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Abstract

The James Web Space telescope will replace the aging Hubble in 2012. One instrument
onboard will be the Near Infrared Spectroscope which will require a reconfigurable slit
mask to control light incident upon it. One design for this device is called the
Mechanically Actuated Reconfigurable Slit mask (MARS). The MARS uses several
electromagnetic clamps to move shutters though the focal plane. The goal of this thesis is
to develop a system to characterise these clamps at cryogenic temperatures. FEA
simulations predicted clamp performance and aided in the development of a test
apparatus. An apparatus which utilises the Lorentz force to force the clamp jaws open
was developed, built and tested. The device was built inside a cryostat which operated at
30 K. It was found that the test apparatus performed as intended. The clamps themselves
proved to be problematic. Small perturbations or misalignments caused significant

inconsistencies in experimental results.
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Chapter 1 Introduction

1.1 Motivation

Slit masks are opaque screen placed in front of detectors to obscure light from undesired
sources. Slits cut into the screen allow light from desired sources to pass through and
reach the detector behind it. The function of a slit mask is to control light transmitted
onto a detector from one or several sources and are used in several detector applications
around the world.. In telescope applications, slit masks are used to obscure light from
background stellar objects while allowing light from desired targets to reach detectors
behind the slit mask. The simplest slit masks are custom cut from opaque material and
placed in front of the detector before each experiment is performed. The development of
the James Web Space Telescope has produced the need for a robust, small and effective
design for a remotely reconfigurable slit mask. Figure 1-1 shows a simple schematic of a
slit mask in a telescope. The light from the target star is allowed to pass through an
aperture while the other stars are obscured by the slit mask.

Target star x

Slit Mask
Detector

Figure 1-1: Proposed application of a slit mask

The detector for which the slit mask is to be developed is a Near Infrared Spectrograph
(NIRSpec) These devices are typically isolated from their surroundings in a high vacuum
environment and have an operating temperature in the cryogenic regime. This isolation
makes installing custom cut slit masks time consuming and difficult even in ground based

telescope applications. This problem is compounded in orbital telescopes applications by



the impossibility of manual mask replacement. A remotely reconfigurable slit mask
would allow for the placement of a new slit configuration without long warm-up and
cool-down delays. To fill the need, engineers at the National Research Council, Herzberg
Institute for Astrophysics developed a mechanically actuated reconfigurable slit mask
called MARS. The MARS device requires significant design refinement in order to
improve its performance and reliability. Some of the important design criteria are: low
power consumption, small size and mass and fast actuation time. A unique feature of the
MARS device is its use of a number of magnetic clamps to grasp and locate the openings
in the mask. Before optimizing their design, a means of characterizing their performance
is required with clamping force being a primary parameter. This thesis describes the
development, testing and optimisation of a test apparatus used to measure clamping

forces.

The MARS project was developed to conform to specifications put forward by the
European Space Agency (ESA). These specifications are outlined in Table 1-1. A more

complete list of the design requirements is available in [1].

Table 1-1: Performance requirements for the MARS device [1]

Performance: | Slit width: Adjustable between 50 pm and 2 mm
Slit width accuracy: + 5 % of slit width
Slit positioning: + 25 pm from fixed reference
Fill factor: >90%
ON/OFF Contrast: >2000, with a goal of 10000
Reconfiguration time: <15 min.

Lifetime: Design Lifetime: 10 Years

Reconfiguration Cycles: | >50000

Failures: No single point, at least 80% working at end of life
Design: Mass: <l10kg

Envelope: 600 x 350 x 200 mm

Heat dissipation: <100mW during motion, 0 mW while observing

Of these specifications, the most relevant to this thesis are fill factor and heat dissipation.

Fill factor describes the percentage of the focal plane which would not be obscured by the



slit mask mechanism. This specification dictates the amount of sky in the focal plane in

which an unobscured slit can be formed.

1.2 MARS Device

Aperture 5 Shutter

Figure 1-2: Schematic of the proposed slit mask design and its key components

The MARS is made up of an array of apertures in a support chassis. Each aperture
represents the area in the focal plain where a slit can be formed. Flexible, opaque shutters
are displaced across these apertures in order to create and position slits which allow light
to pass through to a NIRSpec closed couple device (CCD) positioned behind the slit
mask. A simplified representation of the MARS slits and apertures is shown in Figure
1-2. The figure shows how two shutters are used to form each slit. The proposed MARS
design features fifty such apertures measuring 4.25mm x 54mm arranged in two columns
of twenty five [2]. Two shutters are required for each aperture with one shutter entering
from either side. By controlling the position of these two shutters within the aperture, a
slit of any width can be placed at any point along the aperture length. If the leading edges
of the two shutters are brought together, the aperture can be closed completely.



Light enters and passes
through 2 columns of slits

Slit formed in gap

Figure 1-3: MARS device edge and isometric views with clamps and actuators removed [2]

The motion of the shutters is achieved using small electromagnetic clamps in conjunction
with piezoelectric actuators. With the apertures arranged in two adjacent columns, it is
necessary to include actuators and clamps in the middle of the focal plane. This
requirement results in a large portion of the focal plain being obscured by the actuating
mechanisms. A large obstruction of the focal plain would reduce the fill factor
significantly. The original design of the MARS has a fill factor of 62% which can be
increased to 80% if only one column of 25 apertures is used [2]. This does not meet the
minimum specifications put forward in Table 1-1 and is one of the motivations for the
refinement of the clamps since reducing the clamp size would increase the fill factor.
Figure 1-3 shows an edge view of the MARS device with all actuators and clamps
removed. The figure illustrates how the device is divided into two halves, identical but
inversed. Also in the figure is an isometric view which shows how the shutters are
oriented in the MARS device. The shutters make a 90° turn during movement so that the
actuating mechanism, located on the vertical portion of the chassis, is oriented
perpendicular to the focal plane and the slit apertures. This is intended to minimise the

negative impact that the actuating mechanism has on the fill factor.
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Figure 1-4: MARS focal plane [2]

The determination of the fill factor is shown in Figure 1-4. The fill factor is defined as the
combined area of all fifty apertures divided by the total area of the focal plane. The figure
shows how the guide bars and the central actuating mechanism structure obscures a large
percentage of the focal plane. The central structure is more clearly shown in Figure 1-5.
The figure is similar to the second figure in Figure 1-3 but shows a more complete
MARS device assembly. Most of the clamps have been removed for clarity and the two
remaining clamps are indicated. Reducing the size of the actuators, and thus the amount
of obscured focal plain, is the main motivation for the refinement of the electromagnetic

clamps.

Figure 1-5: MARS device, with actuators and clamps [2]



The clamps represent a significant portion of the cross-sectional area of the actuating
mechanism. Therefore, any reduction in the clamp’s size would improve the fill factor of
the MARS significantly. Other desirable properties for the clamps are low heat
dissipation, low mass, and a maximum clamping force for a given coil current.
Maximising the clamping force delivered by a given coil current would aid in the
reduction of the heat dissipation by reducing the needed current. One of the unspecified
parameters is the required clamping force which impacts the entire feasibility of the
design. This parameter will need to be determined through characterization of the clamps
and tests performed on the MARS prototype. All of these properties will need to be

considered during optimisation.

1.2.1 Actuation Method

The motion of the shutters is achieved using the electromagnetic clamps in conjunction
with piezoelectric actuators. Each shutter is controlled by a clamp which is energized to
grasp its respective shutter. The clamp, along with the secured shutter, is displaced by the
actuators. Each aperture requires two clamps, each controlling one shutter. This dictates
that the MARS in its original configuration will require one hundred clamps. It would be
impractical to have an individual actuator for each clamp because of complexity, space
and heat dissipation issues. Instead, all clamps on one end of a column of apertures are to
be attached to a floating chassis which is actuated at each end by a pair of piezoelectric
actuators. During operation the bar oscillates, moving all the clamps mounted to it.
Shutters which are controlled by those clamps can be moved in either direction by
controlling when each clamp opens and closes during its oscillation. In this way the
shutters will be moved across in discrete steps which will be dictated by the amplitude of
the actuator chassis” oscillation. It is proposed that the shutters would be moved over
large displacements first with the actuators oscillating at their maximum. Once this bulk
displacement is completed, the amplitude of the piezo displacement will be reduced and
the fine adjustment of the shutter positions can be performed. Testing will be needed to
ensure that the MARS can be reconfigured within the specified time limit stated in Table
1-1. Redundancy will be built into the actuation system to ensure proper operation should

an actuator fail.



Figure 1-6: Individual steps of shutter displacement

Figure 1-6 shows the individual actions which make up the displacement of the shutters.
The initial step involves the activation of the clap which firmly grasps the shutter (shown
as a heavy black line). The second step is the displacement of the clamp and shutter by
the distance of AY which corresponds to the shutter leading edge being displaced by AX.
The third and four steps involve releasing the shutter and retracing the clamp to its initial

position.

1.3 Objectives

The primary objective of the research described in this thesis is to determine the
relationship between clamping force and clamp coil current, temperature and clamp

material. This objective will include the following goals:

* The development of a cryostat capable of simulating the temperature and pressure
conditions that the MARS device will experience in operation.

* The development and testing of a method of applying a controlled force to the
clamp jaws.

* Characterise the performance of the prototype clamps.

The following sections are divided into six chapters. Chapter 2 covers all relevant
background information and theory. Chapter 3 covers computer modeling of proposed

designs as well as a brief literature review of cryogenic force measurement. Chapter four



describes the development of key system components. Chapter five covers the
preliminary results and their impact on the design refinement. Chapter six includes
experimental results and discussion. Finally, chapter 7 contains conclusions and
recommendations for the MARS clamp test assembly project. The two appendices
include information on clamp simulations which pertains to section 2.3 and a study of a

Helmbholtz coil pair based field generator which pertains to section 3.6.



Chapter 2 Magnetism Theory and Simulations

2.1 Clamps

The original clamp design developed at HIA consists of a two piece clamp energized by a
single coil. Figure 2-1 shows these three components as they are to be assembled. The
coil is wound around the central portion of an F-shaped upper jaw manufactured from
high permeability ferromagnetic material and consists of 420 turns. The second
component of the clamp is a flat lower jaw which connects the two legs of the F-bar and
completes the magnetic circuit. The prototype used 0.05 mm thick stainless-steel shim-
stock for shutter material. The gap between the upper and lower jaws corresponds to the
thickness of the shutter material which will be positioned between them. The trailing ends
of each bar are used to mount them to a flexible support structure. This structure is

designed to allow the clamps freedom to move a small distance while maintaining proper

alignment.
<t 28 mm '
L -
- | Mounting
- | Points
= - N

Figure 2-1: Original clamp design

The coil consists of 420 turns of 30AWG copper wire and has an outer diameter of 8-9
mm. The clamp coil current, /-¢ specified in the original design is 50mA. At room
temperature, the clamp coil has a resistance of 2.6 Q. Using these values, the room

temperature heat production can be calculated as follows.

P=13.R=(0.05) x2.6 = 6.5mW 2.1)
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With each clamp producing 6.5 mW of heat, one hundred clamps operating
simultaneously would produce 650 mW which is much higher than the limit of 100 mW
imposed by the design specifications. However, the resistance of copper is greatly
reduced at low temperatures. At 30 K tHe resistance of the wire is expected to be 3% of
its room temperature value [3]. Also, the clamps do not operate continuously during slit
reconfiguration. During shutter movement each clamp will have a duty cycle of
approximately 50% as it is cycled on and off. Using this information, a new heat

production value can be calculated.
P=1*R=(0.050) x(0.03x2.6)x 50% = 97.5ul 2.2)

This calculation shows that if all shutters are being displaced simultaneously, the power
dissipated by all 100 clamp coils will be 9.75 mW. This is significantly lower than the
specified limit. It also shows that additional apertures and clamps can be added without

exceeding the heat production limit.

2.2 Magnetism Theory

Although a magnet’s clamping force can be increased by improved its coil current, there
is a limit to the amount of magnetization that can be achieved. This limit is dictated by
the material from which the clamp is manufactured. The magnetic permeability u of a
magnetic material dictates the relation between the applied magnetic field / and the
magnetic flux density B. As pertaining to current carrying coils, H is related to both the
current in the coil wire and the number of turns used when making the coil. B is an
important property which will later be used to calculate the magnetic force present
between the clamping surfaces. These two properties are related by the following
equation.

B=uH (2.3)



I3 |

The relative permeability u, is the ratio of the material’s permeability to that of free space

1o which is defined as the permeability of a complete vacuum and is equal to a constant

value of 4 x 10~ Wb/ Am ; Thus,

u =t (2.4)
Uy

Combining equations (2.3) and (2.4) leads to the following equation for the flux density
in the clamp.

B = u,u,H (2.5)

The relative permeability of air and several other nonmagnetic materials such as the
stainless steel used for the shutters are nearly equal to one. This means that the
permeability of these materials is equal to that of free space. The magnetic properties of
various materials are commonly described using a plot of B versus H. These plots show
the increase in flux density as additional magnetic field is applied. They also show the
point of magnetic saturation after which additional applied field does not result in a

significant increase in flux density.

2.2.1 Magnetic Circuit Calculations

When calculating the total flux in a magnetic circuit analytically, it is convenient and
necessary to simplify the problem. A common method of simplifying magnetic circuits is
to define a path in the circuit which approximates the “flow” of the magnetic flux. Figure

2-2 shows such a simplified circuit.

Figure 2-2: Simplified magnetic circuit
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The dashed line represents the simplified path of the magnetic field. The points at the
nodes divide the path into eight sections. In order to calculate the flux density in the
circuit and thus the gaps, the total reluctance R of the circuit must be found. The total
reluctance will be the sum of the reluctances from each of the eight sections. Reluctance
is given by equation (2.6), where 4 is the cross-sectional area and /; is the length for that

section.

