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Abstract

The objective of the work in this thesis was to devise a means of profiling the thrust
of the MIT Space Propulsion Lab’s (SPL) Diverging Cusped Field (DCF) thruster
and, more generally, other thrusters of similar size and thrust levels. The former
SPL thrust stand, which had been used to characterize the BHT-200 engine, was not
suitable for the DCF because of its torsional style design. An entirely new, inverted
pendulum-type balance needed to be built. The new design employs a vertical arm
with the DCF situated at the top and a counterweight placed at the bottom. The
vertical arm rotates at the fulcrum through a flexible pivot attached to a base. A
horizontal thrust force from the DCF causes the balance to rotate. This motion is
sensed by a linear variable differential transformer (LVDT) and counteracted by a
force from a voice coil. The voice coil’s neutralizing force nulls the balance back to
an equilibrium position and supplies the thrust value produced by the DCF.

The inverted pendulum thrust balance was built from an initial design proposed by
Professor Manuel Martinez-Sanchez. Many of the electrical components found on the
old thrust stand, like the LVDT and the voice coil, were incorporated into the new one.
Additionally, the control software and hardware from the old stand required several
changes and updates to be compatible with the new design. After the assembly of the
new thrust balance, the issues of calibration and thermal drift during use were also
addressed. Once a means of correcting the undesired operational forces and thermal
effects had been established, the balance displayed thrust measurement within a range
of 0mN to 23mN with an uncertainties as low as +0.5mN.
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1. Introduction

The purpose of the work carried out in this thesis was to devise a way of quantifying
the performance of the Diverging Cusped Field (DCF) thruster, and other similar
thrusters, in terms of the useful force they can produce to move a spacecraft in a
vacuum environment. The traditional way of making such a measurement is to use
a device known as a thrust balance. Therefore, an inverted-pendulum thrust balance

was designed, built, calibrated, and tested to determine the thrust of the DCF.

1.1 Motivation for the Creation and Use of a Thrust Balance

There are two traditional means of moving a man-made object through space, chemi-
cal propulsion and electric propulsion. Chemical propulsion relies on the acceleration
of a gas through a nozzle to produce thrust. The gas is typically heated through
the use of a chemical reaction, or a catalyst, and that thermal energy is converted
to kinetic energy, or velocity, as it travels through the nozzle. In contrast, electric
propulsion accelerates a gas through the use of electric heating or electric and mag-
netic forces. The DCF engine falls under the category of electric propulsion [5].

In general, electric propulsion devices provide very small amounts of thrust com-
pared to chemical propulsion, however, the specific impulse for most forms of electric
propulsion can be many tens of times greater than that of a chemical rocket [16].
Specific impulse (Isp) is a ratio of the thrust to the rate of fuel being used [11]. Such
a form of propulsion, with a high Isp and low thrust, is often ideal for deep space
missions, such as sending probes to the outer planets of the solar system. It is also ad-
vantageous for nanosatellites, which require a very tiny and precise amount of thrust
to perform operations such as pointing and station keeping [17].

The DCF is a relatively new form of electric propulsion. An early version of this
thruster was constructed and tested by graduate student Daniel Courtney at MIT in
2008. A preliminary measurement of the engine’s thrust as a function of the anode
current was done by the Busek Company[5]. While these data gave a good indication
of the approximate thrust the DCF can produce, it did not take into account the
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effects of altering the anode and cathode positions [5]. Since this time, several modi-
fied versions of the DCF have also been created. To fully understand the capabilities
of this new electric propulsion system, it is necessary to determine the effects that
these modifications have on thrust. It would also be quite beneficial to make these
thrust measurements where the work is being conducted at the Space Propulsion
Laboratory (SPL) at MIT, rather than ship the thruster to the Busek Company to
test each and every small modification or change. Since the DCF produces a small
amount of thrust, on the order of a millinewton, the SPL was in need of a device
capable of measuring small forces. Thus, a new thrust balance was needed. The SPL
expects to use this new balance not only to profile the thrust regime of the DCF, but
to enable or enhance research on a variety of thrust concepts in the future, including

Hall thrusters, Helicon thrusters, and other forms of electric propulsion.

1.2 Reasons for the SPL Thrust Balance Redesign

The lab already had a working thrust balance developed in 2003 by MIT graduate
student Jareb Mirczak. The balance was torsional type in nature, where the engine
rests on one end of a lever arm that is free to rotate about a pivot point, with a
counterweight placed on the other end [14]. In an initial attempt to use this balance
with the DCF, it was discovered that under the weight of the DCF the lever arm was
not able to reach an equilibrium position. Rather, the balance would tilt all the way
in the direction of DCF or all the way in the direction of the counterweight, unable
to find a neutral balance. This was occurring because the weight of the DCFE was just
too much for the flexible torsional pivot at the fulcrum to handle. The types of forces
being created on the frictionless flexible pivot were larger than what it was designed
to withstand and the pivot was therefore unable to function as intended.

Other flaws in the design of the old thrust balance existed as well. The old balance
had a rather small moment arm in relation to the physical size of the DCF. This
could introduce uncertainties as to where exactly the thrust was being applied. In
the old design the engine also rotated about a central pivot, meaning that the balance

measured a torque. The force value therefore depended on an uncertain moment arm
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caused by the ambiguous position of the resultant thrust force from the engine. Since
the design proved to be flawed for heavier propulsion systems and the uncertainty

was likely to be high for engines like the DCF, a redesign was deemed necessary.
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2. Electric Propulsion and Thrust Measurement

Before exploring the work done to create the DCF’s thrust balance, it would be benefi-
cial to provide more background information about the history of electric propulsion,
the categories of electric propulsion, and the means traditionally used to measure

thrust for these types of devices.

2.1. A Brief History of Electric Propulsion

While electric propulsion wasn’t widely used on spacecraft until the end of the twenti-
eth century, its principles had been proposed as early as 1906 by an American scientist
named Robert Goddard and in 1911 by a Russian rocket scientist named Konstantin
Tsiolkovsky, both of whom were likely inspired by devices known as cathode rays [4].
By 1913, Goddard filed a patent for a device that magnetically trapped electrons to
produce ionizing collisions with neutral particles [4]. Four years later, Goddard even
had a design for the first electrostatic ion accelerator for the purposes of propulsion
[4]. Professor Herman Oberth further supported the electric propulsion idea. In his
well respected 1929 book about spaceflight, Oberth lauded the technology’s mass-
savings potential [7]. By 1933, the first electrothermal engine was developed and
built by Valentin Glushko, although it only saw laboratory use [4]. Despite these
early developments, chemical thruster research continued to dominate through the
late 1940s. This was due to the military demands of World War II, the complexities
of testing in vacuum conditions, which is a requirement for electric thrusters, and
the obvious need for better chemical rockets to propel a spacecraft into orbit before
electric engines could be utilized [4].

In the post war era, Ernst Stuhlinger was the first to pick up the idea of electric
thrusters. He published the most extensive paper to date which examined the problem
of a power supply to run the engine, gave design guidelines, and even demonstrated
how the electric thruster could be optimized to various mission requirements [4]. This
marked a turning point for this technology, where it went from a widely idealized and

speculative idea to a serious field of research and development. In the late 1950s,
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experiments began with electrostatic ion thrusters and thermal arcjets in several
government laboratories and private corporations [11]. By the 1960s, the electric
propulsion field was flourishing, with ground-based experiments on many different
models taking place in large vacuum tanks [11]. The first successful US space test
finally occurred on July 20, 1964 with an electrostatic ion engine [11|. This test was
part of the Space Electric Rocket Test (SERT) 1 program, which was developed to
demonstrate that the concept could work in space as well as it had in vacuum chamber
tests [11]. By 1970, NASA flew SERT II and proved the long term abilities of this
technology. This mission lasted until 1991, with over two hundred engine restarts
conducted between 1973 and 1981, and a prolonged firing which lasted five months
continuously [6].

From 1970 through 1990, the research in the field of electric propulsion focused
primarily on mercury and xenon fed ion thrusters, hydrazine resistojets and arc-
jets, magnetoplasmadynamic (MPD) thrusters, and Teflon-propellant pulsed plasma
thrusters (PPTs) [6]. After the collapse of the Soviet Union, research on Hall Effect
thrusters started in the US. Previously, the Hall thruster had been more extensively
studied in the USSR, but after 1991 this changed with technology flowing into the
United States from the former communist country. In 1998 NASA launched Deep
Space 1 (DS1), the first mission to employ an ion engine to travel beyond Earth
orbit. DS1 successfully flew past the asteroid Braille and Comet Borrelly [6]. By
now, dozens of commercial satellites feature electric propulsion thrusters, and most

scientific missions use them as well.

2.2 The Types of Electric Propulsion

Electric propulsion thrusters generally fall into three main categories: electrothermal,
electromagnetic, and electrostatic propulsion. Electrothermal engines create thrust
by electrically heating the gaseous propellant [11]. This type of electric propulsion
is very similar to the more traditional chemical engine since it still utilizes a nozzle
to convert thermal energy to kinetic energy. The biggest difference being that the
propellant is electrically heated, either in addition to or instead of, being heated by
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a chemical reaction. Examples of thrusters from this category include resistojets and
arcjets. The resistojet heats the propellant by simply passing it over an electrically
heated surface, while the arcjet passes an electric current through the propellant to
raise the temperature of the gas to a much higher degree than the chamber walls.
Resistojet specific impulses generally reach as high as 350 seconds (maximum of 800
seconds with a fuel of Hs), while arcjet specific impulses can be as high as 600 seconds
(1500 seconds with Hs fuel) [11]. Both of these offer significant Isp improvements over
the traditional chemical rocket, which reaches specific impulses of no greater than 500
seconds.

Electromagnetic thrusters, in contrast, use interactions of magnetic fields with
electric currents to drive a group of charged particles [11]. This group of engines
requires no nozzle; it accelerates its ionized propellant using electromagnetic forces.
An example of this type of propulsion system is the Magnetoplsamadynamic (MPD)
thruster. The principle which makes this device work is the Lorentz Force, described

by the equation below.

?:a(ﬁerx?) (2.1)

In this equation, o is the electric charge of a particle, E is the electric field
present, w is the velocity of a charged particle, and B is the magnetic field present.
When an electric field is perpendicular to a magnetic field, and some ionized gas has
a velocity perpendicular to both the electric and magnetic fields, it creates a force
of F = 7§ x B, which is the thrust of the engine [11]. While this form of electric
propulsion is attractive because of its high Isp and relatively high thrust levels, which
can be on the order of a Newton or more, it has significantly lower efficiency levels than
other thrusters and, as a result, a rather large amount of energy (heat) to dissipate.
The amount of waste energy that needs to be dissipated is often so high that MPDs
must be operated in a pulse mode rather than used for continuous firing to prevent

the engine from overheating.
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Electrostatic thrusters generally employ electric body forces to accelerate charged
particles [11|. Examples include ion engines, Hall Effect thrusters, and Diverging
Cusped Field thrusters. The difference between these technologies is the method
in which they trap the electrons used to ionize the propellant. Each design has its
advantages and flaws. In ion engines, ionization of the neutral gaseous propellant is
typically done through electron bombardment in a chamber whose only open end has
a pair of electrically charged gridded plates [12]. Initially, the gas in the chamber is
not ionized, and a cathode introduces electrons which collide with the neutral gas.
Even still, the gas is weakly ionized, but the gridded plates at the opening favor the
acceleration of positively charged ions out of the chamber [12]. This increases the
number of electrons, which are repelled by the grids and kept inside the ionization
chamber. To prevent the engine from becoming too negatively charged, an anode in
the chamber collects some of the electrons and sends them to an external cathode,

which adds them in with the positively charged exit plume.

The performance of ion engines is impacted by many factors. The gap between
the two grids at the exit of the chamber should be as small as possible, but if made
too small, arcs can jump between and cause failure [9]. Losses occur when the grids
themselves, or the cathode, absorb some of the ions, or when the higher energy

electrons reach the anode without colliding with neutrals [12].

In contrast to the ion engine, Hall Effect thrusters use a magnetic field to trap their
electrons instead of an electrically charged gridded opening. The Hall thruster uses
a radial magnetic field which, when combined with the axial electric field, produces
a secondary motion in the ions and electrons called E x B drift [13]. This drift
is azimuthal, meaning the particles will follow circular paths inside the engine. The
effect is also much more predominant on the electrons which have a very small guiding
center about which they drift. While the ions are also effected by the E xB drift,
they tend to have much bigger guiding centers (typically larger than the Hall thruster
itself), and therefore, are free to move axially in the electric field created by the anode.
The Hall thruster has relatively high efficiencies, and when this is combined with its

more simplistic design than the traditional ion engine, it is often more appealing due
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to the variety of missions it can accommodate. For example, without the gridded exit

planes often found in ion engines, Hall thrusters have fewer limitations on increasing

the thrust [13].

Similar to the Hall thruster, the Diverging Cusped Field thruster uses a magnetic
field to trap the electrons used in ionization. A schematic created by MIT graduate
student Daniel Courtney is provided in figure 2.1. In essence, electrons are emitted
from the cathode, some of which are pulled into the engine by the anode [5]. These
electrons become confined by the magnets found on the walls of the DCF [5]. The
reason for the confinement is the magnetic mirror created by the magnets in addition
to the drift seen in traditional Hall thrusters. In a magnetic mirror, the field strength
increases significantly at the ends of the magnetic field lines, and weakens in the
middle. This has the effect of trapping particles traveling along the lines, which move
quickly through the weak part of the field, but slow down and reverse direction as
they are repelled in the stronger magnetic region. The mirror closest to the anode
is also the strongest, with one end of the field lines concentrating at the anode itself
[5]. The dense field lines at the anode help to prevent the electrons from flowing
straight in from the cathode, evading the magnetic cusps. As electrons are caught
within the opening of the engine, injecting a neutral gas (typically one with a low
ionization energy) into the region creates collisions between the neutral particles and
the electrons, thus forming positive ions. These ions are pushed axially out of the
thruster by the electric field created by the anode. Some of the electrons from the
external cathode also get pulled along with the exiting positive ions, keeping the DCF

itself neutralized.

The DCF holds several advantages over the traditional Hall thruster. Since it is
much more difficult for the electrons to move across magnetic field lines than it is for
them to move along them, fewer are able to jump to the walls of the engine’s chamber
[5]. Obviously, fewer electrons escaping to the chamber walls keeps the walls from
building up a negative potential and attracting ions, which would decrease efficiency.
In addition, erosion of the chamber should also decrease [5]. Furthermore, the DCEF’s

divergent shape helps to reduce the magnetization of ions as they exit the chamber,
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| Anode

Figure 2.1: Schematic of the Diverging Cusped Field Thruster[5].

primarily because the magnetic fields they are exposed to become weaker and weaker

[5]-

2.3 The Evolution of Thrust Measurement

The history of thrust measurement begins with chemical rockets, as they had been
developed many years prior to the first electric propulsion engine. Chemical rockets,
as well as jet engines and other devices which produce large amounts of thrust, are
measured with load cells [16]. Load cells can trace their origins to Lord Kelvin, who
discovered the correlation between a metal’s resistance and the tension or compression
the metal was experiencing [7]. A load cell measures force through the use of sensitive
strain gages which measure the deformation of a material of known elasticity |[7]. An
example of a typical load cell test setup is shown in figure 2.2.

Measurement of the force produced by electric thrusters is considerably different.
The force from an electric engine is typically not strong enough to deform any basic

solid materials, making the use of strain gages and load cells impractical. Instead,
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Figure 2.2: An example of the application of a load cell|7].

thrust is measured with micro-scale sensitive devices, typically called thrust balances
or thrust stands. While similar in design to very accurate weight scales, they have
their own set of complications to overcome. This includes the vacuum environment
in which they operate, as well as, strong thermal gradients from the thruster and
measurement interference from engine attachments like the gas feed line. For obvious
reasons, thrust stands began to appear around the same time testing began on electric
propulsion engines. Early prototypes were built at NASA, such as the Micropound
Extended Range Thrust Stand (MERTS) at the Goddard Spaceflight Center and
Thomas Haag’s pulsed plasma thrust stand at the Lewis Research Center [14]. Since
then, micro and millinewton thrust balances have been built at various universities

and private companies to test a wide variety of space propulsion applications.

Many unique designs exist for the thrust stand. Most can be generally classified
into one of two categories: the pendulum style and the torsional style [16]. The
pendulum type thrust stands are typically either considered hanging or inverted. The
hanging pendulum balance is shown in figure 2.3. The thruster sits on a platform that
hangs from an arm attached to a base by a pivot point of known stiffness. This design
is inherently stable because any oscillations it experiences are damped out by gravity.
Using a torque balance, one can obtain the basic equation for the displacement from

a known thrust with relative ease:
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Figure 2.3: The hanging pendulum style (left) and inverted-pendulum style (right)
thrust balances.

Y1 =0= Fpl —mglsinf — ko (2.2)

(using small angle approximation, sin 6§ = 0)

Frl = mglh + k6 (2.3)
(if 6~ %)
Fri?

=" 2.4

¢ mgl + k (24)

The inverted pendulum is similar, only now gravity works against the torque from
the pivot rather than with it. The inverted pendulum can be found in figure 2.3, and

the equations involved are the same as before, but now with gravity working in the
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Figure 2.4: The torsional style thrust balance.

opposite direction.

Y1 =0= Frl+ mglsinf — k0 (2.5)
Fr(?
= — 2.
v k — mgl (26)

Both designs have their advantages and disadvantages. While the sensitivity of
the hanging pendulum is hindered by the length of the arm, the inverted pendulum
can be made more sensitive by matching the pivot stiffness with the gravity term [16].
On the other hand, the inverted pendulum is unstable and needs some form of active
control, a feature that is unnecessary in the hanging design.

The other general type of thrust balance, the torsional style, uses a counterweight
rather than the weight of gravity to keep the stand in a neutral position [14]. A sketch

of a typical torsional style balance is shown in figure 2.4.
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Y17 =0= (Fr+mgsinf){ —mglsind — ko (2.7)

F 2
T = 7; (2.9)

Looking at the torque balance confirms that the sensitivity is dependent upon the

stiffness of the pivot and the arm length only.

26



3. Design of the SPL Thrust Balance

This section will illustrate the entire design method for the SPL thrust balance. It
will start with the initial requirements of the project and then go on to show the
design selection process. A brief examination of the design’s system dynamics, both
with and without an active control system, will be given. After that, the first steps
of construction will be discussed, including the process of selecting components like
the flexible pivots, LVDT, and voice coil. The CAD model and machine shop work
completed by MIT graduate student Ryan Daspit will also be mentioned briefly.
Finally, the control system hardware and software will be illustrated in great detail,
and the calibration methods and thermal testing that were performed will also be

explained.

