4;
rad32 = (sqrt(3.0)/2.0});
h = -.15 * 25.4; /* Initial gap is .150 in */
gapval = 0.0 ;
xyapval = 0.0 ;
zapval = 0.0 ;
PI = 4 * atan{(l) H /* Generate value for PI */
difscrew = {(32.0-28.0)/(32.0*28.0))*25.4 ; /* equiv. pitch dif screw */
/* in mm */
num_steps= 400; /* Assumes 400 steps/rev */
/* 1/2-step mode for motors */
home_delay = 100; /* Arbitrarily sets delay for homing routine */
delay sign 10000;

start_move

start_s
correct

Zoldl
Zold2
Zold3

oldgap

0.1 * 25.4; /* Distance to move from home posn to start posn */

tep = start_move/difscrew*num_steps; /* #steps to get to start posn */

ion_factor = 1.0 + (1.0/(7.3});

_h;
-h;
= =h;

= initgap;

oldxyap = initxyap:;

oldzap

Set I/0
outp (IO

initzap;

card as all ports OUTPUT only ****/
 ctrl, port_set);

outp{PORT2, 0x07); /* Moves the motors back one step */
outp (PORT1, O0x00}; /* Open collector inverts logic */

*+* Request new gap and aperture values from user
First clear screen so output looks good every time ****/

start:

_clears
printf(
printf(

creen( GCLEARSCREEN);

Wb de b

" WELCOME TO THE ION SOURCE POSITIONING CODE\n\n");
" READY TO MAKE DESIRED MOVES\n\n");
printf("Please enter the desired delay in microseconds for pulsing the
motors.\n");
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printf{"Delay should be between (20 - 100000).\n"};
scanf ("%1d", &delay);

printf("\nThe current anode-puller gap is %3.11f mm.\n", oldgap};
printf("Enter new value for gap (.2 -- 5.8 mm}: ");
scanf ("%1f", &gapval);

printf ("\nThe current x-y aperture alignment is %3.11f mm.\n", oldxyap);
printf("Enter new value for x-y aperture alignment (-2.7 -- 3.2 mm): "};
scanf("81f", &xyapval);

printf ("\nThe current z aperture alignment is $3.11f mm.\n", oldzap};
printf ("Enter new value for 2z aperture alignment (-2.0 -- 2.0 mm): ");
scanf("%1f", &§zapval);

/**** Calculate x, y, and z values from user inputs ****/

y = (cl - gapval - y0) ; /* values in mm */
X = (xyapval + c2 - x0) ;
z = (zapval + c3 - z0)

/* printf("\n\nx = $1f\ty = $1f\tz = $1f\n",x,y,2z); */

/**** Check to see that input values are within acceptable ranges ***¥/

if((gapval < .2) || (gapval > 5.9)) (goto error;}
if((xyapval < -2.8) || (xyapval > 3.3)){goto error;}
if((zapval < =2.1) || (zapval > 2.1)) {goto error;}

if((delay == 0)) {goto error;}

/**¥% Confirm inputs with user ****/
printf("\n\nYou have entered the following new values:\n");
printf ("\tRequested delay:\t%ld usec.\n",delay);
printf("\tNew gap value:\t\t%3.11f mm.\n",gapval);
printf("\tNew xy-aperture value:\t%3.11f mm.\n",xyapval};
printf("\tNew z-aperture value:\t%3.11f mm.\n",zapval);

/****x  Query user if they want to change entries; if so
then loop back up to the input section. **+*%/
printf{"\nAre these values acceptable? (y or n)\n");
scanf{"%s", &gonogo};
if ((toupper{gonogo)) == 'N')
{

printf ("\t\t\t**** You have chosen No *¥**");

printf("\t\t\t\tPress Any Key to Continue\n\n");
while (!kbhit()) {}

goto start;

}

/*¥** Calculate alpha and beta values from user inputs. Recall that
code will operate in radians. Note definition of alphadeg and
betadeg. This is to put angles in degrees. ****/

alpha = atan{(-1.0*y)/(z0*sqrt(1l-{(y*y)/(20*z0))})):
alphadeg = 180 / PI * alpha;

beta = atan(x/{(z0*sgrt(1-{{x*x)/(z0%z0)}}));
betadeq = 180 / PI * beta;

/¥**¥ Calculate Hx and Hy z-offsets ***¥/

Hx = x * tan(beta/2) ;

Hy = {(-1.0 * y) * tan(alpha/2) ;

/* printf("\n\nalpha (rad) = $1f\tbeta (rad) = %l1f\n",alpha,beta};
printf{"alpha (deg) = $1f\tbeta (deg) = $1f\n",alphadeg,betadeg};
printf{"\nHx = $1f\t\tHy = $1f\n",Hx,Hy);
scanf("%s", &gonogo}; */

/**** Generate matrix for coordinate transformation ****/

AlA2(1]{1] = cos(beta);

AlA2(1)(2] = O;

AlA2[1]({3] = sin{(beta);

AlA2[2]1[1} = sin(alpha) * sin(beta};
AlA2{2])([2) = cos{alpha):
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AlA2(2}[3) = -(sin{alpha) * cos{beta));
Al1A2[3}[1] = =-(coslalpha) * sin(beta));
AlA2(3)([2) = sin(alpha);

AlA2(31(3) = coslalpha) * cos(beta);

/*%*%* Calculate Leg Lengths ***%/

LENG1 = (A1A2([3}[1}*(rl/2) - AlA2[3)[2])*rad32*rl)/A1A2([3][3] - h;
LENG2 = {AlA2{3]1[1}*(r2/2) + AlA2[3][2)}*rad32*r2)/A1A2([3]) (3] - h;
LENG3 = (-AlA2(3]{1]*r3) / AlA2(3](3] - h;

