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ABSTRACT

Thrust stands are essential tools for evaluating the performance of propulsion systems, including Hall effect
thrusters, ion thrusters, and pulsed plasma thrusters (PPTs). Our thrust stand supports a prototype weighing up to
0.8 kg and measures impulses from 150 to 550 puN s. It generates voltage oscillations with peaks between 5 mV
and 35 mV, which, combined with NI voltage modules, minimizes weight constraints on the propulsion system
while maintaining accurate measurements under low thrust-to-weight conditions.

This design introduces a novel approach compared to conventional torsional thrust stands. By aligning the
propulsion system’s center of mass with the pendulum arm, we eliminate the need for spring torque. Instead,
gravitational torque provides the necessary equivalent spring constant for damping. The eddy-current damper,
featuring a copper plate, doubles as both a damping mechanism and a counterweight, allowing adjustments for
different propulsion system weights. Unlike elastic pivots, this design avoids performance degradation from
material fatigue or thermal effects.

Challenges in the current system include non-linear spring and damping coefficients caused by PPT power
cables and pulse-width errors during calibration. Future improvements will consist of cable feed-throughs to
isolate vibrations without introducing unwanted coefficients. Additionally, the improvement aims to optimize
the impulse generator’s power supply to eliminate calibration errors caused by high-voltage pulse-width

fluctuations.

1. Introduction

Thrust is arguably the most fundamental and critical performance
parameter in propulsion systems. However, because most electric pro-
pulsion systems operate within a low-thrust range, directly measuring
thrust poses significant challenges [1]. A widely used method for
measuring thrust in electric propulsion systems is the swing force
measurement method, which involves mounting the thruster ona pen-
dulum’s arm. When the thruster generates force, the pendulum arm
experiences angular displacement. The thruster’s thrust can be calcu-
lated by analyzing the relationship between the angular displacement
and the force outputFigure 13.

The nature of this angular displacement varies depending on the
thruster type. For continuous electric propulsion systems, such as Hall
effect thrusters (HET) [2] and ion thrusters (IOT) [3-5], the thrust
ideally remains constant over time, leading to a steady angular

displacement. Conversely, pulsed electric propulsion systems, such as
pulsed plasma thrusters (PPT) [6-9] and vacuum arc thrusters (VAT)
[10], generate thrust in microsecond bursts. As a result, the pendulum
arm undergoes rapid angular motion after each pulse, oscillating around
its zero position before settling. For such systems, thrust stands not only
measure angular displacement to determine thrust magnitude but also
rely on extended oscillation periods to increase measurement time,
thereby relaxing the temporal resolution requirements of displacement
sensors [11].

Thrust stands can be categorized into three main types based on
pendulum design: hanging pendulum [12-19], inverted pendulum [20,
21], and torsional pendulum [22-26]. The hanging pendulum design is
the most straightforward and stable [12]. The thruster is below the pivot
point, with an elastic pivot and gravitational torque providing the
restoring force. The inverted pendulum offers the highest measurement
sensitivity [1], with the thruster mounted below the pivot. However,
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this design requires the pivot’s elastic properties to stabilize the thruster
and counteract toppling, limiting its load capacity and structural sta-
bility. The torsional pendulum is unique because angular displacement
is independent of the thruster’s mass [1]. In this configuration, the
pivot-pointing-to-thrust axis is parallel to the ground, and the pivot’s
rotational axis is vertical.

Compared to the other two designs, the hanging pendulum is better
suited to systems where elastic pivots are undesirable due to material
fatigue or temperature sensitivity. Instead, the hanging pendulum uti-
lizes the thruster’s mass as a source of gravitational torque. Given the
requirements of this study’s prototype, this research selects the hanging
pendulum type.

The first application of the hanging pendulum thrust stand for PPT
impulse measurement dates back to 1969 when Radley et al. used a laser
and mirror system to measure single-shot impulses [17]. A mirror
mounted on the pendulum arm reflected a laser beam onto a ruler 8 feet
away. By analyzing the motion of the laser spot, they calculated the
initial velocity of the pendulum and, consequently, the impulse of the
thruster. In 1999, Lewis et al. refined this system for measuring impulses
from miniaturized chemical thruster arrays [14]. They introduced a
standardized impulse calibration device, where a metal ball was
released down a slope to strike the pendulum arm, generating a known
impulse, which allowed them to establish a relationship between im-
pulse and angular displacement. Additionally, they incorporated an
eddy-current damper to speed up oscillation decay and improve cali-
bration efficiency.

In 2019, Zhang et al. applied the hanging pendulum thrust stand to
measure laser-induced thrust [16]. It replaced the slope-based calibra-
tion device with a pendulum-based one, where a hammer released from
different angles struck the arm to generate standardized impulses. It
added a stress sensor to the hammer’s impact surface to ensure accurate
measurement. The literature also introduced counterweights to adjust
the center of mass and control gravitational torque, enabling precise
measurements of single-shot impulses in the micro-Newton-second
range.

Among the components of a thrust stand, the calibration device is the
most critical. The accuracy and precision of thrust measurements
depend entirely on the calibration device. Standard calibration methods
include gas dynamics [27,28], piezoelectric impact hammers (PIH) [29,
301, and electrostatic combs (ESC) [28,30,31]. Gas dynamics calibration
uses controlled exhaust flow rates to generate small momenta, simu-
lating thruster thrust. However, it is sensitive to orifice size and stag-
nation pressure. ESCs, on the other hand, provide highly repeatable and
precise calibration by generating constant electrostatic forces by
attracting oppositely charged ions. Although geometric factors and
oscillation-induced errors affect ESCs, their simplicity and non-contact
design make them ideal for pN- to mN-level calibration. PIH calibra-
tion uses a servo-motor-driven hammer to deliver precise impulses, but
it is more complex at lower impulse ranges than ESCs. For this study, we
selected an ESC for its simplicity and precision.

The subject of this study is the third-generation PPT prototype
developed by NCKU ZAPLab. The lab has been developing electric
propulsion systems since 2017, including continuous [3,6,32-36] and
pulsed [7-10,37] electric propulsion technologies. The first-generation
PPT prototype, developed in 2019, used a parallel plate structure with
two electrodes, a solid propellant, and an igniter [6]. When ignited, the
propellant was vaporized and ionized between the electrodes, gener-
ating Lorentz forces to accelerate the ions and produce thrust. While the
initial design achieved an impulse of 428.3 pN s per 25 J energy input,
subsequent attempts to increase thrust through a segmented electrode
structure were less effective, producing only 72.35 puN s under similar
conditions [9].

In 2023, the second-generation PPT prototype introduced adjustable
electrode lengths and spacing to study their effects on impulse genera-
tion [7]. It found that shorter electrodes and higher capacitance yielded
more significant impulses, with a maximum impulse of 1.97 pN s
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achieved at 1 J energy input. However, issues with ion deflection due to
electric fields in the parallel-plate structure led to a third-generation
design featuring a coaxial electrode configuration. This design focuses
ion acceleration along the central axis, achieving a predicted impulse of
340 pN s at 5 J energy input—significantly outperforming existing PPT
designs, which typically generate 40-42.86 uN s at the same energy
level.

Before measuring the PPT’s impulse, the study calibrated ESC and
thrust stand. The ESC was tested on an electronic scale to determine the
force generated at various voltages. Using the ESC to establish a rela-
tionship between impulse and angular displacement, standardized im-
pulses were then applied to the thrust stand. The study calculated the
impulse by analyzing the thrust stand’s angular response following a
PPT firing. The study also assessed the uncertainty of these measure-
ments and their contributing factors.

1.1. Angular displacement of hanging pendulum thrust stand

The hanging pendulum thrust stand consists of two primary com-
ponents: a static structure and a swinging pendulum. The static structure
supports the pendulum above the ground and provides a platform for
mounting additional components, as shown in Fig. 1.

The swinging pendulum directly connects to the thruster, converting
its firing impulse into an angular response. The fundamental governing
equation of motion is expressed as [1]:

10+ c6 + ko = F(t)L, €))

where.

