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The direct measurement of thrust to high precision is a key factor in the characterization
of electric propulsion system performance. To provide this capability, a thrust stand has
been built for the SPACE Lab (Space Propulsion and Advanced Concepts Engineering Lab)
at the University of Washington. The stand utilizes an inverted pendulum design with
the thruster nested within the pendulum arms. The design allows for greater sensitivity
within the limitations of the testing facilities, resulting in a wide range of steady thrust
measurement from 100N - 100 mN. The sensitivity is achieved across this range through
modularity of the flexure assemblies. This gives the SPACE lab the capability to test
the full range of operational and planned steady thrusters. The eddy current damper is
adjustable against a predetermined power dissipation curve to allow both tunable damping
and setup for new thrusters with minimal turnaround time. The system is semi-automated;
before testing it generates a calibration curve for the stand and adjusts the leveling to the
pendulum zero point. Initial tests of the system have been run using a cold gas thruster
showing a linear and repeatable response across the full desired thrust range.

Nomenclature
= Mass Flow Rate Jo = Gravity
= Density Iy = Second Moment of Area of the Flexure
= Pendulum Deflection Angle Ly = Length of a Flexure
= Nozzle Area L, = Length of the Pendulum Arm
= Peak Magnetic Field my = Total mass of the Pendulum and
= Distance Between Plates Thruster
= Young’s Modulus of the Flexure P, = Atmospheric Pressure
= Frequency of Pendulum Oscillation P, = Exhaust Pressure
= Thrust R = Resistivity
= Steady State Force Vex = Exhaust Velocity
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I. Introduction

The characterization of electric propulsion systems presents a significant challenge during their develop-
ment. Of particular interest is the direct measurement of thrust, a difficult to obtain measurement due to
the limitations of the test environment and thrust/weight ratios as low as 1/1000 [1]. While chemical rockets
are able to utilize load cells for direct measurement, electric propulsion systems typically rely on the motion
of a pendulum to separate the effects of gravity and thrust [2]. Three main conceptual designs of thrust
stands are typically used for electric propulsion systems: hanging, inverted, and torsional pendulums. The
designs, see figure 1, can also have additional factors such as double and counter-weighted pendulums [1, 3].

However, the sensitivity of the thrust stand is now directly proportional to the deflection, and therefore
the length of the pendulum arm. As a result, their size is now a primary restriction to their sensitivity. If we
also consider facility effects, which are minimized by centering the plume within the chamber, the available
length for a thrust stand pendulum is further reduced [4].

Thrust stands typically target a set range of thrust levels for the systems they will measure. The range is
derived from the restoring force on the stand and the maximum deflection. Due to the low power to weight
ratios, the lowest thrust levels (nN- uN) use torsional pendulums which provide the highest sensitivity levels
and restrict motion to a plane perpendicular to gravity. They can be suspended by torsion flexures, thin
filament, or be even magnetically levitated to minimize external forces [5]. Inverted and hanging pendulums
are more typically used for measurements above 1 mN [2]. Greater sensitivity can be derived from an inverted
design as gravity acts to amplify the deflection [6]. Hanging pendulums are more commonly used for simpler
designs, although they have been used with the addition of mechanical amplification across a broad range of
thrust levels [7].

The use of electric propulsion systems, particularly in commercial space, has evolved significantly since
the first commercial EP satellite was launched in 1993. While early EP systems were primarily used for
GEO satellite station-keeping and deep space exploration; decreasing satellite research and development,
production, launch, and operating costs have driven a move towards larger numbers of smaller satellites
[8]. Electric propulsion in LEO is a mission enabler, allowing for orbit changing, drag compensation [9] and
constellation flying [10]. The result of these innovations is a broad range of EP systems being developed,
many of which don’t require the facility size used for testing their larger counterparts. Therefore, this
testing can be completed in smaller facilities with the added benefit of faster turnaround due to their smaller
volumes. These systems require thrust characterization and thrust measurement, but may be limited by the
available space for a pendulum arm to give sufficient sensitivity.