R - (2.6)

b4

The total flux @ is given by equation (2.7). The term F,, is known as the magnetomotive
force and analogous to the applied field. Magnetomotive force is given by multiplying the

wire current by the number of turns in the coil.

D= Fom 2.7

leal

The flux density at any point along the path is found by dividing the total flux by the

cross-sectional area of the clamp at that point, as shown in equation (2.8).

Be— 2.8)

If equation (2.6) is applied to the MARS clamp, it can be seen that the gap provides the
bulk of the total reluctance. For example, compare the reluctance of one gap to that of the
longest section in the path, /; The length of section /; is 15mm which is 300 times longer
than the length of the gap which is 0.05mm. The relative permeability of the gap is 1.0

while for the core material varies up to a maximum of ~200000. Applying equation (2.6):



R = egap = ggap
o Ixu,4 u,A

. 3000, 300y, ) 300
Coup A u Ao

(2.9)
R

gap

The cross-sectional areas for each section are approximately equal so equation (2.8) is
valid at any point along the path. From equation (2.9), it can be seen that the reluctance of
section /; is 300/, times the reluctance of the gap. With the material’s i, ranging up to
200000, the gap reluctance can be as much as 700 times larger than that for the core. If all
the other sectional lengths of the clamps are added together, both gaps are taken into
account and all reluctances are summed, the reluctance of the gaps can be as much as 400
times the reluctance of the clamp material. Therefore, reducing the reluctance of the gaps
would have a significant effect on the total flux through the circuit. This reduction can be
achieved by either reducing the gap width or by increasing the area A of the gap. Because
the gap width is dictated by the thickness of the shutters, increasing the area of the gap is

the only viable method of reducing its reluctance.

2.2.2 Ferromagnetism

Ferromagnetic materials are characterized by large field dependent permeabilities and
commonly exhibit large residual magnetization when field is removed. This residual
magnetization is commonly referred to as remanence M,. The remanent flux density B, is
simply equal to upM,. The characteristics of a ferromagnetic material are best described
by its hysteresis loop. The hysteresis loop describes the relation between the
magnetization of a material versus the applied field. Another form of the hysteresis loop
describes the flux density versus the applied field and is more common. Both forms are
shown in Figure 2-3. The four paths which make up a hysteresis loop can be described as
magnetization, demagnetization, reverse magnetization and reverse demagnetization. The
magnetization shows the flux density as a magnetic field is applied to the material. This
curve reaches a saturation point where relation between applied field and flux density
becomes linear with slope equal to . The demagnetization curve shows the flux density

as the field is removed. The point where this line crosses the zero-field line is the
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remanent flux density. The reverse magnetization and demagnetization curves describe

the same properties with an inverted applied field. The dashed lines in Figure 2-3 show

the hysteresis loops of a material starting from an unmagnetized state [3].

{3} M {b)
NV /

)

Figure 2-3: Typical hysteresis loops for a ferromagnetic material [3]

The materials used for the manufacture of the MARS clamps are alloys made up

primarily of nickel and iron. These alloys, known by their trademark names Hymu 80 and

High Perm 49, have a variable g, but have little to no remanent flux density. This

property is important for the MARS clamps as it will ensure that the clamps fully release

with the removal of magnetic field. In such cases, the hysteresis loop disappears and the

material behaviour can be shown as a single curve. These curves are shown in Figure 2-4.
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Figure 2-4: B-H curves for Hymu 80 and High-Perm 49 [4]
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2.2.3 Low Temperature Effects on Ferromagnetic Materials

Another important property of a ferromagnetic material is the Curie temperature, 7c.
Above the Curie temperature a ferromagnetic material becomes paramagnetic. This
temperature is typically above room temperature for materials of interest such as nickel
(631 K) and iron (1043 K)[3]. The Curie temperature of Hymu 80 is 733 K while that for
High Perm 49 ranges from 722 K to 772 K. [4] The behaviour of many ferromagnetic
materials with decreasing temperature is generally as shown in Figure 2-5. The Saturation
Magnetization increases rapidly in the temperature region just below the Curie
temperature 7, and continues to rise at a slower rate with a continued temperature

decrease. This is due to decreasing thermal agitation of the spin system with decreasing

temperature [3].

SATURATION
MAGNETIZATION, M,

/TC
TEMPERATURE

Figure 2-5: Saturation magnetization vs. temperature [3]

Since most materials of interest, including the materials from which the clamps are
manufactured, have high curie temperatures, the change in saturation magnetization
between room temperature and 4k is seldom more than 10% [3]. However, a 10%
increase in clamp performance would be significant. Other properties such as

permeability and remanence can vary more drastically and can also influence the

performance of the clamps [3].
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2.2.4 Maxwell Stress Tensor

The Maxwell Stress Tensor is one method commonly used in FEA analysis to calculate
the electromagnetic forces on a body. Integrating of this stress tensor S over any surface
in vacuum enclosing a body will give the net force on it directly [5]. The electromagnetic

force as derived from the stress tensor is described by equation (2.10).

F=U](S-ﬁ)dA (2.10)

Where 7 is the unit normal vector [5]. Components of the magnetostatic tensor S are

shown in equation (2.11)

p-Z B.B, B.B
2 - J
2
s-L BB B B BB, (2.11)
Uy S 2 _
B.B BB, B:- %

By evaluating the dot product between S and #, the explicit form of the integral can be
found. [5]

1 -
F=“—0U][(B n)B—EB n]dA (2.12)[5]

Integrating equation (2.12) around a surface enclosing an object gives the net magnetic
force on that object. This integral can be used in FEA post processing to predict the

magnetic forces between two objects such as the clamp jaws.

2.2.5 Lorentz Force Law

The Lorentz Force Law describes the force exerted on a charged particle which is moving

in an electric or magnetic field and is described by equation (2.13)
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F=q(E+vxB) (2.13)

Where g is the charge of the particle, E is the electric field, B is the magnetic flux density
and v is the velocity of the particle through the fields. When only magnetic fields are

considered, the equation can be simplified to the form shown in equation (2.14)
F=q(7xB) (2.14)

Current traveling through a wire is in effect made up of several moving charges.
Therefore a current carrying wire immersed in a magnetic field will experience a force
exerted on it by the interaction of the charges passing through it and that field. The force
exerted per unit length of such a wire can be determined using equation (2.15)

% =ixB (2.15)
The vector form of i has the same magnitude of the scalar value of i and has a direction
equivalent to the direction along the wire. The direction of the force on the wire is
described by the cross-product but can be determined using the Right Hand Rule and is
perpendicular to both the magnetic field and the current vector. Equation (2.15) shows
that the force on a wire is directly proportional to its immersed length, the magnitude of
its current as well as the magnitude of the field in which it is immersed. The length of the
wire immersed in the field can be increased by looping the same wire through the field

several times.
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2.3 Finite Element Clamp Geometry Simulations

During simulations, the clamp design was modified from the original design by altering
the following parameters:

e Coil aspect ratio

*  Upper clamp leg height

* Upper clamp bar leg width

* Material

* Coil current

A brief description of the variations of these parameters is given in Appendix A.

To determine which clamp design will be the most promising, a series of models were
analyzed using FEA software. FEA software approximates partial differential equations
by replacing continuous functions by piecewise approximations defined on polygons [6].
The polygons divide the problem into small sub-domains, or elements, and calculations
are performed at each intersection between elements. These intersections, called nodes,
take into account the results of adjacent nodes resulting in a continuous solution across
the area or volume. The collection of elements which divide a problem is commonly
referred to as a mesh. Models can contain several thousands of elements and may require

significant computational resources and can only be practically solved using computers.

Ideally the MARS electromagnets would be analyzed in three dimensions but the
preliminary clamp analysis can be achieved using a two-dimensional approximation. This
approximation can be used to identify clamp geometries which provide increased
clamping performance. Using the two-dimension model greatly reduces the amount and

complexity of calculations needed and reduces the computation time significantly.

2.3.1 Problem Setup

The 2D approximation of the clamps neglected the clamp thickness and assumed that the
material was very large in this dimension. The coil was approximated using two regions

which represent its cross section. Figure 2-6 shows the cross-section of the clamp
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assembly while Figure 2-7 shows the FEA approximation. The clamp bars are identified
as Hymu80, which is one of the alloys used for the clamps. The other regions are labelled
as copper and air for the coil and surrounding environment respectively. From these two
figures it can be seen how the coil current is represented in the two-dimensional model.
The two coil regions in Figure 2-7 labelled “Copper [coil current in]” and “Copper [coil
current out]” are both parts of the virtual coil. To simulate a current of 50 mA through a
420 turn coil, the value for “coil current in” was set to 21A, while the value of “coil

current out” was set to -21A.

Crosssection
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Figure 2-6: Cross section of clamp showing  Figure 2-7: FEA model showing the clamp bar and the

coil currents coil regions

One of the problems with the two-dimensional model is that it represents planar
symmetry. Planar symmetry assumes infinite dimension in and out of the page. It was
decided that this inaccuracy is acceptable for the clamp simulations since their main
focus is to determine the 2D geometry which yielded the highest flux density in the gap.
The model was defined to have a depth of Imm. Although the original clamp design is
3mm deep, using 1mm as the depth of the simulation gives results which are in units of

N/mm which can then be multiplied by any depth to give the total clamping force.

Since the flux density across the gap is integral for calculating the clamping force, steps
were taken to improve the accuracy of the FEA calculations in those regions. With a

relatively sparse mesh density, the program places a mesh in the gap which consists of
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one row of triangular elements bridging the gap. This could lead to inaccuracies in
calculations since the flux density would be modeled as constant across the gap. To
improve the accuracy of the gap calculations, a region was set up around the gaps with a
smaller mesh size. As mentioned, the relative permeability of most nonmagnetic
materials, including air, is equal to 1. Since the shutter material will be a nonmagnetic
material, it was acceptable to use air in the simulation to approximate the material

between the gaps.

Once the model was completed, the results were used to calculate the force acting on the
lower bar. A path was defined which completely enclosed the bar and the Maxwell stress
tensor is integrated along this closed path to determine the net force. Another property
which was determined from each simulation was the flux density at the center of the coil
core. This parameter indicated whether the material had reached magnetic saturation. It

was also useful for plotting the effect of increasing current on the clamps performance.

2.3.2 Results of Clamp Shape Experiments

The clamping force results of several clamp geometry models are shown in Figure 2-8. It
can be seen that there is negligible difference between the performances of Hymu 80 and
High Perm 49. Geometry #21 had the greatest performance for a Hymu 80 based clamp
with a clamping force of 0.405 N/mm. For the High-Perm 49 clamps, geometry #16 had
the highest performance with a force of 0.442 N/mm. For the same geometry Hymu 80

show similar performance but generated ~9% less clamping force at 50 mA coil current.
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Figure 2-8: Results of force calculations for High-Perm 49 and Hymu 80

Geometry #16 varies from the original clamp design in that it has a longer, narrower coil
which is 8 mm in diameter and 12 mm long as opposed to the 10 mm diameter and 10
mm length of the prototype. In addition to the coil aspect ratio, geometry #16 has upper
bar legs which measure 8 mm x 4 mm (W x H) as opposed to the prototype which has

legs which measure 3 mm x 6 mm.

2.3.3 Results of Current Tests

In order to discover the effect of coil current on the clamping force, a series of
simulations were performed on a single clamp design. Geometry #19 was chosen because
of its relatively high performance and because it was a simple, symmetrical shape. The
current through the coil was increased in regular intervals from 0 A until saturation was
achieved. The clamping force and flux level at the center of the coil were recorded for
each simulation. Figure 2-9 illustrates the results of this simulation. The x-axis represents
the total current through the clamp cross section and is equal to /¢ multiplied by the 420
turns in the coil. It can be seen that Hymu80 reached saturation at a relatively low coil
current. It can also be seen that the High-Perm 49 is capable of significantly higher forces
than Hymu 80 but only at higher coil currents. This is especially evident when the current
is greater than 25A. This behaviour is due to the high saturation flux density of the High-

Perm 49 material.
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Figure 2-9: Clamping force and core flux density versus coil current for Hymu 80 and High-Perm 49

(geometry #19)

In order to illustrate the effect of increased current on the prototype clamp (geometry #1)

the coil current experiment was repeated. The simulation was performed on the original

design using Hymu 80 and compared with the data for model #19 using the same

material. Figure 2-10 illustrates the results of the simulation. It can be seen that the

original design has a maximum clamping force that is nearly double that of model #19.

However, #1 requires nearly twice the current to achieve its maximum force. Also, in the

lower current range, #19 has approximately twice the clamping force of #1. It can also be

seen that #19 reaches saturation at a much lower current. This is important when

considering the heat load as discussed in section 2.1.
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Figure 2-10: Clamping force and core flux density vs. coil current for both model #1 and #19
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2.3.4 Analysis of FEA Results

The results of the FEA simulations reveal that High-Perm 49 is the preferred material for
the MARS device’s magnetic clamps. The High-Perm 49 clamping forces are, on
average, stronger than the Hymu 80 clamps. The higher performance High Perm 49
clamps are as much as 10% stronger than their respective Hymu 80 clamps. This is not
unexpected as High-Perm saturates at a much higher flux density than Hymu 80. A strong
correlation between the width of the clamp legs and the clamping force is observed. It is
also noticed that the flux density in the core of the clamp increased with the leg width.
The magnetic circuit calculations discussed in section 2.2.1 showed that the air gap is the
prime source of reluctance in the circuit. Since the reluctance of an air gap is inversely
proportional to it’s cross sectional area, the reluctance of the circuit is reduced with the
increase in leg width. This in turn would increase the flux density in the circuit and

consequently, the clamping force.