@ I is the inertia of swing pendulum (kg-m?)
@ c is the effective damping constant of swing pendulum (Nm-S/r a d)

@ k is the effective spring constant of swing pendulum (Nm/r a d)

@ L, is the distance between impulse center and pivot center (m)
@ F(t) is the input force of firing impulse altering with time (N)
@ 0(t) is the angular response of swing pendulum (rad)

Rewritten as:

0+ 26,0 + w20 = F(t)% 2
where.
Eddy current
damper
8(t)
Pivot
L
Ipit6(¢) Thruster

Fig. 1. Schematic of hanging pendulum thrust stand (neglect ESC, eddy current
damper, displacement sensor etc.).
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@ ¢ is the damping ratio of swing pendulum

c /1
4 Vi 3
@ o), is the natural frequency of swing pendulum (Hz):
k
Wp = T (4)

Although some thrust stand designs incorporate elastic pivots to
provide a return-to-zero force, the pendulum in this setup naturally
returns to its zero-position due to gravitational torque T,

Tg=mgLy sin 0 = mgL.,0 5)

where.

® L., is the distance between pivot and weight center of swing
pendulum and connected thruster (m)
@ g is gravitational acceleration (9.81 m/sg)

@ m is the total mass of swing pendulum and connected thruster (kg)

For small angular displacements, sin 6 is approximated as 6. The total

effective spring constant k of the pendulum system is given by:
Tg

k:ks-&-g:ks-i-mchm (6)

where k; is the spring constant of elastic pivots in other thrust stands, as

a result, the value is zero in this thrust stand.

When a single impulse is applied, represented by F(t) = I4(t),
where §(t) is the Dirac delta function simulating the pulsed force from a
PPT, the angular response can be derived. Substituting this into the
motion equation gives:

IzbwL {1;5265““ sin (wat)] ife<1
o) = IZ;L‘ onte™] i £ =1 o
where.
@ o, is the damped frequency of swing pendulum (Hz):
m=on/1-& ®

@d =¢t—eE—1landdy =&+ /2 -1

The thrust stand in this research operates as an underdamped sys-
tem (Fig. 2), focusing on the case where & < 1.

The time of maximum angular deflection t,, occur when 4(t) = 0,

leading to:
[}
Swn

Substituting t,, back into 6(t), the maximum angular deflection 6,
becomes:

N tan ! g
V1-2 ¢ L,

lw,

1 -1
tn =—tan
g

9

Om = Iyt (10)

Eq. (10) shows the impulse bit Ij; is proportional to the maximum
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Fig. 2. The angular response of under-, critical-, and overdamped pendulum to
a 10 pN s impulse bit (L; = 0.77, w, = 0.9964, wy = 0.6591, and I = 0.1102).

angular deflection 6,,, leading to the thrust stand calibration.
1.2. Standard impulse of electrostatic comb (ESC) actuator

The electrostatic comb (ESC) operates by generating an electrostatic
force between a fixed electrode (fixed finger) and a movable electrode
(movable finger). The movable finger, connected to the thrust stand’s
pendulum, is grounded, while the fixed finger, part of the thrust stand’s
frame, is subjected to a high potential difference at the kilovolt level.

The fringing effect influences the electrostatic field between the
fingers, causing the field lines to bend near the edges. The field can
divided into two components [38].

1. Local Electrostatic Field: Exists in the overlapping region of the two
fingers.

2. Global Electrostatic Field: Extends beyond the engaged region and
is influenced by the fringing effect.

Fig. 3 shows the front and top views of a pair of electrostatic fingers.
Assuming the fingers overlapping depth xq is significantly larger than
the geometric dimensions (I3, Iy, I3), the fringe field in the engaged re-
gion can be approximated as uniform. With the virtual work principle,
the local field energy U}%{;f;l is expressed as:

U =% // Efd7 ~xve an

Sectional view
1 1
1
1

1 213

| —_—
1 1

1 1

F—1

21,

Fig. 3. Schematic of electrostatic comb combined by movable finger and fixed
finger plus the sectional view at the middle of the fingers.
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where.

@ ¢ is the vacuum permittivity (8.854 x 10‘12F]m).
@ E is the electric field between electrostatic fingers (V/m)

@ 7 is the volume of the finger overlapping region (m®)
@ V is the applied voltage between the fingers (V)
@ Q is the charge unit depth of each finger (C)

The force per unit length, F-°, is derived by differentiating the local

field energy Uj%i‘;fg’ with respect to the engaged length 2x:
waca U _ 10U VQ 12
x 5(23(0) 2 5XO 2

The charge Q per unit length, based on the ESC geometry, is given by
Ref. [38]:

L5

Q= 80%‘/4’ ZeOVK[sin(z o lz))] /K{Cos(h)}

L (L +

Here, L, L, I3 are geometric dimensions of the ESC, and K(7) is the
complete elliptic integral of the first kind.

Substituting Eq. (14) into the force equation Eq. (13), the local force
becomes:

13)

i) /¢ ()]} 00

The global force FE due to the free-space currents in these regions
is given by:

Flocal 5 g, V2 {;—1 +K
2

VZ
FGlobal _ £o
" 4 +1s) py—

(15)

Combining the local and global contributions, the total force Fgsc
generated by the comb is approximate as [39]:

(L +13)

X0

Fpsc =~ 2Neo V2 |2.2464 — (16)

where N is the number of finger pair

Since thrust stand calibration relies on pulsed thrust, the ESC must be
applied to pulsed voltage to produce thrust impulses. However, practical
challenges arise due to the narrow pulse width (on the order of micro-
seconds) required by pulsed plasma thrusters (PPTs). If the pulse width
ty is shorter than the settling time t,, of the thrust stand, the entire im-
pulse is stored as potential energy in the angular displacement. Under
these conditions, the angular response is unaffected by variations in
pulse width, provided the total impulse remains constant [1].

The pulse width t; must satisfy:

tg<t; =

o, @7

where ¢ is the damping ratio (0.4 < ¢ < 0.8) and w, is the natural fre-
quency of the system.

1.3. Physics of pulsed plasma thruster

Pulsed plasma thrusters (PPTs) are propulsion systems that utilize
electromagnetic acceleration to generate thrust. The most classic
configuration is the parallel-plate PPT, where the interaction between
the magnetic field created during discharge and the current produces
Lorentz forces that accelerate charged particles. This mechanism forms
the foundation of the PPT’s thrust generation.

As shown in Fig. 4, a perpendicular magnetic field Bis applied toa

bridge current 7 induced by parallel electric field,. When charged par-
ticles pass through this field, they experience a Lorentz force F; that
accelerates them in a specific direction. Based on this principle, charged
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Pulsed Ignition Circuit
Spark Plug

Propellant
(Teflon)

Fig. 4. Schematic of the most classic configuration of pulsed plasma thruster,
parallel plate pulsed plasma thruster.

particles are expelled to generate thrust [40-42] (see Fig. 5).
PPT thrust is composed of two main contributions.

1. Electromagnetic Contribution (T,,): Arising from the Lorentz force
due to the interaction of current and magnetic fields.

2. Electrothermal Contribution (T,): Resulting from the high tem-
peratures generated during propellant ablation, which create a
pressure differential at the nozzle to produce thrust.

The total impulse of the PPT I; is given by:

Lpie = /Temdt + /Tetdt (18)
The electromagnetic thrust can be expressed as:
1, [
Tem = B Idt 19
where.

@ L' is the inductance gradient, which depends on the geometry of the
PPT (H/m).
@ I is the discharge current during operation (A).

For different PPT configurations, the inductance gradient L' is
defined as follows:

1. Coaxial PPT:

=t [lnrﬁ + 0.75} (20
21 r.