3.1 Design Requirements

The requirements driving the design of the SPL thrust balance were based on five prin-
ciples. First, the design had to be feasible for operation inside of the Space Propulsion
Lab’s vacuum chamber, known as ASTROVAC. This means that the balance must
physically fit within the dimensions of ASTROVAC. In addition, the thruster’s posi-
tion as it sits on the stand should place it as close to the middle of the chamber as
possible. Keeping the thruster away from the edges of the chamber prevents the walls
from interfering with the exhaust plume of the engine. In order to operate within
the vacuum chamber, the thrust balance also must also be created out of vacuum
safe components. No material on the thrust stand should exhibit a high degree of
outgassing in a vacuum environment in order for ASTROVAC to remain clean and
maintain very low levels of pressure.

The second core requirement for the SPL thrust balance was high measurement
sensitivity. From the initial testing done at Busek, it is known that the DCF pro-
duces thrust levels between 6 and 16mN|[5]. Therefore, the balance must be able to
measure forces on the order of a millinewton to produce accurate results with an

error of less than 10%. That means a resolution of at least 0.1mN is desirable. It
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was noted in the previous section that the sensitivity of the old thrust balance was
compromised by its use of a small lever arm. The larger the lever arm, the more
accurate the thrust balance becomes, as dictated by the equations from that section.
To maximize sensitivity, the lever arm should be as long as possible without making
use in ASTROVAC difficult. It was also mentioned that torsional balances tend to
be capable of the highest amount of accuracy, followed by the inverted-pendulum and

hanging pendulum styles.

In addition to operating under vacuum and measuring force with a high degree of
accuracy, the design had to be insensitive to vibrations. A vibration could cause the
stand to shake and register a false thrust reading. To reduce the effect of vibrations,
the design must be statically balanced. If not statically balanced, a displacement

could rock the base:

xp = Tpsin (wt) (3.1)

Such a base excitation as shown above would cause a misleading thrust reading:

Fy = —MypnrusterTyw? sin (wt) (3.2)

The SPL thrust balance also needed to be insensitive to shifts in the thrust line of
action. If the balance measures thrust based on the torque produced by the thruster’s
force on a moment arm, then any small shift in the line of action of that thrust force
would create measurement uncertainty. To eliminate the effect of shifts in the thrust
line of action, the design must not measure torque but rather determine the thrust

force using an arrangement that produces pure linear displacement.

Finally, the balance had to be capable of supporting the weight of the DCF. It
was speculated that the pivots in the old thrust balance were simply not designed to
operate under torques as large as those produced by the DCF’s mass. The new design
must ensure that all the critical components have no difficulty supporting thruster

weights of up to 40 newtons.
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Thruster
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Figure 3.1: Inverted-pendulum style thrust balance for the SPL. It is supported by
the base plate, with the thruster sitting on the top plate and the counterweight (CW)
sitting on the bottom plate. This a side view, and it should be noted that there are
a total of four legs, two of which cannot be seen from this angle.

3.2 Design Selection

The design chosen for the SPL thrust balance most closely resembles the inverted-
pendulum type of stand, but includes some alterations to meet the design require-
ments. Shown in figure 3.1 is an initial sketch of the idea proposed by Professor
Manuel Martinez-Sanchez at MIT.

The inverted pendulum style was chosen because of the balance’s ability to produce
a translation, or parallel displacement, as opposed to a rotation under thrust. This is
done by including flexible points of known stiffness at both the top and the bottom of
the stand. Now, any up or down shift in the thrust line does not affect the amount of
displacement the balance experiences under the same thrust force. This also allows
the engine to remain horizontal as the stand tilts, keeping the thrust in a known
angular direction and reducing the uncertainty in the stand’s measurements.

This inverted pendulum thrust balance includes a counterweight, a feature typi-
cally found in torsional balances. It has the effect of removing the sensitivity to base
vibrations by creating a statically balanced design. The counterweight also removes
the gravity term from the denominator of the equation for the displacement. This
makes the stand more sensitive, meaning it makes the balance displace more under

a given force. The equations below show the relationship between displacement and
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thrust force for the inverted pendulum with a counterweight. A small angle approxi-

mation is assumed in the calculation.

Y1 =0=(Fr+mgl)l—mglt — ko (3.3)
Frt

. 4

0 . (3.4)

since x = (60

P
TR

(3.5)

This equation shows that the stand will displace more (be more sensitive) if the
pivot stiffness is reduced or if the pendulum arm length is increased, so it has a sensi-
tivity on the same order as the torsional balance (independent of gravity). Again, it
makes sense to increase the arm length as much as possible to improve the balance’s
responsiveness to a force. However, increasing the arm length will make the thrust
balance taller and it must fit within the confines of the SPL vacuum chamber. AS-
TROVAC is cylindrical in shape, with an inner diameter of 1.38 meters. It also has a
metal shelf inside, which provides a flat platform to rest objects inside the chamber.
The distance between the metal shelf and the top of ASTROVAC is approximately
1.13 meters. Ideally, the thruster should be about level with the window ports in the
chamber, which sit about 69 centimeters from the bottom. That puts the ports about
44 centimeters from the metal shelf. This was the length chosen for the pendulum’s
legs (from top plate to bottom plate), knowing that it would center the thruster al-
most directly between the top and bottom of ASTROVAC, as far from the walls as

possible. It should also be noted that the SPL thrust balance was given four pen-
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Figure 3.2: Pictures of the Space Propulsion Lab’s ASTROVAC facility.

dulum arms, rather than the more traditional choice of just one arm. This helped
meet the requirement of supporting the weight of the thruster. Now, each arm and
its corresponding pivot point needs only to support a fourth of the thruster’s total

weight rather than all of it. The four arm design also improves lateral stability .

To reduce the cost and complexity of the project, the bottom pivots were replaced
with a thin piece of sheet metal. Since the counterweight exerts a force that creates
tension at these points, the metal could be relatively thin (low stiffness) and still
hold without breaking. This would not work as an appropriate substitute for the top
pivot points, since they would be in compression holding the weight of the thruster.
Sheet metal pieces at the top would need to be fairly thick (high stiffness) to support
the 4kg mass. A high stiffness would not allow these points to bend, preventing the
thrust balance from undergoing a translational motion when the stand displaces. For
an analysis of the thickness needed for thin sheet metal connections at the top plate
and bottom plate, see Appendix A. A schematic with thin sheet metal replacing the

bottom pivot points is shown in figure 3.4.

The bottom of the thruster’s support frame is approximately 3.5 inches by 3.5
inches. The top and bottom plates of the thrust balance were designed to be just
large enough to accommodate the thruster’s frame at about 4.5 inches by 4.5 inches.

Making the plates any larger would have just added unnecessary weight to support.
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Figure 3.3: Dimensions of the chamber and thrust balance.
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Figure 3.4: Evolution of the thrust balance design to include thin sheet metal as
opposed to just flexible pivots at the bottom plate connections.
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Figure 3.5: A simple, linear model of the inverted-pendulum balance including a
counterweight.

3.2.1 Linear Model and System Dynamics of the SPL Thrust Balance

The linear model of the inverted-pendulum thrust stand is shown in figure 3.5, with
the forces from weight, thrust, and pivot stiffness included. The dynamics of this

system can be described by the following equations in the horizontal direction:

(krp + %2 — mpglr) 0 + 176
lr

my (j}b n M) S + Fp (3.6)

(k}bp + % + mcwggcw) 0+ ]CWé

CLow

mew <fb - Ecwé> = (3.7)

In these formulas, It and Ioy represent the moments of inertia of the thruster
and counterweight, respectively. These two equations can be simplified, then added

together to create one equation for the whole system.

k
(]T -+ mTE%) 0=— (kTP -+ Eb - ng€T> 0 + ETFT — ngij (38)
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(Iew + mewley) 0 = — (gb + kp + mcwggcw) 0 + mewlow Ty (3.9)

(It + Iew + mrly + mewley,) 0 =
— (krp + ko + kp) 0 + (moply — mewleow) 90 + (mewlow — moplr) &y + CrFr

(3.10)

If the term on the left side of the equation is replaced with a single moment of

inertia variable it becomes:

16 = — (kpp + ky + kip) 0 + (mply — mewlew) 90 + (mewlow — mply) &y + bpFr
(3.11)

Now the model’s sensitivity to a base vibration can be removed if the static mo-
ments of the thruster and counterweight are equal. This condition also makes the

forces in the vertical direction sum to zero.

mewlew = mrlr (3.12)

This cancels the gravity torque term as well. The equation now reduces to the

following;:

160 = — (kTp+kb+kbp)9+£TFT (3.13)

If the small angle approximation is used again:
sin (0) ~ 0

and assuming now lr = low =/
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This term can be substituted into equation 3.13 to create an expression in terms

of displacement.

]% = —(k‘Tp+k’b+k’bp)% +fFT (314)
1 . koal

The removal of the base excitation parameter in the system dynamics means that
this design meets the criteria of being insensitive to vibrational effects. Taking the
Laplace transform produces the final result, a transfer function. The transfer function
is a ratio of the output of a system to the input of the system, expressed in the Laplace

Domain [15]:

I Etota
Fr = (6—232 + 2; l) X (3.16)
X 1
o e e (3.17)
1
L= 7, % X
e

Now a transfer function exists which describes the transient relationship between

the input to the system, thrust of the DCF, and the output from the stand, displace-
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Figure 3.6: Block diagram of the active control on the SPL thrust balance.

ment. This describes the system dynamics of the inverted-pendulum design without
any sort of active control. In the next section, it will be shown how this system
output of displacement is transformed into a counter force to bring the stand back to

a situation of equilibrium, where the displacement is zero.

3.2.2 Block Diagram

The overall goal of the work in this thesis is to measure the thrust force and not
just the displacement of the stand. Since the thrust force is unknown, one technique
of finding it is to produce a “neutralizing” force which, when opposing the thrust
force, pushes the balance back to zero displacement. The neutralizing force is known,
and when it pushes the balance back to equilibrium it should be proportional to
the value of the unknown thrust force. To accomplish this neutralizing act, three
items are required: a sensor that can measure the displacement, software that can
determine the appropriate amount of force to supply, and an actuator that can supply
the neutralizing force. Although it will be discussed in greater detail later in this
chapter, right now it is sufficient to say that a device called a linear variable differential
transformer (LVDT) can be used to measure the balance’s displacement and produce
a corresponding voltage signal. The voltage signal can be manipulated by interactive
control software created in Labview, and an appropriate electrical signal can be sent
from the software to a simple actuator that creates a force, like a voice coil. This
process is outlined in the block diagram shown in figure 3.23.

In figure 3.23, Ky pr represents the sensor, the three blocks in parallel represent
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the control software, and Ky ¢ represents the actuator. The proportional gain between
the voice coil and PID control software represents an amplifier circuit, a piece of
hardware which would ensure the signal being sent to the voice coil is adequate
enough (has enough current) to create a force. Using this block diagram, a relationship
between the thrust force and the neutralizing force can be developed. This equation
describes the dynamics of the system under active control, and can be used to measure
characteristics like response time to an input thrust. Such information can be useful
if the thrust is not considered to be constant throughout the test. Mathematically, a
transfer function relating the thrust force to the neutralizing force can be developed

with relative ease from the diagram in figure 3.23:

K 1
FC = KVCKAmp [(Kp —+ ?I -+ KDS) KLVDT (L—> (FT — Fc) (318)

7z 82 + ktgétal

Kp+ 5 + Kps Kp+ % 4+ Kps
Fe+KyeK ampKrvpr 5 & Fo = KvoK gmpKrvpr %
) _I_ total _82 _|_ total
2 2 2 2
(3.19)
KP+%+KD5
Fo Kve K ampKLvpr [—e1252+kt§5al ]
FT N K +ﬁ+K s
I+ KvoKampKrvpr [ﬁ
02 2
KyoKampK Kp+ 21 4+ Kps
_ ve K amp LVDT[ p+ = D } (3.20)

5% + Pl Kyo KampKrvor [Kp + £ + Kps]

& . KycKampKrvpr [Kps® + Kps + K]

Fr ZL233 + Kyo K ampKvprKps? + (ktﬁ‘” + KVCKAmpKLVDTKP) s+ KyvoK ampKrvpr Ky

(3.21)

Now that a general expression for the dynamics of the thrust balance has been
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established, the next step is to define some of the constants in the equation. The
variable k. will depend on the selection of the pivots, while Ky pr and Kyowill
depend on the LVDT and voice coil selected for use on the balance. Their selection
will be discussed in the next section. The constants Ka,pas well as Kp, Ky, and
Kpwill depend entirely on the control hardware and software chosen. Their selection

is discussed in greater detail later in the chapter.

3.3 Construction of the SPL thrust balance

With the design of the thrust balance established, the next phase of the project
developed this basic model into a physical, working prototype. This process involved
selecting and ordering the flexible joints with the correct stiffness, finding an LVDT
and voice coil that would suit the needs of the control system, and producing a CAD

model and cutting the metal that makes up the frame of the balance.

3.3.1 Flex Pivot Selection

The important concept to keep in mind while selecting the flexible components that
make up the joints on the balance is that they have to be both as frictionless as possible
and vacuum safe. This means that no outgassing should occur when the pivots are
placed in a low pressure environment. This restricts the number of options available
since any pivot or hinge that utilized grease or oil to reduce the friction between
parts was automatically eliminated. These types of lubricants outgas significantly
in a vacuum environment. The most feasible option is free-flex pivots, which allow
rotation in one direction and prevent any sort of lateral or translational motion [14].
These pivots have a very predictable amount of stiffness within a certain angular
range, are friction free, and use no lubricants that would create complications in a
vacuum environment. These pivots come in two different styles, double ended and
cantilevered, shown in figure 3.7.

The cantilevered style pivot allows the two ends to rotate in opposite directions,

with a specified stiffness between them as they move. The double ended model
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Figure 3.7: The two types of Riverhawk flexural pivots, the cantilever (left) and
doubled ended (right)[1].

allows the central shell to rotate in one direction and the two end shells to rotate
together in the opposite direction. It was decided that the cantilevered pivots would
be suitable for the connections between the four legs and the base of the stand, while
the double ended pivots could be used as the attachments between the top plate and
the pendulum arms. This would force the front set of legs, as well as the back set of
legs to rotate together where they fasten to the top plate. A sketch of this concept is

shown in figure 3.8.

This required a total of 6 pivots, two of the double ended type at the top and four
of the cantilevered type at the base. The next task was to determine what amount
of stiffness these pivots should have to provide the system the sensitivity it needs.
The process of determining the appropriate stiffness for the balance started with the

system dynamics equation developed in the previous section.

I . ktotal
FT = £—2$ + 2

In this case, only a constant force was considered, so the acceleration term was
removed. Also, the individual stiffness for the double ended pivots, cantilevered

pivots, and thin sheet metal attachments should be substituted into the equation.
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Figure 3.8: Initial sketch of the thrust balance showing the locations of the pivots.
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It was previously determined that the length of each arm would be 44 cm, or that

¢ = 22cm. It is also known that the maximum thrust of the DCF is probably no
greater than 20mN [5]. It was decided that under such a force, the deflection should
be on the order of about one degree, to keep the small angle approximation relevant
in the analysis and to prevent operating range issues in other devices on the balance,
such as the LVDT. Keeping the small angle approximation, a one degree deflection

translates to a horizontal displacement of just over 3mm.
v = (0 = (0.22m) (1%) — 0.00384m = 3.84mm

Using the maximum value of thrust and the desired displacement this force produces
allows for a calculation of the total stiffness. The overall stiffness of the system now

becomes:

Fre?
ktotal = deoublefended + 4kcantileve7“ed + 4ksheetmetal = 73—;
2
(0.020N) (0-22m)* _ N —m
0.00384m rad

Next, the assumption was made that the stiffness from the sheet metal would be
much less than the stiffness in the pivots. This was based on the fact that the sheet
metal could be made very thin and still hold the weight of the bottom plate. A closer
examination of this is given in Appendix A. With that simplification, the sheet metal
could be removed from the equation and the total stiffness of the two double ended
pivots and the four cantilevered pivots now becomes 0.2521 %. The data sheets
in Appendix C show the list of available pivots from Riverhawk Company, one of the

primary manufacturers of these flexures|l|. The closest matches were found to be

model 6016-800 for the double ended pivots and 5006-660 for the cantilevered pivots.
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Although the manufacturer lists their stiffness values in English units, these can be

easily converted to metric:

n — 0254m  4.448N 1 N —
6016 — 800 = k — 00142/ — 10 0.025dm 48N 180deg _ ) oo 0N = m
deg lin 11b s rad
in—1b  0.0254m 4.448N  180d N —
5006 — 660 = k = 0.0037 2 5 Z2LH x =229 _ .0240—— "
deg lin 11b T ra

Just as a check, these values can be put back into the equation to see how much

displacement they will allow under a force of 20 mN:

Fr
2Kk double—ended + 4kcantilevered
02

42

0.020N
- 1 N-m —— = 0.00346m = 3.46mm
Gy (2 X 0.09195720 4+ 4 x 0.024077)

These pivots turn out to be a very good choice, putting the actual displacement at
3.46mm. The final requirement of the pivots is that they be able to bear the weight of
the DCF, or similar thrusters, and still perform as expected with relatively constant
stiffness. The 5006-660 cantilevered pivots are rated to operate successfully under a
maximum of 12.2 pounds of force each, or 54.3 Newtons each. The DCF has a mass
of about 4kg, so its total weight is about 39.2 Newtons. With the weight of the DCF
split four ways among the cantilever pivots, they can support the weight of the DCF
with a safety factor of up to 5.5. The 6016-800 double ended pivots are rated to
operate under a force of 35.4 pounds of force each, or 157.5 Newtons each. Again,
these pivots easily support the weight of the DCF, with a safety factor of around 8.
The weight of the DCF does not come close to the operating limits of these pivot
models. The pictures in figure 3.9 show the models that were selected. It should
be noted that the double ended pivot is significantly larger than the cantilevered
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Figure 3.9: The actual flexible pivots chosen for the SPL thrust balance. Picture
includes one of the cantilevered (5006-660, smaller pivot) and one of the double ended
(6016-800, larger pivot) flexures.

one. The double ended pivots are approximately half an inch in diameter while the

cantilevered pivots are about 3/16 of an inch.

3.3.2 CAD Modeling and Assembly

The majority of the CAD modeling and machining was done by MIT graduate student
Ryan Daspit. From the sketches shown in figure 3.8, Daspit produced a working CAD
model with technical drawings. Figures 3.10 and 3.11show pictures of the CAD model
he produced.