Another method of increasing the total flux in the gap is to increase the current in the
coil. The total current can be increased by either increasing the wire current or by adding
more windings to the coil. Both methods lead to an increase in heat generation. The heat
generated by the coil is defined by the relationship outlined in equation (2.1). Increasing
the coil current, 7, produces a quadratic increase in heat generation while increasing
resistance R via the number of windings increases heat generation linearly. However,
additional windings would also increase the cross-sectional area of the coil which would

be counter productive to the goal of the design.

Experiments #16, #18, #21 and #22 show the best results of all 22 simulated. For the
High-Perm 49 clamps #16 is 63% stronger than the original design and has the potential
to be even stronger, as discussed above. For the Hymu 80 clamps, #21 is the strongest
with 39% more clamping force than the original design. However, #17 has a simpler
design and will be easier to incorporate into the test apparatus. #17 is only marginally
weaker than #21 and has 38% more clamping force than the original design. Of all the
clamps simulated, the maximum force is found to be 0.44 N/mm which for a 3 mm thick

clamp gives a clamping force of 1.33 N.



2.4 Summary

This chapter outlined all relevant theory which will be applied in the development and
discussion of the components of an apparatus to be used to characterise the MARS
clamps. In addition to the theory presented, the preceding simulations showed that the
maximum expected clamping force deliverable from the MARS clamps is 1.33 N. This
means that a test apparatus must be capable of exerting at least 1.33 N of force. This will
be used as a baseline for the development of the test apparatus. All information needed
for the apparatus design has now been put forward. The following chapter will discuss

further simulations and models which are intended to determine the experimental method.
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Chapter 3 Test Apparatus Component Modeling

3.1 Cryostat and Heat Shielding

The cryostat was developed and built to accommodate several experiments including the
MARS project. It was designed to allow easy access to experimental apparatuses and to
be adaptable to many diverse experiments. The main structure consists of an aluminum
pressure vessel which houses a single stage Gifford McMahon (GM) cryorefrigerator.
The GM refrigerator has, as part of its operation, a reciprocating displacer which
oscillates inside a steel cylinder. The motion of this displacer induces vibrations in the
chamber which can significantly interfere with the accuracy of test results. It is necessary

to develop a method of isolating the test apparatus from these vibrations.

Measurements of system vibrations were obtained using a displacement based
measurement system. The vibration was found to have a primary frequency of 2.4 Hz
which corresponds to the frequency of the main displacer. The main amplitude of
vibration is 0.023 mm. Intuitive observation of the level of vibration put the success of an
isolation system into doubt. Because of this, it was decided that such a system would be
too complicated and time consuming to pursue. Instead the simpler solution of
performing the force measurement experiments with the cryorefrigerator deactivated was

employed. This removes all vibrations and allows for accurate force measurements.

Since the experiments are performed with the cryorefrigerator inactive, it was necessary
to minimize the heat flow into the system. To achieve this, several experiments were
performed which were designed to determine the amount of time that would be available
for experiments and the best method to extend that time. These experiments monitored
the temperature of the test area and record the time required for the temperature of the
system to rise from 20 K to 65 K. This value is given the notation tyo.¢s. This temperature
range was chosen to include the desired operating temperature of 30 K as well as a

satisfactory temperature range above and bellow that temperature. The rise time for the
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smaller, more pertinent temperature range of 25 K to 35 K is determined from the same

results. This value is given the notation tps.3s.

The first experiment established a base-line for subsequent experiments. This experiment
recorded the temperature rise at the top of the cryorefrigerator with no radiation shielding
or thermal mass added to slow the warm rate. The second experiment involved the
addition of a multilayer insulation (MLI) heat shield which was thermally linked to a
point on the cryorefrigerator approximately half way between the cold tip and its base.
This point was previously found to reach an equilibrium temperature of ~140 K. The
third experiment closely mimicked the second in that the same shield was used. However,
it was thermally sunk to the top of the cold head instead of the bottom. The forth
experiment was performed by first returning the system to the base-line condition by
removing all heat shield equipment. A 1.18 kg copper disk was added to the top of the
cold head. The thermal mass was added so that incoming heat is consumed in the heating
of a larger mass thus slowing the temperature rise. The mass used was a disk 7" in
diameter and '4” thick with a 3” hole in the center to accommodate a heater. The results
of all four experiments show that the bottom-sunk heat shield out performs the top-sunk
shield. It was also shown that the addition of thermal mass greatly reduced the

temperature rise rate.

Using the information gained from these experiments, a final cryostat configuration
emerged. The thermal mass of the system was increased by adding a copper plate to the
top of the cold head. Additional thermal mass was added as part of a radiation shield. The
shield consisted of a cylindrical copper structure which was thermally sunk to the bottom
portion of the cold head. This cylinder was wrapped on all sides with MLI blankets
comprised of 22 — 30 layers. A small opening in the top of the heat shield was included to
allow for viewing of the experiment via a view port on top of the cryo-stat. The final
configuration was tested in the same manner as all previous experiments. Using this
configuration, the value of t;9.¢s was increased to 57:18 while t3s.35 was increased to 6:02.

The results of all temperature rise rate experiments are shown in Table 3-1.
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Table 3-1: Warm-up experiment results

3.2 Problem Description

Figure 3-1 shows the chamber used for the experiments. During experiments, the
environment inside consiste3d of an ultra high vacuum and temperatures which ranged
from room temperature at the outer wall to 30 K at the cold plate where the clamps were
mounted. The chamber was primarily constructed from Aluminum and although it was
quite large, allowed limited space for the measurement device. As described in the
previous section, the interior of the chamber included a cylindrical radiation shield. This
shield was constructed from copper and was covered by several layers of super insulation
blankets to reduce the radiative heat transfer between the cold interior and the warm outer
walls of the chamber. In order to ensure that the measurement hardware remained at
room temperature and to ensure that its operation did not interfere with the cooling of the
clamp, it was necessary to have the device outside the radiation shield but inside the outer

wall.

ID 20.59 m

0.8 m
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Figure 3-1: Cryogenic chamber to be used for testing

Since the high vacuum operating conditions inside the cryostat leave only conduction and
radiation as possible heat transfer modes, the force measurement apparatus must be
mounted to the inside surface of the outer wall. In this location, conduction occurs from
the chamber walls to the apparatus while radiation heat flow occurs from the apparatus to
the internal cold surfaces. Since it is desired to keep the hardware at near room
temperature, good thermal contact between it and the chamber wall is required in order to
maximize the heat flow between them and good radiation shielding is needed to keep the

heat flow to the cold surfaces to a minimum.

Conventional measurement devices such as load cells, strain gages and piezoelectric
sensors merely measure the magnitude of an externally applied force. They do not apply
the force themselves. Although piezoelectric transducers can perform both tasks, they are
prohibitively expensive. The enclosed nature of the cryo-chamber requires that a variable
force be adjustable remotely by the user from outside the chamber. An ideal device
would be able to act both as a force measurement device as well as the source of the
applied force. The proposed solution to this problem takes advantage of the Lorenz Force
generated on a current carrying wire in a magnetic field. By varying the magnitude of the
current through the magnetic field, the applied force can be both controlled and
quantified. Both proposed design solutions consist of two main components, the force
coil and the field generator. A Helmholtz coil pair and a permanent magnet assembly are

both considered for generating the magnetic field in which the force coil is suspended.

3.3 Literature Review Force Measurement

Before development of a measurement system began, a search of current techniques was
performed. A thorough search of journal databases as well as internet search engines
yielded few methods to the problem of measuring small forces in a cryogenic

environment.

One method was developed for cryogenic force measurement at the Miyagi University of

Education in Miyagi Japan [8]. The apparatus used the pendulum effect to measure the
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repulsive force between a solenoid coil and a superconducting film. The research was
intended to study an actuation method for fringe lock interferometric gravitational-wave
detectors. The actuation method employed the repulsive force experienced by a
superconductor subjected to a magnetic field. The magnitude of that force could be
adjusted by controlling the current through a solenoid coil which generated the magnetic

field.

Front View

Photo Iterruptor  YBCO "
for Calibration L.

Figure 3-2: Miyagi University test apparatus diagram [8]

The experimental apparatus, shown in Figure 3-2, used a test mass which was suspended
by tungsten wires inside a cryostat. The superconducting film was bonded to one face of
the test mass using epoxy glue. The solenoid was placed such that it could exert a
magnetic field on the surface of the superconducting film. The position of the test mass
was determined by monitoring the output of three photodiodes placed at the sides and
bottom of the test mass. Fins mounted to the test mass interrupted the light output from
LEDs which illuminated the photodiodes. The displacement in the x-direction was used

to calculate the repulsive force by using the pendulum equation given by equation (2.16)

_mgAz
/

F, (2.16)

Where F is the force and Az is the displacement, both in the z-direction, and / is the

length of the pendulum wire.
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This system of force measurement would not be suitable to the MARS experiments as
they require that a force be applied to the clamps. This apparatus simply measures the

repulsive force applied to it by a magnetic field, it cannot generate the force on its own.

Another potential system uses a suspended mass to apply a constant load on a test plate.
The apparatus is part of a test rig for characterizing wear on ball bearings intended fro
cryogenic fuel pumps in rocket motors. A loading pan is over-hung on a pulley with
balancing dead weight, which maintains a constant normal load condition throughout the
test. This kind of loading arrangement ensures a constant load during dynamic conditions
of repeated sliding wear tests [9]. This method of applying load to an object is ill suited to

the MARS experiments because the load is constant.

Franz Keplinger et al. developed a sensor which uses the principle of Lorentz force to
detect the strength of a magnetic field. The Lorentz force is proportional to the magnetic
flux density and to the electrical current on the cantilever. [10] This means that the force
generated on the coil can be precisely controlled by varying the magnitude of the current
passing through it. The application of the magnetic field sensor used only a single
conductor passing through a magnetic field. The conductor was micro-machined on thin
wafers. For the MARS experiments, the conductor can be increased in size wound into a
coil which can increase the magnitude of force generated significantly. This method can

be used to apply a know force to the MARS clamps remotely.

3.4 Force Measurement Method

In order to characterise the holding force of a clamp, a method of applying a known force
to them is needed. One possibility is to suspend an attachment from a jaw and slowly add
mass until the jaw is forced open. This simple solution is impossible to perform inside a
cryostat because of its enclosed nature and extreme environment. Because of this, it is
necessary to devise a remotely operated apparatus which could apply and measure a load
on the clamp jaws. Requirements for such a device include that it be as small as possible

to fit in the limited space available and generate as little heat as possible to reduce its
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impact on the cold surfaces of the cryostat. Two systems were devised, both of which
employ the Lorentz Force but differ in the method used to generate the necessary
magnetic field. This chapter will present designs for the force actuation mechanisms and

analyze their performance using simulations.

The two devices were modeled using FEA software to characterize magnetic field
intensity as well as the forces generated on a current carrying coil used with each field
generation method. Two FEA modeling methods were employed. First, simple 2D
models were used to determine the magnetic field inside the two field generators. The
second method used 3D models to compute electromagnetic forces on the force coil
inside the magnetic field for both field generator configurations. Once each FEA analysis
was completed, the data was postprocessed to yield the net force on the coil. This could
be achieved by a number of methods but for this exercise the best method was integrating
the volume force shown in equation (2.17). This is the most important method for
computing forces in current carrying devices [7]. This method integrates the force given
in equation (2.15) over the entire volume of the force coil.

F=JxB (2.17)

3.5 Proposed Measurement Technique

The general principle of the proposed force measurement system is shown in Figure 3-3.
The system works on the principle of the Lorentz force experienced on a current carrying
conductor immersed in a magnetic field. The main components of the system are
numbered 1 through 3.
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Figure 3-3: General actuator components

The magnetic field B (1) will be provided by a field generator. The important
characteristics of this component are that it be capable of providing a large, uniform flux
in a usable volume and that it be compact. The force coil (2) is used to carry the current /.
which passes through the magnetic field thus generating the Lorentz force F. The
important characteristics of the force coil are that it provide the maximum current density
and the minimum total electrical resistance. The latter will ensure that the heat generated
by the coil is kept to a minimum. The force link (3) will act as a mechanical link between
the force coil and the clamp jaw. This component must be rigid but thin in order to
minimise the heat conduction from the warm force coil to the cold clamp assemble. The
force coil and field generator will be kept at room temperature while the clamp assembly
is at cryogenic temperatures. The force link will be between the two zones and will act as
thermal isolation between them. The following section will discuss the methods of
generating the magnetic field. The two proposed methods are permanent magnets and

Helmbholtz coil pair as shown in Figure 3-4.

Figure 3-4: Two options for field generator design

The permanent magnet based field generator is discussed in section 3.6 while the

Helmholtz coil pair is discussed in Appendix B.

3.6 Permanent Magnets

Permanent magnets are a cheap and effective means of generating powerful magnetic
fields over small volumes of space. One common permanent magnet material is sintered
Neodymium-Iron-Boron ceramic (NdFeB). NdFeB magnets, known as rare-earth
magnets, are among the strongest permanent magnet materials currently available.
NdFeB is also readily available in a variety of shapes, sizes and strengths. These

standardized shapes can be combined together to build complex magnetic circuits. For
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the purposes of the field generator, a C-shaped magnetic circuit with a wide region of
high magnetic field in the gap is required. Figure 3-5 shows two possible configurations
of the plate style magnets. The light coloured portions on the magnet are stacked NdFeB
magnet plates while the darker portions are composed of a soft magnetic material, such as
iron which acts as a flux return path for the magnetic circuit. The configurations shown
are intended to determine the effect of variable amounts of magnetic material in the

circuit.