@ 1, is the radius of the inner electrode (m)

@ r. is the radius of the outer electrode (m)

@ /i, is the permeability of free space (47 x 10’7mkg/ 2 Az)
2. Parallel-Plate PPT:

, T

zh
2w

(21)

@ h is the distance between the electrodes (m)
@ w is the electrode width. (m)

Electrothermal thrust arises from the propellant’s high-temperature
gas expansion. This can be expressed as:

T, — / Tyudt = / pdAdt

(22)
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(a)

Assuming an adiabatic, constant-volume process, the gas pressure p
isrelated to the stored energy E, and the discharge channel’s volume L x

(23)

Using this, the electrothermal impulse per joule of energy can be
approximated as:

a

(24)

J E,

Combining electromagnetic and electrothermal contributions, the
theoretical total impulse I; of the PPT is:
L -1
_+r_}
a

2R (25)

Iy = Eo [

where.

@ E) is the storage energy (J)
@ R is the circuit resistance (Q)
@ a is the speed of sound (varies with arc temperature) (nys)

@ 7 is the specific heat ratio of the propellant.

In practical PPT operation, not all input energy is converted into
thrust. Energy losses occur due to Refs. [41,42].

1. Circuit Resistance: Energy dissipates as heat within the circuit.

2. Propellant Ablation: Energy is consumed to convert solid propel-
lant into plasma.

. Joule Heating: Resistive heating further reduces energy efficiency.

These losses mean that only a fraction of the stored energy contrib-
utes to ion acceleration, affecting the overall efficiency of the thruster.

Refinements have been proposed by researchers like Burton [40] to
derive more accurate thrust values. For coaxial PPTs, the thrust contri-
butions are calculated as.

1. Electrothermal Thrust (Igr)

Ir=(r-1) (W—R)

a

(26)
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Eddy current

_— damper

Measurement
sensor

Pendulum

Calibration
equipment

Ball bearing
pivot

Pulsed Plasma
Thruster

(b)

Fig. 5. Hanging pendulum-type thrust stand designed by ZAPLab (a) Thrust stand inside vacuum chamber (b) Schematic the core components of the stand.

2. Electromagnetic Thrust (Igy)
_yp(t Ta
Iy = y'( 47[) {ln (r) + c}

where.

27)

@ ¥ = [I2dt is the integral of the squared current over time (A-s).
@ C is the constant ranging from 0 to 0.75.

2. Experimental apparatus
2.1. Hanging pendulum thrust stand design

To accurately measure impulse bits in the range of 150-550 uN s, this
study develops a hanging pendulum-type thrust stand designed to
measure impulse bits around 350 pN s. Choosing a hanging pendulum
design eliminates errors associated with metal fatigue and temperature-
induced variations in spring coefficients. Additionally, the design min-
imizes rotational inertia, improving the precision of angular displace-
ment measurements.

The distance L., between the center of gravity and the pivot point
and the lever arm’s total mass m primarily determines the thrust stand’s
effective spring constant k. The lever arm is fabricated from SAE 304
stainless steel to minimize the impulse energy is absorbed due to ma-
terial deformation. The lever arm segment connected to the PPT was
designed to reduce the distance L, between the pivot and the thruster’s
thrust application point, achieving 77 mm. At the opposite end, the
measurement point was placed 200 mm away from the pivot, leveraging
the lever principle to maximize displacement detection.

With a height constraint of 500 mm in the vacuum chamber, careful
considerations were made to ensure proper clearance and balance. A
127 mm gap was maintained between the pivot and the bottom of the
thruster, while the design included an additional 100 mm safety margin
to prevent interference. The remaining 253 mm was designated for
counterweight positioning, allowing for precise load distribution. Ad-
justments to the counterweight copper plate ensured the center of
gravity aligned with the pivot as closely as possible. After several re-
finements, the final center of gravity was positioned 18.72 mm below
the pivot. The total mass of the lever arm was determined to be 0.89 kg,

with a calculated rotational inertia of 0.0081 kg m?.
k=k; + mgL., =0+ 0.89-9.81-0.01872 = 0.16 (28)

A copper plate attached to the lever arm is a counterweight and an
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eddy current damper. This damper is positioned between two NdFeB
magnets, introducing controlled damping forces. Assuming a damping
ratio £ =0.5 (recommended [1] damping ratio 0.5 < ¢ < 0.6), the
required damping coefficient c is calculated as:

1
£=0.5 :%\/I:k:c:o.o%

Using a copper plate of 2 mm thickness § and an area S of 216 mm?,
the required magnetic flux density B, was determined as [43]:

(29)

¢=0.036=F.Lq / (V y ) =0,6B,%Sa;L3=B, = 0.036 (30
[
Lq

where.

@ F. is the drag force induced by eddy current (N).
@ L, is the distance between the copper plate center and pivot (m).
@ V. is the velocity of the copper plate (nys).

@ o, is the conductivity of the copper (S/m).
@ o is the constant decided by copper plate geometric.

[ @) <23 (-2)

a; = 1-— ﬂ
where a is the length of the copper plate and b is the height of the copper
plate.

NdFeB magnets with a surface magnetic flux of 0.014 T were chosen
to meet the system’s requirements. Since the distance between the
magnets and the copper plate can be freely adjusted, the desired mag-
netic flux can be controlled by modifying this spacing.

By substituting the effective damping coefficient c, spring constant k,
and lever arm inertia I into the motion equations, the expected system
behavior was modeled (Fig. 6).

Since the measurement point was positioned 200 mm from the pivot,
the resulting displacement range was between 34 pm and 126 pm. Given
these values, this study selected a Panasonic HL-G103-A-C5 laser
displacement sensor (resolution 0.5 pm) for measurement. To minimize
electromagnetic interference (EMI) from PPT discharges, a custom
sensor mounting base was designed using SAE 304 stainless steel. The
sensor is secured using M3 screws, while an M-shaped connector enables
attachment via M4 screws. This setup provides a robust and reliable
platform for evaluating impulse bit of PPT in a vacuum environment.

+éln 7gln
a

b (31)

2.2. Electrostatic comb design and calibration

The electrostatic comb (ESC) is used to generate standardized thrust
impulses for calibration. Fig. 7 illustrates the ESC design, which consists

Acta Astronautica 234 (2025) 368-386

Fig. 7. The electrostatic comb, the left one mounted on the lever arm and the
right one fixed to the thrust stand frame.

of two interleaved metal comb structures. One comb is mounted on the
lever arm, and the other is fixed to the thrust stand frame. An electro-
static force is generated when a voltage is applied between the combs,
maintaining an approximately constant separation distance. The over-
lapping distance is designed to be around 10 mm, and since the lever
arm’s oscillation amplitude is limited to +£126 pm, the variations in
separation distance are negligible (see Fig. 8).

According to Eq. (17), increasing the number of comb teeth N en-
hances the generated electrostatic force Fgg¢ for a given input voltage.
The ESC teeth are rectangular prisms with dimensions of 4 mm x 4 mm
x 15 mm. These dimensions ensure structural stability and prevent
deformation during manufacturing, mainly because the combs are
fabricated from soft copper (C1814). The spacing between adjacent
teeth within the same comb is 12 mm, allowing the interleaved structure
to accommodate the opposing comb’s teeth. The white ceramic (Al,O3)
is used as an insulator, offering excellent thermal and electrical insu-
lation to prevent electrical breakdown or discharge between the comb
electrodes.

