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Introduction 
NASA continues to evolve a human exploration approach for beyond low Earth orbit and to do so, 

where practical, in a manner involving international, academic, and industry partners (Ref. 1). Towards 
that end, NASA publicly presented a reference exploration concept at the Human Exploration and 
Operations Mission Directorate (HEOMD) Committee of the NASA Advisory Council meeting on 
March 28, 2017 (Ref. 2). This approach is based on an evolutionary human exploration architecture, 
expanding into the solar system with cislunar flight testing and validation of exploration capabilities 
before crewed missions beyond the Earth-Moon system and eventual crewed Mars missions.  

High-power solar electric propulsion is one of those key technologies that has been prioritized 
because of its significant exploration benefits. Specifically, for missions beyond low Earth orbit, 
spacecraft size and mass can be dominated by onboard chemical propulsion systems and propellants that 
may constitute more than 50 percent of spacecraft mass. This impact can be substantially reduced through 
the utilization of Solar Electric Propulsion (SEP) due to its substantially higher specific impulse. Studies 
performed for NASA’s HEOMD and Science Mission Directorate have demonstrated that a 40-kW-class 
SEP capability can be enabling for both near term and future architectures and science missions (Ref. 3). 
In addition, a high-power, 40 kW-class Hall thruster propulsion system provides significant capability and 
represents, along with flexible blanket solar array technology, a readily scalable technology with a clear 
path to much higher power systems. 

Accordingly, since 2012, NASA has been developing a 14-kW-class1 Hall thruster electric propulsion 
string that can serve as the building block for realizing a 40-kW-class SEP capability, in addition to the 
decades of electric propulsion development and flight programs conducted at NASA Glenn Research 
Center (GRC) (Ref. 4). The 14-kW Hall thruster electric propulsion string development, led by the NASA 
GRC and the Jet Propulsion Laboratory (JPL), began with maturation of the high-power Hall thruster and 
Power Processing Unit (PPU). The technology development work has transitioned to Aerojet Rocketdyne 
via a competitive procurement selection for the Advanced Electric Propulsion System (AEPS) contract. 
The AEPS contract includes the development, qualification, and delivery of multiple flight 14-kW-class 
electric propulsion strings. The AEPS Electric Propulsion (EP) string consists of the Hall thruster, power 
processing unit (including digital control and interface functionality), xenon flow controller, and 
associated intra-string harnesses. NASA continues to support the AEPS development leveraging in-house 
expertise, plasma modeling capability, and world-class test facilities. NASA also executes AEPS and 
mission risk reduction activities to support the AEPS development and mission application. 

As part of HERMeS and AEPS efforts, NASA has completed multiple performance characterization 
test campaigns to access the capabilities of the HERMeS thruster (Refs. 5 to 10). Although there are a 
large number of parameters of interest when characterizing a propulsion system, including plasma plume 
characterization, thermal performance, spacecraft charging and interaction, erosion and lifetime, and 
electromagnetic radiation, arguably the primary concern of any thruster development activity is the 
thruster performance. This is typically characterized by metrics such as efficiency and specific impulse, 
calculations of which are reliant on some characterization of the thrust produced by the device, making 
accurate and reliable thrust measurement a critical interest for electric propulsion systems (Refs. 13 to 
17). Whenever possible, and by industry standard, for EP devices this is done by direct thrust 
measurement (Ref. 13). This measurement is often challenging due to the low thrust to weight ratio 
typical to EP thrusters and requires extremely precise measurement techniques and apparatus. Often, 
thrust stands of either the inverted pendulum or torsional balance type are used. NASA GRC has led the 
electric propulsion community in the development and implementation of electric propulsion thruster 
measurements over the past several decades (Refs. 11 to 13).  
  

                                                      
1Complete electric propulsion system power. 
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TABLE 3.�THRUST STAND BEHAV IOR AT THREE DISTURBANCE LEVELS 
Disturbance level Max. amplitude, 

mm 
Natural frequency, 

Hz 
Stand mass, 

kg 
Damping coefficient, 

kg/s 
Low 0.06 0.788 14.9 1.55 

Medium 0.73 0.788 14.9 1.51 
High 1.67 0.787 15.0 0.53 

 
Determining the stand stiffness, damping coefficient, stand mass, TDU mass, and TDU nominal thrust 
level are the first step in determining the drift type uncertainty sources of Table 1. The natural frequency, 
stand mass, and damping coefficient were calculated for three different excitation levels of the thrust 
stand. Table 3 lists the natural frequency, stand mass, and damping coefficient relative to a low, medium, 
and high disturbance level. The magnitude of the disturbance level was quantified using the maximum 
amplitude measured during the trial. The low and medium trials provide relatively consistent results for 
the parameters. The high disturbance trial exhibited low damping coefficients, accompanied by a non-
characteristic transient trace. It is believed that the high disturbance level may be beyond the linear 
response range of the stand, and should be ignored for nominal operation uncertainty quantification. 