/* printf("\nLENGl = %1f\n",LENGl);
print £ ("\nLENG2 $1f\n",LENG2);
printf ("\nLENG3 $1f\n",LENG3);
scanf ("%s", &gonogo); */

/**t*********** E‘INAL LBG LENGTH CALCULATIONS Ye e e de e de e et ke i ke e
*x%* Calculate the final leg length by subtracting the calculated
Hx, Hy, and z values from the values calculated above. ****/

LEGFIN1 = (LENG1 - Hx - Hy - z) ;
LEGFIN2 = (LENGZ2 =~ Hx - Hy - z) ;
LEGFIN3 = (LENG3 - Hx - Hy - z) ;

/* printf("\nLEGFINl = $1f\n",LEGFIN1);
printf("\nLEGFIN2 = %1f\n",LEGFIN2};
printf ("\nLEGFIN3 = %1f\n",LEGFIN3);
scanf ("%s",&gonogo); */

/**** Calculate the difference between the required leg length
{new value) and the old leg length. ****x/

Dlegl = (Zoldl - LEGFIN1);

Dleg2 = (Zold2 - LEGFIN2);

Dleg3 = (201d3 - LEGFIN3);

Revl = Dlegl / difscrew; /* Converts linear displ. into */
Rev2 = Dleg2 / difscrew; /* revolutions using difscrew */
Rev3 = Dleg3 / difscrew; /* value for screw equiv. pitch. */
Stepl Revl * num_steps; /* Assumes full step mode*/

Step2 = RevZ * num steps;
= Rev3 * num_steps;

/***% Reset screen and print meaningful output ***/

_clearscreen(_GCLEARSCREEN};

printf (" RESULTS FROM THIS CALCULATION");
printf("\n\n");
printf("-- User-Specified Parameters --\n\n");

printf("Old Gap:\t\t%4.31f\tNew Gap:\t\t%4.31f\n",0ldgap,gapval);

printf ("0Old XY-Aperture:\t$4.31f\tNew XY-Aperture:\t%4.31f\n",oldxyap,xyapval);
printf("0Old Z-Aperture:\t\t%4.31f\tNew Z-Aperture:\t\t%4.31f",oldzap,zapval);
printf("\n\n");

printf("LEG 1 Movement:\n"};

printf("\tDisplaced\t%5.41f\tmm\n",Dlegl);
printf("\tTurned\t\t%7.31f\trevs\n",Revl};

printf("\tPulsed\t\t34.01f (%5.41f)\tsteps\n",Stepl,Stepl);

printf ("LEG 2 Movement:\n")};
printf("\tDisplaced\t$5.41f\tmm\n",Dleg2);
printf("\tTurned\t\t37.31f\trevs\n",Rev2};
printf("\tPulsed\t\t%4.01f (35.41f)\tsteps\n",Step2,Step2);

printf ("LEG 3 Movement:\n");
printf("\tDisplaced\t%5.41f\tmm\n",Dleg3);
printf("\tTurned\t\t$7.31f\trevs\n",Rev3);
printf("\tPulsed\t\t$4.01f (%$5.41f)\tsteps\n",Step3,Step3};

/***+* EXECUTE MOVE and PULSE MOTORS ***%/
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printf("\n\nWould You Like to Execute this Move? ");

scanf{"%s", &gonogo);

if((toupper(gonogo)) == 'Y')
{

_clearscreen(_GCLEARSCREEN);
printf("\t\t--- NOW PULSING THE MOTORS TO NEW POSITION ---\n\n");

printf("\t\tMotorl Data:
printf("\t\tMotor2 Data:
printf("\t\tMotor3 Data:

$5.11f\tsteps\n",Stepl);
$5.11f\tsteps\n",Step2);
£5.11f\tsteps\n",Step3);

/*%**% Determine magnitude of Step Values **¥*¥/

Steplm = abs(Stepl);
Step2m abs{Step2);
Step3m = abs({Step3);

/**** Determine signs of Step Values ****/
Stepls = (Stepl<0.0) ? low : high;
Step2s = (Step2<0.0) ? low : high;
Step3s = (Step3<0.0) ? low : high;

printf ("\n\n\t\tMag Stepl: %d",Steplm);
printf{"\n\t\tSign Stepl: $%d",Stepls);
printf{"\n\t\tMag Step2: %d4d",Step2m);
printf{"\n\t\tSign Step2: %d",Step2s);
printf("\n\t\tMag Step3: %d",Step3m);
printf("\n\t\tSign Step3: %d",Step3s);

/****  Find Maximum of Stepl, Step2, & Step3 ***¥x/
maxl = max{Steplm, Step2m);
MaxSteps = max(maxl, Step3m);
printf("\n\nMax Steps: %d\n",MaxSteps});

/*¥*** Output Direction Byte to Port2 ****

****% Bit 1 is sign for Stepl, ol
***%  Bit 2 is sign for Step2, ek
*%++ Bit 3 is sign for Step3 *xkxf

Outvalue2 = 0x0;
Outvalue2 = Stepls * bit_1 + Step2s * bit_2 + Step3s * bit_3;
Outvalue2 = ~Outvalue2;

outp (PORTZ2,Outvalue2);

/* Use machine-DEPENDENT delay for step direction change*/
count = delay manual(delay_sign);

/¥***  Set Outvaluel = 0x0 ****/
Outvaluel = 0xO0;