The electrostatic force produced by the ESC is proportional to the
square of the input voltage. This study used an electronic balance to
measure the force generated by the ESC under different voltage levels.
The calibration experiment involved suspending one end of the ESC
above a precision electronic balance using a 4040 aluminum extrusion
while the other end was placed directly on balance. When a voltage was
applied to the ESC terminals, the electrostatic attraction reduced the
effective weight measured by the balance. The difference in weight was
then used to determine the generated thrust. A high-precision balance
was required because the target thrust measurements were in the micro-
Newton range. This study selected the AP324X electronic balance due to

=120
E110;
T 100 £
90
80 ¢
70 |
60 -
50 -
40 ;)
305
20
10§
0:
-10 £
200 b

Displacement at sensor

1.5

2

Time(second)

Fig. 6. Expected angle deflection variate with time for different input impulses.
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Oscilloscope

High voltage
I probe

Power supply
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Anode wire
Cathode wire
= * = BNC wire

Load cell
balance

Optical
Table

Fig. 8. Experimental setup of electrostatic comb calibration process.

its resolution of 0.1 mg, corresponding to approximately 1 pN resolu-
tion, and its error margin of +0.3 mg. With a maximum load capacity of
320 g, the balance was more than sufficient to support the 142 g ESC.
Additionally, the balance featured an internal auto-calibration function
to maintain accuracy despite environmental variations such as uneven
surfaces. Due to the extreme sensitivity required for micro-Newton-level
force measurements, even minor environmental vibrations could intro-
duce uncertainties. This study placed the ESC calibration setup on an
Integrity 2 VCS vibration-isolated optical table to mitigate the noise.
This system provides compliance values ranging from 10~* to
1077 mny; above 100 Hz, ensuring that vibrations do not interfere with

force measurements.

This study used a YS0530 high-voltage power supply to apply voltage
across the ESC. Initial theoretical estimates suggested that applying 700
V would generate a thrust of approximately 100 pN, while 1300 V would
produce around 400 pN. However, the actual voltage required to ach-
ieve the expected thrust values was higher than anticipated due to
leakage currents and system inefficiencies. The experimental results
indicated that 800 V was necessary to generate a measured force of 74
pN, while 2400 V was required to produce 418 uN. A high-voltage dif-
ferential probe (DP-15K) was connected to the ESC terminals to inves-
tigate further the discrepancy between the expected and actual voltage
outputs. The measurements revealed that the actual voltage was
consistently lower than the set voltage, with the deviation increasing at
higher voltage levels. At 800 V, the actual applied voltage was 60 V
lower than the set value, while at 2400 V, the discrepancy had increased
to 410 V.

Ten data points were collected between 800 V and 2400 V,
increasing in 160 V increments to establish an accurate calibration
curve. After applying the voltage, the balance reading was recorded
once it stabilized, with no fluctuations within 1 min. The ESC was
removed and reinstalled before each measurement to account for po-
tential inconsistencies introduced by assembly variations. This process
was repeated five times for each voltage level to ensure reliability. Since
the electrostatic force generated by the ESC is proportional to the square
of the input voltage, the balance readings were converted into corre-
sponding standard forces and analyzed through regression against the
square of the input voltage. The final regression model determined the
precise conversion parameters linking the applied voltage to the
generated force.

ESC in the thrust stand setup is positioned 100 mm above the pivot,
while t PPT exit’s center is located 77 mm below the pivot. By neglecting
material deformation, the ratio of the electrostatic attraction force at the
ESC to the equivalent thrust at the PPT exit is calculated to be 1.2987.
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For example, a weight change of 0.0074 g, corresponding to an elec-
trostatic force of 72.59 pN, translates to an equivalent thrust of 94.27 pN
at the PPT exit.

Fig. 9 (a) presents the calibration results, where the y-axis represents
the equivalent thrust derived from balance readings, converted using
this ratio. According to Eq. (17), the square of the applied voltage across
the ESC is expected to be proportional to the electrostatic force. Since
the equivalent thrust is also proportional to the electrostatic force, the
equivalent thrust should exhibit a linear relationship with the square of
the applied voltage. The data points align well with a straight-line trend,
confirming this expected relationship. However, the regression line ex-
hibits a negative offset at zero voltage instead of passing through the
origin. The equivalent thrust shows an offset of 2.36 pN. Given that the
measurement error of the electronic balance is +0.3 mg, this offset
corresponds to 0.19 mg on the balance, suggesting that this zero-point
deviation is likely due to instrument error.

The conversion parameter that relates the square of the applied
voltage to the equivalent thrust was determined to be 1.33 x 1071°N fy2

This value also corresponds to the slope of the regression line. Fig. 9 (b)
presents the standardized residuals of the calibration data. The y-axis
represents the residuals, the difference between the actual measured
equivalent thrust and the predicted value from the regression line,
normalized by the standard deviation. The x-axis represents the applied
voltage levels. Most residual data points fall within the +2 range, indi-
cating that the residuals follow a normal distribution. This distribution
confirms the statistical validity of the regression model. Based on this
analysis, for a given input voltage, there is a 95 % probability that the
actual output thrust will be within +£10.92 pN of the predicted thrust.

2.3. Zaplab’s pulsed plasma thruster

As shown in Fig. 10(b), the coaxial pulsed plasma thruster targeted
for measurement in this study is designed with the outer metal shell
serving as both the cathode for the ignition electrode and the central
discharge cathode. During the measurement process, a layer of Kapton
polyimide insulation is inserted between the two to prevent electrical
conductivity between the cathode and the pendulum. After being
charged by the capacitor, the cathode is connected to the outer shell,
while the anode is connected to the central cylindrical conductor. This
setup generates a strong electric field between the outer shell and the
central cylinder due to the voltage difference between the two
electrodes.

Additionally, a shell layer acts as the ignition anode, which is sepa-
rated from the outer shell by an insulating layer. When a high voltage is
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Fig. 9. ESC applied voltage and simulating thrust calibration result (a) Regression line and real data of calibration result (b) Standardized residuals.
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Fig. 10. Diagram of Zaplab’s pulsed plasma thruster (a) Scales of pulsed plasma thruster (b) Schematic of PPT’s component.

applied between the ignition anode and the outer shell cathode, an
electric arc is triggered, causing positive ions and electrons to form an
electrical bridge in the strong electric field between the outer shell and
the central cylinder. This process results in fuel ablation, generating
more positive ions. These ions are then accelerated from the central
cylinder towards the outer shell due to the electric field. As these ions
accelerate, they generate a magnetic field. The Lorentz force acting on
the positive ions due to this magnetic field then accelerates the ions,
expelling them from the thruster, thereby producing thrust.

2.4. Experimental set up

To achieve accurate impulse measurements of PPT, it is essential to
establish a precise relationship between the input impulse and the
resulting angular displacement of the thrust stand.

All experiments were conducted inside a vacuum chamber to ensure
the calibration process accurately replicates actual measurement con-
ditions, evacuated to an experimental pressure of 4x 10~ Torr before
initiating the calibration procedure.

The vacuum chamber, illustrated in Fig. 11, has an internal diameter
of 1 m and a depth of 1.5 m. It is designed to simulate a near-space
vacuum environment, enabling precise propulsion experiments and
impulse measurements. A two-stage evacuation process is employed to
achieve and maintain high-vacuum conditions 4 x 107> Torr. Initially, a

Main Discharge
Anode (+)

375

Spring
(pushing PTFE)

Common
Ground(-)

Ignitor Anode (+

Insulator (PTFE)

Propellant (PTFE)

(b)

Fig. 11. Diagram of vacuum chamber for simulating high vacuum space
environment.

rough pump (LS120A) reduces the pressure to 2 x 1072 Torr. A turbo-
molecular pump (TGkinel700M — B) further evacuates the chamber to
the target experimental pressure.
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2.4.1. Experimental setup for hanging pendulum thrust stand calibration

To precisely control and monitor the applied impulses, the calibra-
tion setup integrated several key components, including an oscilloscope,
a high-voltage differential probe (DP-15K), and a high-voltage power
supply (YS0530) for applying and recording the ESC bias voltage.
Additionally, the system incorporated NI CompactRIO, which enabled
precise control of the high-voltage power supply with an RS232 inter-
face and applied pulsed bias voltages to the ESC. This system also
recorded signals the laser displacement sensor returned, with a virtual
instrument (VI) interface facilitating real-time calibration execution.
This study chose the NI CompactRIO system over a traditional oscillo-
scope for signal acquisition to prevent ground loop contamination,
which could introduce measurement uncertainties. Oscilloscopes use the
ground level as a reference, and external electromagnetic interference
from other experimental equipment could introduce signal shifts or
noise. An independent battery powered the laser displacement sensor,
and the NI 9205 module was employed to ensure ground isolation,
allowing the sensor’s output voltage to serve as a stable zero-point
reference.