Figure 3-5: Two possible permanent magnet configurations, a) Top Stacked b) Bottom Stacked

The FEA simulations of the permanent magnet field generator analyzed the used of

3.2 mm thick NdFeB plate magnets in stacks to improve the performance of the field
generator. One configuration used magnets stacked in the bottom of the field generator,
and is hereafter referred to as “bottom stacked”. The other configuration used magnets
stacked at the top of the field generator and is hereafter referred to as “top stacked”. In
order to allow quick addition of magnet plates to the simulation, the field generator was
modeled as seen in Figure 3-6. The segmented portions seen in the figure mimic stacks of
individual blocks, each representing a standard sized magnet plate. These blocks could be
switched between representing a magnet or piece of flux return simply by adjusting their
properties in the FEA software. When the blocks were deactivated, they were given the
properties of iron while when activated are given the properties of NdFeB magnets. The
remainder of the model represents the iron flux return structure which concentrated the

field in the air gap at the top of the field generator.
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Figure 3-6: FEA models of bottom and top stacked permanent magnet field generators

Permanent Magnet Field Strength Simulations

The first simulation involved only the middle magnet of the bottom stacked configuration
being activated. All 26 of the other magnets were set to emulate iron as are the flux return
portions of the model. The resulting flux density is plotted on a path through the center of
the gap as shown in Figure 3-6 and is shown in Figure 3-7. This procedure was repeated

for the addition of magnets, two at a time, to a total of 27 magnets stacked together on the

bottom portion of the field generator.
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Figure 3-7: Flux density, B, through the gap of a one magnet field generator
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The same experiment was repeated for the field generator with the magnet plates stacked
on the top bar, directly adjacent to the gap. The same modeling procedure was followed
and all other conditions were left the same. The peak flux density values of each test are
plotted in Figure 3-8. It can be seen that the top mounted magnets produce a higher flux
density in the gap than the bottom mounted. The field generator with the top mounted
magnet plates yielded better performance with two magnets than the bottom mounted
generator did with twenty seven. After several re-evaluations of the model and further
investigations it was determined that this was due to the size of the gap. When the gap
was made smaller the field strength grew. Limited simulations were performed to explore
this property since the gap width must remain relatively large in order to accommodate

the force coil.
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Figure 3-8: Peek flux verses number of magnets for both the top and bottom stacked field generators

In addition to the top and bottom stacked field generators, other configurations were
simulated. Configurations which used both top and bottom stacked magnets as well as
configurations with magnets stacked on the vertical portions of the flux return yolk were
included. Also, a top and bottom stacked field generator was simulated which has twice

the depth as the other models.

It was found that the bottom stacked field generator is the weakest while the top stacked

is significantly stronger. A combination of top and bottom stacked magnets resulted in a
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small improvement in performance where as the addition of magnets in the vertical side
bars does little to improve the magnets performance. The best results were noticed when
the depth of the magnet is doubled to 50.8 mm. Not only is the peak flux density much
stronger, but the region of high flux is much wider than with the 25.4 mm wide

generators

3.6.1 Permanent Magnet Force Simulations

Force simulations were time consuming due to the increased complexity of the models
and the additional calculations necessary. Where the field test simulations could be
computed using a simplified magnetostatics application mode, the force simulations
required the presence of a current carrying coil which required that the FEA software use
a more complex application mode. This, coupled with the increased number of elements
due to the force coil model, resulted in simulations which required several hours to
compute. Because of this, it was necessary to simplify the process. The current density
through the force coil was varied from zero to the maximum. Each current density change
required that the model be recomputed. This could take as long as 6 minutes per change

and with dozens of computations necessary, the simulations could take several hours.

The magnitude of the current density could be altered after a simulation completed and a
“model update” could be performed. Updating was an alternative to recomputing the
model after every alteration. Updating only took seconds to compute compared to the 6
minutes required for a full simulation but was flawed since it did not take into account the
effect of the force coil current on the magnetic field. To determine the amount of error,
one configuration was simulated using the shortened process as well as by running a
standard calculation for each current density. A simulation of the system was conducted
with a force coil current density of zero. This established a base-line flux density
distribution which will be called By. Using this base line, the force is calculated by
varying the current density up to the maximum as shown in equation (2.18).

F,=TxB, (2.18)



Once a Fy vs. I curve was developed the actual force, F, was calculated by changing the
current density and running a full computation for each iteration. The difference between
these two values was taken and plotted in Figure 3-9. The maximum error is only 17.9
mN and corresponds with a coil force of 17.46 N which is an error of only 0.1%. It was
decided that this error is acceptable for these simulations and the simplified method could

be used to determine the force on all other configurations.
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Figure 3-9: Error between F and F, for force coil current density from zero to maximum

Based on the findings outlined in previous sections four magnet configurations were

chosen for simulation. These were:

1. Top and Bottom Stack, 25.4 mm deep with a 1 cm’ force coil cross-section
Top and Bottom Stack, 50.8 mm deep with a 1 cm” force coil cross-section

Top and Bottom Stack, 50.8 mm deep with a 2.25 cm? force coil cross-section

ol

Top Stack only, 50.8 mm deep with a 1 cm” force coil cross-section

The maximum force generated by configuration #1 is 3.94 N with 206.7 A/m” force coil
current density while configuration #2 is able to generate 7.77 N with the same current

density. Configuration #3 generates a maximum force of 17.4 N. There is no significant
change in performance between configurations #2 and #4 which leads to the conclusion

that it would be unnecessary to include magnets on the bottom of the field generator.
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The 50.8 mm wide field generator (#2) out-performed the 25.4 mm (#1) significantly.
The larger force coil increased the performance dramatically by allowing more turns of
wire and thus a higher coil current within the high magnetic field zone. However the size
of the coil is limited by the space available for it as well as the characteristics of the

powers source used to drive it.

These simulations showed that a permanent magnet based field generator is capable of
generating enough force to characterise the MARS clamp. The second field generator
concept, the Helmholtz coil pair, would be unable to match the performance of the
permanent magnets. Information on the study of the Helmholtz coil pair based field

generator can be found in Appendix B.

3.7 Permanent Magnet Refinement

It has been shown that a field generator based on permanent magnets is capable of
generating a magnetic field and force of sufficient strength to be used to characterise the
MARS clamp. The simulations performed were based on the use of standard magnets
which are readily available. Once the decision was made to use permanent magnets,
further sources were explored and it was decided to use fewer, larger magnets which
could be more easily handled. These magnets are designated as Grade 50 NdFeB magnets
with a remanent flux density between 1.41 T and 1.47 T which is higher than the Grade

35 magnets used during the original simulations.

Further FEA simulations were performed in order to determine the optimum
configuration of the magnets and the flux return yolk. The larger magnets have a length
of 50.8 mm, a height of 25.4 mm and a depth of 12.7 mm. They are magnetized in the
direction of the 12.7 mm side and were arranged such that the force coil would run

parallel with the longest side as shown in Figure 3-10.
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Figure 3-10: Permanent magnets arranged to produce maximum field through the force coil

This arrangement produced the same conditions of the 50.8 mm deep field generator
simulated in section 3.6.1. To further increase the flux density in the gap, 6 additional
magnets were added such that four magnets are arranged on each side of the field gap.
This configuration is simulated with a 12.7 mm gap between each set of magnets. The
flux density along a line centered through the gap is shown as a dashed line in Figure
3-11. The peak field strength is 0.73 T which is already stronger than the fields generated
by the simulations in section 3.6.1.
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Figure 3-11: Flux density through field generator



40

The addition of a flux return yolk increased the field strength by channelling the magnetic
flux back to the opposing set of magnets. The effect of the addition of a flux return yolk
can be seen as a solid line in Figure 3-11. The flux density is plotted along the same path
for each curve. It can be seen that the addition of an iron flux return increases the peak

flux density to 1.0 T.

The permeability # of a magnetic material affects the material’s ability to channel
magnetic fields. Several materials are modeled in order to determine if a more exotic
magnetic material could offer a significant improvement over more readily available
materials such as mild steel. The relative permeability x, of several steels, as well as the
more exotic high permeability material called Mumetal, were each input into the FEA

simulation. Figure 3-12 plots u, for each material against the magnetic flux density B. [6]
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Figure 3-12: Relative permeabilities of several steels and other magnetic materials [6]

It is notable that Mumetal has a significantly higher p, at low levels of B but it saturates at
a much lower flux density than the iron based materials. The results of the FEA models

show that the material did not significantly affect the strength of the magnetic field in the
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gap of the field generator. This is due to the fact that none of the materials simulated

reach saturation when subjected to a field from the magnets.

3.8 Summary

This chapter outlined the problem of characterizing the MARS clamps. The development
and testing of the cryostat heat shielding yielded a maximum time being available for
performing experiments. An exploration of current techniques for force measurement or
applying a load in an enclosed environment yielded few methods. However, a method
using the Lorentz force was devised. Data collected from simulations was put forward

and will be used in the design of the components described in the following chapter.
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Chapter 4 Test Apparatus Development

4.1 System Components

The development of individual components of the clamp testing apparatus is described in
detail in the following sections. The designs of these components are based on the

analysis and research put forward in the preceding sections.

4.1.1 Field Generator

As described earlier, the magnetic field is generated using permanent magnets arranged
in a magnetic circuit. The magnets used are constructed from sintered NdFeB and have a
remanent flux density of 1.41 — 1.47 T. The field generator uses eight of these magnets.
The design and refinement of this circuit was performed using FEA software. Several
configurations were modeled in order to provide adequate field strength and uniformity.
These FEA models were used to determine the shape and size of flux returh that

maximizes the field strength inside the circuit gap. The final design is shown in Figure

4-1.
s

Figure 4-1: Final field generator design

Mild Steel

This design includes three pieces of mild steel to form a flux return yolk and was chosen
due to its simplicity and good performance. Simulations showed that this design provides

excellent flux channelling and field strength in the field gap. The three pieces were
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manufactured from mild steel bar stock and required minimal machining to complete.
The eight magnets were mounted in groups of four on either side of the field gap and are

held in place by magnetically inert stainless steel brackets.

4.1.2 Force Coil

The force coil is the second part of the electromechanical device which makes up the
testing apparatus. The field generator supplies the magnetic field while the coil carries a
current through it generating a known force. It is also the component which is
mechanically coupled to the clamps themselves and exerts the load which is needed to

force the clamp open.

The coil was designed such that it could be powered using a National Instruments SCXI
1124 power output module for the DAQ system used. This module is capable of
outputting a power signal with a maximum current of 20mA and a voltage range of 0-10
V. Because of the limited current available, the wire carrying this current was wound into

a coil with as many turns possible in order to maximize the available force.

The size of the coil was limited by both the physical space available in the gap of the
field generator as well as the coil’s total electrical resistance R.. This resistance was
dictated by both the length of the coiled wire and the wire diameter. As stated, the DAQ
module is capable of an output of 20 mA and 0-10V. Using a simple calculation of
Ohm’s law, the maximum resistance the coil could have is 500 Q. This maximum
resistance placed a restriction on the overall length of wire used. Therefore the coil had to
be small enough to keep its resistance below this limit while big enough to allow the
maximum number of wire turns. Another requirement of the coil was that it be large
enough such that one side of the coil could be immersed in the magnetic field while the
other remained sufficiently far away from the generator such that the magnetic force on
that portion of the coil would be minimized. The reasoning for this requirement is more
clearly illustrated in Figure 4-2. It can be noticed that the force generated in the left

portion of the completely immersed coil is counter acted by the force generated on its



44

right side. The coil which is only partially immersed experiences a net force in one

direction.
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Figure 4-2: Magnetic forces on current carrying coils immersed in a magnetic field

Before the wire gauge and coil cross section was chosen, the shape of the force coil had
to be determined. The final geometry attempts minimize the length of the coil wire while
ensuring that only one side of the coil is immersed in the magnetic field. This geometry
can be seen in Figure 4-3 and offers a short total coil length with adequate clearance for

the portion of the coil which is to be free of the magnetic field.

Figure 4-3: Final force coil design and its position in the field generator

In order to choose an appropriate wire diameter, several calculations were performed for
various wire sizes using the final coil geometry shown above. In addition to these manual

calculations, FEA models were created to estimate the theoretical force each wire
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configuration would produce. The 20 mA which is deliverable from the DAQ module is
not significantly high and can be handled by all wire thicknesses studied. However, the
assumed maximum current for copper wire is taken from experiments performed at
normal atmospheric pressure. In a vacuum there is no convection to remove heat from the

wire so extra care must be taken to ensure a good conduction path for heat to be removed.

Table 4-1 shows the properties of three coils designed using each wire gauge. These three
coils each used the geometry shown in Figure 4-3 but differed in their coil cross-sectional

area. The columns of the table are defined as follows:

N is the number of turns and L is the length of wire needed to fill the coil
R. is the coil resistance

F is the force determined using FEA simulations.

The top row gives the cross-sectional area of the coil modeled. The width of the coil was
limited to 1 cm by the width of the gap in the field generator but the depth of the coil into
the generator was variable up to 3 cm. The highlighted force cells denote configurations
which yield 2 N or more. This is the minimum desired force which is chosen based on the
FEA analysis of the clamps from section 2.3 plus a small margin. The highlighted R,

denote the configurations which do not exceed to the maximum coil resistance of 500 Q.

Table 4-1: Coil data for coils constructed from each wire gauge
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Although possible configurations in the 2 and 3 cm’ coils developed the most force, they
require excessive lengths of wire. These configurations were ruled out because of the
impracticality of their construction. The coil configuration chosen has a cross sectional
area of 1.5 cm” and is wound with 32 AWG copper wire. This configuration is not shown
the table but was chosen based on interpolated data which yields a coil with a theoretical
R. of just over 500 Q and a theoretical maximum force of 3.12 N. In order to ensure good
thermal contact between the coil wires, the entire coil is saturated with epoxy glue during
winding. This ensured that any heat generated in the coil would be dispersed away from

the wires through conduction.

4.1.3 Adjustable Mount

During experiments, it was important that the test clamp be precisely aligned to the force
coil which in turn must be aligned with the field generator. Because of this, it was
necessary that the positions of each be highly adjustable. A mounting system which can
hold the apparatus securely while allowing for adjustments in component position was

required.