The pieces of the balance, such as the base, pendulum legs, and the top and bottom
plates were machined directly by Ryan Daspit. Many of the more intricate parts, such
as the clamps, which held the ends of the flexible pivots, had to be machined by the
MIT Central Machine Shop because of the high precision tools required to shape
them. A picture of one of the clamps which holds the cantilevered pivots is shown in
figure 3.12. Its edges measure about 3/4 in by 3/4 in, with a hole in the middle set
to the diameter of the cantilevered pivot, 3/16 in. The slot is there so that the clamp
can be tightened around the pivot through a screw driven into the hole on the top.
The clamps for the double ended pivots were similar in design, with slightly larger
dimensions.

The assembly of the balance had to be done with a great deal of care. The clamps
had to be tight enough to grip the pivots, but at the same time not so tight that they
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Figure 3.10: Isometric view of Ryan Daspit’s CAD model of the SPL thrust balance.
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Figure 3.11: Side view of Ryan Daspit’s CAD model of the SPL thrust balance.

Figure 3.12: Clamping device used to hold the flexible pivots in place.
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Figure 3.13: Attaching the sheet metal to the lower legs and bottom plate by screws
and brackets.

would put excessive force on the flexures and damage them. The pivots also needed
to be assembled such that they were not clamped into place at varying rotational
angles. Doing so would have added a preloaded stiffness to one or more of the pivots,
even when the stand was not experiencing a thrust force.

The final challenge in the assembly of the thrust stand was attaching the bottom
plate. There was no easy way to clamp the top and bottom part of the sheet metal, so
the top of each piece was just attached by a set of screws to the side of the pendulum
legs and the bottom of each piece was attached to the lower plate through a set of
brackets. This is shown in the pictures of figure 3.13. This method of attachment
was unexpected, but, fortunately, did not seem to have a significant impact on the
thrust balance’s overall stiffness, and thus, no effect on the sensitivity.

Figure 3.14 shows some pictures of the balance in its final, assembled state. The
pictures also show the LVDT and two voice coils attached to the balance. These

components will be explained further in the next subsection.

3.3.3 Instruments, the Linear Variable Differential Transformer and Voice

Coil

Clearly visible in the pictures of the assembled thrust balance from the previous
section are the linear variable differential transformer (LVDT) and two voice coils.

These are the key components to the active control system which is responsible for
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Figure 3.14: Thrust Balance in final, assembled configuration.

measuring the thrust from the DCF. This section will describe how they work and
why they are a necessary part of the SPL thrust balance.

The LVDT is a sensor which measures linear displacement. It is placed on the
counterweight side (lower side) of the balance to keep it far from the plume of the
DCF'. The plume from the thruster is an ionized gas which can create significant signal
error in the LVDT if not shielded. The plume can also erode the instrument over time,
however, such erosion is mitigated by keeping the LVDT near the counterweight side
of the thrust balance. To measure displacement, the LVDT uses a ferromagnetic
core that is free to move vertically through the hole in the middle of the cylinder.
When the core moves, it induces a voltage in the solenoid coils that lie around the
central tube. When read, this voltage can give a value of the displacement through a

proportionality constant.

Vour = Ky prXin (3.23)

The LVDT selected was the same as the one used on the old SPL thrust balance.
This LVDT was chosen because it was deemed reliable in previous testing where it

measured small displacements under vacuum conditions. The model selected was the
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Figure 3.15: Schaevitz Sensors LVDT (model 050 DC-EC).

050 DC-EC, developed by Schaevitz Sensors, pictured in figure 3.15. Its proportion-
ality constant is on the order of 8 volts per millimeter. A copy of the full datasheet

can be found in Appendix C.

In addition to the LVDT, there are two voice coils. A voice coil is made up of
two pieces: a coil of wire and a magnetic housing. When a current passes through
the coil, it either attracts or repels the magnet. The primary, or control voice coil,
works with the LVDT and control software to provide that “neutralizing” force to
the thrust balance that brings it back to an equilibrium position. The secondary, or
calibrating voice coil, is part of the drift correction system in vacuum, and its role
will be explained more in depth in the calibration section of this paper. The force
each voice coil produces is the square root of the power (voltage times current) put

into the voice coil multiplied by a proportionality factor.

Fout = KVC’ V Pin (324)

The voice coil selected was again the same as the one chosen on the old thrust
balance because it was known to be reliable for this type of application. The coil

chosen was made by BEI Kimco Magnetics and the specific model was LA10-08-

000A. It had a proportional constant of 1.15\/%. It is pictured in figure 3.16 and a

copy of the datasheet is also located in Appendix C.
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Figure 3.17: Metal housing of the thrust balance control box.

3.4 Control System

Now that the sensor and actuator have been described, the inner workings of the
control system is next. Its purpose is to interpret the LVDT voltage and transform it
into an appropriate signal for the voice coil. This is accomplished through electronic
hardware located in what has been designated the “control box” and a Labview com-

”

puter algorithm known as the “control software.” Both were originally designed by
MIT research associate Randy Leiter, but changes had to be made to the hardware
and software in order for it to function properly with the new thrust balance. In the
next two subsections, the control box and Labview algorithm will be explained to

establish a better understanding of how they function.
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3.4.1 Control Box Hardware

Figure 3.17 shows the control box as it appears on the outside. It has a 9 pin
connector, a USB port, an on/off switch, a fuse, and a power cord plug. The 9 pin
connector on the box interfaces with the 9 pin terminal on the thrust balance through
a cable. This is how electrical signals travel between the box and the components
on the balance (the LVDT and two voice coils). The USB port connects to the lab’s
desktop computer through a USB cord. This is how signals are sent between the
software algorithm in Labview and the control box. Removing the top of the control
box (see figure 3.18), reveals that there are only three distinct items inside. Tracing
the wire from the USB port leads to the first key element, a Labview data acquisition
card (or DAQ). Also visible are a pair of identical circuit boards, and just beneath
these is a set of power supplies. These power supplies are controlled by the on/off
switch found on the top of the box. The two circuit boards are amplifiers, and they
work to increase the voltage and current of electrical signals coming from the DAQ

card.

The DAQ card is the most crucial component found in the control box. As illus-
trated in figure 3.19, it is a model NI 6009, manufactured by National Instruments and
designed to interact with a Labview program through the port on its upper surface.
The DAQ card receives its power through this computer connection, not through the
power supplies in the box. Therefore, the switch on the box can be “oftf”, but if the
DAQ card is plugged into the computer via the USB connection, it should be turned
“on.” The DAQ can send and receive analog or digital commands through the screw
terminals on its sides (analog ports on the right side, digital on the left). The LVDT

produces an analog voltage and the voice coils operate under analog signals, therefore

only the analog terminals were utilized for this project.

The NI 6009 has a total of four analog inputs and two analog outputs. The
outputs can send a signal between 0 and 5 volts, with very low levels of current,
about 5 milliamps. This low level of current is not enough to drive the voice coils on

the thrust balance, which is why two amplifying circuits are included in the box. A
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Figure 3.18: Looking inside the thrust balance control box. The two circuit boards in
the middle are the amplifiers. The DAQ card is at the bottom of the picture, partially
covered by wires. The power supplies sit underneath the circuit boards and are not
clearly visible from this angle.
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Figure 3.19: National Instruments DAQ card, model NI 60009.

full data sheet for this DAQ card is included in Appendix C.

The two power supplies are identical models. They receive an AC input through
an ordinary computer power cord which connects to a wall outlet. The power supplies
included in the box are providing energy to run the two amplifying circuits, as well
as the LVDT, which all require a DC voltage of +15 volts. The power supplies are
also connected in series to provide a “common ground”, as shown in the diagram of

figure 3.20.

The original control box built by Randy Leiter contained just one amplifier circuit,
but, due to the inclusion of a second voice coil on the SPL thrust balance, a second
circuit was built and added into the box. Each of these amplifying circuits connects
to one of the analog outputs from the DAQ card, working to alter the current and
adjust the voltage to appropriate levels capable of driving the voice coils. Each circuit
board has two op-amps on it. The first is an LM741, the op-amp without a large
heat sink in figure 3.21. This op-amp takes the 0 to 5 volt signal from the DAQ
card and shifts it to a scale of -2.5 to 2.5 volts. When the analog output from the
DAQ commands 5 volts, it becomes a 2.5 volt signal after going through the LM741.
Likewise, 2.5 volts from the analog output of the DAQ becomes 0 volts, and 0 volts
from the DAQ card becomes -2.5 volts. The reason for this shift is that it allows
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Figure 3.20: Diagram showing the series connection between the power supplies in
the control box which creates a floating ground.

Figure 3.21: One of the two amplifying circuits found in the control box. The large
black colored metal object is the heat sink, which is attached to the L165 Op-Amp.
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Figure 3.22: Pictures of the two op-amps used in the amplifying circuit, the LM741
(Left) and the L165 (Right).

the voice coils to receive currents going in either direction, giving them the ability to
generate either a push or a pull on the thrust stand, depending on what is required
to reach the equilibrium position.

After going through the LM741, the signal from the analog output on the DAQ
then reaches the L165 op-amp. This is the op-amp attached to the large heat sink in
the picture of the circuit board. The 1165, also shown in figure 3.22, is much more
powerful than the LM741, and can increase the voltage as high as +16 volts with a
current as high as 2 amps. For this application, the voltage is actually reduced to
about £0.8 volts by the L165. This is accomplished by tuning the potentiometers
(adjustable resistors) that connect to the various pins of the op-amp. A full circuit
diagram of the two op-amps and the resistors which govern how they manipulate the
DAQ card signal are included in Appendix D. The data sheets for the op-amps them-
selves are also found in Appendix D. A wire diagram showing all of the connections

inside of the control box is given in Appendix E.

3.4.2 Control Software

The extensive Labview block diagram seen in figure 3.23 is the algorithm that drives
the thrust balance; it reads voltage signals from the LVDT and calculates the appro-

priate voltages to send to the control voice coil. This subsection will take a step by
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Figure 3.23: Block diagram of the Labview control software.
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Figure 3.24: Each frame of the first stacked sequence.

step look through the program and explain the details behind how it functions.

The software begins with commands that come out of the stacked sequence struc-
ture on the left in figure 3.23. Stacked sequence structures contain a set of frames,
each with separate bits of code, that execute in numerical order. The frames are laid
out, in order, in figure 3.24. The first frame in the opening sequence (frame zero) sets
up an Excel data file to record information, including the control voice coil voltage
and LVDT position. This data file will be important later during the creation of a
calibration curve and thrust calculation. Frame one sets up a queue system architec-
ture to store commands. This queue system is a key component of the phase delay
in the program, which will be explained later. Frame two initializes the analog input
channels of the DAQ card, and frames three and four load the DAQ card’s analog
outputs for the control voice coil and the drift correcting voice coil, respectively.

After the stacked sequence is complete, the two big while loops (the gray boxes
in the middle of figure 3.23) run simultaneously. For consistency, first the top loop
will be discussed at length, followed by the bottom loop. The top while loop reads
in the analog inputs from the stacked sequence and turns them into a single data

stream, or a single waveform, using the “DAQmx Read” block. This single waveform
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is sent on to the “DAQ Input From Balance” block, which parses the data stream and
converts it to double variable format. In this block, the LVDT signal is also scaled up
to a range between 0 and 100. From there, the scaled LVDT signal is plotted for the
user to view (under the “LVDT position” tab in the user interface) and the double
formatted data stream is sent along to the “PID Conditioning” block. Other inputs to
the PID Conditioning block include a set point for the LVDT (which should be zero),
a time scale, and PID gain values. Optimal performance was obtained for values of
0.020, 0.005, and 0.000 for proportional, integral, and derivative gain, respectively.
The PID Conditioning block contains an algorithm called PID.vi, which is part of
Labview’s control toolkit. The PID Conditioning block outputs three things: the set
point, the PID adjusted voice coil signal, and the LVD'T signal, all fixed to a -50 to
50 scale. These outputs are first bundled, then turned into a local variable (making
them accessible everywhere in the program), and finally plotted to the user interface
under the “System Response & PID Feedback” tab. These outputs are also sent along
to the “SPL Voltage Math” block. The Voltage Math block takes the PID signal and
converts it into a voltage value in preparation for sending it back to the DA(Q card as
an analog output. Along with this converted PID signal, it outputs limits to prevent
the voltage from going outside of the DAQ card’s range. This voltage signal is now put
into the queue that was initialized back in frame one of the opening stacked sequence
structure. The reason for this queue is that the electrical signals traveling from the
LVDT to the control box and on to the voice coil do not reach their destinations
instantly, but rather, they take a certain finite amount of time. The software can run
much faster than these signals can be sent and received, so the algorithm must be
slowed to the same speed as the rest of the system. A delay is purposefully added
by saving voltage commands in the queue. The process of de-queuing the voltage

commands is handled in the lower while loop, and will be discussed shortly.

A few other operations are also occurring in the upper loop. The local variable
created after the PID Conditioning block is sent to the “PID Force Convert” block.
The output of the Force Convert block provides the voice coil voltage reading, which

is displayed in the user interface. The local variable is also fed to the “Write Once”
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Figure 3.26: Lower half of the upper, or “producer” loop.

block which saves the voice coil voltage to the Excel data file whenever the user clicks
the “Save Once” button. Just above and to the left of the “Write Once” block are
the controls for the two voice coils. A “Select” block allows toggling between manual
and PID control on the control voice coil and power on and off on the drift correcting
voice coil.

The upper loop is also nicknamed the “producer” loop, because its primary func-
tion is to produce an appropriate voltage for the control voice coil. The lower loop
is known as the “consumer” loop, as it takes this resulting voltage and adds a phase
delay to it. The lower loop consists of a pair of nested loops. In the outer loop,
the user sets the phase delay in milliseconds. The optimal time delay was found to
be about 500 milliseconds. The outer loop makes the inner loop wait the specified

amount of delay time before executing. The inner loop’s only function is to de-queue
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Figure 3.27: The consumer loop, which adds a phase delay to the voltage sent to the
control voice coil.

voltage commands one at a time, sending them on to the DAQ as they are removed.
The final step in the software occurs when the user clicks the “System Stop” button
on the display interface. This forces both loops to quit and the stacked sequence on
the right begins to execute. The first frame (frame zero) in this sequence shuts down
the analog inputs to the DAQ card properly, meaning it releases the memory and
reconditions the DAQ inputs for the next use. Frames one and two set the control
voice coil and drift correcting voice coil voltages to 2.5V each (which becomes 0 after
the signal is sent through the control box) and shut the analog outputs down properly.
Frame three releases the queue of voice coil voltages, restoring this memory to the
computer. Frame four closes the Excel file where the data was collected to keep it
from becoming corrupted. Finally, frame five resets the system stop button to false.

All six frames can be seen in figure 3.28.

3.5 Calibration System

In order to determine the amount of force that the control system is delivering to
neutralize the thrust balance, some means of calibration is necessary to establish a
relationship between the control voice coil’s voltage and force. Traditionally, this
requires the use of carefully measured weights to see how much weight force moves
the balance. The previous thrust balance was designed to measure vertical thrust
forces, thus the process of adding weights was straightforward. The SPL thrust

stand measures a horizontal thrust force, therefore calibration through the use of a
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vertical weight force is a bit more complicated. The next subsection will explain the
development of a weight dependent calibration system. The subsection following that

will briefly mention the method of drift correction used inside the vacuum chamber.

3.5.1 External Calibration System

As mentioned in the previous paragraph, the most reliable force to calibrate is that
of a known weight. This source is dependable because it can be considered a con-
stant over time; the force of gravity will remain the same and the mass of a lead
weight won’t decrease or increase. This is unlike an electrically generated force from
an electromagnet, which could change over brief intervals of time due to the small
fluctuations in the current or voltage. Of course, the difficulty in utilizing a weight
force is that it acts only in the vertical direction and the SPL thrust balance measures
horizontal forces. To solve this problem, a pulley like system was created to turn the
direction of the weight force. The picture in figure 3.29 shows the basic concept of
how this was done.

In this sketch, the weights are attached to a very thin, light-weight wire or string.
On the left side, the string wraps around a spool which is free to rotate. On the right
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Figure 3.29: Sketch of the Calibration System for the SPL thrust balance.

hand side, the string bends around a cylindrical bar to turn the vertical weight force
into a horizontal tension force. The weights hanging on the right side of the 180° wire
loop contribute to this tension force, but the ones on the left side do not. This setup
effectively changes the direction of the weight force so that it is useful to the thrust
balance, but there are problems with this approach.

The most obvious problem is the friction force acting between the string and the
roller on the right side of the setup. This force could be a significant source of error
in the calibration. While it would be impossible to remove the friction entirely, the
hope is that this force can be reduced as much as possible and characterized so that
it is predictable. In order to diminish it as much as possible, Teflon was selected as
the cylinder’s material. It tends to have a very low static friction coefficient. This
Teflon cylinder was fixed to the calibration stand arm, meaning it could not rotate.

Also of concern was the selection and method of attaching the weights themselves.
The weights had to be on the order of milliNewtons and also had to be fixable to the
string, unable to slide. The solution to this problem was a simple set of lead shot
fishing weights. This type of fishing weight has a slot cut into it, and can be clamped

onto a line using a set of pliers. Fishing weights also come in sizes small enough to
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Figure 3.30: Normal force contributing to the friction.

produce the forces necessary for this calibration.

Finally, the right type of string had to be selected to connect all of these weights to-
gether. The ideal line should be as lightweight as possible and produce small amounts
of friction when in contact with the Teflon cylinder. It is also important that the string
be reasonably flexible, so that it can hang and produce the 180° loop separating the
weights contributing force from the others. Trilene, XL 2 pound test fishing line
was the ideal choice for this application. Since its tensile force limit was about two
pounds, it had a very small diameter, just 0.13mm. This makes it lightweight and
very flexible.

Because Teflon has such a small coefficient of friction, it shouldn’t generate a
large friction force when in contact with the fishing line. The best estimates of the
coefficient of static friction between nylon (the material of most monofilament fishing
lines) and Teflon indicate that it is about 0.1[19]|. The force of friction between these
two surfaces would be roughly linear to the normal force, as the basic frictional force

equation shows.

Fy=uN (3.25)

In this equation, FY is the force of the static friction, p is the coefficient of static
friction, and N is the normal force. The normal force should be related to the tension
in the fishing line. This tension is a combination of the weight of the fishing line and

the fishing weights. The fishing line’s weight was found to be negligible compared to
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the fishing weights, and does not need to be considered. For problems like this one
involving a string wrapped around a cylinder, the “capstan equation” can be used to

find the static friction force[2].