The SPACE Lab (Space Propulsion and Advanced Concepts Engineering Lab) at the University of Wash-
ington has several thrusters under development and therefore requires a thrust stand capable of measuring
low thrust 10 W systems to high thrust 1 kW systems. This presents a significant challenge to capture such
a wide range of thrust measurements which span the two regions dominated by vertical and torsional con-
figurations. This paper describes the analysis and demonstration of a new compact, modular thrust stand,
designed to make more efficient use of smaller test facilities without sacrificing sensitivity.
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Figure 1: The standard configurations used for thrust stands. From left to right: Hanging Pendulum,
Inverted Pendulum, Double Inverted Pendulum, Counterbalanced Inverted Pendulum, and Torsional Thrust
Stands [1]
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II. Thrust Stand Design

To drive the thrust stand design process towards achieving high sensitivity and thrust range in a compact
design, the key performance metrics of the must be understood. Specifically, we designed the thrust stand
to maximize the metrics set out by Polk et al., 2017 [2]:

Sensitivity and Resolution: The ability of the thrust stand to measure thrust as a combination between
the deflection for a given thrust and the capacity to measure that deflection. High sensitivity to low
levels of thrust depends strongly on the vibration noise of the environment.

Repeatability and Long Term Stability: The time evolution of the thrust measurement during long
duration tests. Errors are due to the effects of heating, parasitic forces, friction and drift. Repeating
the calibration before and after tests is used to check for this.

Accuracy and Predictability of the Response: The relation between the measured thrust and the true
thrust. Accuracy and predictability are improved through the minimization of systematic errors.

The requirements and restrictions to the design stem from both the performance targets, and the thrusters
and facilities used. The base requirements for the stand are set to future proof the design and allow it to
be used for thrusters between 10 W and 1 kW. A broad range of efficiencies were taken into account with
a range of thrust/power ratios between 10 - 100 mN/kW [11]. This sets the requirement for steady state
measurements from 100 uN to 100mN. The thrust stand was designed to accommodate a range of thrusters
up to 42 cm in diameter, the size of a 1 kW gridded ion thruster, and have a range of propellants, data, and
power connections, including RF. The pendulum was designed minimize the deflection of the thruster, both
angular and normal to the thrust vector, so thrust measurements and beam diagnostics can be conducted
simultaneously.

The vacuum chamber that will house the thrust stand is the Space Test Facility (STF). The STF uses
a 1.45 m spherical chamber with flattened ends which has recently been extended by 1.7 m. The extension
to the chamber adds additional volume and pumping capacity from a turbopump and up to 5 cryopumps.
In order to maximize the range of thrusters that can be tested, and to efficiently use the space, the thrust
stand was designed to position the thruster close to the door of the spherical chamber, see figure 2. This
centers the plume within the chamber and gives maximum room for beam characterization before the beam
dump. The separation minimizes facility effects due to pressure and return of sputtered material from the
test chamber which decays exponentially with thruster separation to the wall [4]. This will be particularly
important for the testing of larger thrusters closer to the upper limit of the stand and STF.

While literature surveys showed that thrust stands exist with the desired range of measurement, a distinct
lack of designs that were small enough were available. Figure 3 shows a selection of thrust stands near the
relevant region of size and range. Here, the characteristic size is defined as the smallest radius cylindrical
chamber the device can be tested in while maintaining a centered plume.
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Figure 2: The SPACE Lab STF showing the optimal thruster position, with the plume, and beam dump.
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Figure 3: A review of current thrust stands comparing their thrust measurement range to their size. Data
is from published test results, actual ranges are likely larger. [1, 3, 7, 12-18]

A delineation of vertical vs torsional system is shown clearly dividing the stands surveyed between tor-
sional and inverted pendulum. Only one hanging pendulum is shown, [7], which uses mechanical amplification
and a long pendulum arm to increase its base sensitivity. The divide shown between the ranges is not abso-
lute, as torsional systems have been built with ranges in the N [19], however examples of this are rare. The
desired region has no examples from literature and crosses between vertical and torsional system dominance,
giving no clear indication of which design should be selected.

A. Design Overview

To meet the performance requirements while maintaining a small characteristic size required a novel ap-
proach. The performance metrics defined by Polk et al., 2017, along with the requirements and restrictions
were used as the base of a trade off study comparing the fundamental types of thrust stand. The trade off also
considered: the complexity of the design, complexity of the assembly and operation, sizing for the chamber,
and cost. While each of these designs were constrained by several factors, a double inverted pendulum best
suited the application.