The final design for the mounting system is adjustable in 6 degrees of freedom, 3
transitional and 3 rotational. Figure 4-4 shows the complete mount system design with
the field generator included transparent to better illustrate its position. The mount consists
of two main sections each providing adjustment in three degrees of freedom. These
components allow the magnet/force coil assembly to be precisely positioned such that it
can be well aligned with the MARS clamp during testing. The coordinate system shown
in the figure will be used in the following description of the mount operation as well as in

following sections.
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Figure 4-4: Complete mounting system with field generator

The first section, shown in the upper right hand portion of Figure 4-5, is made up of
vertical and horizontal sliding components as well as a nylon disk which allowed it to
rotate around a central bolt. The bolt is used to fix the assembly when the final position is
obtained. This section provided translational displacements in the X and Y directions as

well as rotational displacement about the Z-axis.

The second section of the assembly, shown in the lower left portion of Figure 4-5,
consists of three compression springs which were used in conjunction with three threaded
rods to adjust the position of two aluminum mounting brackets. The two brackets are
bolted to the field generator such that it was fully supported by the three springs. By
adjusting the screws on each spring the generator could be adjusted in the remaining three
degrees of freedom. Adjusting all three screws equally translated the assembly in the Z
direction while adjusting them in opposing directions resulted in rotation about the X-axis
and Y-axis. The springs used are extremely stiff so that the field generator/force coil
assembly could be held securely and minimal motion would occur due to external

vibrations.
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Figure 4-5: Two portions of the adjustable mount é

The entire assembly is mounted to the inner surface of the main chamber wall. This
ensures that the magnets in the field generator remained at room temperature throughout

experiments.

4.1.4 Force Link

A mechanical link couples the force coil with the MARS clamp jaw. Requirements for
the link include that it be stiff enough to transfer the force without deforming and that it
be resistant to heat conduction. This second requirement is due to the temperature
difference between the force coil and the MARS clamp jaw. The force coil remains at
near room temperature while the clamp operated at 30 K. A 1.5 mm diameter G-10 rod is
used to act as this link. G-10 is stiff and has an extremely low thermal conductivity. The
G-10 is linked to the MARS clamp via a rigid clasp manufactured from copper sheet. The

remaining end is attached to the force coil.

4.1.5 Link Lock

The second end on the G-10 rod is fixed to the force coil assembly. However, it could not
be permanently fixed to the coil. In addition to low thermal conductivity, G-10 has very
low thermal expansion properties. Despite this, it does contract slightly with a large drop
in temperature such as the apparatus cooling from 297 K to 30K. In addition to the G-10

link, the coldhead, copper mounting plate and the clamp itself experience thermal
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contraction during cool down. Because of this, and the importance of alignment between
the force coil and field generator, the link between the clamp and coil must be free to
move while the apparatus is cooling down. A clamping system capable of being activated
from out side the chamber was needed which does not interfere with the force

measurement.

The design of ths link lock mechanism underwent several design iterations before a
suitable solution was found. The first design iteration used a solenoid with an iron
plunger and is shown in Figure 4-6. The G-10 link passed through a small hole in an
aluminum block. Another, intersecting hole, perpendicular to the first, accommodated the
iron plunger. The plunger is suspended inside a solenoid which when energised would
pull down on it. The plunger included a corresponding hole which when aligned with the
first hole allowed the G-10 link to pass through the plunger. When left un-energized, the
mass of the plunger is supported by the G-10 which is free to move in the hole restricted
only by the friction due to the plunger weight. When energized, the plunger was pulled
into the solenoid by the magnetic forces created. This additional force increased the
friction on the link and held it firmly.

Force Coil

Section View

G—l(l) Link

Solenoid

Clamp Plunger

Figure 4-6: First design iteration of the link lock mechanism

This system performed adequately, however a significant problem arose upon using the
link lock in a vacuum. In order to provide adequate clamping force, it was necessary to

provide the solenoid coil with over 100 VDC of power. This generated over 15 W of heat
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in the coil. It was found that in a vacuum environment, the solenoid temperature rapidly
increased. Any lower power would result in link slippage. To counter this problem a
second mechanism was devised. The new link lock utilized the same solenoid assembly
but used mechanical advantage to increase the clamping force of the mechanism. This
second design is shown in Figure 4-7. In this configuration the link lock used a copper
lever to amplify the force subjected to the G-10 link by the solenoid. The solenoid was
moved to a position under the force coil. When left un-energized, the mass of the lever
pulled the clamp open and allowed the G-10 link to move freely in its guide hole. When
energized, the plunger was pulled into the solenoid. This force was transferred to the
copper lever which in turn exerted a force on the G-10 link. The copper lever included a
knife edge at the point where it grasped the link and bit into the G-10, securing it firmly.

Force Coil

Pivet Point

G—lOlLink

— Clamp Lever

Plunger

Section View

Solenoid

Figure 4-7: Second design iteration of the link lock mechanism

This configuration provided excellent clamping force while generating only 3W of heat.
This effectively solved the temperature rise issue but created a new, unforeseen problem.
Because of the solenoid’s new location below the force coil it was in close proximity to
the field generator. It was discovered that when the link lock mechanism was activated,
electromagnetic forces pushed the entire force coil to the side. This displacement resulted
in interference between the force coil and the field generator which yielded inaccurate

force measurement results.
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To solve this problem a third and final link lock mechanism was developed. This third
iteration, shown in Figure 4-8, is an adaptation of the second design but employed a
spring to apply force to the G-10 link. This configuration differed from the past two
designs in that the un-energized state clamped the G-10 link while the energized state
released it. When un-energized the spring exerted the necessary clamping force on the
link. When energized the plunger was pulled into the solenoid which compressed the
spring and allowed the G-10 link to move freely. Tests using this mechanism involved
leaving the lock un-energized until the operating temperature was achieved. At this time,
the solenoid was energized which released the link and allowed the displaced force coil to
return to its proper alignment. The solenoid was then de-energized and the link was

securely fastened to the force coil, ready for experiments.

Force Coil

Pivot Point

—— Clamp Lever

Section View

Solenoid
Spring

Figure 4-8: Final design of the link lock mechanism
Because it was only necessary to activate the link lock for a short period of time, it was
possible to run the solenoid at a higher current without risking overheating. This allowed

for a stronger spring to be used which allowed for greater clamping force than the second

iteration was capable of exerting.
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4.1.6 Complete Assembly

The final component for the force actuator is a support structure for the force coil. This
structure supports the weight of the force coil assembly while allowing it to freely move
in the Z direction. It is required that there be a minimum of mechanical resistance to
motion of the force coil this direction as any friction in the support structure would affect
the accuracy of the force measurement. To minimize the amount of friction a pendulum
support was used. A rigid structure was built above the field generator from which the
force coil is supported by thin wires. These wires were adjusted to position the coil both

vertically and horizontally within the two poles of the field generator.

The force exerted by a pendulum due to a small displacement from equilibrium was given
earlier in equation (2.16). Since the displacement of the force coil during operation is

theoretically zero, the force due to this displacement is neglected.

Heat shield
Cold-head

Clamp assembly
Link lock assembly
Force coil support
structure concept
Field generator
Force coil
Magnetism shield
Cryostat

mgoOw»>

“xzam=

Figure 4-9: Complete apparatus in cryostat

Once all designs were finalized, the complete apparatus was assembled and adjustments
were made to ensure proper interaction between each component. Figure 4-9 shows the

complete apparatus as it is installed inside the cryo-stat.



4.2 Calibration and Accuracy

Before the force measurement system could be installed in the cryo-stat, the force coil
needed to be calibrated. To do this, a calibration apparatus was constructed utilizing the
field generator and force coil arranged so that the force generated could be applied to a
finely calibrated weigh scale. The scale used was a Mettler PM2500 and had a resolution
of 1 mg which was adequate for the calibration of the force coil. It was assumed that the

force of gravity is 9.81 N/kg.

Calibration experiments focused on collecting two sets of data. First the effect of
misalignment of the coil inside the field generator and, second, the relation between force
generated and coil current. In order to collect this data, it was necessary that the
calibration apparatus allow for adjustment of the coil’s position inside the field generator
so that it could be displaced by a known distance. An aluminum beam was placed over
the scale supported on both ends by height adjustable tables. The field generator was
suspended from this beam using a similar three bolt adjustment system to the final
mounting design described earlier. This allowed the field generator to be levelled for the
calibration. The force coil was mounted on a short stand which held it level. The force
coil and its stand were placed on the scale such that the coil was correctly aligned inside

the field generator. The entire apparatus is shown in Figure 4-10

Field generator
Force Coil

Scale

Figure 4-10: Calibration apparatus
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In order to ensure repeatable setup of all calibration experiments, both the field generator
and the force coil were scored with fine alignment markings. When these markings are
aligned, the force coil is centered in the depth of the field generator gap as shown in
Figure 4-11. This point was chosen as a base position from which all calibration
measurements would be referenced and is defined as zero displacement for the following

calibration experiments.

Figure 4-11: Force coil alignment inside the field generator

4.2.1 Calibration Method and Results

Calibration experiments started with determining the effect of offsetting the coil from the
base position shown in Figure 4-11. The coil was energized with the maximum current of
20 mA. This current could be switched on and off easily using the DAQ software. The
calibration began with setting the field generator height to the base position. The coil was
energized and the scale was allowed to settle on a value. After the value was recorded,
the force coil was deactivated and the field generator was displaced by an incremental
distance. This procedure was repeated for a range of displacements from -15 mm to +15

mm from the base position in increments of 1 mm.

The results of the offset experiments are shown in Figure 4-12. The base point described
above was set at position equal to zero. The positive scale indicates when the force coil
was moved out of the field generator and the positive scale indicates when the coil was
positioned further into the generator gap. This sign convention is illustrated in Figure

4-11 and corresponds to the z-axis defined in Figure 4-4.
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Figure 4-12: Force vs. offset from base point

It can be seen that the maximum force is not achieved at the base point alignment. The
peak force actually occurred when the force coil was between 4 and Smm out of the field
generator. This point is indicated in Figure 4-12. This behaviour is supported by the FEA
model of the field generator. When the magnetic flux density is plotted on the same line
at the center of the field generator a similar curve was produced. This curve is shown in
Figure 4-13. It can be that the peak field occurs approximately at positive 4-5 mm,

coinciding with the calibration data.
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Figure 4-13: Flux density in field generator along z-axis
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This information was used to set the position at which the coil was calibrated and used in
the final configuration. A positive displacement from the base point of 5 mm offered both
a higher available force and a more stable operating position. If the assembly were used
with the coil set at the base point position, a misalignment of 1 mm would result in a an
error of 0.38% or -0.49% depending on the direction of the misalignment. This is evident
in the positive slope of the curve at this point in Figure 4-12. In contrast, the slope at the
chosen operating position of positive 5 mm in the figure is near zero. If the assembly

were used this position, a misalignment of 1 mm would result in an error of -0.03% or -
0.08%.

Once the offset experiments were completed and the optimal position was determined,
data was collected to find a relation between coil current and the force produced. The coil
current was varied from 0 to 20 mA in 1.0 mA increments. The results are tabulated and

several calibration runs are averaged to gain the plot shown in Figure 4-14.
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Figure 4-14: Force vs. coil current gained from average of several calibration runs

These results show that the relation is linear. The equation shown in the figure is that for
a linear trend line which approximates the data. This experimental equation was used to
calculate a theoretical force which was compared to the collected data. It was found that

the maximum error between the calculated and averaged measured force is 0.12%



57

absolute or 0.0011% of full scale. This shows that the relation between the coil current
and force can be accurately characterized as linear and approximated by the trend line
equation (4.1).

F=01229],. (4.1)
The repeatability of the force was also determined from the calibration data. As stated,
the calibration was performed several times and the average data used to find equation
(4.1). When all calibration runs were individually compared to this equation, the
maximum error was found to be 0.643% absolute or 0.635% of full scale. This low error

shows that the calibration is repeatable.

4.3 Test Procedure and Instrumentation

The instrumentation system developed for the MARS experiments is as important as the
individual components which make up the test apparatus. The instrumentation system
was developed around National Instruments, LabVIEW software which collected data as

well as controlled the various components.

4.3.1 Experimental Procedure

The basic function of the test apparatus involved slowly increasing the force on one of
the MARS clamp jaws until it fails. This simple task was achieved by slowly increasing
the current in the force coil while monitoring the clamp jaws to identify the point at
which they opened. At this time the maximum force was recorded and force coil current
was returned to zero. This procedure was repeated several times in order to check for

consistency of results.

The following is a step by step representation of a complete room temperature
experiment which is intended to generate a curve relating clamping force to clamp coil

current /c-c.



1) Clamp coil current set to 0 mA

2) Current in force coil slowly ramped from 0 mA until clamp jaws open

3) Maximum force coil current recorded and output returned to 0 mA

4) Steps 2 and 3 repeated n times

5) Clamp coil current incremented by A/cc

6) Steps 2, 3, 4 and 5 repeated until a specified maximum clamp coil current is

reached

Low temperature experiments differ from room temperature test in that steps 5 and 6
were not performed automatically. Because of the limited time for running experiments
during system warm up, steps 2-5 could only be performed once, or possibly twice,
before the cooling system had to be restarted to return the system to its starting
temperature. Therefore /- was increased manually and only one or two data points could

be collected at a time.

4.3.2 Instrumentation Design

The instrumentation system wad developed around National Instruments DAQ hardware
coupled with National instruments LabVIEW software. The hardware collected input
signals and delivers control signals via wires routed through feedthroughs into the
chamber. Each pair of wires performed a specific task and was controlled or monitored
by individual channels in the DAQ system. A list of each channel and its function is
given in Table 4-2.