Ty = Tyt (3.26)

As the picture in figure 3.30 shows, T is the tension created by the hanging weights
while T}is the tension force seen by the thrust balance. The terms in the exponential
are the static friction coefficient (u) and the angle in contact with the cylinder (6).
Knowing the coefficient of friction and the contact angle allows for the calculation
of the actual force seen by the balance, 71, for each hanging weight force, T5. The

difference between the two tensions provides the actual value of static friction.

Fr=T,—T (3.27)

Using a coefficient of friction of 0.1 and a contact angle of 90°, or 7, the static
friction turns out to be just less than 15% of the total hanging weight, much higher
than desired. This could be the result of an inaccurate estimation of the coefficient
of friction. To find a more accurate value of y, a small experiment was setup in
the lab as shown in figure 3.31. First, a laboratory scale was used to measure the
weight of a fishing line with some weights attached. Then, a second measurement
was taken with a mass of known weight (in this case, 26.37 grams) being pulled up
off the scale under tension from the fishing line. The fishing line wraps around the
Teflon cylinder by 180°, allowing the weight force to change direction. Subtracting the
known weight from the second measurement should provide a value of the difference
between the weight force on the line and the static friction force from the contact
between the fishing line and Teflon. The difference between this number and the
first measurement (which was the value of the weights on the fishing line) gives the
static friction force, Fy. Since the tension force 75 is known, T} is then found using
equation 3.27. Knowing T and T along with the contact angle 6 (which doubled

to 180°, or ) allows the calculation of the coefficient of friction using equation 3.26.
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Figure 3.31: Experimental setup to determine the friction coefficient between Teflon
and nylon fishing line.

Four different trials were done, and table 3.1 summarizes the results. The average
coefficient of friction from the four trials turned out to be about 0.055, which means
the friction force is actually closer to 8.3% of the total hanging weight, half of the
theoretical prediction. So, when finding the calibration curve relating force to voice
coil voltage, this 8.3% static friction should be subtracted from the total hanging
weight to provide the true force seen by the thrust balance. For instance, when 10mN
of weight is hanging on the calibration system, it is estimated that the response of

the voice coil is to a force of around 8.3% less, or about 9.17mN.

Table 3.1: Results of the experiment to determine the friction coefficient between the
Teflon cylinder and nylon monofilament fishing line.

String | Amount of Known Ti(g) 1
num- weight on | weight minus
ber string (g) | string tension
(8)
1 1.217 25.255 1.116 | 0.0275
2 1.662 25.090 1.281 | 0.0828
3 2.000 24.730 2.781 | 0.0632
4 3.232 23.590 1.640 | 0.0478
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Table 3.2: Values of the weights used in calibration.

Weight Weight Total Resulting Actual Accuracy
Num- Value Hanging Static Calibra- of the Cal-
ber (mN) Weight Friction tion Force ibration

(mN) (mN) (mN) Force
(mN)
1 2.005 2.005 0.166 1.839 +0.077
2 0.956 2.961 0.245 2.716 +0.114
3 0.968 3.929 0.325 3.604 +0.151
4 1.011 4.940 0.409 4.531 £0.190
5 0.961 5.901 0.488 5.413 +0.227
6 0.990 6.891 0.570 6.321 +0.265
7 1.054 7.945 0.658 7.287 +0.306
8 0.980 8.925 0.739 8.186 +0.344
9 1.014 9.939 0.823 9.116 +0.383
10 0.999 10.938 0.905 10.033 +0.421
11 2.018 12.956 1.072 11.884 +0.499
12 1.917 14.873 1.231 13.642 +0.573
13 1.966 16.839 1.394 15.445 +0.648
14 1.976 18.815 1.557 17.258 +0.724
15 2.958 21.773 1.802 19.971 +0.838
16 3.019 24.792 2.052 22.740 +0.954
17 3.033 27.825 2.303 25.522 +1.071
18 3.024 30.849 2.553 28.296 +1.188

The construction and assembly of the calibration stand support arm was com-
pleted by MIT graduate student Ryan Daspit. The calibration system has one large
aluminum arm to which the Teflon cylinder is fixed with a series of screws. A second
small aluminum arm branches off of this main arm and supports a threaded rod.
This rod holds a spool around which the fishing line, loaded with pre-determined
weights, is wrapped. A total of 18 points of known weight are included on the line
ranging between 2 and 32mN of force, and their values are given in sequential order
in table 3.2. The weights were measured using an AdamLab AAA 250L scale with
a resolution of 0.1 mg, or 0.00098mN. When the end of the fishing line is attached
to the thrust balance, rotating the spool clockwise adds more calibration force while

rotating counterclockwise reduces the calibration force.

There was one last issue with the integration of this calibration system and the
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Figure 3.32: Pictures of the external calibration stand.

thrust balance. It is imperative that the fishing line be completely horizontal where
it attaches to the balance. The initial thought was that the end of the fishing line
could just be held in place underneath the weight of the thruster. Unfortunately,
two problems arose when this technique was attempted. The thermal insulation layer
that the thruster sits upon does not necessarily line up with the tangent to the top
of the Teflon cylinder. Also, the fishing line is so thin that it can easily slip, even
underneath the weight of the thruster. As a simple solution, the string is simply fixed
to the back of the thruster (in a place which makes the line horizontal) with a piece

of kapton tape. Pictures of the assembled calibration system can be found in figure

3.32.

3.5.2 Correction for Drifts During Use in the Chamber

As mentioned in previous subsections, the SPL thrust balance includes a secondary
voice coil, placed adjacent to the LVDT. It is expected that the LVDT position reading
will drift slightly between the time the external calibration is completed and the actual
thrust measurement occurs. After the external calibration is finished, the chamber
has to be sealed and pumped down to vacuum. The process of pumping the chamber
down to vacuum and preparing the DCF can take almost a day, and over such a long

period of time, it is likely that the equilibrium position of the balance will drift from
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Figure 3.33: Calibration control tab in the Labview software which controls the second
voice coil.

its calibrated location. The secondary voice coil, which is manually adjusted in the
user interface of the control software, provides a way to force the balance’s position
back to the point where it was when calibration data was collected. It is believed
that, so long as the drift is small, pushing the balance back to its starting location
during calibration will ensure that the calibration curve is still valid. Figure 3.33
shows a screen shot of the drift correcting voice coil’s user interface in the software.

As illustrated, the knob allows the user to change the force level being provided
by the second voice coil. By watching the PID voltage value below this tab, the
balance’s position can be driven very close to its starting point during calibration.
This process should be performed before thruster firings with the PID control on to
ensure the stand is always at the same initial point prior to taking data. The full test
procedure and the appropriate schedule for using the secondary voice coil for drift

correction is outlined later in the paper.

3.6 Thermal Testing

The DCF can produce a significant amount of waste heat during operation. Since
it is functioning in a vacuum environment, heat not radiated away or carried by the
plume of the thruster will sink into the thrust balance through conduction. This
could disastrously impact some of the precision pieces of the thrust stand and reduce

accuracy because stiffness values change with temperature. For example, the waste
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heat from the DCF could cause different parts of the flexible pivots to expand, altering
their expected stiffness and possibly even damaging them. It was proposed that a layer
of Teflon be placed between the top plate and the thruster to reduce the deleterious
effects of the heat. In order to determine exactly how much Teflon should be used,
theoretical calculations and experimental results were employed. First, this section
will discuss the theoretical calculations, and then, the actual results from using a

silicone heater with thermocouples.

3.6.1 Theoretical Modeling of the DCF’s Heat Flow into the Thrust Bal-

ance

Before calculations can be performed, it is vital to know exactly how much heat needs
to be dissipated from the thruster. According to the statistics from MIT graduate
student Dan Courtney’s thesis, the DCF had a peak efficiency of around 45% at an
anode power of 242 watts |5]. With that power input and efficiency, about 130 watts
will be given off by the DCF as waste heat. However, it may become necessary to
measure thrust at higher power levels as well. In fact, it could be tested at power
levels as high as 375 watts, where the expected efficiency would be about 35%[5]. At
that efficiency and power, about 244 watts will need to be dissipated as waste heat,
but only a fraction of this heat loss goes to the walls of the thruster. A considerable
amount goes into the plume thermal energy and plasma radiation. The fraction of
heat lost to the plume is not easily determined, therefore this analysis will assume
the worst case scenario, in which all waste heat is delivered to the thruster’s metal

structure.

In the vacuum environment, there will be no convection to help remove some
of this thermal energy. The only two means of heat transfer will be radiation and
conduction. The radiation can be modeled using the Stefan-Boltzmann relation for

radiation heat transfer[10].

Qrad = 6A30T4 <328>
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In this equation, ¢,.q is the power in watts, € is the emissivity of the skin of
the material in question (unitless), Asis the surface area in meters squared,o is the
Stefan-Boltzmann constant (in watts per meter squared per Kelvin to the fourth),
and T is the surface temperature of the material in Kelvin. Assuming that the outer
layer of the DCF is made of aluminum, the emissivity should be around 0.09 [10].
During a test firing of the DCF, a thermocouple was placed on the outer layer of
the magnets (just inside the thruster’s outer shell) and the temperature recorded
was about 200°C. To figure out how much heat is removed through radiation, the
outer surface temperature of the DCF must first be calculated. Faraday’s Law of

Conduction can be used to find this outer surface temperature[10].

kA
Geond = T AT (329)

In this equation, g.,nqis the power in watts, k is the thermal conductivity in watts
per meter per Kelvin, A is the cross-sectional area of the material in meters squared,
L is the thickness of the material in meters, and AT is the difference in temperature
(in Kelvin) across the material. Because all of the outer shell pieces of the DCF are
made from aluminum, the thermal conductivity is taken to be about 177-2= [10]. It
is assumed that the heat rate is very close to the waste heat value given earlier of
244 watts. To find the area and length of the material, the dimensions of the DCF
casing, base core, and back plate must be known. These values can be estimated
as shown in figure 3.34. For the purposes of modeling the heat flow, the assembled
DCF casing, base core, and back plate can be redrawn as a composite wall in order
to set up a thermal circuit and find the outer wall temperature. The composite wall

representation and thermal circuit associated with it are shown in figure 3.35.

Each element has been transformed into a resistance. An additional thermal resis-
tor was included for the point between the base core and back plate. This resistance
is the result of the uneven surfaces of the base core and back plate on a micro-
scopic level at the point of contact. A table of contact resistance is available in In-

cropera/DeWitt /Bergman /Lavine, and from this reference the contact resistance be-
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Figure 3.34: Rough dimensions of the DCF casing, base core, and back plate.

tween two surfaces of aluminum in a vacuum is known to be about 1.5 x 10_4’”27‘”[10].

The resistance of the other elements is described by following equation:

L
R=" (3.30)

In the equation above, L is the depth of the layer in meters, A is the surface area
in meters squared, and k is the thermal conductivity. Once the total resistance is

found, it is used to find the temperature change with the following formula:

=7 (3.31)

Here, R is the total resistance, ¢ is the heat transfer rate through the DCF outer
shell, and AT is the temperature drop. From the rough dimensions given above, each

resistor in the circuit can be calculated as shown below.

Lcasing o 0.018m
katAcasing 1772 (7 - 0.064m - 0.0495m)

K
RCasing = = OOlOQW
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Figure 3.35: One dimensional composite wall and corresponding thermal circuit rep-
resenting the path of the heat flow through the DCF.
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LCore 0.0245m K

Reore = = = 0.0430—

T kaAcore 17722 (2 (0.064m)?) W
Lpiate 0.0064m K
Rpiate = = = 0.00411—
Pt i Aptate 1772 (0.075m - 0.082m + 17 (0.041m)?) w

R contaet 1.5 x 1074 K K

Rcon act —
et A T (0.064m)?

With these resistance values known, they can now be combined just as they would
be in an electrical circuit. The plate, core, and contact resistors can be combined
in series by adding their values together. Then, this equivalent resistance can be
combined in parallel with the resistance from the DCF casing using the equation for

parallel resistors.

1 1
=% 3.32
R. TR (3.32)

Combining the resistors produces a total resistance of about 0.009214%. Plugging
this value along with the total heat rate (244 watts) into equation 3.31 from above
shows that the temperature will only drop about 3°C'. This puts the surface temper-
ature of the DCF at about 197°C'. Of course, this assumes that the aluminum surface
is at a uniform temperature, and also that little (if any) heat dissipation occurs within
the aluminum, and that all 244 watts of heat make it through the casing. Without

thermocouple data on the surfaces of the DCF, more accurate values would be hard

w
m2K#4

to obtain. Knowing the Stefan-Boltzmann constant to be 5.67 x 1078 means

that all of the necessary values are now in place to find the radiation heat losses.
Using equation 3.28 from the beginning of this section, with the emissivity of
aluminum (e = 0.09) and surface area of the DCF casing and the back plate (minus

the surface where the casing touches the plate, this area is about 0.0296m?), the total
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Figure 3.36: The Teflon insulation used to separate the DCF from the thrust stand.

loss from radiation becomes:

Graa = €A,0T* = (0.09) (0.0296m?) [ 5.67 x wgﬂ 197°C + 273K)* = 7.37TW
m2K4

Therefore, very little of the heat is dissipated through radiation. That still leaves
about 236.6 watts going into the the thrust balance through conduction. To prevent
the thrust measurements from drifting while the thruster is in operation, as much of
this heat should be blocked from the thrust balance as possible. Knowing the thermal
conductivity of Teflon to be 0.23%, it was chosen as the appropriate material for
the thermal barrier.

Rather than using a block of Teflon, an alternative design was considered. This
involved using a slab of Teflon mounted on four Teflon pegs, reducing the contact
surface area and increasing the thermal resistance significantly. A piece of half inch
Teflon was used as the base, and the pegs were made from Teflon screws. Figure 3.36
shows this new design configuration.

To determine the heat rate that can penetrate this insulating layer, the idea of
thermal resistance should be revisited. Treating the Teflon plate and pegs as two
different thermal resistors in series allows for the calculation of a total heat resistance.
The length of the pegs is about 12 millimeters and each has a diameter of about 6

millimeters. Now, the total resistance becomes:

SR o Ltae Ly 0.0127m 0.012m

K

Kptate Aptate - KpegsApegs  (0.23-22) (0.01032m2) ~ (0.232) 4 (% (0.006m)°)

With this thermal resistance and a temperature drop of about 150°C' (found
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Figure 3.37: View factor geometry for the radiation heat transfer problem.

through testing as shown in table 3.6), the rate of heat transfer making it through

the Teflon by conduction becomes just 0.321 watts, well below the limit.

Left to consider is the radiation heat transfer between the bottom of the Teflon
base and the top of the thrust balance plate. Teflon has a much higher emissivity than
aluminum, about 0.38[10]. Since most of the thermal resistance occurs in the pegs
(due to their small cross-sectional area), the bottom of the Teflon base can become

very hot. In fact, it should be pretty close to the temperature of the DCF base plate:

L 0127m - 0.315W att
Tf:Ti——q:197°C’—OO m - 0.315W atts

~ 196.3°C
kA (0.2312) (0.01032m?)

Heat transfer by radiation should occur between the lower surface of the Teflon
base plate, the thrust balance top plate, and the surroundings. To determine how
much heat transfer occurs between each surface, the view factor must be calculated
[10]. For two rectangular parallel plates of length X and width Y, separated by a

distance L, the equation for calculating the view factor is as follows:

<
I

(3.33)

Sils

(3.34)
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Figure 3.38: Thermal circuit to calculate the radiation heat transfer between the
Teflon base, thrust balance top plate, and the surroundings.

_ 2 (1+X) O+ o iz X
Fo = 3 Yln{ x| AT "
2 S 21/2 a1l (¥ v on—l (Y
+——=1n {Y(1+X < > 1/2>—Xtan (X) —Ytan (Y)}

(3.35)

With a length and width of 4 inches for both the Teflon and thrust balance top
plate, and a separation distance of 12 mm, the view factors Fis and F5; are both
0.8. The view factors between the surfaces and the surroundings, Fj3 and Fj3; are
therefore 0.2 each. A thermal circuit can be setup to help solve the problem in a
similar manner as before (see figure 3.38). In the diagram of figure 3.38, the nodes
J1, Ja, and J3 represent the radiosity of each surface. The radiosity is the combination
of the radiation emitted and reflected [10]. The inner resistors are the result of the
view factor ratios, while the outer resistors are the result of radiosity. Assuming that
the surroundings will act almost like a black body, the values for the variables in the
resistor circuit can be found in table 3.3. Looking at nodes one and two produces a

series of two equations and two unknowns, J; and Js.
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Table 3.3: Properties for the three surfaces in the radiosity circuit.

’ Property \ Surface 1 \ Surface 2 \ Surface 3 ‘

T (K) 169.3 323 288
€ 0.38 0.09 1
A (m?) | 0.01032 | 0.01032 -
Ey(23) 2755 617.2 390
Oqﬂl4 — J1 _ Jl - J2 J1 - O'TgL (3 36)
(1 — 61) /ElAl 1/A1F12 1/A1F13 '
O—T24—J2 . JQ—Jl JQ—O—T:;L (3 37)

(1 — 62) /EQAQ N ]_/AlFlQ 1/A2F23
Solving the two equations for the unknown J; shows it has a value of 1344. Plug-
ging this into the equation below allows for the solution of the radiation heat transfer

to the aluminum plate.

oy — J.
q= m (3.38)
The equation shows that the radiation heat transfer will be approximately 0.75
watts, more than 2 times the amount that is transferred by conduction. The radiation
heat transfer between the Teflon insulation and the thrust balance is small, but not
insignificant. To diminish this undesired heat transfer, it was proposed that a couple
pieces of aluminum foil be placed in the space between the Teflon base and thrust

balance top plate, as shown in figure 3.39. With an emissivity as low as 0.03, it should

be able to help reflect most of this radiation[10].

3.6.2 Thermal Testing of Insulation Materials

An experiment was performed to check the validity of these theoretical results. The
test was done using a replica of the DCF base plate and back plate. The dimensions
of the mock DCF plates were similar to those of the real ones. Two heaters were
attached to the back plate for the experiment. These were silicone heaters, each

about 3 inches in diameter. Table 3.4 provides the power capabilities of the heater
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Figure 3.39: Aluminum foil layer added between the Teflon insulation and thrust
balance top plate.

Table 3.4: Information about the heaters used in the thermal testing.

’ Heater Type \ Flexible Silicone-Rubber Heater Plain Backing ‘
Sheet Dimensions Round, 3” in diameter
Thickness 0.035"-0.07"

Watts/sq in 10

Total Watts 71
Maximum Voltage 115 VAC

Amps 0.62A
Temperature Exposure Range -70°C to 450°C

model chosen along with some other characteristics.