/**** Set up Loop to Write a single byte to PORT1 which contains all
the information to pulse all 3 motors simultaneously ***%/
for (i=0; i<=MaxSteps; ++1)
{
Outvaluel = 0x0;
/* Determine which bits still need to be pulsed */
if(i < Steplm) /* Select bit 1*/
{
Outvaluel = Outvaluel | bit_1;
}
if(i < Step2m) /* Select bit 2*/
{
Outvaluel = Outvaluel | bit_2;
}
if{i < Step3m) /* Select bit 3*/
{
Outvaluel = Outvaluel | bit_3;
}

/* Invert the Output for open collector driver */
Outvaluel = ~Outvaluel;
outp (PORT1,Outvaluel);
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/¥ Delay requested amount */

/* t_start(); For Use with
delay call{delay_request); MSCHRT delay
t_stopl(); software.*/

/* printf("\nDelay Value $ld\n",how_long); */

/* Use machine-DEPENDENT delay */
count = delay manual (delay);

/* Turn off selected bits ¥/
Outvaluel = 0x0;

/* Invert the Output for open collector driver */
Outvaluel = ~Outvaluel;
outp (PORT1,Outvaluel);

/* Delay requested amount using MSCHRT routine*/
/* t_start{);
delay_call(delay request});
t_stop(); */

/* Delay using Machine~-DEPENDENT delay */
count = delay manual (delay};

}

/**x** Set current values to old values for next set of calc's ****/

oldgap = gapval;
oldxyap = xyapval;
oldzap = zapval;
Zoldl = LEGFIN1;
Zold2 = LEGFINZ2;
Zold3 = LEGFIN3;
}
printf("\nDo You Wish to Make Another Set of Calculations? ");
scanf ("%s", &ststop);
if((toupper(ststop)) == 'N') {goto end;}

goto start;

error:
printf("\n\nYOU HAVE ENTERED AN OUT-OF-RANGE VALUE!!!");
printf ("\n\n\nDo You Wish to Enter New Values? ");
scanf ("%s", &gonogo);
if({toupper(gonogo)) == 'Y'}{goto start;}

end:;

/**** Punction to find the maximum value between two inputs ****/
long int max(long int vall, long int val2)
{
long int maxval;
if{(vall)} > (val2)) {maxval = vall;}
else {maxval = val2;}
return maxval;

}

/*¥** Routine to accomplish delay for motor pulsing. This is ok kk
**¥* 3 machine-DEPENDENT delay, calibrated for an 8MHz AT-style ***¥*
* %W e Pc. t***/

long int delay manual{long int delay)
{
int i;
long int loop:;
long int count;
loop = delay * 1; /* Multiplier for manual tweaking */
count = 0;
for(i=0 ; i<=loop; ++i)
{Count = 1i;}
return count;
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President

Rule Design

Puruegons of Big Sciewce Simce 1957
PO Box 22, Mt. Pleasant Mi 48804 USA

FAX TRANSMISSION

From: Thomas Leathley Date: 08.23.94
Voice: §17.773.05687 Time:

Fax: 517.773.0587 Pages: 04

To: Rick Pautus

Company: CTi

Voice:

Fax: 615.966.8955

Sincerely yours,

Thomas Leathiey

1230 local

Thank you for your interest in our precision timing tools. Enclosed are complete
specifications for PC Timer Tools V5.0 and PC Timer Objects V1.0. B
provide you with extensive timing capabilities in a PC/MSDOS environm
Timer Tools is for the "traditional” C and Turbo Pascal developer, while PC
Timer Objects is for the object oriented developer using C++ or Turbo
Objects. Each toolkit is $89.95 each, or $129.95 purchased together.

?th will

. PC

Pascal

All our toolkits include complete source code, a royalty-free object code
distribution license, and a 30 day "No Questions Asked" return policy, We
accept VISA, MasterCard, and American Express.

Please contact us with any additional questions or comments. Best of lugk with
your present and future projects.
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Microsoft C High Resolution Timer Toolbox

Version 3.00

Shareware Evaluation Varsion

Ryle Design
P.0. Box 22

Mt. Pleasant, Michigan 48804
(517) 773-0587

Cserv 73047,1765
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Theory

MSCHRT works by directly interfacing with channel 0 of the 8253 timer
chip found in all compatible PCs. Channel 0 counts from 65535 to 0,
when it triggers BIOS interrupt 8 and begins counting from 65535
again. Interrupt 8 is the hardware timer interrupt, and it increments
the DOS time of day data word in the BIOS data area, checks for
diskette motor activity and shuts down the motor if needed, and
finally calls BIOS interrupt 1C (hex), which is known as the software
timer tick. At boot time, 1C contains an IRET instruction, meaning
there is nc routine installed in that vector. Since the 8253 has a
period of 838 nanoseconds, the hardware timer tick occurs every 54.925
milliseconds, or 18.2 times a second, which is the standard software
time resolution of the PC. The 8253 count can be read by accessing
the appropriate IO port, and by reading the 8253 count along with the
low word DOS time of day count, we can construct a high resolution
time stamp, which is the base unit of time for MSCHRT. The only
modifications we make to the PC environment is to change the mode of
channel 0 to give the output count a 50 percent duty cycle, which does

not impact any other PC operations. Thus we have a simple,
unobtrusive, highly accurate time reference with 838 nanosecond
resolution. Once a highly accurate time reference is available, we

can use it to calibrate a simple function that contains an inner and
outer loop to generate precision delays.

The accuracy of MSCHRT is as accurate as the 8253 timer chip and the
ability of the software to measure the overhead in retrieving the 8253
and DOS time of day data. With the advent of advanced chips in the
80286 and 80386 class, the effects of instruction prefetch queues,
pipelining, and cache memory become significant and the same sequence
of instructions may take different amounts of time to execute
depending on the interaction of the processor's performance
optimization mechanisms. The end result is twofold: MSCHRT's
calibration routines may experience inaccuracies, and software under
test may give different timing results on different runs. Normally
the "jitter" introduced by these conditions is on the order of a few
microseconds.