Table 4-2: Data acquisition channels

Input

Channel | Description Range

0 Clamp Open Test Output | 0— 10V
27 Clamp Voltage 0-10V
Serial Temperature -

QOutput

Channel | Description Range
2,4 Light Power 0—20 mA
0 Force Coil Power 0—20 mA
1 Clamp Open Test Power | 0 —0.1 mA
3 Clamp Power 0-10V
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The input channels were used to control the clamp power, record temperature as well as
to test for the clamp jaw’s open status. The output channels were used to test for the
clamp jaw’s open status as well as control the clamp coil current, the force coil power

and two LED lights which illuminated to interior of the chamber.

The Clamp Voltage measured the voltage drop across the clamp coil. This data was used
along with the manually measured clamp coil resistance to calculate the clamp coil
current. This was used in conjunction with the Clamp Power output channel which sent a
DC voltage signal to an amplifier circuit which in turn delivered power to the clamp coil.
A simple proportional control algorithm was used which adjusts the Clamp Power based
on the value of the Clamp Voltage signal.

The two channels, Clamp Open Test Power (COTP) and Clamp Open Test Input (COTI)
were used to test for the status of the clamp jaws. This test was conducted by attaching a
wire to each clamp jaw. Through the COTP channel, a small current of 0.09 mA was
passed through these wires and through the jaws. COTI monitored the voltage drop
across a 100 kQ resistor which was wired in series with the clamp jaws. In this circuit the
clamp jaws acted as a switch as shown in Figure 4-15. When the jaws were closed, the
circuit was complete and the current passed through the resistor. In this state, COTI
would see a ~9 V voltage drop across the resistor. Upon opening of the clamp jaws, the
current through the circuit, and thus the voltage across the resistor, both dropped to zero.
The software was programmed to watch for this and characterise it as a “clamp open™

event.

Clamp
Jaws

Figure 4-15: Simplified circuit diagram of clamp open test
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The LabVIEW software was programmed to perform the experimental procedure as
outlined in section 4.3.1. A small sub-program was created which rapidly cycled itself
until the clamp jaw opened. During each cycle, the force coil current was incremented by
a constant amount which was input by the user. The status of the clamp open test circuit
is queried after every incremental force coil current increase. Once the clamp jaws
separated, the sub-program stopped and output the maximum force coil current. The
output maximum current was manipulated by the main program to convert the force coil
current to a force value using equation (4.1) and was output to a text file. During
operation, additional data such as temperature, date and time and ramp rate were
collected and output to a text file which was formatted to allow easy import into a

spreadsheet for analysis.

Figure 4-16: Front panel of DAQ program

Figure 4-16 shows the front panel of the DAQ program and is divided into three main
sections. The section labelled “A” deals with the overall experiment as well as the results.
The field “# of tests™ was used to set the value of # in step 4 of the procedure. This value
controlled how many experiments are conducted for each data point on the performance
curves. The “ramp rate” field set the amount that the current was incremented for each
cycle of the sub-program. “Previous Result”, “Bulk Offset” and “Bulk Ramp Rate™ were

all used to control the bulk ramp rate of the force coil. In order to reduce experiment
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time, the ramp rate was increased to the “Bulk Ramp Rate™ value and the experiment was
run until the force coil current reached a value which was lower than the previous
maximum current recorded. The “Bulk Offset” controlled how much lower that value
should be. Once the value was reached the ramp rate was reduced to the value of “ramp
rate” and the experiment continued until the clamp opened. This provided quick

experiments which still yielded accurate results.

The section labelled “B” in the figure was used to control the automatic looping of the
experiment. “Set Point Incr.” dictated the amount in mA that the clamp coil current was
increased between data points. “Loop Cut-off” set the maximum clamp coil current that
would be tested, while the button labelled “Continuous™ was used to set whether the
program would automatically produce an entire performance curve or just a single data

point.

The section labelled “C” was used to control and monitor the power delivered to the
clamps. As mentioned, the program used a proportional control method to control the
current through the clamp coil. The “Clamp r” field was used to set the resistance of the
clamp coil which along with the value of the “Clamp Voltage™ was used to calculate the
current through the clamp. “Proportional control” set the value of the proportional

constant in the controller.

Other buttons and indicators were used to monitor the status of the program as well as
control the lights and start and stop the individual experiments. The values shown in each

field represent the default settings which were used for the majority of experiments.

4.4 Summary

The design and construction of the first iteration of the apparatus has now been
completed. The calibration of the apparatus has shown that it performs as expected and is
ready for testing. The following chapter will discuss initial test results as well as

refinements to the design which were deemed necessary after analysing those results.
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Chapter 5 Testing and Design Refinement

5.1 Initial Test Results

The results from the first set of experiments were promising and can be seen in Figure
5-1. They show a near linear relation between clamping force and clamp current.
However, the magnitude of the force produced is a close match to that which was
predicted using the FEA model discussed in section 2.3. This was unexpected since the
shutter material was included in the FEA model but not the experiments. The absence of

the shutter material should have improved the clamps performance
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Figure 5-1: Initial results

The irregular nature of the cryogenic temperature curve is due to changes in the force coil
current ramp rate. During the cryogenic experiment, it was noticed that the link lock
solenoid was rapidly increasing in temperature. The first link lock design was in use
during these experiments and, as described earlier, this design required significant power
to secure the link which caused rapid temperature rise. In order to limit the temperature
rise and prevent damage, the ramp rate for the cryogenic experiments was increased and
the erratic results in Figure 5-1 were noticed. These results prompted the study of the

effects of force coil ramp rate which is described in the following section.
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5.2 Effects of Force Coil Current Ramp Rate

As mentioned, the rate at which the force coil current was increased affected the
outcome of the experiments. A series of experiments were conducted which performed
the same experiment repeatedly using different force coil ramp rates to better understand
these effects and to determine the optimum ramp rate. A portion of the results from these

experiments is shown in Figure 5-2.

0.20 4

0.15 4

5.0 75 10.0 125 15.0
Clamp Coil Current [mA]

Figure 5-2: Results of force coil current ramp rate experiments

The figure shows six plots of the performance curve for a single clamp, each at the ramp
rate shown in the legend. The units of the ramp rate are mA/cycle. Every time the sub-
program described in section 4.3.1 was looped, the force coil current was increased by
the amount shown. It can be seen that the results of each experiment differ by a
significant amount. The results generated using a force coil ramp rate of 0.10 mA/cycle
show a higher clamping force than those generated by a ramp rate of 0.050 mA/cycle.
This was due to timing issues with the LabVIEW program. At higher ramp rates, the
program could cycle past the breaking force before the clamp open test circuit could react
to an open clamp event. Slower ramp rates reduce this error by minimising the amount
that the program can overshot the coil current. There is a similar reduction found when
the ramp rate is further decreased. It is observed that subsequent decreases of force coil
ramp rate resulted in ever decreasing performance of the results and the curves converge

to a minimum. When the ramp rate was reduced to 0.005 mA/cycle, it can be seen that
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there is minimal change in the output vs. the previous ramp rate of 0.010 mA/cycle. It
was decided that a force coil ramp rate of 0.005 mA/cycle would be sufficiently low

enough to produce accurate measurements of the clamping force.

5.3 Result Verification

To verify the measurements produced by the test apparatus and to improve over-all
confidence in the test apparatus, a measurement verification procedure was developed.
This procedure involved supporting the clamp in a vertical configuration and using
suspended mass to force the clamp jaws open. Great care was invested to ensure good
confidence in the results of these experiments. The same DAQ system was used to power
the clamp and watch for clamp jaw open status as was used in the main experiments. The
experiment apparatus was removed from the chamber intact and oriented such that a
weight could be suspended from the clamp jaw. This ensured that there was no alteration

of the apparatus due to disassembly and reassembly.

The verification procedure was performed similar to the main experimental procedure
and is outlined as follows.

1) Clamp coil current set to 0 mA

2) Mass is added to the weight until the clamp jaws opened

3) Weight is measured on a high accuracy scale and recorded

4) Clamp coil current incremented by Alc¢

5) Steps 2, 3, 4 repeated until a complete curve is obtained
Mass was increased in the form of zinc particles placed into a light weight plastic vessel
suspended from the lower clamp jaw. The zinc particles varied in mass from 0.034 g -
0.092 g. and were added to the plastic vessel until the clamp jaw opened. A small number
of particles were then removed and the clamp jaw was closed. The mass was re-
suspended from the lower jaw and particles were carefully added one at a time until the
clamp opened again. The suspended mass was then weighed on the same scale used
during calibration of the force coil. These mass experiments were repeated several times
to ensure repeatability and to increase confidence in their results. The process was

extremely time consuming but produced results with a high level of confidence.
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Results of the verification experiments are shown in Figure 5-3. The average mass
verification curve shown is averaged from three curves generated using the above
procedure and is shown with the individual curves. It can be seen that the error between
each curve is small. The maximum error between the verification curve and the three

curves is f 2.2%FS.
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Figure 5-3: Results of verification experiments

With the verification curve as a reference, the test apparatus was returned to the cryostat
and connected to the experimental apparatus. A series of experiments were then run to
test the accuracy of the experimental apparatus. The results are shown in Figure 5-4. It
can be seen that the experimental results are close to the verification curve. When the
error between each curve and the reference curve is calculated the maximum error is
found to be 5.4%FS or 0.05N and an average error of 2.0%FS or 0.017 N. The maximum
error between the three experimental runs is found to be 0.022%FS or 0.020 N.
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Figure 5-4: Comparison between verification curve and experimental results

5.4 Effects of Clamp Testing Assembly Adjustments

A series of experiments were performed in order to determine if the clamps could
produce repeatable results despite undergoing disassembly and re-assembly. The
verification curve described in section 5.3 was used as a reference for these experiments.
This was chosen because it represents the performance of the clamp in its initial
assembled state. To begin the experiment the clamp assembly was disassembled. Great
care was then taken to ensure that it was reassembled with the same alignment. The
clamp was then reinstalled in the chamber and a new curve was generated. The results of

this experiment are shown in Figure 5-5
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Figure 5-5: Results of initial clamp repeatability experiments

It was found that the performance of the clamp differed from the initial performance. To
verify that this was not a problem with the test apparatus, the clamp and mounting plate
were again removed from the chamber and setup for further mass experiments. The

results of this experiment are shown in Figure 5-6.
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Figure 5-6: Mass verification of clamp performance after reassembly

The mass verification curve closely mimicked the test apparatus results for the

reassembled clamp which confirmed that the clamp performance had changed. To further
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explore the problem, the clamp was disassembled and reassembled a second time. Again,
great care was taken to ensure proper alignment between the clamp jaws during
assembly. The results of the second experiment are also shown in Figure 5-6. The third
performance curve did not match the reference curve or the curve from the first

reassembly.

It was theorized that the link design is the cause of these inconsistent results. All of the
previous experiments used the original rigid copper clasp to hold the jaw. The copper is
formed to grasp the clamp bar securely but it was found that the design was too wide and
caused uncertainty as to the exact location along the length of the jaw that the force was
applied. As well, it was possible that the clasp is introducing undesired moments into the

system.

To counter this problem, a second force link design was developed. This clasp was
manufactured from thin copper wire. The much narrower design allowed for greater
certainty of the application point of the force. This second force link was installed with
the apparatus still in the mass experiment configuration. The clamp was left unperturbed
from its second reassembly and the new wire link was placed such that the applied load
was centered between the two clamp legs. The results of this experiment are shown in

Figure 5-7.
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Figure 5-7: Results of new wire-based force link design
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The results of the wire link are close to those of the initial link design. However, when
the link is purposefully displaced such that the applied load was 1 mm closer to the outer
clamp leg, the results are significantly affected and are closer to the results of the first
reassembly experiment. This result shows that placement of the force link on the clamp

jaw is of great importance.

Further experiments were conducted with the new force link. Each time the clamp
assembly was disassembled and reassembled or even slightly perturbed, the test results
varied dramatically. Every effort to provide consistent assembly conditions failed to
produce repeatable results. It was decided that a new method of supporting the clamp

jaws was needed in order to rule out jaw alignment as a source of error.

5.4.1 Clamp Jaw Support Assembly

The original clamp design employed flexures to support the lower jaw. This system
produced uncertainty of the quality of clamp jaw alignment. Despite the use of
micrometers and careful adjustment of the assembly, it was found that jaw alignment
could not be reproduced after disassembly of the apparatus. This was a concern since it is
desired to compare several clamps of different shapes and materials. If a consistent
performance could not be assured, there could be no confidence in the results of the
clamp comparison experiments. The initial clamp assembly using the flexures is shown in
Figure 5-8. These flexures allowed the clamp jaw to open and close freely. However,
they held the clamp bars rigidly and produced small misalignments between the two jaws
if not perfectly mounted.

Vs

Flexible bars

Figure 5-8: Initial clamp design assembly
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The new design employed an aluminum cradle to support the weight of the lower clamp
jaw while allowing it to move in all directions. This allowed the lower jaw to orient itself
such that it could align to the statically mounted main clamp jaw. The force which would
pull the lower jaw into the main jaw was the electromagnetic attraction between the jaws
themselves. Also, two small springs provided a small amount of pressure in the direction
of the main jaw. The springs were included to ensure that the jaw would return to its
original, closed position after each test. The new clamp support assembly is shown in
Figure 5-9. The clamp bars themselves are shown shaded while the components of the

assembly are indicated.