The heaters required an alternating current input, and only one AC power supply
was available in the lab, thus the two heaters were connected in parallel to produce the
highest power levels possible. When connected in parallel, the equivalent resistance
became 92.5(), drawing a maximum current of 1.23A at the highest recommended
voltage of 115V. This meant the total power flowing to the heaters was around 142
Watts, about 100 watts shy of what the DCF produces. Rather than attempt to
pump the full 237 watts of heat through the insulation, several lower power levels
were tested in an attempt to make a linear relationship between input power and
heat dissipation by the thermal boundary. It should be noted that the experiment
was performed without the radiation blocking layer of aluminum foil, therefore the

heat rate reaching the thrust balance was a combination of conduction and radiation
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Figure 3.40: One of the two circular silicone heaters used in the thermal testing (left)
and the power supply system used to power the heaters (right).

Table 3.5: Data on the thermocouples used during the thermal testing.

] Thermocouple Model \ CO Series \
Style CO1-K
Type K
Measurement Surface Temperature
Response Time milliseconds
Length 1m (407)
Maximum Continuous Temp. 260°C (500°F)

heat transfer. A picture of the heaters and the power supply system used in the
thermal test can be found in figure 3.40.

The heaters were attached to the replica back plate using Dow Corning 736 heat
sealant. This is a special adhesive which can handle exposures to temperatures on the
order of 260°C' continuously without weakening or sagging. Type K thermocouples
were used to measure the temperature on the mock plates and on the layer of Teflon
insulation. Some characteristics of these thermocouples are found in table 3.5. Before
the experiment was performed, the cold junction temperature of each thermocouple
was found using the ice bath technique. This cold junction temperature is the amount
of error observed in the measurement of a known reference temperature. In the case
of the ice bath, the reference temperature is meant to be 0°C'. To provide a reference
point as close to zero as possible, the ice bath consisted primarily of crushed ice with
a very small amount of water added [8].

In order to read the voltage from the thermocouples, translate it into a tempera-
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Figure 3.41: Labview VI used to read and record the temperature data from the
thermal test.

ture, and save the data, a thermocouple measuring Labview program was employed.
The user interface of the program is shown in figure 3.41. It enabled the user to
input the channels on the DAQ card where the thermocouples were attached, as well
as, an estimate of each cold junction temperature and thermocouple type. While
running, the program outputs the temperature results to a graph for the user to see.

In addition, this temperature data was compiled in a text file.

A total of five thermocouples were available, and these were placed on the replica
back plate next to the heater, under the replica base plate, on the bottom of the Teflon
base plate (one centered and another near one of the four pegs), and on the top of the
thrust balance’s top plate. The pictures in figure 3.42 illustrate this thermocouple

placement.

The thermal data were collected in a series of five stages, each corresponding to
a different input power. The voltage started at zero and was increased to 40 volts
during the first stage, corresponding to a power input of about 17.3 Watts. The
system was allowed to sit while all of the layers reached a steady state temperature.
After this was achieved, the voltage was increased. Table 3.6 shows the five different

trials and the corresponding power levels, along with the steady state temperature of

79



Four of the Five
4 Thermocouples

Figure 3.42: Picture of the thermocouples and heaters as they were attached to the
mock DCF back plate, base plate, and Teflon.

each thermocouple. To see the full set of temperature measurements collected during
the transient part of the experiment, see Appendix B.

At the highest power level, the Teflon insulation produced a significant tempera-
ture drop. Knowing the thermal resistance of the insulation allows for the calculation
of the heat transfer penetrating this layer and reaching the thrust balance top plate.
This is shown below.

AT (208°C — 30°C)

qTeflonlayer = R = 166 75 = 0.381W
W

Because this test was performed in a pressurized environment, convection heat
transfer losses must be accounted for as well. To find the heat rate lost through
convection, the Nusselt Number must be found in order to estimate the heat transfer
coefficient|10]. To find the Nusselt Number, the Rayleigh Number is needed, and this

value can be found through the following equation [10]:

9B (Ts — Too) LP

va

Ra; = (3.39)

In this equation, g is the acceleration due to gravity (in %), 3 is the volumetric

80



Table 3.6: Results of the thermal testing.

\ Stage 1 \ Stage 2 \ Stage 3 \ Stage 4 \ Stage 5 ‘

Voltage 40V 60V 80V 100V 110V
Current 0.432A | 0.649A | 0.865A | 1.08A 1.19A
Power 17.3W | 389W | 69.2W | 108W | 130W
Back Plate (below 61°C 98°C' | 146°C | 191°C' | 208°C
heaters) S.S. Temp.
Back Plate (surface 56°C 89°C' | 135°C | 173°C | 188°C
touching Teflon) S.S.
Temp.
Under Teflon Plate 31°C 42°C 61°C 74°C 77°C
(next to peg) S.S.
Temp.
Under Teflon Plate 41°C 60°C 86°C' | 106°C' | 109°C
(middle) S.S. Temp.
Top Plate of Thrust 24°C 25°C 28°C 30°C 30°C
Balance S.S. Temp.

thermal expansion coefficient (in K1), T,is the surface temperature of the object,
Twis the ambient temperature, L is the characteristic length (in meters), v is the dy-
namic viscosity (in mTQ), and ais the diffusivity (in mTQ) Once the Rayleigh Number is

found, it can be used to calculate the Nusselt Number with the following equation[10]:

0.670Ra}’*

Nup, = 0.68 + (3.40)

1/9
[1 +(0.492/ Pr)*/1®
The variable Pr in the denominator is the Prandtl Number. Finally, from the Nusselt
Number, the convection heat transfer coefficient can be calculated with the equation
below|[10]:

k—

The £ in this formula is just the thermal conductivity for air and L is the charac-

teristic length again. For air at temperatures around 25 degrees Celsius, these values
tend to be: v = 16.2 x 10752 @ = 22.9 x 1075, 3 = 0.0033K ", k = 0.0265-%,
and Pr = 0.71[10]. Convection should be occurring from each exposed surface of the

back plate and base plate. First, the back plate will be analyzed, and then, the base
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plate. The back plate is approximately 200 degrees Celsius on average during the 130
watt test, and the characteristic length of both the front and back faces, as well as,
the sides, is about 5 inches, or 0.127 meters. The area of the front face, back face,
and sides combined is approximately 0.0228 meters squared. With this characteris-
tic length and average surface temperature, the Rayleigh Number is approximately

32,677,720 leading to a Nusselt Number of about 39.56 and a heat transfer coefficient

of 8.25mV2VK. The exposed sides of the base plate have a characteristic length equal to
their height, about a quarter inch, or 0.00635 meters. Their temperature probably
turns out to be a little less than the back plate, so it can be approximated as 150
degrees Celsius. The total area of the sides turns out to be 0.00210 meters squared.
With this characteristic length, average surface temperature, and surface area, the
Rayleigh Number is approximately 2790 with a Nusselt Number of about 4.41 and a
heat transfer coefficient of 18.404%. The top surface of the base plate can also be
assumed to be about 150 degrees Celsius, with a characteristic length of 0.0205 meters

(found by dividing the surface area by the perimeter), and a surface area of 0.00677
meters squared. These values provide a Rayleigh Number of about 94089 which leads

to a Nusselt Number of 9.687 and a heat transfer coefficient of 12.504m@/K.

Convection will also be experienced on the Teflon insulation plate. With an overall
temperature averaging 90 degrees centigrade and a characteristic length of 0.0127m
for the sides and 0.0254m for the bottom face, the Rayleigh Number for the sides and
bottom should be 11,607 and 92,855, respectively. These lead to Nusselt Numbers of

6.47 and 10.41, with heat transfer coefficients of 13.5m‘2/K and 10.86%. Now, the

convection heat transfer equation can be utilized to find the total number of watts
lost to convection. The convection heat transfer equation, also known as Newton’s

Law of Cooling, is given below|[10]:

q=hA(T; — Tx) (3.42)

Calculating the convection from each surface gives the total:
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Table 3.7: Calculation of the various forms of heat transfer involved in the thermal
testing.
| | Trial 1 | Trial 2 | Trial 3 | Trial 4 | Trial 5 |

Power Input (W) 17.3 38.9 69.2 108 130
Convection Loss (W) 7.6 18.6 35.1 50.5 59.4
Net Power (minus 9.7 20.7 34.1 57.5 70.6
Convection) (W)
Conduction and 0.0686 | 0.137 | 0.229 | 0.306 | 0.339

Radiation heat transfer
penetrating the Teflon
Insulation (W)

Qeonv — hlAl A T1 + h2A2 A T2 + h3A3 A T3 + ]’L4A4 A T4 + h5A5 A T5 = 60W

Taking the convection losses and subtracting them from the 130 watts of power
input during the fifth trial means that the Teflon boundary needed to dissipate a total
of 70 watts. The insulation was successful in blocking all but 0.381 watts of this heat.
The goal is to take the results from each trial and try to produce a linear relationship
between the input power and the heat rate that penetrates the thermal boundary.
The results should show if the design will hold up against the anticipated 237 watts
expected in the actual testing. Table 3.7 shows the input power, the convection losses,
the net power (input minus convection), and heat transfer penetrating the thermal
insulation. A plot of the conduction and radiation heat transfer that penetrates the
insulation versus the power input (minus convection losses) was created. This plot
is shown in figure 3.43. A linear fit line was applied to the plot for the purposes of

estimating the losses at higher power levels.

The heat rate through the Teflon appears linear, with approximately 0.0044 watts
reaching the thrust balance top plate per watt of input power. Using the linear fit,
under a 237 watt load the number of watts reaching the thrust balance should be
approximately 1.09. This comes very close to the prediction of the theoretical cal-

culations, which estimated that a heat rate of 0.315 watts would make it through
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Figure 3.43:

Heat Rate through the Teflon insulation versus the input power.

by conduction and 0.75 watts would reach the balance through radiation, for a to-

tal of 1.07 watts. This reinforces the value found through the theoretical thermal

resistance model. With as much as 237 watts of waste heat, the temperature of the

thrust balance should not increase by more than 10 degrees Celsius, even without any

aluminum foil radiation heat transfer barrier.
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4 Thrust Balance Operational Procedure and Results

Now that the design and construction of the thrust balance have been discussed
at length, it is an appropriate time to look at the operational procedure and the
preliminary results attained when using the balance with the DCF. First, an in-depth
set of instructions to prepare the thrust balance and its various components for use will
be explained. Then, a calibration and testing procedure will be outlined, along with
the uncertainty associated with these measurments. Finally, this section will display
the initial results achieved when using the thrust balance to take measurements with

the DCF.

4.1 Setup, Calibration, and Test Procedure for Operating the
DCF’s Thrust Balance

The following subsection explains the process of using the balance to take thrust
measurements. First, a list of all the required parts is given, along with the procedure
to set up each of these components for testing. Afterwards, an in-depth diagnostic is
provided to ensure the sensors, actuators, and control hardware are working properly.
This is followed by a step-by-step procedure to setup the Labview software and to
calibrate the stand. Finally, this section provides an explanation of the proper way

to take measurements while the DCF is in operation.

4.1.1 Required Components

Before the thrust balance can undergo testing, all of the essential parts must be
gathered. The following components are required to successfully take thrust mea-

surements:

1. Inverted-pendulum thrust balance
2. Vacuum safe, shielded, 9 pin cable

3. Vacuum chamber 9 pin through port
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4. Triple shielded, beige, 9 pin cable
5. DCF control box

6. USB cable

7. SPL Lab desktop computer with Labview and thrust balance software installed
(or laptop computer with executable version of the software installed)

8. External calibration stand

9. External calibration spool with string of pre-measured weights
4.1.2 Setting up the connections between the balance, control box, and
computer

Once these essential parts have been gathered, they should be assembled as shown in

figure 4.1.

Figure 4.1: Experimental setup of the DCF thrust balance. The components are
labeled according to the list in the previous section. The balance itself is sitting in

the vacuum chamber in this figure.
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1. The thrust balance sits within the chamber. Before the balance goes into the
vacuum chamber, it must be thoroughly cleaned to prevent significant out-
gassing when the chamber is put under low pressure. The thruster should sit
on the Teflon thermal boundary, which is permanently attached to the top plate
of the thrust balance. Use a screw to fix the thruster to the hole in the Teflon
base. The thrust balance should be placed in the chamber on a flat, level surface.
Before securing the thruster to the balance, be sure to measure the weight of
the thruster and cathode so that the appropriate amount of counterweight can
be added to the bottom plate. Due to the limited amount of space, lead weights
are the best material to use as a counterweight. The amount of counterweight

needed will be:

Counterweight Moment Arm x Weight of Counterweight =
Thruster Moment Arm x (Weight of Thruster + Weight of Cathode

+Weight of Thermal Layer)

The thermal insulation weighs about 0.282 kilograms, while the weight of the
thruster and cathode can vary. The counterweight should be positioned on
the bottom plate and adjusted to ensure that the stand appears as neutrally
balanced as possible. The stand will be neutrally balanced when the pendulum
is hanging freely and not leaning to one side. Place the external calibration
arm on the edge of the grate at the entrance of the chamber. The calibration
stand should be at a spot which allows its calibration string to hang out of the
chamber and as low as the lab floor. Attach the string on the spool to the
thruster such that none of the weights contribute a force. For the time being,

the chamber should be left open.

2. The vacuum ready shielded cable runs from the 9 pin connector on the thrust

balance to a 9 pin through port on the vacuum chamber. It may be necessary
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to attach this cable to the 9 pin through port and feed it into the chamber
before the through port is connected, due to the narrow space available in some
of ASTROVAC’s ports. To save troubleshooting time later, it would be best to
test each of the pins and verify that they are working after installation. Note
that the pins “flip” at the through port, i.e. pin 1 on the through port should
be pin 5 at the end of the shielded vacuum cable, and pin 9 on the through port
will be pin 6 at the end of the shielded vacuum cable. See Appendix E for a

more thorough explanation of the flip seen on either end of the through port.

. The beige 9 pin computer cable should be connected to the external part of the
9 pin through port. It runs underneath the vacuum chamber and connects to
the 9 pin port on the control box. During the initial setup, this cable should
be left unplugged from the control box. The next subsection will explain when

this should be attached.

. The control box is placed on the platform underneath the vacuum chamber to
ensure the cables running to and from it are able to reach. The switch on the
control box should be in the off position. An ordinary desktop computer power

cord should run between the control box and a basic AC power outlet.

. An ordinary USB cable should run between the desktop computer in the lab and
the control box. For the time being, this cable should also be left unplugged.
The diagnostic section will explain when this USB line should be attached.

. The desktop computer in the lab should have the base version of Labview from
2009 or later in order to run the control software. The computer should also
have the control software program itself. To confirm the software is on the
computer, click the start button, then search, and files and folders. Search for

the VI file called “MIT-SPL Thrust Balance-5-1".
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4.1.3 Diagnostic testing of the control box, LVDT, and voice coils

Once the necessary components have been connected, the next step is to run a di-
agnostic check to verify that the control box, LVDT, and voice coils are all working
properly. The following steps should be taken to ensure that these parts are operating

correctly:

1. Connect the control box’s DAQ card by plugging the USB cable into the control
box and computer. Do NOT turn on the control box or connect the 9 pin cable

yet.

2. Open the “Measurements & Automation Explorer” by double clicking its icon

on the desktop of the computer.

3. Under the toolbar on the left, expand the plus sign next to “Devices and Inter-

faces” and perform the following actions:

e Expand the plus sign “NI-DAQmx Devices”.

e Select USB 6009 Dev 3 (if the computer sees the DAQ card, it will be in
green) and click on the button that says “test panel”. The window shown

in figure 4.2 should appear.

4. While keeping the control box switch in the off direction and with no connection

to the thrust balance (9 pin connector unplugged):

e Select the Analog Output Tab, set the channel to “ao0”, and set the voltage
to 2.5V. Click the update button.

e Go back to the Analog Input tab and set the following:

— Channel Name: ai2
— Mode: continuous

— Rate: 1,000 Hz
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Figure 4.2: Test Panel for the USB 6009 DAQ card.

e Click the button that says “start” and verify that the DAQ card is sending a
2.5V signal as shown in figure 4.3 (a small 60Hz oscillation may be present,

but it will have a small voltage). Repeat by setting the voltage to 0V and

5V. This confirms that the DAQ card is working properly.

5. Now that the DAQ card is functioning as expected, the amplifying circuits will

be tested. First, go to the analog output tab.

e Go to channel “ao0”, adjust the voltage to 2.5V and click update. Go to

channel “aol”, adjust the voltage to 2.5V, and click update.

6. Next, connect the 9 pin cable to the box and turn on the power to the control

box by flipping the switch to the on position. Perform the following actions:

e On the analog input tab, hit the stop button and change the channel

name to “ail”. This channel monitors the voltage coming out of the first

amplifying circuit. Proceed by clicking start.
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Figure 4.3: Analog input tab displaying the output of the DAQ card.

e (o to the analog output tab. Make sure to select channel “a00”. Set the

voltage to 5.0V and click update.

e Go back to the analog input tab and verify that the voltage is no longer
0V. It should be about 0.7V or 0.8V.

e Return to the analog output tab and set the voltage to 0 and click update.

e Select the analog input tab and verify that the voltage is now around -0.7V
to -0.8V.

e Go back to the analog output tab and set the voltage back to 2.5V.

e If the readings from the analog input tab are correct, there is confirmation
that the first amplifying circuit and voice coil are functioning appropriately.
Repeat these steps for the output channel “aol” and input channel “ai3”

to verify that the second amplifying circuit and voice coil are also working

properly.
7. To verify the LVDT is running properly, the following actions should be taken:

e On the analog input tab, set the channel name to “ai0” and click start.
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Figure 4.4: Analog input tab displaying the signal coming from the LVDT.

This channel monitors the voltage signal coming from the LVDT.

e Tap the balance very lightly so that it oscillates. The LVDT signal should

fluctuate on the plot as shown in figure 4.4.

e When the balance is settled, the LVDT should be reading as close to 0V
as possible (the neutral balance reading). If the LVDT’s signal is not close
to OV when the balance is still, loosen the screw that holds the LVDT in

place and adjust it manually.

8. The diagnostic steps are now complete and the control box, LVDT, and both
voice coils should be operating correctly. Close the Measurement & Automation

Explorer.

4.1.4 Setting up the Labview Software

Now that the LVDT, control box, and voice coils have been tested, the next step is
to set up the Labview program for calibration. The following steps should be taken

after the diagnostic procedure, but before the external calibration:

1. Opening the SPL Thrust Balance Program:
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Figure 4.5: The Labview Software User Interface.

e At the SPL desktop computer, select the “start” menu, then “search”, then
“files and folders”.

e Locate the Labview Project File called “MIT SPL Thrust Balance” and

open this program.

e The project file will have a list of Labview VI’s. Open the program “MIT-

SPL Thrust Balance-5-1". The screen in figure 4.5 should appear.