A major source of apparent erratic timer behavior comes from the
interaction of asynchronous software and hardware interrupts that may
occur during a timed interval. While the PC/MSDOS environment is
essentially single-threaded, there is enough "“"background" activity
occurring in the form of timer and keyboard interrupts that these
interrupts may occur during an timed interval, and the time these
interrupts take to complete are naturally counted in the timed
interval. For very short duration timing a MSCHRT timer mode with
interrupts disabled is available, but that may not be suitable for
longer duration timings, or when concurrent timer activity is
required. Be aware that few results in the PC environment will be
exactly repeatable, and that some variance in the timing results is
unavoidable. .

The high resolution delay functicn of MCCHRT ic particularly zffocted
by Dbackground interrupts and processor performance optimization
mechanisms. The initial delay calibration will yield delays with a
variance of from one to three percent of the requested delay interval.

MSCHRT 3
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Additional functions are available to optimize the delay calibration
to a specific delay interval, and using these functions can reduce the
delay error to between =zero and one percent, and thus they are
recommended for critical applications.

MSCHRT Function Descriptions

The following is a brief synopsis of the functions found in MSCHRT.
This chapter is meant to give the user a brief overview, and is not
meant to be a definitive reference. It is essential that the user
review the complete function reference in the Function Reference
chapter before using any MSCHRT function. Some functions may not work
as they would appear at first inspection, and in order to achieve high
performance, MSCHRT has a minimum of internal error checking to
prevent such catastrophes as NULL pointer references.

MSCHRT Timer Logic

Initialization functions

t_request Requests the number of timers needed.
t_start Initializes the MSCHRT timer logic.
t_stop Shuts down MSCHRT and frees allocated memory.

Internal functions

t_get Gets MSCHRT time stamp with interrupts
enabled.

t_hires_entry Gets MSCHRT time stamp with interrupts
disabled. 8253 count is reset.

t_hires_exit Gets MSCHRT time stamp and restores interrupts

t_diff Calculates elapsed time difference between
two MSCHRT time stamps.

t_calib Calibrates MSCHRT timer logic, resets all
timers, and calls the delay calibration
function.

t_bios_entry Receives timer start request from interrupt
service routine.

t_bios_exit Receives timer stop request from interrupt
service routine.

t bios_load desc Loads interrupt function description file

t_hook_int Installs timer calls in specified interrupt
vector.

t_unhook_int Removes timer calls from specified interrupt
vector.

t_delay_ calib Calibrates delay logic.

t_request is called by the user to specify the number of timers needed
for generic timer operations if the user wishes to override the
default number of timers provided (10). Since each timer data
structure is allccated dynamically, the number of timers available is
reztricted by the a2mount of heap available and the constraints of the
memory model you are using. If t request is used in your program, it
must be called before t_start.

i  MSCHRT 4
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No. 4

The Big Science News Vol. 5

Page 4

PC Timer Tools Version 5.0

New version of the high resolution timer toolbox now availabl

A

The definitive timing tool for profiling, data acquisition, and process control.

Toolkit Description

Anyone trying 1o tme or schedulg any type of
event in & PC/MSDOS environmaent wilt ind out
very qu-¢kly that the 54.925 ms resolution of ha
DOS clock doss not provide anything ¢lose 10 the
resolution mast davelopers need. Accalerating
the PC's timer lick to gain higher resoiution is a
develapmiant project in and of 1eel!, and any
numbss of side eftects from this schame makes
this tachnique generally unsutiabie for code 10 be
distibuted 1nto unkrown execulion environments.
Fear not - PC Timer Tools from Ryle Design
aves you & wide variety of funclions 107 timing,
detaye. interrupt profiling, timer K intarrupt
managemen|, asyn chronous thread scheduling,
and stand aione axecution probiing, with up 10 one
microsecond resciulion. With complete source
code and s royally-free distribution license, PG
Timer Toois is the ideal imer toolbox for sofiware
deveiope's working In a4 wide variety of
snvronmenis. N

Theory ot Operation

Thg timing kernel achieves high resclution not by
acceterating the tmer tick interrupt (the common
mathod) but rather by directly accessing the
8253/8254 timer controfiar present 1n alt 100%
compatble PC systems By reacing the timer
controliers count and comuining that with the four
byte DOS tme of day data words, we have 2
sMple, unoblrusive, microsecond fesoiution
nmestamp  Delays can be generaled by using
tne precision timing system 10 catibrate a sel of
loops, which are run as needed 10 achieve the
delay reques!et,

Services Provided

A sot of low level timing Xemal services are
available 1o ba veed by the othar iming services,
or by the sofiware daveloper who needs
particclar iming tunction not provided. T:mers
are avarabie to time events In elopwalch fashion
with microsecord, millisecond, or single sezond
procision. The nimber of triers active is limited
only by avaliable heap. Report services provida
formettad output of tmer resuits. Delay funclions
generale user spacihed delays with microsecond,
milksecond, or snga sacond accuracy. Alarm
services aliow e user 1o specity a period of time
to elapse ang provide a means 1o check the alarm
penodically for expuation, while performing other
proreesing hinetons  BIOS interrupt profiling
$e:Vicas provide & means 10 vrecisely profile the
activities of user spacified interrupts. A timer is
dedicated 10 aach of the 255 different values the
AH register may have when an Interrupt 15
irvoxed, and complete formatted reports are
nenerated showng iterrupt function activity
Unr.g these functions il i€ very easy 0
‘mavesdrop” on MSDOS and BIOS u«hvny The
umer tick management functions elfow the user 1o
rLn the timer fick intemupt &1 & rale other han 18 2
Hz. usefu! tor a runolig a background ISR to
service 1O ports. The thread schaduler allows up
10 & user wrilten functions 10 execute atl desired
inmarvals witn millisecond resolution.  Finally, two
utilhes aliow timing &nd intereupt profilng of
oxacutable programs, Thess are handy toals tor
merrupt “snooping”  and  general  program
axecution himing

Function List

The: follgwing is a complets hat of 1he functions
coramed in PC Timer Tools V5, grouped by
cateqory. All functions are supported n both C
and Turbs Pascal versions of the tiriing Iibraries
Full source cods 1o all functions is included.