The wiring configuration between the PPT, circuit components, ESC,
and power supply was carefully designed to minimize measurement
errors (see in Fig. 12). The PPT circuit can produce discharge currents as
high as 1000 A, resulting in significant electromagnetic interactions
between wires. Additionally, bending points along a wire can induce
Lorentz forces, potentially creating unwanted forces that affect mea-
surements. From an engineering perspective, a standard method to
mitigate electromagnetic interference (EMI) involves using coaxial ca-
bles or conductive shielding layers. However, these methods introduce
mechanical challenges, such as parasitic spring and damping co-
efficients, which could interfere with the thrust stand’s oscillation. This
study opted for AWG49 wires with PTFE insulation (1.1 mm diameter)
to minimize mechanical interference. Furthermore, all cables were
routed close to the system’s rotational axis and secured to the sides of
the thrust stand. This ensured that any Lorentz forces generated would
not interfere with measurement results.

The YS0530 high-voltage power supply was programmed to increase
the voltage from 800 V to 2400 V in increments of 160 V. At each voltage
step, the NI 9870 module controlled the YS0530 to generate a 1-s
voltage pulse, which was applied to the ESC, inducing oscillation in
the thrust stand’s arm. The NI CompactRIO system continuously recor-
ded position data from the laser displacement sensor. This study
configured the system to automatically pause recording when the
displacement voltage reached a predefined trigger threshold of 1 mV
above the zero-point voltage. This feature streamlined data collection
and captured significant oscillation waveforms.

o

Fig. 12. The
tion circuit.

wiring configuration between PPT, main discharge, and igni-
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Fig. 13 illustrates the experimental setup of the hanging pemdulum
thrust stand and calibration process. The calibration process was
repeated ten times for each voltage step before moving to the next
voltage level. After calibration, the experiment recorded the maximum
oscillation amplitude and the corresponding input pulse voltage. The
input pulse voltage was converted into its corresponding total impulse
by utilizing the conversion parameters obtained during the ESC cali-
bration, which relate the square of the input voltage to the generated
electrostatic force. A regression analysis was then performed between
the total impulse and the maximum oscillation amplitude, yielding a
precise conversion parameter that establishes the relationship between
input impulse and angular displacement.

2.4.2. Experimental setup for parameters determination

The accuracy of thrust measurements using the thrust stand can be
affected by various factors, including propellant consumption and the
system’s electrical connections. These factors may alter the system’s
physical properties, such as its spring constant, damping coefficient, and
moment of inertia. Therefore, before conducting thrust measurements,
verifying and quantifying these parameters is necessary to ensure their
acceptability.

In an ideal spring-damper system, the oscillation waveform of the
thrust stand is primarily influenced by three key parameters.

@ Effective spring constant: It determines the restoring force acting on
the system.

@ Effective damping coefficient: It governs the energy dissipation of
oscillations.

@ Moment of inertia: It affects the rotational dynamics of the system.

The spring constant can be determined by applying a series of fixed
thrusts and recording the corresponding angular displacements. The
moment of inertia is derived from the acceleration resulting from these
displacements. The effective damping coefficient, however, cannot be
measured directly; instead, it is extracted indirectly by analyzing the
damped oscillation frequency wy of the system (see Fig. 14).

Fig. 15 presents the experimental setup used to determine the spring
constant k and moment of inertia I. Since determining k requires only
fixed thrusts, there was no need to use the NI CompactRIO system for
pulse generation. This experiment was conducted inside a vacuum
chamber to ensure consistency with actual measurement conditions,
evacuated to experimental pressure.

The YS0530 high-voltage power supply was programmed to increase
from 800 V to 2400 V in increments of 160 V. At each voltage step, a
fixed voltage was applied, and the NI CompactRIO recorded the result-
ing movement of the thrust stand’s force arm. The experiment repeated
each voltage step five times to prove measurement reliability. This study
conducted regression analysis between the angular displacement and
the electrostatic force, which allowed for the determination of the ratio
of torque to angular displacement, yielding the effective spring constant.
Additionally, experimental data provided information about the time
required for the angular displacement to reach stabilization under
different electrostatic forces. The acceleration values were extracted
from the rising waveforms by applying the basic acceleration formula. A
regression analysis between the acceleration values and the corre-
sponding electrostatic force provided the ratio required to determine the
moment of inertia.

With both the moment of inertia I and spring constant k known, the
oscillation behavior of the force arm was analyzed for each experimental
condition. The recorded oscillations were subjected to Fourier transform
analysis, allowing the damped oscillation frequency wy to be extracted.
The effective damping coefficient ¢ was calculated with the measured
oscillation frequency and the system’s design parameters. Fig. 15 pro-
vides a schematic representation of the experimental setup used for
parameter determination.
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Fig. 13. Experimental setup of the hanging pendulum thrust stand calibration process.
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Vacuum chamber Oscilloscope

stand

Thrust

. High voltage
| probe

Power supply

Anode wire
Cathode wire
= "7 BNC wire

Fig. 15. Experimental setup of hanging pendulum thrust stand parameters
determination.

2.4.3. Experimental setup for impulse bit measurement

A precise experimental setup is required to measure the impulse
generated by PPT accurately. This section describes the PPT ignition and
primary discharge circuits and the measurement methodology for
determining impulse bits using the calibrated thrust stand.

The PPT ignition circuit and primary discharge circuit are illustrated
in Fig. 16. The ignition circuit generates an arc discharge between its
anode and cathode, which are connected to the PPT’s outer shell and
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second stainless steel layer, respectively. This arc discharge, occurring at
a breakdown voltage of approximately 600-800 V, heats the PTFE fuel,
converting it into fuel vapor. Once the thruster chamber is sufficiently
filled with vaporized fuel, the primary discharge circuit generates a
high-voltage arc between the cathode (connected to the outer shell) and
anode (connected to the central rod), accelerating the ionized fuel vapor
to produce thrust.

The ignition circuit is based on a boost circuit consisting of diodes
and inductors. With an input voltage of 30 V, supplied by a DPS3010
power supply (220 W max output), the inductor stores 0.2 J of energy.
When a BNC Model 565 Pulse/Delay Generator outputs a trigger pulse,
the IGBT switch in the ignition circuit releases the stored energy,
generating an instantaneous 2 kV voltage pulse across the igniter ter-
minals. Given that the breakdown voltage of the igniter is only 600-800
V, this high-voltage pulse immediately initiates an arc discharge.

The primary discharge circuit comprises a parallel capacitor and a
high-voltage boost circuit. The input voltage of 30 V, supplied by a
TP3020 power supply (600 W max output), is boosted to 2 kV and
applied to the parallel capacitor. When the fuel vapor is ionized and the
breakdown voltage between the cathode and anode falls below 2 kV, the
capacitor discharges, accelerating the ionized fuel vapor and generating
thrust.

The experimental setup, shown in Fig. 17, incorporates a voltage and
current measurement system to analyze the discharge characteristics of
the PPT. The circuit connected to the positive terminal of the main
electrodes passes through a 301X current monitor, which records the
temporal variation of the discharge current from the capacitor. Addi-
tionally, a high-voltage differential probe (DP-15K) measures the



Y.-H. Li et al.

(a)

Acta Astronautica 234 (2025) 368-386
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Fig. 16. Power processing unit of pulsed plasma thruster (a) ignition circuit (b) main discharge circuit.
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Fig. 17. Experimental setup of PPT power processing and discharge parameters recording.

potential difference between the main electrodes over time. This mea-
surement system provides a high-resolution, time-dependent analysis of
the PPT discharge process, ensuring that the electrical characteristics of
each impulse are precisely recorded.