2. Configuring the DAQ card:

e Under the configuration parameters on the left, select the “DAQ Config.”

tab.

e For the Analog Input Channels, select “ai0:1” for the correct device number.
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Figure 4.6: DAQ Configuration tab.
e For the Analog Output Control Voice Coil, select “ao0” for the correct
device number.

e For the Analog Output Calibration Voice Coil, select “aol” for the correct

device number.

3. Configuring the primary, PID voice coil:

e Under the configuration parameters on the left, select the “Manual Control”

tab.

e This tab will feature a large knob to manually control the voltage to the

primary voice coil and a button to toggle the PID control software.

e Toggle the PID Control until the button turns red and says “PID Control
Loop NOT Active: Manual Control Mode” as shown in figure 4.7.

4. Configuring the secondary, drift correcting voice coil:

e Under the configuration parameters on the left, select the “Calibration

Control” tab.
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Figure 4.7: The PID control loop can be toggled on or off by simply clicking the
button.

e This tab will feature another large knob to manually control the voltage
to the drift correcting voice coil, and a button to turn this voice coil on or

off.

e Toggle the button until it is red and says “Calibration Control OFF” as

seen in figure 4.8.
5. Starting the program:

e Now the program is ready to run. Make sure the manual voltage control
for both voice coils is set to 2.5V and select the “run” button (the arrow

button just below the view menu).

e Choose a location to save the calibration data which will be collected later

and name the file appropriately.

e IMPORTANT: If the program experiences any sort of problem or error
during the experiment, use the “SYSTEM STOP” button to halt operation.
The smaller stop button found next to the run button (with a small red
octagon on it) should never be used. Pressing this button will not close
down the program properly and may lead to significant problems during

the next restart.

95



Figure 4.8: The calibration voice coil can be toggled on or off by simply clicking the
button.

e On the right hand side of the program is a series of graphs. Select the
“LVDT Position” tab. This will give the current position of the LVDT.

e (Go back to the “Calibration Control” tab on the left. Turn the calibration
control on by clicking on the red button. It should turn green with the
text “Calibration Control ON”.

e Now go to the System Response & PID Feedback tab. There will be a
series of lines on this graph representing the following:
— The white line is the LVDT position.
— The green line is the set point.
— The red line is the power the PID software is commanding to the

primary voice coil.

e When the LVDT (white line) displaces, the computer will work to bring it

back to the set point (green line) by using the voice coil’s force (red line).

e Return to the manual control tab and turn the PID control on (button
should now be green). Allow the system to reach steady state. It is now

ready for calibration.
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4.1.4 External calibration procedure and producing a calibration curve

Before calibration can begin, the PID loop must reach a relatively constant state.
This will occur when the voice coil’s voltage sits at a steady value (to approximately
two decimal places). The voltage can be seen in the box in the bottom left corner of
the software user interface. Once this number remains relatively constant, calibration

can begin.

1. First, calibration points should be collected with no force on the balance. Click
the “Save Once” button 5 to 8 times to include some zero force data points in

the file.

2. Turn the spool on the calibration stand so that only the first weight contributes
a force. Allow the voltage reading to settle again and click the “Save Once”

button another 5 to 8 times to collect data at this force point.

3. Repeat this process for each of the 18 weights on the spool. Once the voltage
has been recorded for each point, begin collecting data for each point that is

removed. This will be used for hysteresis examination later.

4. Once the calibration is complete, shut down the software and turn off the control
box. All of the pre-testing setup and calibration is complete. The next step is

to prepare the chamber and the DCF for use.

5. With the calibration finished, carefully disconnect the fishing line from the DCF
and remove the external calibration stand from the chamber. Close the chamber

and begin roughing it down to a lower pressure.

To establish a relationship between voice coil voltage and thrust force, the voltage
readings gathered during the calibration process should be plotted against the force
that was pulling on the balance. The force values of this graph can be found in
the calibration section of this thesis (table 3.2). The voltages should be adjusted so
that they start at zero, which is accomplished by subtracting the value of the voltage

with zero weight force from all of the voltage values. The resulting points of force
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Figure 4.9: Example calibration curve relating voice coil voltage to thrust force.

and voltage should produce a plot similar to the one seen in figure 4.9. The curve
appeared linear for the force range that was tested, therefore a linear fit line was
added to the plot. The equation for this linear line provides the relationship between

voice coil voltage and force.

4.1.5 DCF Thrust Balance Test Procedure

With the calibration curve complete, the vacuum chamber can now be sealed and
depressurized. The amount of time it takes for the chamber to be pumped down to
vacuum and for the DCF to be prepared for use is in the range of 12 to 24 hours.
Once the process is complete and the DCF is ready, the first action should be to
check the system for any drift. Once the PID control has been activated, the goal
should be to get the voice coil voltage to the same value at the start of calibration.
The voice coil voltage with zero force is adjusted using the drift correcting voice coil.
Once the voice coil voltage is where it was at the beginning of calibration, the gas
flow to the thruster should begin. After measuring the thrust created just by the gas

flow, the thruster can be started. It is recommended that measurements be taken
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Figure 4.10: Voice coil’s voltage reading as seen in the Labview software.

in incremental steps of anode power to reduce the uncertainty in the measurement,
or more specifically, the effects of hysteresis. The hysteresis and other sources of

uncertainty with the DCF’s thrust balance will be discussed in the next subsection.

4.2 Uncertainty Analysis of the Thrust Measurements

The calibration plot shown in the previous section is the curve being used to calculate
the thrust measurements, and therefore, the accuracy of this graph will determine the
accuracy of the thrust values obtained during the experiment. There are four sources
of uncertainty associated with the calibration curve: resolution, hysteresis, drift, and
linearity.

The most obvious source of error comes from the resolution of the two variables
in the calibration graph, the voice coil voltage and the weight force. The voice coil’s
voltage is read from the Labview software, as shown in figure 4.10. While the voltage
may appear to have a high resolution, in reality, the voltage is only reliable to a certain
number of decimal places. The voltage value is given in terms of a percentage of the
total voltage the system can supply. Figure 4.10 shows a value with five trailing
decimal places, but only the first two decimal places truly settle to a steady state
value, while the others will constantly fluctuate. This is a result of the sensitivity
of the voice coil; it is unable to provide a reliable force below that percentage of the
system’s output voltage. For that reason, the uncertainty in the voice coil voltage
reading was taken as +0.05.

There is also an uncertainty from the resolution of the force acting on the balance

during calibration. This resolution comes from the accuracy of the scale used to
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Figure 4.11: Hysteresis exhibited during calibration.

measure the weights themselves and the accuracy of the friction coefficient used to
find the friction force acting between the Teflon cylinder and fishing line. The value
of the weight hanging on the line should be very accurate since the sensitivity of the
scale used to measure the weights was +0.00098mN. The average coefficient of friction
between the Teflon cylinder and the nylon fishing line was found to be 0.055, but over
the four trials, this value varied by about +0.0275. This translates to an accuracy
of £0.038575 for the tension force pulling on the balance, where T is the hanging
weight force. The accuracy of each amount of hanging weight force is outlined in

table 3.2 of the calibration section of this thesis.

Another source of error is the hysteresis. Hysteresis error refers to the difference
between an upscale sequential test and a downscale sequential test|8]. In the case
of the thrust balance, calibration points were taken for each added weight, and then
again, as each weight was taken away. The measurements above 3mN seemed to
be very consistent, with the second set of measurements falling almost directly on
top of the originals. Below 4mN, the second measurements started to deviate more

dramatically. The graph shown in figure 4.11 shows the data obtained from adding
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weight sequentially to obtain a calibration curve along with the data obtained from
sequentially removing the weights. Above 3mN, this results in an uncertainty of £+0.1
in the voice coil voltage. Below 3mN, the uncertainty rises to about 40.5. This
hysteresis seen during calibration is possibly the effect of retentivity occurring in the
voice coil’s magnetic core [18]. The effect of retentivity means that magnetic dipoles
in the magnetic core line up in one fashion as the magnetic field increases, and then
line up in a slightly different fashion when the field decreases [18].

Beyond the inaccuracies that arise from the resolution of the instruments and
hysteresis, a couple of less quantifiable sources of error exist as well. It is assumed
that there will be some drift during the time between calibration and measurement,
and that this drift will not change the calibration curve if corrected by the secondary
voice coil. Initial investigations seemed to confirm that this assumption is correct.
A calibration curve was created before the first thrust measurement taken with the
DCF and again after testing was complete. During the second calibration, the drift
correcting voice coil was used to fix the zero force voltage point to the same value
used in the first calibration. When this was done, the second curve validated the
first. Another possible source of error comes from the linear fit that was applied to
the calibration data. The relationship between voice coil voltage and thrust force
was presumed to be linear. Multiple calibrations of the thrust balance confirmed that
this assumption was also true. In all attempted calibrations, the relationship between
force and voltage remained linear.

With the known sources of error in resolution and hysteresis, error bars can be
added to the calibration curve. It is worth noting that the error is rather high between

0 and 3 mN, and rather low between 4mN and 16mN.

4.3 Initial Results from the DCF’s Thrust Characterization
with the Thrust Balance

Using the procedure from the previous section, the thrust balance measured thrust

while anode power and flow rate were simultaneously recorded. Since ASTROVAC
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Figure 4.12: Error bars providing the uncertainty in the calibration data.

had only one working cryopump at the time of the initial testing phase, anode flow
rates could not exceed 6 standard cubic centimeters per minute (sccms). Typical
operating flow rates would be between 4 sccms and 10 scems. Figure 4.13 shows the
thrust results obtained for anode flow rates of 4 sccms and 6 sccms with power levels
between 0 and 125 watts.

When higher anode power levels were tested, an unexpected event occurred. The
DCEF operates in two current modes, and above 125 watts it begins to run in its higher
current mode (shown in figure 4.14). When this occurred, the additional plasma
emitted from the DCF began to interact with the wiring of the LVDT and primary
voice coil, causing the PID software to fluctuate wildly and eventually terminate.
Although shielding already existed over the 9 pin cable and LVDT wiring, it was not
enough to protect the system from this increased amount of plasma in the chamber
during high current operation. Due to the difficulties of having just one cryopump
and not enough shielding, initial characterization of the DCF was restricted to the 0

to 125 watt range, with a maximum anode flow rate of 6 sccms.
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Figure 4.13: Thrust versus Anode Power for the DCF under anode flow rates of 4
sccms and 6 sccms. The cathode flow rate was between 1 and 2 sccms.

Figure 4.14: Diverging Cusped Field thruster in operation on the thrust balance. The
DCF has two modes: low current (left) and high current (right).
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5 Conclusions

The results from initial testing of the thrust balance with the Diverging Cusped
Field thruster showed that the balance was a success. It was able to produce thrust
measurements at various anode power levels, and additional trials indicated that the

results obtained were repeatable.

5.1 Established range and accuracy of the SPL Thrust Balance

Through calibration, the thrust balance proved that it can operate over a range of
OmN to 23mN, maintaining accuracies of less than +1.2mN throughout this regime.
Above 3mN, the accuracy improves to about +0.5mN on average. The thrust balance
successfully determined the DCF’s thrust range to be between 3mN and 6mN for
anode power levels from 45 watts to 125 watts, all at a flow rate of 6 sccms. It also
determined the DCF’s thrust range to be between 0.5mN and 2.5mN for anode power

levels from 5 watts to 44 watts, all at a flow rate of 4 sccms.

5.2 Future Work

While the SPL thrust balance is considered operational, there are several minor issues
still left to explore. First, the natural damping present in the balance itself needs to be
characterized. Having an idea of how quickly the system can automatically damp its
motion may explain why no derivative gain was needed in the PID control. Second,
the variation in the coefficient of friction associated with the calibration system is
larger than ideal. The uncertainty in the friction coefficient over the four trials in
table 3.1 was about +60%, leaving the value of the force pulling on the balance
uncertain by about 5%. This could be the result of an uneven coefficient of friction
across the Teflon cylinder itself, and therefore, to get better results, this cylinder
should probably be replaced by some sort of rotating pulley.

Also of concern is the effectiveness of the thermal insulation layer. While it does
an excellent job protecting the thrust balance from any heat transfer, that heat now

remains in the thruster itself. This could lead to overheating if the engine is used at
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higher power levels for long periods of time. Some sort of cooling system may need to
be implemented to keep the thruster at reasonable temperatures. Small improvements
to the design should also be considered, such as better shielding for the LVDT and
voice coil wires, or aesthetic changes like reducing the number of decimal places in
the voice coil voltage value reported by the Labview software. The voltage value is
only accurate to about two decimal places, but as many as six are given. Some sort of
vibrational base test should be added to the thrust balance’s operational procedure
as well. Such a test could allow the user to adjust the counterweight position until
the vibration sensitivity goes to zero.

Finally, it would be beneficial to compare the thrust measurements from the thrust
balance with those obtained from another thrust measuring device. That way, any
future measurements taken with the thrust balance would be assured to have the

highest possible degree of validity.
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Appendix A

Analysis of Using Sheet Metal to Connect the Pendu-
lum Legs to the Top Plate

7 x

( PR [
\/ k J Z

Figure A.1: Sheet metal in compression.

The figure above shows the dimensions of a theoretical metal plate attachment as
well as the result of putting a compressive force on the sheet. At a high enough force

the sheet metal will exhibit a buckling reaction. The moment of inertia for the metal

plate is:
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Where ¢ is the length of the plate and t is the thickness as noted in the figure.

The equation for the force along the z axis is as follows|3]:

d2
EIYZ = F(z—h)

dz?

Here, E is the modulus of elasticity, x is the vertical position, h is the height, z
is the horizontal position, and F' is the compressive force. Integrating this equation

produces:

dz x?

3 2
EIZ:F<%—h%+Cll’+CQ)

Using the boundary conditions will provide the values for the constants C; and

CQZ

atr=0,2=0=Cy=0

So the equation now becomes:

3 x?  h?
EIZ-F(;—h;—i-?x)

If the compressive force causes a displacement ¢ in the z direction at the end of the
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sheet (z = h), then an equation for the displacement under a load F can be found:

5_F h3 h3+h3
 EI\ 6 2 2

_FR
 6EI

From this equation that relates displacement to force, the stiffness k can be found

assuming the behavior is linear:

F=k
k_6EI_E£t3
3 2h3

Depending on the loading of these sheet metal pieces, the critical load can be

found with one of two equations:

For a connection of the first type, the critical load force is[3]|:

w2 El
2

P, crit ~
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For a connection of the second type, the critical load can be four times higher|[3]:

AT’ BT
52

P, crit =~

It can be assumed that the DCF' is approximately 4 kilograms, and that an ap-
propriate safety factor of at least 2 should be considered for each plate. If the sheet

metal is made from aluminum, the modulus of elasticity is also known.
Given:
mpcor = 4kg
S.F.=2.0
Myt = 9kg = Poyy = 784N
Eq =17x10%Pa
h =1lecm = 0.01m
¢ =0.5¢m = 0.005m

Reasonable approximations for the height and length of the sheet metal that keep
it in proportion to the thrust balance have also been made. Using these, the thickness

becomes:

Pcrit 47T2EI Pcrith2 3Pcrith2 Y3
1 h? 167°E An’E e

So if the weight were divided evenly between the sheet metal in the sturdier loading
position, a minimum thickness of 0.12 mm would be required to hold the DCF. This
translates to a stiffness value shown below:

Ev? N
k= = 297.9—
2h3 m

So each plate would have a stiffness of just under 300 N/m. This is far too high for
the stand to deflect any measurable amount under the thrust of the DCF. Clearly the

flexible pivots will be necessary here.
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Analysis of Using Sheet Metal to Connect the Pendu-
lum Legs to the Bottom Plate

A buckling analysis is no longer necessary for the sheet metal connections to the
bottom plate because these are acting in tension. In this case, the material will fail
when the stress exceeds the ultimate tensile strength rating of the material. Assuming
the material is aluminum, the ultimate tensile strength will be at least 324 MPa [3].
To produce such a stress under the counterweight, which weighs 78.4N (and each
piece of sheet metal would need to support a fourth of this total weight), the cross
sectional area turns out to be very small.
F ;1 (784N)

== =4 """ 7 _6.05x 10"%m? = 0.0605mm>
o 324 x 10°Pa X i

Assuming that the height and width of the sheet metal remain the same as they
were in the previous section, the required minimum thickness now becomes 0.0121mm.
With this thickness, the smallest stiffness possible will be much less than before.

_ Ew

= =031
k=5 =03

N
m
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Appendix B

Data from Thermal Testing
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Figure B.1: Temperature rise for a change in power from OW to 17.3W
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Figure B.2: Temperature rise for a change in power from 17.3W to 38.9W.
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Figure B.3: Temperature rise for a change in power from 38.9W to 69.2W.
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Figure B.4: Temperature rise for a change in power from 69.2W to 108 W.
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Figure B.5: Temperature rise for a change in power from 108W to 130W.
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Appendix C

Data Sheets:

1. Riverhawk Flexural Pivots
2. Linear Variable Differential Transformer
3. Voice Coil

4. NI 6009 DAQ Card
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The Free-Flex® Pivot

The Free-Flex® Pivot is a simply packaged, compact
and easily installed limited rotation bearing with
predictable and repeatable performance. The pivot
is made of flat, crossed springs supporting rotating
sleeves. Originally patented by the Bendix Company in
1961, to date over eight million pivots have been put
into service. The product line was purchased by
the Riverhawk Company in 2004.

The Free-Flex® Pivot is a frictionless, stiction-free bear-
ing uniquely suited for limited angular travel. Flex pivots
are designed for applications that do not permit lubrica-
tion yet demand precise positioning and require infinite
life. Along with a wide range of industrial applications,
additional applications include guidance systems for
missiles, scanning mirror assemblies for both
satellites and ground applications, jet engine fuel
control, and vibration sensors. Flexural pivots are the
product of choice any time reliable, predictable rotation
is needed.

A variety of pivot sizes and ratings are available in both
cantilevered (Series 5000) and double-ended (Series 6000)
designs. We are also fully capable of special designs and
have all the testing equipment necessary to examine every
mechanical property of our flexural pivots to include:
fatigue testing, center shift testing, torsional spring
rate testing, concentricity, roundness, radial/axial spring
rate and static load testing. We also have a full metallurgy
lab to perform a metallographic analysis.

Flexural pivots are made from 410 and 420 stainless steel
for standard construction. Special materials have included
Custom 455 Stainless, Inconel 718, Titanium and
Maraging Steel. Special configurations have included
flanges, grooves, flats, special spring rates, special lengths
and gold plating.