Clamp cradle

Clamp coil

Clamp mounting block
Cernox temperature sensor
Force link gap

Springs

Mmoo w e

Figure 5-9: Final clamp jaw support assembly

The new assembly is installed in the chamber test apparatus and a set of preliminary
experiments were performed. The experiments were conducted using the same procedure
as before and using the new wire based force link. The results of these experiments are

shown in Figure 5-10. The original mass experiment verification curve is included for

reference.
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Figure 5-10: Results of new clamp support assembly

The initial results show two important features. First, the curves show a clamp
performance which significantly exceeds the previous results shown by the verification
curve. This result supports the assertion that the original clamp support structure was
interfering with the clamp performance. The second feature of interest is the erratic
nature of each curve while all previous experiments yielded smooth curves. It was
discovered through close examination of the clamp assembly that the wire based force
link was twisting the floating clamp bar. Under the original configuration, the flexure
structure was rigid enough to counteract this twisting. However, the new free floating bar

can not, which results in the inconsistent performance shown.

5.4.2 Second Force Link Redesign

In order to eliminate undesired moments from the system a third force link was
developed. The second force link design proved to be problematic in that it produced a
moment about an axis running along the length of the bar. It is theorized that this twisting
' load produced premature failure of the clamp which in turn produced the erratic results
shown in Figure 5-10. The new design used a short length of nylon string looped around
the clamp jaw in conjunction with a hook fashioned from copper wire. This design
provided certainty of the load application point and minimised all undesired moments.
Figure 5-11 shows all three force link designs. The original link is shown in the
background while the second, wire-based design is in the middle. The final design is

shown in the foreground. A MARS clamp is included for size reference.
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Figure 5-11 Three configurations of the force link

The new force link was installed in the apparatus and a series of tests were performed.
The results of which are shown in Figure 5-12. Between each experiment the assembly
was perturbed to check for repeatability. This involved removing the lower clamp jaw
and reinstalling it. Despite this, it can be seen that all three experiments produced similar
curves. However, the three curves did not follow the path of the original mass verification
experiments. It was decided to repeat the verification experiments without the
interference of any clamp support structure. The mass experiment was setup for a third
time using the same procedure as past verification experiments. However, for this
experiment, all clamp support structures were removed and only the electromagnetic
attraction between the clamp jaws was used to hold the lower clamp bar in place. This
configuration ensured that there was no interference between the jaws and they were
allowed to fully close. The resulting curve is shown in the figure and it can be seen that it
closely matches the three experimental runs for the initial portion of the curve. However,

the two curves diverge away from the verification after /o¢ exceeded 20 mA.
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Figure 5-12: Results after third force link was installed

5.5 Effects of Clamp Current Polarity

With the new clamp support assembly and third force link installed, results from the test

apparatus were consistent. However, after a large number of experiments were conducted

a new problem in the results became apparent. The performance curves were relatively

repeatable but two distinct sets of curves developed as seen in Figure 5-13. The “group 17

curves closely follow the verification curve until they reach the maximum force which

the apparatus could exert. This limit is shown in the figure as a finely dashed horizontal

line. The “group 2” curves follow the verification curve up to a clamp coil current of

approximately 20 mA but then deviate and appear to reach saturation at a lower force.
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Figure 5-13: Final test configuration results showing two groups of performance curves

Several experiments were performed in an effort to determine the cause of this problem.
Eventually it was discovered that the direction in which the clamp coil current was driven
dictated which group the results would fall under. Aside from mass verification
experiments, all previous experiments were conducted with the coil current connected in
a random fashion. Each time the apparatus was installed, the clamp coil was connected
without consideration of the current direction. This was done because there was no reason

to expect that the current direction would affect their performance.

Originally it was theorized that other lab equipment including, a 5 T magnet, was
affecting the results of the experiments. However, when this equipment was deactivated,
the problem persisted. Further investigations showed that the cause of the problem was
stray magnetic field from the field generator. FEA models showed a small amount of
magnetic flux was reaching the clamp assembly and passing through the high
permeability clamp bars. When the field in the clamp was aligned with this stray field,
the clamps experienced saturation at a lower clamp coil current than when the fields were
anti-aligned. The model showed that the addition of a steel plate between the field
generator and the clamp assembly would reduce the stray field strength by 97%.
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Therefore a magnetic shield was constructed from 6.4 mm thick mild steel measuring 15
cm by 10 cm. The shield was bolted to the copper radiation shield between the clamp and
the field generator as shown in Figure 4-9. A small hole was included in the center of the
plate to allow the force link to pass through. A series of experiments were conducted with
the new shield installed in the chamber. It was found that the addition of the magnetic

shield removed all dependence on the clamp coil current direction.

5.6 Summary

In this chapter, problems with the test apparatus were identified and remedied. Problems
ranged from unforeseen magnetic interactions to alignment issues between the clamp
jaws. Despite these problems, it has been shown that the apparatus performs well and is
capable of providing accurate measurements of the clamping performance of the MARS
clamps. The following chapter will explore the results of the first experiments which

focus on the clamps themselves as opposed to the development of the test apparatus.
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Chapter 6 Results and Discussion

The development of this test apparatus was driven from the need to optimise the small
electromagnetic clamps to be used on the MARS. These clamps are fundamental to the
operation of the proposed MARS device and must be able to deliver enough clamping
force to securely hold the shutters during displacement. In order to optimise these clamps,
it was necessary to have an accurate method of measuring their clamping force. All of the
experiments discussed thus far were performed in order to validate and refine the original
design of the clamping force testing apparatus. The following experiments focus on the

initial test results of the clamps themselves.

In order for the test apparatus to be a viable tool in the optimisation of the clamps, it must
be able to provide accurate force measurements with a high level of confidence in the
results. Many of the tests performed were focused of improving the repeatability of the
experiments. It was found that small perturbations of the test clamp heavily affected the
results of the experiments. However, when the clamp was left undisturbed, the
experimental results were consistent. This indicated that the apparatus is capable of
consistently measuring the clamping force of the test clamp and the source of results
inconsistency is the clamps themselves. The clamps were found to be extremely sensitive

to jaw alignment.

Using the original flexure system to support the clamp jaws, a series of experiments were
conducted which tested the same clamp several times. Between each test the clamp was
removed and adjusted. The results showed a 50 mA clamping force which varied from
0.65 N to 2.31 N. This is a 258% difference between the lowest and highest force. Great
effort was invested to improve the repeatability of the experiments by using micrometers
and shims to align the jaws in the flexure mounts. However, no improvement was

noticed.

When the new clamp support assembly was used, the repeatability of the experiments

greatly improved. A series of nine experiments were performed. The 50 mA force varied
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from 2.00 N to 2.31 N which is a difference of 15.6%. Adjustments to the new jaw
support assembly as well as the addition of a magnetism shield to block stay magnetic
field from the field generator from reaching the clamp helped to improve the repeatability
of the experiments. However, a 50 mA clamping force could not be measured because the
test apparatus reached its maximum output before the clamps failed at that coil current.
Despite this, the results showed an improved level of repeatability with a 25 mA
clamping force which varied by only 9.8%.

6.1 Addition of Stainless Steel Shutter

With the apparatus design refined such that results were consistent, work focused on
collecting experimental results of the clamp performance. All previous experiments were
conducted with the clamp jaws fully closed. This configuration increased the clamping
force of the clamps above what the test apparatus could measure. However, the MARS
clamps are required to grasp a thin shutter which will be inserted between the jaws
spacing them apart. During the FEA modeling, a 0.05 mm wide gap was used which
corresponds to the thickness of the stainless steel shutters used in the MARS prototype.
The maximum force of 1.33 N found using the FEA model is well within the test
apparatus’s range of 2.46 N.

A small strip of the stainless steel shutter was inserted between the two clamp jaws in the
test apparatus which spaced the jaws the correct distance apart. A number of experiments
were performed, the results of which are shown in Figure 6-1. The vertical dashed line
indicates the 50 mA point which is the intended operating current of the clamp. [2] The
performance curve produced by the FEA model is included and the force it predicted at

50 mA is indicated.
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Figure 6-1: Initial results of clamp tests when shutter material is added

It can be seen that the addition of the shutter material reduced the performance of the
clamps considerably. However, the amount of performance reduction is much greater
than expected. The first four curves generated yielded a clamping force of approximately
0.143 N at 50 mA which is 72% lower than the expected force found using the FEA
model. When the lower clamp jaw is removed and replaced, the fifth and six curves are
produced. These curves show a clamping force of approximately 0.035 N which is 93%
lower than what is predicted by the FEA model. Although significant work was invested
in increasing the repeatability of the test apparatus, these results how that the addition of
the shutter material produced additional inconsistencies. A series of repeatability

experiments were performed on the clamps with the shutter material in place.

6.2 Further Repeatability Tests

The previous experiments showed that repeatability is still an issue. To test repeatability a
number of experiments were conducted which involved the removal and reinstallation of

the lower clamp jaw. This was intended to mimic the effects of changing between clamps
during clamp design comparison experiments. The results are shown in Figure 6-2. It can
be seen that there are significant problems with the repeatability of these experiments.

Experiments #2 and #3 were run past the intended clamp coil current to determine clamp
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behaviour at higher coil currents. It can be seen that experiment #3 reaches saturation at

approximately 95 mA.
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Figure 6-2: Results of repeatability experiments with shutter material installed

Keeping the shutter material flat and straight between the two jaws proved extremely
difficult. If the shutter were to bend it would complete the circuit between the upper and
lower jaw and mislead the control system into believing the clamp were still closed. This
problem is manifested by the flat portion of the performance curves noticed in Figure 6-2.
This region of zero clamping force was caused by the shutter material bridging the gap
between the clamp jaws after they failed. The output remained constant until the force
required to pull the clamp jaws apart exceeded the force required to pull the jaws far
enough apart to break the circuit caused by the bent shutter material. The force is zero in
this region because the initial measurement taken at a clamp coil current of 0 mA was

subtracted from all following values to account for preload in the springs.

A second set of repeatability experiments involved replacing the lower jaw of the clamp
assembly. Although replacing the entire clamp would be a more definitive test of clamp
comparison accuracy, it was decided to undertake the simpler task of replacing only the
lower jaw while allowing the upper jaw and coil to remain fixed in place in the test

apparatus. Each of the three lower jaws tested were identical in size and material make
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up. For these experiments, the shutter material was removed as it was hoped that the
previous results found during testing and development could be repeated. However, when
the new set of repeatability experiments were conducted, it was found that none of the
three lower jaws tested matched the original results including the original jaw itself. This

can be observed in the results shown in Figure 6-3.
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Figure 6-3: Results of clamp jaw replacement experiments

6.3 Validation of Test Apparatus

Experiments conducted during the development of the test apparatus showed that it is
capable of producing accurate and repeatable results. Calibration experiments showed
that the force coil and field generator could be modeled using a linear equation with a
maximum error of 0.0011% FS. The maximum repeatability error was found to be
0.635%FS. The effect of the alignment between the two components was also examined.
It was found that a misalignment of = 1 mm would result in a maximum error of 0.08%.
This level of misalignment would be clearly visible to the operator and could be
corrected. These results showed that the basic concept of the design could be used to

exert a predictable force with high accuracy.

The verification of the measurement system was conducted by using a simple mass

system to determine the clamping force of one clamp. The verification process involved
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using suspended mass to force the clamp jaws open. When the clamp was returned to the
test apparatus, it was found that it could duplicate the results of the mass verification with

a maximum error of 5.4%FS or 0.05N.

Upon completion of the entire test apparatus, its repeatability was again verified. A
number of experiments were conducted without disturbing the clamp between runs. It
was found that the maximum error between experimental runs was 0.022%FS or 0.020 N.
However, this repeatability was limited to cases where the clamp was left undisturbed
between experiment runs. If the clamp was perturbed, the results varied significantly.
Extensive work was invested to solve this problem in order to allow clamps to be
removed and replaced with confidence that the results would not be affected. This work
involved the design and construction of a new system of supporting the clamp jaws in the
chamber. The new system allowed the lower clamp jaw to float freely whereas the
original flexure based system held the jaw rigid such that alignment issues would arise.
These alignment issues resulted in repeatability errors as high as 258%. The results of the
new system showed that repeatability is improved significantly. The late addition of a
magnetism shield solved an issue with stay field from the field generator affecting the
clamp performance. Coupled with this shield, as well as improvement of the force link,

the new clamp support system helped reduce the repeatability error to 9.8%.

The mass verification procedure was repeated with the new apparatus. This time, the
verification experiment was conducted with no clamp support system. The lower jaw was
held to the upper clamp jaw solely by the electromagnetic force between them. This
ensured there was no outside interference between the two jaws and is viewed produce to
be the true performance of the clamp. It was found that the experimental results of the
new apparatus fit the verification curve with a maximum error of 2.23%FS up until the

curve exceeded the measurement range of the test apparatus.
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6.4 Clamp Design Analysis

Alignment issues with the clamp jaws themselves prevented any meaningful cryogenic
testing being performed. Only one performance curve was generated at cryogenic
temperatures. This experiment was intended to test if the assembly could function at the
desired temperature and was performed early in the testing regiment before the apparatus
was refined. The results of this experiment showed that the test apparatus performed as

designed at cryogenic temperatures and complete vacuum.

The main issue with the clamp design was the inability to achieve consistent
performance. It was found that small errors in alignment would result in vastly different
performance from the clamp. Despite careful preparation of test clamps, experiment
repeatability proved to be a difficult goal to attain. This problem reduced the ability of the
test apparatus to characterise the clamps performance with any confidence. Since one
goal of this project is to determine which clamp design and material would provide the
best performance it is necessary to test several clamps. However, since removing or
adjusting the clamps caused so much variability in results, no confidence can be drawn

from experimental results if the clamps are disturbed in any way.

Although a new system of clamp jaws support was devised to increase the repeatability of
experiments, the MARS device requires the use of the original, flexure based, jaw
support. This system proved to be the most problematic. It allowed for minimal
adjustment of the clamp alignment which resulted in poor repeatability. Should this
system be improved to allow for confident alignment of clamp jaws, the repeatability

problem may be alleviated.