Timer Kernel
1_reques! ¢_star
Lstop 1, get
Lot 1_bigaitt
tLhres_entry 1 _hires_sxi
Lealic
Timers
1_aloc 1_lree
Lentry 1_exit
_suspend tesume
t_reset 1_ask_timer
Lask_elapsed 1_ask_count
Lereck_timer { debug_on
L cedug off
Beporte
_LvI_time L.cvt_bigtime
1_repcrt Lname
t rname t_hame
t_set_repori

10S interrypt Profilin
{_bios_stant L bios_slop
1_b.as,_suspend 1_bios_resume

{_b:0s_se1_user
1_bos_set_fiie
1_bios_set_path
1_bios_reset
{_bies_rname

t_bros_hard_user
t bins_hard_ti'e
Lhios_ask
t_bios_report
Lhins_tname

1_bics entry lnos_exit
tUbios_load_desc

Relays

L_delay_calits i_do_bigdelay
t_asx_delay 1 _do_delay

{_do_de'ay_winls  _cak_delay_f
t_get_delay_ff 1_sat_delay_ff
Lmin_veiay 1_res_de'ay
Alarms

t alarm_request 1_aiarm_stant
Latarr_»llog t_alarm_free
1_alarm_set _sarm_check
1_aianin_stop

Timer Tick Management
rtm_init t.tm_stan
er_iC_set 1_ftm_stop
Thread Schedyler

1.sched_mt t_schad_set

L_schad_snab's
t_schad_rancel
1_scned_delete
tscted_oft

1_sched_disable
t_sched_reset
L_sched_synchronize

Executable Utilities

Exetme Impro

Compiter Support

PC Timer Tools vers.on & 0 supports the following
compilers

*Turbo C20

* Turbo C+4 1.0, SecondEdtion. 3.0

* Boriand C++ 20, 3.0, 3j1,4.0

* Turyo Pascal 50, 5.5, 6 0, 7.0

* Microgoft C 5.1. 6.0,

* |ntel 386/466 C Code Bliloer 1.0.1.1

* 2ortech C++ 50
Complete lbrary

Pascal) and a deveiopef

included.

s0urc§ code {in both C end

‘s distribution license 15

Version 5 Update Summary

selectable resolution

timers, alarms, arid dq
* nmer mport ras rew 4
* timers and alarms ma
and discarcdes dynam|
improved deiay perto
*umer error checking &)

mnde addec
* multiple asyrchronous
new support for intc! 4

Lsec, mses, sec) for
\uy

ort ophions

y be aliocatad, usad,
cally

mance o 486s
hhanced ard debug

tryead scheduier
nd Zonech CIC++

compilers

* updated BICS in!erm;rl profile desceptons

What About Windows?

Many of our ¢i ent PG Timer Tools users are
migrating to thc Wmoo S environmant, and we
have heGuently been asked to provide & Windows
compatible vers o of om 1oolk|t Unil recenty, a
varsion compaiple with Windows Enhanced

mocte has not been posgi
vitudization of the 82

windows Enhzaced mode

Windows 3.1 will providd

ible, due 10 the soliware
53 tiner hardware in
I appears that
the access 10 the timer

hardware PC Timer Tpo's needs 10 work In
Enhanced mode. &ld we bhave begun
developrnent o a high Fesolution timer toolbox
suitabie for tha! envireament. We will advise
current users of PC Timar Tools when a Windows
version is ava 2t

Need Some OOP Timer Tools?

it OQP is the flavor @u jour in your current
development efionts, yols may want a full OOP
implemertaton of PC Timer Tools, and PC
Jimer Objects is 1he [answer to your needs
Please see page 5 for a comp'ete product
dnsernplion.

PC Timer Tools V5 Now Shipping

I vau have spache mgaghone ragarng your
cufrent davelopent protect and how it might use

PC Timer Tools contactlis by voice, email, or fax

and we'll be glac 1o respond 10 your applkation

spetific questsns as they relaty 1o Our timer

toolbox. We're nerg 1o hlblvlp'

|

PC Timer Tools V5.0
$89.95 / $35 Update
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PC Timer Objects Version 1.0

An OOP implementation of PC Timer Tools for C++ and Turbo Pascal Q

Functiona! Qverview

Softwag Ceveiopers needing timing services that
go beyond the 54 me accuracy of the PC's
DOS-BIOS timing furk.tions have long turned 10
Ryie Des gv's PC Timer Tools for high resolution
wmIng precision deiays, Synchroncus aiarms, and
mrullie thread scheduiry. PC Timer Objects
brings inese services to an OOP environment,
with fuii suppor for Turbo C++, Borland Cre,
Microssh C+4 7.0, Zorech C++ 3.0, and Tubo
Pasca Oujects. Although the functionality is
simila; PC Timer Objecis 1s not just an QOP
wrappar placed around our PC Time: Tools code,
but ratnar a compiete rewriia of our timer kernel
dasignea to take acdvantage of C++ and Turbo
Pascai Object language features. With our C++
classec and Turbo Pascal objecls, you can
impiement this library in a wide varety of timing,
delay, and scheduling applications, or use our
base c'asses and objects to develop very
sophigicated funclions that suit yeur urigue
iming equiraments