The drift terms introduced in Table 1 demonstrate that relative uncertainty is proportional to stand 
stiffness to thrust ratio �G/ �6
$, stand damping coefficient to thrust ratio �?/ �6
$, and thruster weight to thrust 
ratio �I�C/ �6
$. As a general guideline it is advisable from an uncertainty point of view to minimize these 
terms. However, additional consideration must be made in the minimization of these terms. For instance, 
significantly reducing stand stiffness for fixed thruster mass will also reduce the stand natural frequency, 
which will limit the transient responsiveness of the stand. As a result, the enhanced uncertainty benefit of 
a lower stand stiffness may hinder the temporal resolution of the thrust data. With TDU operating at 
590 mN, the stand stiffness to thrust ratio �G/ �6
$ is 2.54 mm� 1, stand damping coefficient to thrust ratio �?/ �6
$ 
is 2.54 s/m, and total weight to thrust ratio �I�C/ �6
$ is 1023 mN/mN. As a general guideline VF-5 and VF-6 
stiffness was tuned to have a target natural frequency around 1 Hz, as a balance between low uncertainty 
and reasonable temporal resolution.  

The VF-6 triangulation laser was also used to track the nominal steady behavior of the thrust stand. 
Figure 5 shows the position trace of the VF-6 thrust stand under vacuum with TDU. The trace was 
collected after the thrust stand was allowed to stabilize over 24 h with the thruster in an off state, and the 
null coil operating nominally. The trace in Figure 5 is a 5 s snapshot of the nominal behavior of the stand, 
note that the units on the ordinate axis are in micrometers with the majority of the data collected within 
–1 ��m of the mean. Fast Fourier transform of the trace highlight the dominant unknown 12 Hz noise 
along with the expected ~1 Hz natural frequency of the thrust stand. No 60 Hz electrical noise or other 
significant frequencies were observed in the dataset. The 12 Hz noise is likely an artifact of the null-coil 
control system which uses a low-pass analog filter with a tunable cut-off frequency, or a result of various 
free components on the stand such as propellant feed lines. Given the small deviation of the thrust stand 
position during nominal null-coil operation, the 12 Hz noise was not further investigated, but may be 
considered for future work. 

Table 4 provides a summary of the values assumed for VF-6 with TDU targeting a 95 percent 
confidence level where appropriate. The stiffness �G, damping coefficient �?, and weight �I�C have already 
been addressed using the displacement mode calibration and triangulation laser traces. The drift state 
difference terms of Table 1 have been estimated by collecting stand position, velocity, and inclination 
data from the laser and inertial inclinometer during many calibration cycles. The maximum deviation of 
the position, velocity, and inclination during a calibration run represents a combination of the control 
resolution, the steady-state controller error, and any unknown sources. Table 4 lists the maximum state 
differences for position drift difference |�T�˝ 
F �T�*
å |, velocity drift difference �+�T�6�˝ 
F �T�6�*
Ø�+, and inclination drift 
difference |�Û�˝ 
F �Û�*
å |�����7�K�H���V�K�X�Q�W���W�K�H�U�P�D�O���V�H�Q�V�L�W�L�Y�L�W�\���.���Z�D�V���S�X�O�O�H�G���I�Uom the product literature on the resistor 
and the estimated temperature difference was conservatively estimated to be 10 �qC based on experience 
and measurement with a thermal infrared camera. The thrust vector mis-alignment angle �à  was assumed 
to be no greater than 2�q. A concurrent study at NASA GRC is developing a thrust vector diagnostic 
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system to assist in better approximating this magnitude, see reference (Ref. 23). The calibration slope 
repeatability was calculated as the standard deviation of a set of 47 calibration runs spanning day-to-day 
operation for two months. The calibration pulley moment �/  was estimated from a spin down experiment 
on the pulley. The pulley was spun at a known small angular velocity and was allowed to spin until the 
retarding moment caused the pulley to come to a stop. Conservation of angular momentum of the pulley 
was used to estimate the pulley moment. The estimated moment of inertial �+�â , initial angular velocity �æ, 
and the measured time to stop �P were used to estimate the pulley moment as, 

�/ =
�+�â �æ

�P
. 

 

 
Figure 5.�Stand p osition deviation from mean during nominal operation. 

 
TABLE 4.�VALUES ASSUMED FOR A NALYSIS OF 

VF-5/VF-6 THRUST STAND WITH TDU 
Parameter Term Assumed value 

TDU mass �I �˝�‰� ̨ 46.7 kg 
Stand mass �I �Ì𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 14.9 kg 
Total weight �I�C 604 N 
Stand natural frequency �æ�Æ 0.788 Hz 
Stand damping coefficient �? 1.5 kg/s 
Stand position drift |�T�˝ 
F�T�*
å | 2.4 ���P 
Stand velocity drift �+�T�6�˝ 
F�T�6�*
Ø�+ 0.3 mm/s 
Stand inclination drift |�Û�˝ 
F �Û�*
å | 2.0 arc seconds 
Shunt thermal sensitivity �Ù  100 ppm/�qC 
Shunt thermal drift |�P�˝ 
F�P�*
å | 10 �qC 
Thrust vector alignment angle �à  2.0�q 
Calibration slope repeatability �5�Õ  1.54 mN/V 
DAQ uncertainty �7�Ø�Ô 600 µV  
Calibration pulley moment �/  2.7�u10� 6 Nm 
Calibration alignment angle �î  2.0�q 
Calibration mass uncertainty �7�à �Ô 0.1 g 
Gravity uncertainty �7�Ú  0.01 m/s2 
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