The optimisation of the MARS clamps has the primary goal of reducing the clamps size
and weight. This would involve designing a clamp which can provide adequate clamping
force with a certain factor of safety. If the clamp design is minimised such that it can
deliver the design specified clamping force at its peek performance, a small misalignment
could reduce that performance below the minimum clamping force. This problem would

not be noticed in a larger clamp design since it would be capable of producing more than
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the specified clamping force. A reduction in the maximum force could still be in an

acceptable range.

For ground based telescope systems, this problem would not be as significant since the
slit mask could be removed from the instrument for periodic adjustments. However,
orbital applications prohibit servicing the MARS and introduce large G-forces during
launch. These G-forces could introduce misalignments between the clamp jaws which
would not be noticed until the MARS is in service, long after possible repairs could be

performed.
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Chapter 7 Conclusions

7.1 Final Test Apparatus Design

The final configuration of the MARS clamp test apparatus is based on results of FEA
models as well as experimental results. Initial FEA models of the MARS clamps showed
that the optimum clamp design would deliver a maximum force of 1.33 N. The design of
the test apparatus was focused around providing a maximum force measurement which

exceeded this value with a comfortable margin.

The chosen method of providing a clamping force measurement is a test apparatus which
employed the Lorentz Force to pull the clamp jaws open. This method required the
design of a magnetic field generator as well as a current carrying coil. Producing a design
for each was achieved by modeling potential designs using FEA models. Initially FEA
was used to choose a method of producing a magnetic field. Permanent magnets were
chosen due to their low cost, compact size and their ability to produce strong magnetic
fields. Secondly, FEA was employed to optimise the design of the permanent magnet
based field generator. The design of the flux return yolk was refined to improve

performance and reduce complexity and cost.

The main design feature which dictated the maximum force deliverable by the apparatus
was the force coil. The force coil is constructed from Copper wire wound around a
magnetically inert core. The shape and size of the coil was chosen to produce the
maximum number of turns in the wire while limiting the resistance of the coil to les than
500 Q. The coil is powered by an available power supply which dictated the maximum
resistance. The size of wire used for the coil was also examined. The end result is a force
coil which, when powered to its maximum current could deliver 2.42 N of pulling force.
Calibration produced a relation between driving current and force generated as well as

the effects of misalignment.
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Other components included a complex mounting system which secured the field
generator assembly to the cryostat inner wall. This mount was capable of adjustments in
six degrees of freedom which allowed for the precise alignment between the force coil
and test clamp. A releasable clamp was also designed which allowed the link between the
force coil and clamp jaw to float free for a period of time. This was included in order to
allow the various components to contract during cool down without affecting the
alignment between the force coil and the field generator. Other minor components such
as the force link, the force coil support and the clamp jaw support assembly were

optimised during testing.

7.2 Clamp Design Analysis

A single prototype clamp was tested for holding force using the test apparatus as well as a
mass based procedure. It was found that it generally performed as expected based on
simulations. An increase in clamping force was noticed with an increase in clamp coil
current and at least on experiment was able to push the prototype clamp to saturation.
Beside these simple characteristics, the clamp could not be made to perform in a
repeatable manner. However, the FEA models presented represent a rough estimate of the
clamp’s potential and it was not unexpected that the results would not match with

experimental results.
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7.3 Recommendations

Experimental result showed that the test apparatus is a viable instrument for applying
known forces to the clamp jaws. Its use is not limited to the MARS experiments but
could be expanded to include any experiment which requires the application of high

accuracy forces in an enclosed cryogenic environment.

Although a test apparatus is developed to characterise clamp geometry, material,
response at temperatures neat 30 K in a high vacuum, the clamps themselves limited the
original scope of the research. This stemmed from the inability to accurately and
consistently align the two halves of the clamp assembly. If the clamp jaws could be
properly aligned, the repeatability of the experiments would be improved. It is
recommended that the test apparatus be employed in further experiments which also

include a greater degree of confidence in the alignment of the MARS clamp jaws.

The MARS clamps themselves require a design re-evaluation. Their susceptibility to
misalignment makes them ill-suited to applications in orbit which would have to survive
launch conditions as well as extended operation without service. It will be difficult to
minimise the clamp design given the degree of variability in performance. A more

dependable design should be developed.
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Appendix A — Clamp Simulation Geometries

Clamping Force [N/mm]
Hymu High-Perm
Experiment#  Description (Leg Dimensions are W x H) 80 49
1 Original design 0.1693 0.1682
2 Original with rounded corners 0.1693 0.1686
3 2mm x Smm legs and 2mm core 0.1139 0.1134
4 Notched corners 0.1158 0.1154
5 4mm x 6mm legs 0.2244 0.2235
6 Notched lower beam 0.5mm notch 0.1679 0.1672
7 Notched lower beam with filleted inner corners 0.168 0.1673
8 Original with 2.5mm x 12mm coil 0.1691 0.1684
9 #8 with 4mm x Smm legs 0.225 0.224
10 #8 with 4mm x 4mm legs 0.2251 0.2242
11 semicircular core; rl=6mm, r2=9mm, equivalent coil areas 0.1695 0.1689
12 Flat coil core filleted legs: rl=4mm, r2=7mm 0.1695 0.1687
13 #10 with 5Smm x 4mm legs 0.279 0.2779
14 #10 with 6mm x 4mm legs 0.3338 0.3329
15 #10 with 7mm x 4mm legs 0.3857 0.3874
16 #10 with 8mm x 4mm legs 0.3997 0.4421
17 #10 with 7.5mm x 4mm legs 0.4034 0.4146
18 #10 with 6.5mm x 4mm legs 0.3606 0.3602
19 7mm x 4mm legs with filleted ends and no mounting bar 0.3852 0.3863
20 #15 with rounded outer end 0.3859 0.3874
21 #17 with rounded outer end 0.4045 0.4146
22 #21 with modified mounting bar 0.4027 0.4149
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Appendix B - Helmholtz Coil Pair

Helmholtz coil pairs are another common method for generating a magnetic field. A
Helmbholtz coil pair consists of two parallel coils driven in phase and spaced one radius
apart as shown in Figure B-0-1. The main advantage to a Helmholtz pair is the ability to
generate a region of uniform magnetic field generated at its center. The size of this region
is dependant on the diameter of the coils. Drawbacks include the volume of coil needed

to generate a strong magnetic field and heat generated by the coils.

Figure B-0-1: Isometric and section view of a Helmholtz coil pair with a radius and spacing of 60mm

B.1 Magnetic Field Generated in a Helmholtz Coil

The strength of the magnetic field generated in a Helmholtz coil pair is proportional to
both the number of turns of wire in the coils as well as the current in the wire. The
strength of the field at r = Z = 0, can be roughly approximated by the relation shown in

equation (8.1).

H=nl/L (8.1)
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Where H is the magnetic field strength, N is the number of turns, / is the wire current and
L is the length of the coil. The flux density B which is shown in equation (2.3) can be

expressed in the form shown in equation (8.2)
B=yu,(H+M) (8.2)

The value M is the magnetization, and is a property of the material inside the magnetic
field. Since the Helmholtz coil will be in a vacuum and will not have a magnetic core, the

magnetization can be ignored and equation (8.2) simplifies to equation (8.3).

B=u,H (8.3)

The flux density is an important quantity when the Lorentz Force calculations are

performed on the FEA results.

B.2 Coil Windings

The physical characteristics of the Helmholtz coils are important to the simulation
process. The number of turns and the wire current are both integral to defining the
strength of the magnetic field inside the coil pair. This information will also be used
while determining size and shape of the force coil. In order to clarify the discussion of the

coil windings the following nomenclature must be introduced.

e [,= wire current
* e = Helmholtz total coil current
e J. = current density in the coil

e A.,iu= cross-sectional area of the coil

The wire current is the current supplied by the power supply to the coil. The coil current
is simply the sum of the currents from all the windings in the coil and is given by

equation (8.4).
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I, =nl, (8.4)
The current density is the current per unit cross-sectional area of coil and given by
equation (8.5). The units of current density are A’

I = Line. (8.5)

The size of wire used to wind the coils is also examined. Finer gage wire allows for more
windings in a given cross-sectional area while heavier can handle higher current. These

properties lead to a trade off between » and / in equation (8.4).

The current carrying capacity of a conductor can be expressed as a function of its cross-
sectional area. The current handling values given in Table B-1 are derived using a
standard value for copper wire. The value chosen is 750 circular mils/A. This converts to
0.380 mm”/A and is divided into each wire’s circular area to yield the current capacity.

Copper wire was chosen because of its high conductivity, availability, and low cost.

Table B-1: Properties of standard copper wire [IEEE Standard 835]

~ Diameter,d Circulararea 4. DC Resistance  Max Current
AWE  fmml w2 [Ohwm] 0 [A]
36 0127 | 001267 4600 | 003333
34 0.16 0.02011 0.9186 0.05290
32 0.203 0.03237 0.5709 0.08517
30 0.254 0.05067 0.3707 0.13333
28 033 0.08553 02129 0.22506
26 0.409 0.13138 0.1430 0.34572
24 0.511 0.20508 0.08957 0.53965
22 0.643 0.32472 0.05512 0.85446




The number of turns of a particular sized wire that can be fit into a coil cross-section of
Acoil can be approximated by dividing A by the square of the diameter of the wire as
shown by the first relation in equation (8.6). This approximation assumes that the
windings of the coil are perfectly laid. Although this isn’t a perfect representation, it is
very close to reality and will suffice for the purposes of this analysis. Coil sizes of ten
different cross-sections are considered. The coils ranged in area from 1 cm” to 30.25¢cm’
and the number of turns for each coil is calculated for all wire gages outlined in Table
B-1. The number of turns ranged from 242 turns for 22AWG wire in a 1cm” coil to
187550 turns for 36AWG wire in a 30.25cm” coil.

Since the current carrying capacity and the number of turns in a given cross-section are
both directly related to the cross-sectional area of the wire, the total coil current /. is the

same regardless of the gage of wire used for winding. This property is shown below.

Acoi/
n= =

d-

| & - .
I =—|—md" 8.6
1 k(4” ) (8.6)

Equation (8.6) derives an equation for the total current in a coil of given area 4., The
term “k” is the constant 0.380mm?/A discussed above. It can be seen that the total
current is independent of the wire diameter d and therefore the total current /. in a coil is
dependent only on the cross-sectional area of the coil. Since J, is given by equation (8.5).
it can be seen that A4.,; drops out and the current density for all coil sizes and all wire
gages is constant. This constant is derived in equation (8.7) and indicates the maximum
current density at which the Helmholtz coils can be driven. This is an useful quantity as
the FEA software required current density as input for calculating magnetic fields and

forces.
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JT
4k 4(380x10° n/4)

= 2.0668 MA/m’ (8.7)

B.3 Heat Generation in the Coils

The heat generated by the current flowing through the coil is given by the same power
relation shown earlier in equation (2.1). 7, is known but the resistance R of the coil is
dependent on the length of the wire in the coil which is in turn dependent on the wire

gage, the coil cross-sectional area and the radius of the coil.

The length of the wire needed to wind a coil can be approximated by first calculating the
volume of the windings and then dividing by the wire diameter squared (&). This method
is similar to the method which was used to find the number of turns in each coil and is
not perfect but sufficient. The wire length, resistance and heat generation is calculated for
coils of various cross-sectional areas and central radii. It was found that the power
generated by the coils is independent of the wire gage. This is similar to the findings

outlined above for the total coil current /..

The heat generated depends on both the coil cross-sectional area and its radius. Therefore
a large number of combinations are considered. The highest heat generation is 11.47 W
and is found in the largest coil simulated. This coil had a 5.5 cm x 5.5 cm cross-section
and a central radius of 6cm. This value is the heat generated by only one of the coils in
the pair. Therefore, the heat generated by the complete field generator of this size would

be 22.96 W.

B.4 FEA Field Strength Simulations

The magnetic field inside the coil is modeled for ten coil cross-sections and four coil
radiuses. In some cases, it is impossible to calculate a specific coil configuration due to
geometry restrictions. For each model, the current density is set at the theoretical
maximum shown in equation (8.7). The coil cross-section and radius is systematically

altered to yield the results shown in Table B-2. The values shown are the magnitudes of B
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in the region of constant B near the center of the coil. It can be seen that the field inside
the coil is quite low. The largest coil only yielded a flux density of 0.0493T. Blank

entries indicate coil configurations which are geometrically impossible to create.

Table B-2: Magnitude of the magnetic flux density at center of the Helmholtz coil pair

0.00306 | 0.00703 | 0.0125 | 0.0197 - - - = - = '

0.00233 | 0.00522 | 0.00933 | 0.0146 | 0.0212 | 0.0291 - - - -
0.00186 | 0.00419 | 0.00749 | 0.0117 | 0.0169 | 0.023 0.0304 | 0.0386 - -
0.00156 | 0.00353 | 0.00623 | 0.00979 | 0.0141 | 0.0192 | 0.0252 | 0.0321 0.0399 | 0.0493

It can already be seen that the flux density generated by the Helmholtz coil pair does not
compare well with that of the permanent magnet based field generator. In fact, the
largest, most powerful coil generates a flux density which is weaker than the weakest
permanent magnet configuration. In the interest of completeness, force simulations are

performed on the Helmholtz coil pair.

B.5 Force Simulations

The largest Helmholtz coil pair is simulated using the same application mode that is used
for the permanent magnet force simulations. The force calculated is 2.34N using a 1cm®
force coil. This force is slightly more than half that which was found for the 0.0254 m
deep permanent magnet based field generator and only 13.4% the strength of the best
permanent magnet. It is also worthy to note that this Helmholtz coil is extremely large. Its
outer diameter is 17.5cm and there is a mere 0.5cm gap between the coils in which the
force coil must pass. Because of the poor performance observed from the best case

Helmbholtz coil pair, it is unnecessary to simulate the other Helmholtz configurations.