How It Works

Like FC Timer Touls, PC Timer Objecis talks
drecty to channel 0 of the 8253/8254 tmer
controtar found in all 100% compatible PCs. PC
Timer Objects reads the 838 nanosecond 8253
timer *tck” count and combines this with the DOS
time ¢’ cay data words (which is a count of the
nurder of times the 8253 timer count has
overtiowed; 10 generate a microsecond resolution
time stamp with no adverse hardware or sofwarg
side eftects. This low-level tming engine is then
used 10 ime avents and 1o calibrats the pracision
delay functions. The timing engine contains logic
fo cahbrate tself to the PC's processor
enviconment at runtime ¢ that a single
expcutable hie using PC Timer Objects will
provice accurate hming across the entwe Intel
80x8€ piattorm without machine specific 1ining

Services Available

PC T'—<r Objects provides the foliowing timing

SWIVICES

° prac.sion Urestamp services

* eeleliabie rasolution (usec, Msec. 5975) event
time-s, atarms, and delays

* mutinlg \hraad schadu'e: with 1 ms resoliution

T oevenl tmer reporing furctons generate
‘epans on tmer aclivity, 1deal for profiling.

PC Timer Objects continuas the Ryle Design
traditcn of full source code (in both C++ and
Tuho Pascal) and a roysity-fres object code
distribution license Inciuded, so commercal
Sevelepers may aistibute our object code in bona
fide eno-user appications

If precsion tming. delays, alarms, or thread
schesulng  are  reguired  in an  OOP
:mp:emertation, PC Timar Objects is the high
resoluton choce  Call s with specific questions
r8garding your current or fiture projects and their
tming requirements, and see how our precision
timirg functions can solve your prablamg oday

PC Timer Objects Class /

Timestamp Classes / Objects

The timestamp classes/objecis provide a
"griapshot” of the system timing hardware and
low level functions 1o caiculate tme ditferences.

Classes / Objects:
usec_timestamp {usec resolition)
msec_timestamp (msec resolution)
sec_timestamp (sec rasolution)

Member functions / object methods
gel

operator - (C++)

diff (Turbo Pascal;

Timer Classes / Objects

“Stopwalch” style tmars  Timers may be started,
slopped, suspended. resumed, ark! each timer
containg counters for both cumulative elapsed
time and number ¢f activations. Multiple timers
may bs active concurently

Classes/Objects

he_nmer (base class / cbject)
usec_timer {usec resolution)
msec_timer (msec resolution)
sac_timar (sec resolulion)

Member functions / object methods
count

current (virtual)
current_secs (virtual)
debug_off

debuq_on

elapsed
elapsed_secs (virtual)
getnarne
last_elapsed (virtual)
1ast_elapsed_secs (virtual)
report

reset (virual)
resolution (virtval)
resume (virtual)
setname

stan (vidua!)

state

stop (vidual)

suspend (vintual)
nmestring (virtualy

Alarm Classes / Objects

Fareground synchronous alarms are initiehzed
with & tirme vaive and then checket periodically
for expiration. Alarms are ideai for handshake
timeouts and arimaton synchronzation.

Classes’'Objects

hrt_alarm (base C'ass / object)
usec_alarm (usec resolution)
msec._alarm (msec rasolution)
sec_alarm (sec resoiution)

Member functions / object methods
cancel

check(virual)

resel{vinual)

set (vintval)

bjects
ject Librar cript
Delay Classes / Objects

Precision delays, complej
host PC runtime- hardwar,

Classes/Objects
hr{_delay (base class / o
usec._oslay (usec resolu
msec_delay (msec reso
86C_dolay (sec resolutio

Member functions / objact methods

doit (virtual)
dor_critical (usec_delay
min_delay (usec_delay
optimize (Usec_delay on
oplimize__criical (Usec_d
request (virtual)

Thread Ciass / Ob
Schedules  functions
"background” while

continues. Not & subyatit
oparatng system, bul
implement scheduled, a
'O cards in comrmurnic
and process control app!

resolution 15 1 miliseco r

Classes/Objects
hri_thread

Member functions / ob
rese!

resume

scheduler_on
scheduler_off

set

suspend
synchromize_threads

Complier Support
Turpo C++ 1.0 2nd EOIt
Borland C++ 20,30, 3.
Microsoft C++ 7.0
Zortech C++ 3.0 (real &
Turno Pescal 5.5, 6.0, 7
Boriand Pascai 7.0

Tootkit Includes
Full goneca code (n ln‘»l){
royaty-free oby ect codd
30 day "No Questons A
complate  relerence

PIOGAMS réady to comp

oct methods

on 30

P8BS r-stecled)
0

pked™ i

ely s¢ f catbrating 10 tha
& Sr.v ronnient.

biect;
ion)
Litior

)

only;

nly)

y)

elay oniy)

ect
1o evecule N the
prey Lod” processing
te for 2 'ue mulitasking!
an ci‘eclive means 1o
yneheoous §evicing of
hhons, data acquisition,
cators The scheduling

40

Ges 27d Turbo Pascal)
st on heense, our
m poly, and a
nan.:  with  example
i@ AAT run

PC Time

$8¢

I Objects
Version 1.0

.95
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General Information

and Official Fine|Print

|

Our 30 Day “No Questions Asked" Return Policy

Your satisfaction Is atways our primary objective. All of our products may
be retunad within 30 days of purchase for any reason as long as he
prociuct is in good condit.on and you have destroyad any backup copies you
may have made You v/ll racave a full refund (no sneaky restocking fees
hara? less your original shipping charges. if rélurning @ product, please call
firgt for a return authorizaron number