Following the thrust stand calibration, the article established the
conversion parameters between input impulse and maximum angular
displacement. The PPT impulse per shot was measured and validated
with the conversion parameters. The experimental setup for PPT per-
formance measurement is streamlined only to include the NI Compac-
tRIO system, which manages to trigger the discharge event and record
angular displacement data. During the experiment, the main discharge
energy of the PPT varied from 12 J to 28 J in 4 J increments. The
resulting angular displacement of the thrust stand was recorded for each
energy level, and the total impulse per shot was calculated using the pre-
established calibration parameters.

3. Testing and result
3.1. Calibration result of hanging pendulum thrust stand
Since the laser displacement sensor’s output voltage is proportional

to its measurement position, any impulse applied to the thrust stand’s
lever arm will induce oscillations, which are recorded as voltage
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fluctuations over time. These oscillations represent the angular
displacement of the lever arm. Fig. 19 (a) illustrates this relationship,
where the y-axis represents the peak voltage deviation from the zero
point. At the same time, the x-axis corresponds to the standard impulse
generated by the ESC. Although the data points are not uniformly
distributed, they align with the expected linear regression model, as Eq.
(10) predicted (see Fig. 1).

During calibration, this study programmed NI CompactRIO con-
trolling ESC to apply a 320 pN s impulse with a pulse width of 1 s, as
shown in Fig. 20 (a). The impulse force profile over time was derived
from high-voltage probe measurements of the ESC terminal voltage.
However, repeated trial analysis revealed that the pulse width varied
between 0.7 and 1.1 s, introducing inconsistencies in the impulse
application.

This variability is attributed to the control method used for gener-
ating voltage pulses. The NI CompactRIO system controls the YS0530
high-voltage power supply using a straightforward ON/OFF switching
mechanism. When the CompactRIO triggers the YS0530 output, a timer
starts counting, and after 1 s, another signal is sent to terminate the
voltage output. Given that NI CompactRIO features a 20 MHz timer with
a resolution of 50 ns, its timing accuracy is not in question. The RS232
communication protocol, operating at 19200 bps, also follows manu-
facturer specifications.
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The most probable cause of the pulse width variation is the response target voltage. Similarly, when voltage output is terminated, there is a
time of the YS0530 power supply. When generating high voltages, its delay in circuit cutoff, leading to slight variations in actual pulse dura-
internal components require a finite amount of time to charge up to the tion. As a result, even though the YS0530 receives the trigger signal
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immediately, it takes time to reach the desired voltage, and similarly,
there is a lag before it completely stops outputting. This discrepancy
explains the non-uniform distribution of data points in Fig. 19 (a).

Fig. 20 (b) displays the voltage response relative to the zero-point
voltage from the laser displacement sensor. Since the NI CompactRIO
system records data based on voltage triggers, each dataset has a slightly
different initial time reference, leading to time shifts among oscillation
waveforms. However, this does not impact calibration results because
only the peak values of oscillations are used for analysis.

Electrical noise in the system introduces ripple fluctuations, which
affect the calculation of peak values. The fluctuations sometimes in-
crease the apparent maximum displacement, artificially inflating the
calculated peak values. In the other cases, the fluctuations decrease the
apparent maximum displacement, leading to lower calculated peak
values. Additionally, variability in the applied impulse (ranging be-
tween 221 and 282 pN s) causes slight differences in peak values across
trials. The abovementioned conditions explains why some data points in
Fig. 18 deviate slightly above or below the regression line.

A more significant deviation is observed in the data points for 132
pN s and 615 pN s in Fig. 19 (a), which cluster in the upper-left region of
the regression line rather than aligning with predicted values. Fig. 21
provides insight into this behavior by showing these impulse levels’
time-dependent sensor voltage response.

In Fig. 21 (b) (615 pN s input), the force arm displacement is rela-
tively large, resulting in clear oscillations dominating noise fluctuations.
Consequently, the sensor’s voltage response is smooth, with negligible
ripple effects. Conversely, Fig. 21 (a) (132 pN s input) exhibits small
displacements (~1.81 pm), making it difficult for the HL-G103-A-C5
laser displacement sensor to capture the oscillatory motion fully. This
results in fragmented voltage readings rather than a continuous oscil-
lation waveform. Although smaller displacements lead to missing data
points, they do not significantly impact peak values. Across 10 experi-
mental trials of 132 pN s input, all peak values exceeded 0.5 pm,
demonstrating consistent detection. Additionally, more significant input
impulses produce higher voltage displacements, making ripple effects
less significant. This result confirms that the clustering of data points in
the upper-left region of the regression line is not a measurement error
but a consequence of other unknown factors.

3.2. Determination of thrust stand parameters

The regression model assumes in Eq. (10) is that key physical pa-
rameters, including the damping coefficient c, spring constant k, and
moment of inertia I, remain constant throughout the calibration process.
However, specific data points at 132 pN s and 615 pN s deviated from the
expected trend. This section investigates the physical parameters of the

3 X 107
1st shot
_ 25 2nd shot
s 5 3rd shot
g, —4th shot
g 15 J M L 5th shot
g ; I ‘I‘Hﬂumm‘ | L ——6th shot
% il —— 7th shot
s 0.5} 8th shot
E . il —9th shot
ﬁ': 10th shot
-0.5
A : : ‘
0 1 2 3 4 s
time (s)

(2)

Acta Astronautica 234 (2025) 368-386

thrust stand when installed in the vacuum chamber, aiming to explain
these deviations. After the initial calibration, the experiment modified
the experimental setup to apply constant force using ESC rather than
pulsed thrust. The thrust stand parameters were then determined by
analyzing the angular acceleration at the moment of force application
and the final angular displacement achieved when the applied force
balanced the gravitational torque.

Fig. 22 (a) presents the relationship between applied torque and
angular acceleration. The y-axis represents the ESC-producing torque,
which is computed based on the voltage applied across its terminals.
Since the ESC is rigidly attached to the pendulum arm, its generated
force directly contributes to the system’s torque. The x-axis represents
the angular acceleration derived from fitting the laser displacement
sensor’s feedback data to a second-order kinematic equation. Although
individual data points exhibit some scatter due to random measurement
variations, they remain centered around the regression line, with a
correlation coefficient of 0.6966, indicating a strong positive correlation
between applied torque and angular acceleration. According to the
definition of the moment of inertia I, which is the ratio of applied torque
to the resulting angular acceleration, the results confirm that within the
torque range of 15.8 pN m to 70.9 pN m, the moment of inertia remains
unchanged. These two torque ranges correspond to the impulse range of
132 pN s to 615 pN s, the same range where deviations were observed
during calibration.

Fig. 22 (b) presents the relationship between applied torque and
angular displacement after the oscillations have settled. The y-axis
represents the applied torque, while the x-axis represents the steady-
state angular displacement relative to the zero position. According to
the definition of effective spring constant k, which is the ratio of applied
torque to angular displacement, the regression slope in Fig. 22 (b)
directly represents the thrust stand’s effective spring constant. Unlike
Fig. 22 (a), where data points show more scatter, the x-axis values in
Fig. 22 (b) are taken after oscillations settle, reducing randomness and
yielding a higher correlation coefficient of 0.9704. However, Fig. 22 (b)
shows that data points at 15.8 pN m and 70.9 pN m deviate downward
from the regression line. At 15.8 pN m, the torque is too small to induce
noticeable deformation in the cables connecting the PPT to the thrust
stand. The cable’s effect leads to a smaller-than-expected increase in
angular displacement. At 70.9 uN m, the applied torque exceeds the
linear operating range, causing larger-than-expected angular displace-
ments. This observation explains why, during thrust stand calibration,
the impulse responses at 132 pN s and 615 pN s exhibited departure from
the regression line.

To further investigate this phenomenon, Fast Fourier Transform
(FFT) analysis was performed on the impulse response waveforms at
132 puN s, 320 puN s, and 615 pN s, as shown in Fig. 23.
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Fig. 21. Response voltage signal from thrust stand variation over time (a) Input impulse 132 pN s (b) Input impulse 615 pN s.
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Fig. 23. Fast Fourier transform of response voltage signal from thrust stand over time after input impulse (a) 132 pN s (b) 320 pN s (c) 615 pN's.