In a traditional inverted pendulum, the thruster sits on top of the stand. However to increase the
sensitivity and range, without significantly increasing size, the thruster is moved to nest within the pendulum
arms. This reduced the characteristic size to under 0.4 m while keeping the sensitivity of a 0.8 m system.
However, care must be taken with the thermal shroud and watercooling system to ensure this approach does
not cause significant thermal error due to the increased surface area the thruster can radiate to.

Although the fundamental principle of the inverted pendulum does not restrict its usage at the 100
ulN thrust level, previous examples of its use at this range are limited. Therefore, to predict the response
and guide the design of the flexures and pendulum, the system was modeled both analytically in Matlab,
and in Solidworks using FEA. The analytical model of the response due to an applied thrust is made up of
the second moment of area combined with the idealized beam bending of the flexures and takes advantage of
the symmetry of the system in all 3 axis. The deflection in steady state is calculated from the steady state
force Fss due to the thrust, Frr, and gravity, go, acting on the thruster mass m;:

Fss = FT + apmth (1)
Where the deflection angle 8, is calculated iteratively with the pendulum and flexure lengths , L, and Ly,

and the Young’s modulus and second moment of area of the flexures, £y and Iy:

= F LPLf
p — L'ss
16E1;

(2)
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Figure 4: a) The analytical model predicting the response to 20 mN thrust from a 1 kg thruster with 0.5
mm flexures and a damping coefficient of 0.4. b) The FEA model with the same parameters showing the
estimated deflection of 1.16 mm.

The movement is then modeled as a damped harmonic oscillator where the damping factor comes from
the approximated power dissipation of the eddy current damper described in section E. The FEA model,
see figure 4b was used primarily as a confirmation that the analytical model was approximately correct and
could be used for further design.

B. Pendulum and Flexures

The pendulum and flexures are the primary components of the thrust stand. There are 4 pendulum arms
with a total of 8 flexures, see figure 5a. The configuration ensures that the top of the pendulum remains
level and with minimal vertical deflection, while remaining stable and low profile, allowing it to sit close to
the end of the chamber. The predictability of the response over a large range of thrust measurements require
a modular system of flexures of varying thickness and therefore stiffnesses. The flexures are made of spring
steel, Laser cut on a 1kW Coherent Meta 10C Laser from sheet stock. Using the analytical model and a
standardized rectangular shape, flexures ranging from 0.15 to 0.65 mm thick were cut to give a thrust range
of 10 uN to 150 mN. The maximum deflection in the flexures is well within the limits for elastic deformation
for the material ensuring repeatable measurements and minimal zero point drift.

A rigid frame is required to transfer the thrust to the flexures and mount the damping and measurement
systems. The truss design used for the top of the pendulum and the T bars used for the arms give sufficient
stiffness while maintaining low mass. The assumption of rigidity in the system holds for forces into the
10’s of Newtons, well beyond the designed upper limit. If the system was required to extend beyond these
regions, a replacement to the standard pendulum frame would be needed. An additional check within the
code outputs a buckling safety factor and maximum loading recommendation when calculating each response
curve.

C. Structure

The full thrust stand system is composed of 3 primary structures, see figure 5b. The first of the base
frames sits within the spherical chamber on vibration damping rubber mounts. It is removable from the
chamber allowing for cleaning or other experiments which may require the full volume. The frame mounts
the main translation stage in the chamber and supports the linear stepper motors used to level the second
frame. The second frame is mounted on the lower frame by three points. One ball pivot and the two linear
stepper motors, all of which incorporate an additional layer of vibration isolation to reduce the noise floor
the stand experiences. The stepper motors level the stand in 2 axes using the zero point of the pendulum
as the primary sensor. The watercooling shroud and rails are mounted to this frame, keeping them level
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Figure 5: a) The upper frame (translucent) showing the layout of the pendulum and 8 flexures. b) The three
frames for the thrust stand including the rails and locking mechanism.

and located relative to the thrust stand. The upper frame surrounding the pendulum is used as an end
stop, at the limits of the linear regime, and to mount the measurement and calibration systems. It connects
to the pendulum through the mounting block at the base and through a locking system at the top of the
structure. The mounting block also houses the linear bearings used to run the upper frame along the rails.
The locking system holds the pendulum securely in place allowing for it to be moved without causing damage
to the flexures or thruster. This isolation allows flexures to be swapped quickly and easily while maintaining
alignment and without introducing anisotropy due to torsion or misalignment of the pendulum arms.
Propellant, power and data conections are fed to the thruster using a waterfall configuration. The non-
linear effects on the equivalent spring constant caused by these connections are minimized in two ways.
Firstly, the waterfall head is set well above the thruster minimizing the change in angle, and ensuring that
expansion and contraction forces are normal to the thrust vector. And secondly, connections and feeds are
as flexible as possible. Similar designs have seen errors in the range of 0.6% of full scale calibration [20].