Technical Support

Technical support for cur products is available by any of the following

methods

1. Telephone to 517-773-0587 during normal business hours Monday-
Friday Eastern Standard Time (-6 hours GMT).

2 Faxiu517-773-0587 24 hours a day, 7 days a week.

3. Compusaerve email o 73047,1765. We chack our GIS email daily.

4 Technical support BBS (517-772-2393) 12/24/9600, BN1.

Payment Terms For USA Customers

We ' accept VISA, MasterCard, American Express, and checks. Please do
not send cash. COD and net lerms (purchase orders) are avadable to
quallfiexs businesses and nstituions - please inquirs,

Payment Terms For Customers Outside the USA
Al orders {rom outside the USA must be prepeld by VISA, MasterCa-d.
American Express. of & check drawa in US dollars payab'e through a US
bank przach. Please do not send cash. 1f paying By check, the check must
b9 MICR ericoded - thesa are the machine readable routing numbers tnat
@0 2cross “1e bottom of the chack. As our bank aharges us $50 to cash a
Zhack the: s not MICR encoded, we carnot accept checks vithout MICR
encoding 1 1n doubt, ask your bank when you havp the check prepared

How To Order

You may order by tel
Mt Pleasant, Ml 48604 USA, or by Compuserve email 1o 73047,1765.
Orders a-2 shippad within 24 hours of receipt

hone or fax 10 517-773-0587, by mai to PO Box 22.

Our Customers Include ...
Americar Airings, Atomic Eneray Canada, Conod
Pont, Du- & Bradstreet, E & J Gallo, EDS, Georg
Intarnatc~al Paper, Intuit, Jet Propuision Laboralg
Matsushiz. Microsoft, NASA, Northrup, Phoenix T
Sony. Tesas Instruments, USGS, US Navy, Zenl
compenies and universities woridwide, Gur tolal ing
I the thocsands.

p, Digital Equipment, D
g Tech, Hugt &5 Alrcrat.
ry. Max Pianck Ingttuts,
pohologies, Sandia Labs.
\, and huncrads of other
talled uscrbase numbers

Ryle Design Product Order For

m - Pricing Effective May 1, 1993

%

Check or money order enciosed payable to

Card expiration date

Mail to Ryle Design, PO Box 22, Mt. Pleasant, M 48804 USA or fax to 517-773-0587
Telgphone orders with VISA or MasterCard may call 517-773-0587 10am to 4pm EDT
Name_
Company
Address
Phone __ Fax Email
BG1 Printer Driver Toolkit Version 1.2 ($129.95 each, $40 update, serial #_ )%
BGI For Windows Version 1.1 ($129.95 each, V1.0 users update freg) ......... o . -
Save! BGI Printer Driver Toolkit 1.2 & BGI For Windows 1.0 (both for $189.95) ......... $ .
PC Timer Tools Version 5.0 ($89.95 each, $35 update - serial # ___ ) T $
PC Timer Objects Version 1.0 ($89.95each)........ ... ... ..o e, $ .
Save! PC Timer Tools V5.0 and PC Timer Objects V1.0 (both for $129.95) . ... $ _
Shipping [USA Ground $5, USA 2 Day Alr $7, USA Next Day Air $12, Overseas Air $10) ........ $_
U O Al e e e S o
Michigan residents add 4% Sales taX ... $ _
Total enclosed OF ChArged ..........cc.oooiiiiiii $

Charge my Visa/MasterCard/American Express #

RYLE DESIGN

Signature
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APPENDIX D

MOTOR & MOTOR DRIVER CARD
TECHNICAL SPECIFICATIONS
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Applied
Motion

Products

404 Westridge Dr. ® Watsonville, CA 95076
(408) 761-6555  (800) 525-1609
FAX (408) 761-6544

Step Motor Driver

Full & Half Step
2A, 35V Bipolar Chopper

Features

 12-35 VDC motor supply (including rippie)
* single power supply

¢ 125 mA - 2 amps/phase motor current

« DIP switch selectable current from 16 levels
* jumper selectable fuli and half step

« thermal protection

 optional heat sink

« screw terminal connectors

* inaudible PWM ampilifiers

* optoisolated inputs

* automatic idle current reduction

» drives 4, 6 or 8 lead step motors, sizes 14-23

Description

The 2035 step motor driver contains a full and half

step phase sequencer, two switching amplifiers and
optoisolation circuits. This driver also includes an
automatic feature to lower motor current anytime the
motor is left at rest for more than one second.

The amplifiers reguiate motor current by chopping at
a constant. inaudible frequency. Phase current is

selected from 16 levels by a DIP switch. Full or half
step operation is also selected by the DIP switch.

The 2035 is a PC board mounted on an aluminum
angle heat transfer chassis. Mating heat sink avail-
able for stand alone operation.

Options

« on board oscillator (Model 2035 0)
* add on heat sink {Model 2035 H)

4128
0125 - o1 50" |
. P

N _[ 2012 —4

cs
343
MECHANICAL OUTLINE
—
= Curren: Seting

steo —1  Oplical —

isolator | ster N

Step -

‘5__1 s [ Ampiitier —4- :::mo’

Optical = —*
directiod 1 ygolator i .
BLOCK DIAGRAM
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Applied 404 Westridge Dr. e Watsonville, CA 95076

Motion (408} 761-6555 * (800) 525-1609
Products FAX (408) 761-6544
T oML — 02675 1
— 119,04 } ¢.002 \. I 1
: ~r1 xoa N ‘
o;u 3 _—2x03750 )
wix -t - == 3
. | -
063 —m—
— —1192 03