Evolution of the
Free-Flex® Pivot

Major Performance
Characteristics

* High radial stiffness
* High axial stiffness
* Frictionless
» Stiction-free

* Not susceptible to

* Bendix 1955

e Allied 1982

e Allied Signal 1988
e Lucas 1990

e Lucas Varity 1996
*TRW 2000

e Goodrich 2002

* Riverhawk 2004

false brinelling

Cutaway of Double-Ended Design

e Low hysteresis
* Low center shift
» Exceptional repeatability
¢ Predictable performance
e Lubrication not required
e Maintenance not required
e Electrical continuity
¢ Infinite cycle life
(See life curves)
* Ambient temperature range

of - 400°F to +1200°F

Additional
Characteristics

¢ Radiation Resistance
e Low Thermal drift
* No Rubbing surfaces

e Contaminant tolerant

* Operates in vacuum of space

* Self —centering

* Resolution to the micro inch range

Cutaway of Cantilevered Design

Visit our website at: www.flexpivots.com



Dimensions & Characteristics

Typical Units

Nominal Catalog Load Capacity - L Catalog Load Capacity - I—'— Torsional
Outside Number (Pounds) H 1 Number (Pounds) H ] Spring
Diameter D i} Rate
Load At Center H | Load At Center |:[: | ‘
of “A”. —a—] of “C. o
E in - Ib
(Inch) See Note (1) See Note (1) <Deg—ree>
Series Series
5000 6000
D L A Double L B C
+0.00 Cantilevered Ended +0.005 | See
-0.0005 (size-type) Vc Vit +/-0.003| +/-0.005| (size-type) Vc Vit +/-0.003 [+/-0.005| -0.015 Note (2)
5004-400 25.5 25.5 6004-400 28.0 28.0 0.0140
0.1250 5004-600 8.9 13.0 0.200 0.095 6004-600 17.7 25.0 0.200 0.045 0.085 0.0017
5004-800 0.97 3.7 6004-800 2.20 4.7 0.0002
5005-400 39.5 39.5 6005-400 44.0 44.0 0.0279
0.1562 5005-600 13.8 20.0 0.250 0.120 6005-600 27.6 39.0 0.250 0.057 0.110 0.0035
5005-800 1.50 6.0 6005-800 3.50 7.4 0.0004
5006-400 56.0 56.0 6006-400 63.0 63.0 0.0473
5006-600 19.8 28.0 0.300 0.142 6006-600 39.6 56.0 0.300 0.067 0.130 0.0057
0.1875 5006-660 12.2 20.2 0.0037
5006-800 2.1 8.0 6006-800 4.9 9.0 0.0007
5008-400 101.0 101.0 6008-400 113.0 113.0 0.1141
0.2500 5008-600 35.5 51.0 0.400 0.190 6008-600 70.7 100.0 0.400 0.090 0.175 0.0143
5008-800 3.7 14.5 6008-800 8.5 19.0 0.0018
5010-400 158.0 158.0 6010-400 176.0 176.0 0.2234
0.3125 5010-600 55.0 79.0 0.500 0.238 6010-600 110.0 156.0 0.500 0.112 0.220 0.0286
5010-800 5.8 23.0 6010-800 14.0 29.0 0.0036
5012-400 228.0 228.0 6012-400 253.0 253.0 0.3840
0.3750 5012-600 80.0 114.0 0.600 0.285 6012-600 159.0 225.0 0.600 0.135 0.265 0.0480
5012-800 8.4 32.8 6012-800 19.8 42.0 0.0058
5016-400 403.0 403.0 6016-400 450.0 450.0 0.9080
0.5000 5016-600 141.0 202.0 0.800 0.380 6016-600 283.0 400.0 0.800 0.180 0.355 0.1134
5016-800 14.6 58.0 6016-800 35.4 75.0 0.0142
5020-400 634.0 634.0 6020-400 703.0 703.0 1.8500
0.6250 5020-600 222.0 317.0 1.000 0.475 6020-600 442.0 625.0 1.000 0.225 0.445 0.2321
5020-800 23.0 93.0 6020-800 55.0 117.0 0.0295
5024-400 910.0 910.0 6024-400 1013.0 1013.0 3.1800
0.7500 5024-600 318.0 455.0 1.200 0.570 6024-600 636.0 900.0 1.200 0.270 0.535 0.3980
5024-800 33.0 130.0 6024-800 78.0 169.0 0.0500
5032-400 1620.0 | 1620.0 6032-400 1800.0 1800.0 7.5200
1.0000 5032-600 567.0 815.0 1.600 0.770 6032-600 1131.0 1600.0 1.600 0.370 0.735 0.9390
5032-800 60.0 236.0 6032-800 141.0 300.0 0.1175

(1) Pounds at zero deflection based on pure radial load. When the load is applied directly through a single spring, multiply capacity shown by 0.707.

(2) At zero load.

¢ Standard Materials:

Pivot Body: AISI 410 or AISI
420 corrosion-resistant steel.
Flex elements: AISI 420
corrosion-resistant steel.
Brazed Construction.

e Tighter Diameter
Tolerance:

If a tighter diameter tolerance
of (+0/-0.0002) is required,
specify T2 after the catalog
number.

* Torsional Spring Rate:
Torsional Spring rates are
generally within +/- 10% or
less of the nominal values,
however spring rates that
are 0.0018 Ib-in/degree or
less may have significantly
higher tolerances.

e General:

The correct pivot for a
specific application can be
selected only after
determination of required
angle of deflection, load,
and life expectancy as
these are interdependent.
When unusual environ-
ments or multiplane loading
conditions exist consult
Riverhawk.

* Welded Construction:
Welded construction pivots
are available. Consult
Riverhawk for application
engineering.

www.flexpivots.com



DC-EC AccuSens™ Series

General Purpose LVDT

The DC-EC AccuSens™ Series incorporates a unique
monolithic chip combined with a computer-designed
AC LVDT to achieve premium performance.

The ratiometric design of the monolithic circuitry
compensates for power supply deviations

for continuously stable operation.

Unaffected by input variations, the

transducer provides highly accurate, repeatable measurement.

Innovative manufacturing techniques further enhance the
AccuSens operation and cost efficiency. Micro-miniature
components used in the construction of each unit are
selected for maximum stability.

Vacuum encapsulation of all elements produces an assembly
tolerant to shock, vibration and other forms of physical
abuse. Double magnetic shielding protects against stray
electrical fields.

O Linearity 0.25% of FS or better

O CE certified

O Integrated signal conditioning

0 Rugged stainless steel construction

O Calibration certificates supplied with all models

0 General

0 Metric thread core
0 Captive core option for convenient installation
0 Guided core

00 Small diameter, low mass core

Input Voltage .......cccu..... +15 VDC (nominal), +25 mA
Operating Temperature
Range .....ccccevvveeeeeieenn. 32°F to 160°F

(0°C to 70°C)
Survival Temperature

Range .....ccoccovvveeeie. -65°F to 200°F
(-55°C t0 95°C)

Null Voltage ........cccceeeeen. 0VvDC
Ripple .............. Less than 25 mV rms
Linearity 0.25% full range
Stability 0.125% full scale
Temperature—Coefficient

of Scale Factor .............. 0.04%/°F (0.08%/°C)
Shock Survival ................. 250 g for 11 milliseconds
Vibration Tolerance ........ 10 gup to 2 kHz
Coil Form Material .......... High density, glass-filled polymer
Housing Material .............. AISI 400 series stainless steel
Cable ...ccooovveiiiie 4 conductor, 28 AWG, stranded

copper with braided shield and
polyurethane jacket, 1 meter
EMC oo, CE certified (The DC-EC series,
when correctly installed, comply
with the EMC Directive 89/336/
EEC generic standards for residential
commercial, light industrial and

industrial environments.)
Output Impedance .......... Less than 1 ohm
DC-EC Series Response
Model Nominal Linear Range Scale Factor -3dB

Number inches mm V/inch V/mm Hz
050 DC-EC +0.050 +1.25 200.0 8.00 500
125 DC-EC +0.125 +3.0 80.0 3.20 500
250 DC-EC +0.250 +6.0 40.0 1.60 500
500 DC-EC +0.500 +12.5 20.0 0.80 200
1000 DC-EC +1.000 +25 10.0 0.40 200
2000 DC-EC +2.000 +50 5.0 0.20 200
3000 DC-EC +3.000 +75 3.3 0.13 200
5000 DC-EC +5.000 +125 2.0 0.08 200
10000 DC-EC +10.00 +250 1.0 0.04 200

*All calibration is performed at room ambient temperature.

Internet: www.schaevitz.com North America Tel: 800/745-8008
Document Fax Back: 916/431-6541 Europe Tel: (01753) 537622



DC-EC models, when correctly installed, are CE certified to comply

with the EMC Directive 89/336/EEC. DC-EC Series LVDT

C€

Monolithic chip circuitry

DC-Operated
How .to Order . ‘ Wiring INPUT OUTPUT
Specify the DC-EC Model followed by the desired option T15VDC
number(s) added together. T
Red
|:| +10vDC
Whit
Ordering Example: _15vDC ¢ 'e
Model Number 050 DC-EC-200 is an DC-EC Series Black
LVDT with a £0.050” range (050 DC-EC), with the Groon
captive core OptiOI’l (200) Power Supply Signal Common
Common
DC-EC Model Options
050 DC-EC Number Description Block Diagram
125 DC-EC 006 Metric Thread Core
250 DC-EC 010 Guided Core
500 DC-EC 020 Small Diameter, Low Mass Core! Red l l l l Wh
1000 DC-EC 200 Captive Core? +15vDC e | | Il?)E\llerrise oscilator s Lvor bl De- Output T10vDC
2000 DC-EC || * Consult factory for mass, dimensions and thread size. 15vpe Bk || protectyy || S modulator | ™ Amplifier Output
3000 DC-EC ||? Available on 050 DC-EC through 3000 DC-EC Signal
dels only.
5000 DC-EC modets onty Power/Output
10000 DC-EC Common
Dimensions  in (mm)
New Captive Core Option! i(?'J.SEES:S%%
The DC-EC features a captive Diameter
core design that greatly \ :%
simplifies installation. The | 4 | | | |----ooooo oo
design utilizes a core rod and S i
bearing assembly that is captured i
and guided within the LVDT
providing low friction travel <P ——> 0. (2633 :8 gg%
throughout the stroke length. The assembly incorporates A ;g-ggg) Diameter
two Delrin bearings on the core rod traveling through the ’
stainless steel boreliner. A bronze bearing on the front end %gg :_:8.(1)(2)%
utilizes a self—ahgmngl feature to accommodate lateral Diameter 440 UNG-2B (Standard)
LVDT movement during operation. The core rod and } / M3 x 0.5 - 6H (Metric)
bearing assembly are field replaceable. See page 71 for =8 —F 0-38 (9.65) Minimum Depth
specifications.
»‘ +0.030 ‘« Nominal Center Position
+0 762) of Core at Null
Mechanical Specifications
DC-EC Series Weight Dimensions
Model Body Core A (Body) B (Core) P
Number oz gm oz gm in mm in mm in mm
050 DC-EC 2.19 62 0.07 2 2.10 53.5 0.75 19.1 0.50 12.7
125 DC-EC 2.44 69 0.11 3 2.93 74.5 1.25 31.8 0.93 23.6
250 DC-EC 2.58 73 0.18 3.80 96.5 2.00 50.8 1.35 34.3
500 DC-EC 2.93 82 0.28 5.49 139.5 3.00 76.0 2.20 55.9
1000 DC-EC 4.24 120 0.35 10 7.75 196.9 3.80 96.5 3.18 80.8
2000 DC-EC 5.47 155 0.46 13 11.12 282.5 5.30 135.0 4.88 134.6
3000 DC-EC 9.39 266 0.49 14 16.32 414.5 6.20 157.5 7.55 191.8
5000 DC-EC 11.47 325 0.60 17 20.15 511.8 6.20 157.5 9.53 242.0
10000 DC-EC 15.71 445 0.85 24 35.38 898.5 12.00 305.0 16.58 421.1
A
=—=CHAEVITZ
57 =>ENSORS
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Low-Cost, Bus-Powered Multifunction DAQ for USB —
12- or 14-Bit, up to 48 kS/s, 8 Analog Inputs

NI USB-6008, NI USB-6009

e 8analog inputs at 12 or 14 bits,
up to 48 kS/s

e 2 analog outputs at 12 bits,
software-timed

e 12 TTL/CMOS digital /0 lines
e 32-bit, 5 MHz counter

e Digital triggering

e Bus-powered

® T-year warranty

Operating Systems

e Windows Vista (32- and 64-hit)/XP/2000
e Mac OS X!

e Linux®

e \Windows Mobile!

e Windows CE!

Input
Analog Resolution
Product Bus Inputs? (bits)
USB-6009  USB 8 SE/4 DI 14
USB-6008  USB 8 SE/4 DI 12

Recommended Software
e [abVIEW

e |abVIEW SignalExpress

e LabWindows"/CVI

e Measurement Studio

Other Compatible Software
o (#, Visual Basic .NET
e ANSI C/C++

Measurement Services
Software (included)
o NI-DAQmx driver software

e Measurement & Automation
Explorer configuration utility
e |abVIEW SignalExpress LE

You need to download NI-DAQmx
Base for these operating systems.

L
o
i

L

a
-
]
L]
@
r
"
o
&
&
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Max Input Output Output Output Digital
Sampling Rate  Range Analog Resolution Rate Range 1/0 32-Bit
(kS/s) (v) Outputs (bits) (Hz) (V) Lines Counter  Trigger
48 +110£20 2 12 150 0to5 12 1 Digital
10 +1 10 £20 2 12 150 0to5 12 1 Digital

1SE = single ended, DI = differential  2Software-timed

Overview and Applications

With recent bandwidth improvements and new innovations from

National Instruments, USB has evolved into a core bus of choice for
measurement applications. The NI USB-6008 and USB-6009 are low-
cost entry points to NI flagship data acquisition (DAQ) devices. With
plug-and-play USB connectivity, these modules are simple enough for

quick measurements but versatile enough for more complex

measurement applications.

The USB-6008 and USB-6009 are ideal for a number of applications
where low cost, small form factor, and simplicity are essential.

Examples include:

e Data logging — quick and easy environmental or voltage data logging
e Academic lab use — student ownership of DAQ hardware for

completely interactive lab-based courses (Academic pricing available.

Visit ni.com/academic for details.)

e OEM applications as I/0 for embedded systems

Recommended Software

National Instruments measurement services software, built around

NI-DAQmx driver software, includes intuitive application programming
interfaces, configuration tools, 1/0 assistants, and other tools

designed to reduce system setup, configuration, and development time.
National Instruments recommends using the latest version of NI-DAQmx

driver software for application development in NI LabVIEW, LabVIEW
SignalExpress, LabWindows/CVI, and Measurement Studio software.
To obtain the latest version of NI-DAQm, visit
ni.com/support/dag/versions.
NI measurement services software speeds up your development with
features including:
e Aqguide to create fast and accurate measurements with no
programming using the DAQ Assistant.
e Automatic code generation to create your application in LabVIEW.
e |abWindows/CVI; LabVIEW SignalExpress; and C#, Visual Studio .NET,
ANSI C/C++, or Visual Basic using Measurement Studio.
e Multithreaded streaming technology for 1,000 times
performance improvements.
e Automatic timing, triggering, and synchronization routing
to make advanced applications easy.
e More than 3,000 free software downloads available at
ni.com/zone to jump-start your project.
e Software configuration of all digital /0 features without
hardware switches/jumpers.
e Single programming interface for analog input, analog output,
digital 1/0, and counters on hundreds of multifunction DAQ hardware
devices. M Series devices are compatible with the following versions
(or later) of NI application software — LabVIEW, LabWindows/CVI, or
Measurement Studio versions 7.x; and LabVIEW SignalExpress 2.x.

‘7 NATIONAL
’ INSTRUMENTS



Low-Cost, Bus-Powered Multifunction DAQ for USB — 12- or 14-Bit, up to 48 kS/s, 8 Analog Inputs

Every M Series data acquisition device also includes a copy of
LabVIEW SignalExpress LE data-logging software, so you can quickly
acquire, analyze, and present data without programming. The NI-DAQmx
Base driver software is provided for use with Linux, Mac 0S X,
Windows Mobile, and Windows CE operating systems.

Recommended Accessories

The USB-6008 and USB-6009 have removable screw terminals for easy
signal connectivity. For extra flexibility when handling multiple wiring
configurations, NI offers the USB-600x Connectivity Kit, which includes
two extra sets of screw terminals, extra labels, and a screwdriver.

In addition, the USB-600x Prototyping Kit provides space for adding
more circuitry to the inputs of the USB-6008 or USB-6009.

NI USB DAQ for OEMs

Shorten your time to market by integrating world-class National
Instruments OEM measurement products into your embedded system
design. Board-only versions of NI USB DAQ devices are available for
OEM applications, with competitive quantity pricing and available
software customization. The NI OEM Elite Program offers free 30-day
trial kits for qualified customers. Visit ni.com/oem for more information.

Information for Student Ownership

To supplement simulation, measurement, and automation theory courses
with practical experiments, NI has developed the USB-6008 and USB-6009
student kits, which include the LabVIEW Student Edition and a ready-to-run
data logger application. These kits are exclusively for students, giving them
a powerful, low-cost, hands-on learning tool. Visit ni.com/academic for
more details.

Information for OEM Customers

For information on special configurations and pricing, call (800) 813 3693
(U.S. only) or visit ni.com/oem. Go to the Ordering Information section
for part numbers.

Ordering Information

NIUSB-B008T ..o 779051-01
NIUSB-6009 ......oovoieiiecisieceieee e 779026-01
NI USB-6008 OEM ... 193132-02
NI USB-6009 OEM ..o 193132-01
NI USB-6008 Student Kit",2 ..........ocoooviioeeeeeeee 779320-22
NI USB-6009 Student Kit,2 ........ccccooorvoerevieriereeceeee 779321-22
NI USB-600x Connectivity Kit ..........cccoooviieieccc 779371-01
NI USB-600x Prototyping Kit ..........cocovovvvvieiieiecceeen 779511-01

TIncludes NI-DAQmx software, LabVIEW SignalExpress LE, and a USB cable.
ZIncludes LabVIEW Student Edition.

BUY NOW!

For complete product specifications, pricing, and accessory
information, call 800 813 3693 (U.S. only) or go to ni.com/ush.

BUY ONLINE at ni.com or CALL 800 813 3693 (U.S.)