D. Measurement system

The thrust measurement is derived from the deflection of the stand and the assumption of linearity allowing
for interpolation of the calibration curve. The sensitivity and resolution of the system is the combination of
the flexure stiffness and the resolution of the laser. The pendulum position is measured by a Keyence IL-100
Laser in 655 nm. The output, read by an IL-1000 amplifier unit, can measure the full range of deflection of

5 mm and remain linear to within 0.15% with a repeatability of 4 ym at a sampling rate of 1000 s~!. The
laser is mounted to the inside of the upper frame where is is shielded from any plume or temperature effects
by the watercooling shroud. A diffuse white target for the laser is mounted to the top of the pendulum which
is also shrouded. The thrust sensitivity is dependant on the flexures setup, while the deflection sensitivity is
set at 350 mV/mm.

E. Damping system

For continuous thrust measurements, the deflection needs to reach a steady state value. The low resistance
of the pendulum will allow it to oscillate for long periods of time. During early tests the pendulum oscillated
continuously for 15 minutes, even with the damping of atmosphere. In a vacuum, a system is needed to
combat this and damp the oscillation. Eddy current damping is used as it minimizes the complexity and
improves the ease of analysis due to its passive nature. The improved transient response and control of
overshoot offered by active damping come with significant complexity penalty [21] and is not as important
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for the steady state thrusters that will use this system. The magnets for the eddy current damper are
mounted to two parallel plates on the upper frame. A 1 mm sheet of aluminum attached to the pendulum
forms the eddy currents needed to damp the system. The damper is adjustable against a predetermined
power dissipation curve by adding or subtracting magnets, allowing it to be both tuneable to a ratio and
setup for new thrusters with minimal turnaround time. The estimation for the power dissipated per unit
mass, P, depends on the peak magnetic field, B,, the thickness of the damped aluminium sheet, d, the
frequency, f, the resistivity of the material, R, and the density of the material, p [22]:

772B2d2f2
P= 761)]% ; (3)

During setup, the system is set to a damping coefficient of >0.4 [2]. This returns the system to steady state
quickly and minimizes dynamic amplification of the pendulum response near the stands natural frequency.

F. Calibration

The system for calibration is critical for the overall accuracy of the thrust stand. The sensitivity derived
from the calibration data is a first order effect on the accuracy of the final measurement. It should mimic
the actual thrust application and measurement as closely as possible to reduce additional systematic errors.
The calibration system used here is the most common setup for inverted pendulum thrust stands [2, 15, 20].
Force is applied with the addition of weights attached to a flexible fiber. The fiber attaches to the top of the
pendulum in the direction of the thrust vector and drops over a PTFE guide to hang down the rear of the
thrust stand in a section covered by the watercooling shroud. The other end is connected to a pulley on a
NEMA 8 stepper motor which raises and lowers the weights so they pull the fiber and deflect the pendulum.
Several sets of weights on both fine fishing line and cotton thread are used to calibrate depending on the
intended thrust level and flexures used. A total of 4 weights are added sequentially to check the linearity
of the stand. Future updates to this system to change the weight adding procedure and fiber choice will be
discussed in section IITA.

During experiments, calibration is taken both before and after testing to check for drift and sensitivity
changes from heating of both the thrust stand and of the propellant, data and power connections. This is
a key point in maintaining the repeatability of the measurement. The calibration procedure for the thrust
stand can be seen in fig 6.

| Experiment in Vacuum |

v
4>| Measure 0-Point |

v

Apply Calibration Load |

Measure Sensor Voltage |—)| Post-Experiment Calibration Data |
| Pre-Experiment Calibration Data I—)' Generate Calibration |
4' Experiment / Thermal Equilibrium |
v Y
| Save Data |—>| Average Calibration |

| Final Thrust Data |

Figure 6: Flow chart showing the standard calibration procedure.
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