Fig. 23 (b) presents the FFT result for the 320 pN s impulse response,
which falls within the linear region of the system. The peak observed in
the 0.4-0.7 Hz range corresponds to the fundamental oscillation fre-
quency of the thrust stand following impulse application. The dominant
peak at 0.52 Hz is consistent with the oscillation period observed in
time-domain data (approximately 1.9 s per cycle in Fig. 20 (b)). Addi-
tional frequency components above 0.7 Hz are attributed to electrical
noise and do not significantly contribute to the mechanical response.

Unlike the 320 pN s case, the FFT results for 132 pN s (Fig. 23 (a)) and
615 pN s (Fig. 23 (c)) reveal inconsistent frequency responses. In Fig. 23
(a), only the 7th and 9th experimental trials exhibit a dominant peak at
0.52 Hz, while other trials show peaks in the 0.3-0.4 Hz range. Given
that the natural frequency w, is determined by the spring constant k and
moment of inertia I, reducing the effective spring constant would lower
the damped oscillation frequency wq, as described in Eq (8). This sce-
nario matches the observed shift in dominant frequencies. A similar
trend is seen in Fig. 23 (c), where only the 5th trial retained a dominant
peak at 0.52 Hz, while others shifted to 0.31 Hz. The frequency shifting
confirms that variations in the effective spring constant influenced the
impulse response at 132 puN s and 615 pN s, causing the calibration data
points for these impulses to deviate from the regression line.

To further quantify these deviations, Table 1 compares the ideal
design parameters of the thrust stand with the experimentally measured
parameters within the impulse range of 180-518 pN s, where the system
maintains linear behavior (see Table 2).

Although the measured damping ratio does not fall within the
0.5-0.7 range, it remains less than 1, indicating that the system is still
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Table 1
Comparison between ideal parameters of design thrust stand and real parame-
ters of experimental thrust stand.

Ideal parameters Real parameters

Spring constant k 0.16 Nm/rad 0.43 Nm/rad
Moment of inertia I 0.008 kgm? 0.127 kgm?
Damped frequency wq 3.77 Hz 0.52 Hz
Natural frequency o, 4.47 Hz 1.84Hz
Damping ratio & 0.5361 0.96

Damping constant ¢ 0.036 NmS/ra d 0.448 NmS/ra d

Table 2
Error budget summary due to system parameters.

Relative uncertainty Value
6BStllndJlDl / Bytand 0.1329
oL, /1, 0.071
t
0Bstandsys 81 0.0387
24 Bstand
OBstandsys Ok 0.023
ok Bstand
0Bstandsys 0 0.011
éc Bstand
6B 0.001
v/B,
oV, 0.079
m / Vin
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underdamped and can be modeled using underdamped system equa-
tions. However, the spring constant and damping coefficient were
significantly higher than expected, affecting system dynamics.

The discrepancy in the spring constant can be attributed to the actual
thrust stand mass being 1.22 kg instead of the expected 0.89 kg. This
increase was due to additional components such as screws and mounting
fixtures. If only gravitational torque contributed to the spring constant,
its expected value would be 0.22 N m/rad, which accounts for only 51 %
of the measured value. The remaining spring force contribution likely
originates from the electrical cables connecting the PPT to the thrust
stand. These cables introduce parasitic spring and damping effects [25],
which vary depending on the applied torque. The cable parasitic effects
explain why the effective spring constant was inconsistent at specific
torque levels. Additionally, the high parasitic damping coefficient from
the cables reduced the influence of the eddy current damper’s influence,
accounting for only 8 % of the total damping effect. Consequently,
adjusting the magnet spacing in the eddy current damper did not
significantly alter the damping behavior.

3.3. Uncertainty analysis of impulse bits measurements

As shown in Fig. 19 (a), within the input impulse range of 180-518
uN s, there is a linear relationship between the input impulse I; and the
maximum response voltage difference V;,, expressed as

Vin = Bstanalpir (32)
From a thrust stand parameter perspective, the conversion parameter
Bgiand, Which relates the input impulse to the maximum response angle, is
influenced by several physical parameters: the moment of inertia I,
effective spring constant k, effective damping coefficient ¢, distance
from the thrust center to the pivot L;, and the displacement sensor
conversion parameter B,

[ V2 P N ar)
1-2 ¢ LBy _, Valk-c2 ¢ JLBy
wn Vik

By rearranging the equation, the input impulse I; can be derived as

(33)

Bgsiana =€

_ Valk—c2
V, e ( e ) Vik
Liy=—"—=¢e Vin (34
stand LtBV

Using error propagation theory [44], the fractional uncertainty in
impulse measurement is given by:
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where:

(Yt — BisanaXe — Bs[and.O)2

n—2

M=

~
Il
-

37)

oy =
Each component contributing to uncertainty is evaluated separately.

@ Thrust Center-to-Pivot Distance L,: The thrust center position
varies within +5.4 x 10~ m since each PPT firing occurs at a slightly
different position. This introduces an uncertainty 5L, in impulse
measurement.

@ Moment of Inertia I: The moment of inertia is only affected by fuel
burn-off. Even if the entire fuel block were consumed, the maximum
reduction would be 1.296 x 10~5kg:m?, which is negligible. Given
that the fuel consumption per PPT firing is only 50 pg (total is 2 g),
the real-time change in I is much smaller than the theoretical
maximum. The random uncertainty &I of the moment of inertia is
estimated to be +0.0285kg-m? from experimental data of Fig. 22 (a).

The uncertainty contribution of the moment of inertia I is described
by:

;) BL ex ¢ tan~1vAk=c
S  Byang v eXP Valk = ¢2
Vm exp c tan’l—‘"‘c"52 \/I—k 2%k _ 2k tan’l—g‘"’c"‘2
—c2
ke <4lk?2+1> P ) /2
Bth

c tan’l—‘”’;’cz

Vk exp | —7=—

2B,LV1k

Oloit ges _ (EBmmd.ran)z n (5_Lt>2 n ((ﬂbn,des 5_I>2 n <5Ibu,des %)2 n ((ﬂbn.des §>2 4 (@)2 + (%)2 (35)
Tyie Bsand L, I Iy ok Iy oc Iy By Vin

Here, 6Bsiand.ran reprc.esents. the random un?ertamty of the conversion } sI / v, VIk (38)

parameter Bygng, Which arises from unpredictable factors such as mea-

surement errors, human errors, and external noise [45]. This uncertainty
can be estimated using calibration data:

Oy

%y (36)
> e — })2

5Bstand,mn =

382

@ Effective Spring Constant k: Like the moment of inertia, k is only
affected by fuel burn-off. The maximum possible reduction in k is
1.5 x 10*3Nm/r ad’ which is small enough to be ignored. The
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random uncertainty &k is estimated as +0.0575 Nmy, 4 from exper-
imental data of Fig. 22 (b).

The uncertainty contribution of effective spring constant k is
described by:
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where the ESC conversion parameter Bgsc depends on electrostatic comb
geometry, including the tooth gap 2l,, tooth width 2I3, number of teeth
N, and engagement depth xo, which only engagement depth xo would
alter throughout the calibration.

Using error propagation [44], the fractional uncertainty due to
calibration is:

6Bitand ran Sk — !B exp _ctan*li\/‘“’;ﬂ?2 2
- vt ——
6k Buyand 4Tk — c2 e | (SBrscran)’ 2.2464 + 253 L e z+ L3 2
Ii |\ Basc 2.2464 — & ta v
(43)
-1V a2 n-1Yak-c2 olc tan-1Yak-c2
IV, exp % Vi exp | “Em—i— | VIk 2 et ——
<‘"ﬁ+ﬂz+1> (amk-cz) (k=)
2B,L,VIk - B,L.
where.
sk / VVIk 39 '
} " 39 @® Random error of ESC conversion parameter: Derived from ESC

@ Effective Damping Coefficient c: The damping coefficient remains
constant throughout impulse measurements. However, the oscilla-
tion frequency varies slightly between 0.42 Hz and 0.62 Hz, leading
to a random uncertainty ¢ of +0.0075 Nm:s/,.q-

The uncertainty contribution of effective spring constant c is
described by:

V4lk—c?

c2

1
C —+
B —1V4lk—c2 2 —1Valk—c2 alk—c2
OBstandran  OC tan f" c2 tan fﬂ ( 5

oc Bs[and m (417{ — C2)3/2 (‘WZ—;CZ —+ 1> 4Ik — c2

(40)

@ Sensor Conversion Parameter B,: The laser displacement sensor
(HL-G103-A-C5) has a linearity error of +0.1 %, contributing
directly to the uncertainty fraction.