Low-Cost, Bus-Powered Multifunction DAQ for USB — 12- or 14-Bit, up to 48 kS/s, 8 Analog Inputs

Specifications

Typical at 25 °C unless otherwise noted.
Analog Input

Absolute accuracy, single-ended

Range Typical at 25 °C (mV) Maximum (0 to 55 °C) (mV)
+10 14.7 138

Absolute accuracy at full scale, differential’

Range Typical at 25 °C (mV) Maximum (0 to 55 °C) (mV)
+20 14.7 138

+10 773 84.8

15 428 58.4

+4 3.59 53.1

2.5 2.56 451

£2 2.21 42.5

£1.25 1.70 389

+] 1.53 375

Number of channels..............ccccooo.c... 8 single-ended/4 differential

Type of ADC ... Successive approximation
ADC resolution (bits)
Module Differential Single-Ended
USB-6008 12 n
USB-6009 14 13

Maximum sampling rate (system dependent)

Module Maximum Sampling Rate (kS/s)
USB-6008 10
USB-6009 48

Input range, single-ended................... £10V

Input range, differential ...................... +20, £10, 5, +4, 2.5, 2,

125, £1V

Maximum working voltage.................. £10V

Overvoltage protection ....................... £35V

FIFO buffer Size .......ccooovvvvvvvveieie, 512 B

41.67 ns (24 MHz timebase)
100 ppm of actual sample rate

Timing resolution .........cccoooevecevecnnan
Timing acCuracy ........ccocceveevevvuevecennes

Input IMpedance ..........ccc.ccoevevevecenn.e 144 kQ
Trigger SOUCE......ovveeeeeeeeeeceeeeee Software or external digital trigger
System NOISe. ..o 5m Vims (10 V range)

Analog Output

Absolute accuracy (no load) ............... 7 mV typical, 36.4 mV maximum
at full scale

Number of channels............cccccooco.... 2

Type of DAC ..o, Successive approximation

DAC resolution.........cccoeveveverrern. 12 bits

Maximum update rate ...........ccco....... 150 Hz, software-timed

TInput voltages may not exceed the working voltage range.

OUtPUL TANGE ... Oto+5V
Output impedance..........cccccoevevernnnn. 50 Q
Output current drive..........ccocooveereencee 5 mA
Power-on state.........ccccovvvvvriierieinn oV
SIEW Tate ..o 1 V/us
Short-circuit current........cocoooovevvnen. 50 mA
Digital I/0
Number of channels.............ccccc.co....... 12 total
8 (P0.<0..7>)
4(P1.<0..3>)

Direction control .........ccccocevrincinnn. Each channel individually

programmable as input or output

Output driver type
USB-6008...........coooeiriereieiecins Open-drain
USB-6009.........ovieiirreieic Each channel individually
programmable as push-pull or
open-drain
Compatibility .....cooovriici CMOS, TTL, LVTTL
Internal pull-up resistor ............c......... 47kQ1to+5V
Power-on state........ccccovverevririncin. Input (high impedance)
Absolute maximum voltage range...... -05t0+5.8V
Digital logic levels
Level Min Max Units
Input low voltage -0.3 0.8 v
Input high voltage 20 5.8 v
Input leakage current - 50 pA
Output low voltage (I = 8.5 mA) - 0.8 V
Output high voltage (push-pull, | = -8.5 mA) 20 35 %
Output high voltage (open-drain, | =-0.6 mA, nominal) 20 5.0 V
Output high voltage (open-drain, | =-8.5 mA,
with external pull-up resistor) 2.0 - V
Counter
Number of counters..........cccoovren. 1
ReSOIULION ..o 32 bits
Counter measurements..............c....... Edge counting (falling edge)
Pull-up resistor. ..o, 47kQtobV
Maximum input frequency................ 5 MHz
Minimum high pulse width................. 100 ns
Minimum low pulse width.................. 100 ns
Input high voltage .......cccccoovirincine. 20V
Input low voltage ......cccoovvieiirincie. 08V
Power available at I/0 connector
+5 V output (200 mA maximum)......... +5 V typical
+4.85 V minimum
+2.5 V output (1 mA maximum).......... +2.5 V typical
+2.5 V output accuracy ..........cccevvenee. 0.25% max

Voltage reference temperature drift... 50 ppm/°C max

BUY ONLINE at ni.com or CALL 800 813 3693 (U.S.)



Low-Cost, Bus-Powered Multifunction DAQ for USB — 12- or 14-Bit, up to 48 kS/s, 8 Analog Inputs

Physical Characteristics

If you need to clean the module, wipe it with a dry towel.
Dimensions (without connectors)....... 6.35 by 8.51 by 2.31 cm
(2.50 by 3.35 by 0.91 in.)
8.18 by 8.51 by 2.31 cm
(3.22 by 3.35 by 0.91 in.)
59g(2.10z)

84 g (3 0z)

USB series B receptacle
(2) 16-position (screw-terminal)
plug headers

16 to 28 AWG
0.22t00.25 Nem
(2010 2.2 Ibein.)

Dimensions (with connectors) ............

Weight (without connectors)..............
Weight (with connectors) ...................
[/0 CONNBCLOTS.....vveeeee

Screw-terminal wiring ............ccc.......
Screw-terminal torque......................

Power Requirement

USB (4.10t05.25VDC) ..o 80 mA typical
500 mA maximum
300 pA typical

500 pA maximum

USB suspend.........cccoooveevocvceccee

Environmental

The USB-6008 and USB-6009 are intended for indoor use only.
Operating environment

Ambient temperature range............ 0 to 55 °C (tested in accordance
with |EC-60068-2-1
and IEC-60068-2-2)
10 to 90%, noncondensing
(tested in accordance

with |EC-60068-2-56)

Relative humidity range .................

Storage environment

Ambient temperature range............ -40 to 85 °C (tested in
accordance with IEC-60068-2-1
and |EC-60068-2-2)
5 to 90%, noncondensing
(tested in accordance

with |EC-60068-2-56)

Relative humidity range .................

Maximum altitude..............cocooooeen 2,000 m
(at 25 °C ambient temperature)
Pollution degree.........ccccoveevevevevcnnne. 2

Safety and Compliance
Safety

This product is designed to meet the requirements of the following
standards of safety for electrical equipment for measurement, contral,
and laboratory use:

e [EC61010-1, EN 61010-1
e UL61010-1, CSA 61010-1

Note: For UL and other safety certifications, refer to the product label
or visit ni.com/certification, search by model number or product line,
and click the appropriate link in the Certification column.

Electromagnetic Compatibility

This product is designed to meet the requirements of the following
standards of EMC for electrical equipment for measurement, control,
and laboratory use:

e EN 61326 EMC requirements; Minimum Immunity
e EN 55011 Emissions; Group 1, Class A
e CE, C-Tick, ICES, and FCC Part 15 Emissions; Class A

Note: For EMC compliance, operate this device according to
product documentation.

CE Compliance

This product meets the essential requirements of applicable European
Directives, as amended for CE marking, as follows:

e 2006/95/EC; Low-Voltage Directive (safety)
e 2004/108/EC; Electromagnetic Compatibility Directive (EMC)

Note: Refer to the Declaration of Conformity (DoC) for this product for
any additional regulatory compliance information. To obtain the DoC for
this product, visit ni.com/certification, search by model number or
product line, and click the appropriate link in the Certification column.

Waste Electrical and Electronic Equipment (WEEE)

EU Customers: At the end of their life cycle, all products must be
sent to a WEEE recycling center. For more information about WEEE
recycling centers and National Instruments WEEE initiatives, visit
ni.com/environment/weee.htm.
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Appendix D

Schematic for the Amplifying Circuits found in the Control
Box:

+15V
! 100kQ ‘
47KQ .
DAQ 47kQ -15V
Output VAAA
(0-5V)
10kQ
+VC 20kQ
VC

&

Figure D.1: The schematic of the amplifying circuit.
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IS74

L165

3A POWER OPERATIONAL AMPLIFIER

OUTPUT CURRENT UP TO 3A

LARGE COMMON-MODE AND
DIFFERENTIAL MODE RANGES

= SOA PROTECTION
= THERMAL PROTECTION
= + 18V SUPPLY

DESCRIPTION

The L165 is a monolithic integrated circuit in Pen-
tawatt® package, intended for use as power oper-
ational amplifier in a wide range of applications,
including servo amplifiers and power supplies. The
high gain and high output power capability provide
superiore performance wherever an operational
amplifier/power booster combination is required.

APPLICATION CIRCUITS

Figure 1. Gain > 10.

Pentawatt V

ORDERING NUMBER: L165V

Figure 2. Unity gain configuration.

S-43462
! R1

W0KA
—

1KQ
2

S-4343

July 2003
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L165

ABSOLUTE MAXIMUM RATINGS

Symbol Parameter Value Unit
Vs Supply voltage +18 \
Vs Vg Upper power transistor Vcg 36 \%
Va V3 Lower power transistor Vcg 36 \
Vi Input voltage Vs
Vj Differential input voltage +15 \%
lo Peak output current (internally limited) 3.5 A
Piot Power dissipation at Tcase = 90°C 20 w
Tstg: Tj Storage and junction temperature -40 to 150 °C
PIN CONNECTION (Top view)
5 > "VS
4 > QUTPUT
- k) > -V
2 > INVERTING INPUT
] > NON INVERTING INPUT
1 N
S5-2628/2
Tab connectied to pin3
SCHEMATIC DIAGRAM
5
ey L — 3
E' L -
1 THERMAL
Oo— SHUT D0WN a
AND SOA
PROTECTION
.
[
- 4
- T
5
4( THEAMAL
Ty a2
PROTLCTION
F 3 l
3
- -+ -JF B ) ) [T I
THERMAL DATA
Symbol Parameter Value Unit
Rthjcase | Thermal resistance junction-case max 3 °CIW
2/9 IS7]




L165

ELECTRICAL CHARACTERISTCS (Vs=+ 15V, T; =25 °C unless otherwise specified)

Symbol Parameter Test Condition Min. Typ. Max. Unit
Vs Supply Voltage +6 +18 \%
ld Quiescent Drain Current Vs=%18V 40 60 mA
I Input Bias Current 0.2 1 pA
Vos Input Offset Voltage +2 +10 mV
los Input Offset Current +20 + 200 nA
SR Slew-rate Gy=10 8 Vius
Gv=1(°)
Vo Output Voltage Swing f= 1kHz Vpp
Ip = 0.3A Z
Ip=3A
f= 10kHz Vpp
Ip = 0.3A 5471
lp=3A
R Input Resistance (pin 1) f=1KHz 100 500 KQ
Gy Voltage Gain (open loop) 80 dB
eN Input Noise Voltage B =10 to 10 000 Hz 2 pv
iN Input Noise Current f=1KHz 100 pA
CMR | Common-mode Rejection Rg< 10 KQ; Gy=30dB 70 dB
SVR Supply Voltage Rejection Rg =22 KQ; Vripple = 0.5 Vrms
fripple = 100 Hz
Gy=10 60 dB
Gy =100 40 dB
Efficiency f=1kHz; R_. =4Q
Ip=1.6 A; Po=5W 70 %
Ip=1.6 A; Po= 18W 60 %
Tsd Thermal Shut-down Case Piot= 12 W 110 °C
Temperature Pot=6W 130 °C
[S74 319




National
Semiconductor

LM741

Operational Amplifier
General Description

The LM741 series are general purpose operational amplifi-
ers which feature improved performance over industry stan-
dards like the LM709. They are direct, plug-in replacements
for the 709C, LM201, MC1439 and 748 in most applications.

The amplifiers offer many features which make their appli-
cation nearly foolproof: overload protection on the input and

August 2000

output, no latch-up when the common mode range is ex-
ceeded, as well as freedom from oscillations.

The LM741C is identical to the LM741/LM741A except that
the LM741C has their performance guaranteed over a 0°C to
+70°C temperature range, instead of -55°C to +125°C.

Features

Connection Diagrams

Metal Can Package

‘:’ +

OFFSET NULL
INVERTING INPUT(2) (6) ouTPUT
FFSET NULL

00934102

NON=INVERTING INPUT

Note 1: LM741H is available per JM38510/10101
Order Number LM741H, LM741H/883 (Note 1),
LM741AH/883 or LM741CH
See NS Package Number HO8C

Ceramic Flatpak

NC |:1 ° w:l NC
+OFFSET NULLI:Z 9:| NC
—INPUTlZi LM741W j:l V+
+INPUT C—] 1 output
V- |:5 G:| -OFFSET NULL

00934106
Order Number LM741W/883
See NS Package Number W10A

Typical Application

Offset Nulling Circuit

LM741

Dual-In-Line or S.0. Package

—/
OFFSET NULL—1 8—NC
INVERTING INPUT — 2 7w
NON=INVERTING —1 3 6 |—OUTPUT
INPUT
v —4 5 |—=OFFSET NULL

00934103

Order Number LM741J, LM741J/883, LM741CN
See NS Package Number JOBA, MOSA or NOSE

OUTPUT

00934107

© 2004 National Semiconductor Corporation DS009341

www.national.com
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LM741

Absolute Maximum Ratings (Note 2)

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales Office/

Distributors for availability and specifications.

(Note 7)

Supply Voltage

Power Dissipation (Note 3)
Differential Input Voltage

Input Voltage (Note 4)

Output Short Circuit Duration
Operating Temperature Range
Storage Temperature Range

Junction Temperature
Soldering Information

N-Package (10 seconds)
J- or H-Package (10 seconds)

M-Package

Vapor Phase (60 seconds)
Infrared (15 seconds)

LM741A
+22V

500 mW
+30V
+15V

Continuou

S

-55°C to +125°C
-65°C to +150°C

150°C

260°C
300°C

215°C
215°C

LM741
+22V
500 mW
+30V
+15V
Continuous

-55°C to +125°C
-65°C to +150°C

150°C

260°C
300°C

215°C
215°C

LM741C
+18V
500 mW
+30V
+15V
Continuous
0°C to +70°C
-65°C to +150°C
100°C

260°C
300°C

215°C
215°C

See AN-450 “Surface Mounting Methods and Their Effect on Product Reliability” for other methods of

soldering
surface mount devices.
ESD Tolerance (Note 8) 400V 400V 400V
Electrical Characteristics (Note 5)
Parameter Conditions LM741A LM741 LM741C Units
Min | Typ | Max | Min | Typ | Max | Min | Typ | Max
Input Offset Voltage Tpo=25C
Rs <10 kQ 1.0 | 5.0 2.0 | 6.0 mV
Rg < 50Q 0.8 3.0 mV
Tamin < Ta < Tamax
Rg < 50Q 4.0 mV
Rg <10 kQ 6.0 7.5 mV
Average Input Offset 15 uv/eCc
Voltage Drift
Input Offset Voltage Ta=25C, Vg = 220V +10 +15 +15 mV
Adjustment Range
Input Offset Current Ta=25C 3.0 30 20 | 200 20 | 200 nA
Tamin < Ta < Tamax 70 85 | 500 300 nA
Average Input Offset 0.5 nA/°’C
Current Drift
Input Bias Current Ta=25C 30 80 80 | 500 80 | 500 nA
Tamin < Ta < Tamax 0.210 1.5 0.8 pA
Input Resistance Ta=25C, Vg = 220V 1.0 6.0 03 | 2.0 03 | 2.0 MQ
Tamin < Ta < Tamax 0.5 MQ
Vg = £20V
Input Voltage Range Tpo=25C +12 | =13 \Y
Tamin < Ta < Tamax +12 | +13 Vv
www.national.com 2




Electrical Characteristics (Note 5) (Continued)

Parameter Conditions LM741A LM741 LM741C Units
Min | Typ | Max | Min | Typ | Max | Min | Typ | Max
Large Signal Voltage Gain Tpo=25C, R_22kQ
Vg = £20V, Vg = £15V 50 V/imV
Vg = #15V, Vg5 = 10V 50 | 200 20 | 200 V/imV
Tavin < Ta < Tamax:
R > 2 kQ,
Vg = £20V, Vg = £15V 32 V/imV
Vg = #15V, Vg5 = 10V 25 15 V/imV
Vg = 5V, Vg = x2V 10 VimV
Output Voltage Swing Vg = £20V
R > 10 kQ 16 \Y
R. > 2 kQ +15 \Y
Vg = 215V
R_ > 10 kQ +12 14 +12 14 \'%
R =2 kQ +10 | =13 +10 | =13 \'%
Output Short Circuit Tp=25C 10 25 35 25 25 mA
Current Tamin < Ta < Tamax 10 40 mA
Common-Mode Tamin € Ta € Tamax
Rejection Ratio Rs <10 kQ, Vg = =12V 70 | 90 70 | 90 daB
Rs £50Q, Vg = £12V 80 95 dB
Supply Voltage Rejection Tamin < Ta £ Tamaxs
Ratio Vg = 220V to Vg = £5V
Rs < 50Q 86 96 dB
Rs £ 10 kQ 77 96 77 96 dB
Transient Response T = 25°C, Unity Gain
Rise Time 025( 0.8 0.3 0.3 ps
Overshoot 6.0 20 5 5 %
Bandwidth (Note 6) Tp=25C 0.437 | 15 MHz
Slew Rate Ta = 25°C, Unity Gain 03 | 0.7 0.5 0.5 V/us
Supply Current Tao=25C 1.7 | 2.8 1.7 | 2.8 mA
Power Consumption Tp=25C
Vg = 220V 80 150 mwW
Vg = £15V 50 | 85 50 | 85 mwW
LM741A Vg = 20V
Ta=Tamn 165 mwW
Ta = Tamax 135 mwW
LM741 Vg = £15V
Ta=Tamin 60 | 100 mW
Ta = Tamax 45 | 75 mwW

Note 2: “Absolute Maximum Ratings” indicate limits beyond which damage to the device may occur. Operating Ratings indicate conditions for which the device is
functional, but do not guarantee specific performance limits.

www.national.com
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Appendix E

Wiring Inside of the Control Box:

DAQ Card Analog Inputs
& Outputs

GND

AlD |GND| A1 |GND| AlZ |GND

Al3 |GND|AOO

AO1|GND

R

+* = .
out Glin

+ -

Glps in

F—
out |G

in

+ -
Slps in

Amplifying Circuit 1

Amplifying Circuit 2

[ 1]

Terminal

N

Y 200/ @
6‘_ 7@ 8 9

o

9 Pin Connector On Top

of Control Box

+15V

oV

-15V

Power Supplies

NOTE: The pins literally “flip” going from the box to the terminal where the LVDT

and two voice coils are wired. See figure below:
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il 5
9 Pin Connector 2@ @ ‘@0 @5
On Control Box sq ® @ 9@
T

r(k/i 9 Pin Connector

2@ 30 @ @ /On LVDT/Voice
® @ 9@ Coil Terminal

Lk = I—I =
LVDT Green 1 O OSHL

21O Q|9

V.C. 2 Red 310 Q|8

V.C. 2 Black 410 Q|7

V.C. 1 Black 5|0 Q|6
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——V.C. 1 Red
——LVDT Black
——LVDT Red
——LVDT White
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