Motor  Holding Rotor Motor

Length  Torque Step Inertia Weight
Part # (inches) {fozin) Leads Angle Volts Amps Ohms {oz-in’/G-CM?) {Lbs.}
- 4034-322 25 150 6 18 5.8 16 36 115 3.66/670 3.00
4034-324 25 150 6 - 18 25 31 .82 30 3.66/670 3.00
4034-326 25 150 6 18 1.8 47 38 1.25 3.66/670 3.00
5034-348 25 150 8 1.8 21 342 .64 25 3.66/670 3.00
4034-329 37 300 6 1.8 30 4.0 .75 3.0 6.72:1230 5.40
4034-331 37 300 6 1.8 25 46 .55 2.76 6.72/1230 5.40
5034-349 37 316 8 1.8 25 5.00 .50 29 6.72/1230 540
4034-334 51 450 6 18 43 35 1.22 70 10.2/1870 770
4034-336 51 450 6 18 26 55 48 2.5 10.21870 7.70
4034-338 5.1 450 [ 18 25 70 .35 17 10.21870 7.70
4034-339 5.1 450 6 18 15 1 14 7 10.21670 770
§034-350 5.1 472 8 1.8 25 5.90 42 2.6 10.2/1870 7.70

OTHER LENGTHS AND WINDINGS AVAILABLE UPON REQUEST

*Part numbers listed are for single shaft. To order double shaft add ‘D’ to the end.
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Grn/Wht

. 6
NG White lead

Green motor

A+

Red/

( YY T Y'Y ]wm
Red Black

B- NC B+

6 Leads Series Connected

A Gm/Wht
. 6
As White lead
motor
NC
Green
ree '3~°d/
ht
Red Black
B- B+ NC

6 Leads Center Tap Connected
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Table A-2. Environmental Specifications

Feature Specification
Bus-loading power consumption 170 mA
Operating temperature range 0t050°C

Stoarge temperature range -40to0 100° C
Humidity 0 to 90% noncondensing
Dimensions 5 inches L. x 4.25 inches
H x 0.75 inches (12.7 cm

x10.8cmx 1.9 cm)
Weight 4oz (l13p)
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Table 2-1. Values of Base Address Switch Positions

Value When Switch Is OFF
Psov;::f:n Ach:rr::ss Decimal Hexadecimal
1 A9 512 200
2 A8 256 100
3 A7 128 80
L B B
5 AS 32 20
6 A4 H ml6 - 10
7 A3 8 8
o BN 4 B
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A

Specifications

Inputs and outputs of the PIO-12 are TTL/DTL-compatible. Outputs can
drive one standard TTL (74 series) load or four LSTTL (74LS) loads.
CMOS compatibility can be achieved by connecting a 10 k€2 pullup
resistor from the PI)-12 output to +5 V. Table A-1 and Table A-2 list
PIO-12 specifications.

Table A-1. Input and Output Specifications

Logic Inputs and Outputs | Minimum ;| Maximum
Input logic low voltage 05V 08V
Input logic high voltage 20V 50V

Input load current for the PA, PB, -10 uA 10 pA
and PC ports (0 < V;, <5 V)
Input low current interrupt inputs — -0.4 mA
Input high current interrupt inputs — 20 pA
Output low voltage for PA, PB, _ -045V
and PC ports (I = 1.7 mA)
Output high voltage for PA, PB, 24V —_
and PC ports (Loyrce = 200 pA)
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Cabling and Wiring

This chapter describes the cabling and wiring required for attaching
accessories and I/0 lines to the main I/O conncctor of your PIO-12
boards. The main I/O conncctor of thc PIO-12 is a 37-pin D-typc. Pin
assignments for this conncctor are shown in Figure 3-1.

Dig. Com. - 19 r:\- 37- PAO
Power Dig. Com.-17| ® : 36 - :M
Supplies Hi2v-16) 8 gi - Pﬁg
for 1 Dig.Com.-15| ® ® |33-Pas | Port A
-12V-14] ®
Computer Dig. Com.-13| ® ® [32-PAS
* _5‘;_12 ® ® |31-PA6
_ Dlg. Com. - 11 e : 30 - PA7 ~ —
- Plg-Com ol o 29 - PCO
PB1-09| @ @ [28-PC1 4,
pe2.0s| w ©® [27-PC2 |VPP
PB3-07 a ® [26-PC3 - Port C
Port B PBa.0s| m ™ |25-PC4 ort
PB5-05| @ % :g - ggg Lower
PB6-04| @ * -
PB7-03| W ® [22-PC7
interrupt Enable - 02| ® : g; i ?;g‘.,Com.
interrupt input - 01 K./
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APPENDIX E

OPEN COLLECTOR CALCULATIONS
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APPENDIX F

CONTACT STRESS SPREADSHEET ANALYSIS

150




CONTACT STRESS ANALYSIS

From the development in Chapter Five, several equations are used in the contact
stress analysis. First, consider a quantity A which is a function of Young's Modulus (£)
and Poisson's ratio (v) for the two mating bodies:
1=} 1-

it (5-3)
EI E2

A=

Using this expression for A, the expressions for contact pressure (p,) and the radius of the

area of contact (a,) may be stated as follows:

P, =o.57s-s\/F(”RA2+”R2) (5-4)

and

a, =0.908 3| — 28 (5-5)
\1/R +1/R,

where:

F is the loading force;

R is the radius of the sphere;

R, is the radius of the mating part (flat plate in this case so R, = o in this case);

For the mechanism under investigation, the following values® were used to

calculate A, p, and a,,:

F=573=191b Ej =15-106 psi v =0.34
Ry =.125in E, = 28-106 psi v, =0.30

Spreadsheet outputs showing the effects of different R values with different load

values are shown on the following two pages.
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