@ Maximum Voltage Measurement Vp: The NI CompactRIO voltage
measurement module (NI 9205) has a resolution of 0.096 mV, with a
measurement error of £0.237 mV. Given that the minimum feedback
voltage recorded during calibration was 3 mV, the maximum un-
certainty fraction for V;, is 0.079.

Combining these uncertainties, the fractional uncertainty in impulse
measurement due to system parameters is:

Olpit des

=0.176 (41)

bit

From a calibration perspective, the input impulse I;; of calibration is
influenced by the square of the measured voltage between combs V2, the
ESC conversion parameter Bgsc between the square of the measured
voltage V2 and the calibration force Fisc, and pulse width t,

(L+1) V2

Iyt = tiFpsc = tdBESCVZ = tdzN!:'o 2.2464 — o

(42)

0

C

383

calibration data in Fig. 9 using statistical analysis

Oy

OBEscran = T (44)
> (x —X)
which:
> (Yr — BgseXx: — BEsc,o)2
o=\ (45)

n—2

® Depth of Engagement x¢: The maximum variation in xp is +
1.6364 x 107> m, which results in a negligible fractional uncertainty

22464+ 2"%)
—— 0 §xg of 2.28 x 1074,
2.2464-(213)

e
@ Pulse Width t4: The ideal pulse width is 1s, but the actual range
varies from 0.96s to 1.24s, introducing an uncertainty 6ty of +0.24 s.
@® The Measured Voltage between Combs V: The DP-15K high-
voltage probe has a +2 % accuracy, contributing directly to the

uncertainty fraction.

Combining these factors, the fractional uncertainty due to calibra-
tion is (Table 3):

5IIbit.cal —0.2409

bit

(46)

According to the literature [46], the total uncertainty is given by:

Table 3

Error budget summary due to calibration.
Relative uncertainty Value
OBEsc ran /Bysc 0.0072
dta)y 0.24
6V/V 0.02
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Fig. 24. Impulse measurement of PPT single firing with input energy 20J
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Fig. 25. Measurement impulse versus the input energy of PPT (a) real data and regression line (b) standardized residuals versus input energy.
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2 2
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Ibit Ibit

This analysis reveals that the most significant contributor to uncer-
tainty (24.09 %) comes from variations in pulse width during calibra-
tion. The power supply’s response time and delays in executing RS232
commands led to inconsistent pulse widths, affecting the uniformity of
impulse application. Additionally, the cables introduced parasitic stiff-
ness and damping, increasing random conversion factor uncertainty to
13.29 %.

3.4. Impulse measurement of pulsed plasma thruster

Following the impulse calibration and thrust stand parameter vali-
dation, the relationship between impulse and maximum angular
displacement has been determined to be 78.62 rad/N-s. Additionally,
the uncertainty in single-shot PPT impulse measurement has been
quantified as +£29.83 %. The experiment was conducted in a vacuum
chamber maintained at 4 x 10~ Torr. The PPT was tested at energy
levels ranging from 4 J to 20 J, with increments of 4 J. At each energy
level, the PPT was fired five times, and for each firing, the input energy
and corresponding angular displacement of the thrust stand were
recorded. The experiment then computed the total impulse per shot from
the measured angular displacement.

In Fig. 24, the y-axis represents the impulse derived from the thrust
stand’s angular displacement after a single PPT firing. The x-axis
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represents the input energy, calculated using high-voltage probes and
current sensors connected across the PPT discharge electrodes. Many
data points near 4 J input energy exceed 4 J in actual measured values.
This discrepancy arises because the power supply that charges the
capacitor was not electrically isolated from the capacitor during
discharge. Consequently, additional energy was supplied during the
discharge event, leading to higher input energy than the pre-set capac-
itor discharge value (see Fig. 25).

Additionally, each PPT firing erodes fuel at a slightly different
location and amount, causing thrust direction and magnitude vari-
ability. Since the thrust stand only measures thrust along the axial di-
rection of the PPT, any thrust components not aligned with this axis are
absorbed by the mechanical structure. This results in a broader distri-
bution of impulse values in the y-direction in Fig. 2. Despite these var-
iations, Fig. 2(b) shows that most data points remain within two
standard deviations, indicating a normal distribution of impulse values.
This data distribution suggests that most the measured impulses follow a
consistent trend, aligning with the regression line. The slope of the
regression line represents the energy-to-impulse ratio, calculated as 3
pN s/J. Another notable observation is that if the regression line were
extrapolated to 0 J input energy, it would predict an impulse of 156 pN's,
which is unrealistic. At energy levels below 4 J, the input energy and
impulse output are not necessarily linearly correlated. This scenario
below 4J suggests that applying a linear regression model to predict
impulse at zero energy input is not meaningful.

Fig. 24(b) shows that most data points lie within two standard
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deviations of the regression line, indicating that the regression model
accurately represents the measurement data. Given that the actual data
is expected to fall within +29.83 % of the measured values, as shown in
Fig. 24(a), the exact values will be within the region bounded by the two
dashed lines. For an input energy of 5 J, the expected measured value
from the regression line is 171 pN s, while the actual value, due to
measurement error, is expected to range from 120 pN s to 222 pN's. The
maximum actual impulse, 222 pN s, is significantly lower than the ideal
impulse of 340 pN s. However, the minimum actual impulse, 120 uN's,
still exceeds that of most 5 J input energy pulsed plasma thrusters.
Future measurements of long-duration fuel ablation rates will be
necessary to further analyze the impulse-to-fuel ratio and energy effi-
ciency, providing a more straightforward assessment of the thruster’s
actual performance.

4. Conclusion

In this study, we developed and calibrated a hanging pendulum
thrust stand designed for impulse measurements of PPT. The thrust
stand had an ESC calibration system, an eddy current damping mecha-
nism, and a high-precision laser displacement sensor to achieve accurate
and repeatable impulse measurements.

During calibration, we identified key factors affecting measurement
accuracy, including the influence of cable-induced parasitic stiffness and
damping. These effects led to variations in the system’s effective spring
constant and damping coefficient, contributing to deviations in impulse
measurements. By performing Fourier transform analysis on the thrust
stand’s response signal, we confirmed that shifts in damped oscillation
frequency were responsible for inconsistencies inspecific calibration
data points.

Uncertainty analysis revealed that the most significant contributor to
impulse measurement error (30 %) originated from ESC pulse width
variations due to power supply response delays. Additionally, parasitic
mechanical effects from the electrical wiring introduced further un-
certainties, highlighting the need for improved cable management and
isolation strategies.

Experimental results demonstrated that the measured impulse
output of the PPT correlated well with energy input within the 4 J-20 J
range. The fitted line for the input energy range of 4 J-20 J can be used
to represent the measured values. However, the actual impulse will fall
within £29.83 % of the measured values due to measurement errors
from the thrust stand. Therefore, the study estimates that the impulse at
5 J input energy will range between 120 and 222 pN s.

Future improvements to the thrust stand will focus on refining the
ESC calibration system to minimize pulse width variations, optimizing
cable routing to reduce parasitic mechanical effects, and investigating
alternative calibration methods to enhance overall measurement accu-
racy. These advancements will further improve the reliability of impulse
measurements for pulsed electric propulsion systems, contributing to the
precise characterization and optimization of next-generation PPT
designs.
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