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Chapter

Impulse Measurement Methods for
Space Micro-Propulsion Systems

Yang Ou, Yuqi Li, Yu Zhang, Jianjun Wu and Yugiang Cheng

Abstract

Space micro-propulsion systems are increasingly considered an attractive option
for station-keeping and drag-makeup purposes for the mass- and power-limited sat-
ellites due to their critical factors of simple design, small volume, and high specific
impulse. These systems typically generate low-range thrust from nN to mN, and their
impulses are less than mNs, making it difficult for conventional sensors to detect them
directly. Consequently, the design of a special thrust stand is often necessary to
measure these micro-propulsion systems. This chapter outlines recommended prac-
tices for the operation and calibration of three conventional measurement methods,
along with the introduction of an impulse measurement stand developed at the
National University of Defense Technology. The chapter presents the fundamentals,
calibration method, and experimental results of the stand operation, while also ana-
lyzing error sources. Finally, the chapter discusses the demand and direction of micro-
impulse measurement development.

Keywords: micro-propulsion system, impulse measurement, pendulum stand

1. Introduction

With the gradual refinement of the functions of satellite networking and space-
based network information systems, the requirements for the propulsion system
necessary for satellite missions are further increased [1-3]. Compared with the
traditional chemical propulsion system, the electric propulsion system has the
advantages of high specific impulse, lightweight, and long lifespan, so it gradually
becomes a better scheme for satellite attitude control, orbit transformation, and drag
compensation [1, 3, 4].

Electric thrusters are available in a plethora of types, each boasting unique operat-
ing principles and characteristics. Regardless of the specific type employed, however,
all electric thrusters must undergo three essential steps: design, trial production, and
testing. For the electric thruster, it needs not only the test link to evaluate and verify
the function and performance, but also the test link to expose the thruster develop-
ment issues and seek potential solutions. Therefore, the pre-research, pattern, proto-
type, and flight application stages of the electric propulsion system development are
inextricably linked to the testing and measurement technology, which serves as an
indispensable cornerstone of electric propulsion [5, 6].
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Unlike chemical and cold air propulsion systems, electric propulsion systems typ-
ically require a vacuum environment for ignition testing and operation. Consequently,
creating a high vacuum environment artificially becomes necessary during ground
testing of electric propulsion. The research on electric propulsion encompasses devel-
opment, testing, identification, and application, and the testing of electric propulsion
systems runs through all aspects of scientific research.

There are numerous topics covered in electric propulsion testing, and some overlap
between them, but the purpose of the testing is relatively clear, which can be divided
into five categories according to the intended purpose [5, 6]:

1.Ignition test. The electric propulsion ignition test is a crucial means of obtaining
important information about electric propulsion, including ignition start and
steady-state operation tests. The ignition start test verifies successful and reliable
ignition of the electric thruster, while the steady-state operation test ensures
stable operation for a short time or a long time based on the ignition start test.

2.Performance measurement test. After ensuring the stable operation of the
electric thruster, it is necessary to measure its performance parameters such as
thrust, efficiency, specific impulse, and beam divergence angle to complete the
evaluation of the comprehensive performance of the electric thruster.

3.Life test. The ground test was conducted to verify whether the accumulated
working time and switching times of the electric thruster meet the design index
or the requirements of the space mission.

4.Plasma diagnostics. Through an analysis of the plasma state of the electric
thruster, it is possible to optimize the structural design of the thruster and
evaluate the potential impact of the plume on the spacecraft.

5.Environmental adaptability test. Ensure that the reliability of the electric thruster
meets the requirements of the ground test conducted in the satellite launch and
on-orbit working environment, and verify the performance under the current
working conditions.

Among the above five types of tests, the performance measurement test with
micro-thrust and impulse measurement as the core is the main test item of the electric
propulsion system. This measurement is an essential measurement link to evaluate the
performance of the electric propulsion system and is also an important reference
index to measure the stability of the electric propulsion system, which runs through
all stages of the spacecraft, such as the single machine level, subsystem level, and the
whole star level [7-10].

Combined with the principle, working environment, and thrust level of the electric
thruster, the micro-thrust and impulse measurement test for the electric thruster have
the following characteristics:

1.Small impulse. At present, the thrust range of commonly used electric thrusters,
such as Hall thrusters and ion Hall thrusters, covers from micro-newton to nano-
newton, while the impulse element of pulse-working electric thrusters generally
ranges from micro-newton to milli-newton. Therefore, the micro-thrust and
impulse measurement system needs to capture weak mechanical signals in small
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time scales, and the measurement system needs to have high sensitivity,
resolution, and anti-interference ability.

2.Low thrust-weight ratio. The thrust-weight ratio is the ratio of thrust to weight
of an electric thruster. The thrust of the electric thruster is small, and the weight
is large. Its thrust-weight ratio is usually between 10~” and 10>, which is far less
than that of the chemical propulsion system. Too low a thrust-weight ratio will
lead to a negligible additional weight component that must be eliminated or
suppressed; otherwise, it will bring obvious interference and error to the
measurement of a small thrust or impulse. In addition, the sensitivity and load-
bearing capacity of the measuring platform is often difficult to be compatible
with. How to ensure that the resolution and sensitivity of the electric thruster can
be improved as much as possible under the normal installation is always the core
issue of micro-thrust and impulse measurement.

3.Measurement in a vacuum environment. Electric thrusters usually need to work
in a vacuum environment, so the materials, components, sensors, and other
equipment required for thrust measurement need to have the ability to work in a
vacuum.

4.Interference factors. The thrust of the electric thruster is usually in the range of
microns to microns, and the impulse element is in the range of microns to
microns. Any small vibration and interference will affect the measurement. The
key is to avoid the interference of cables and gas pipes, vibration interference,
thermal impact, and electromagnetic interference.

2. Impulse measuring principle

The basic principle behind most existing measurement methods is to apply the
thrust or impulse to be measured on the measuring platform, establish the functional
relationship between the thrust and impulse, and the corresponding physical effect
according to the mechanical response results of the measuring platform (e.g., vibra-
tion amplitude and rotation angle), and then calibrate the functional relationship
through the standard force, thereby achieving the quantitative measurement of thrust
and impulse. In electric thrusters, the key to micro-thrust and impulse measurement is
to measure the variation of thrust with time. For thrusters operating in a transient
state (e.g., pulsed plasma thrusters), the thrust action time is very short, and it is
unnecessary or impossible to measure the variation of thrust with time. In this case,
the thrust action effect can be expressed by impulse, which is also the impulse mea-
surement [11-13].

2.1 Classification

At present, the commonly used methods for measuring thrust and impulse include
the deformation structure method, balance method, torsion pendulum method, and
cantilever beam method. According to the different mechanical response results of the
thrust platform, they can be divided into the direct transfer measurement method,
pendulum force measurement method, and target transfer measurement method.
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2.1.1 Direct transfer measurement

The direct transfer measurement method refers to that the thruster being fixed
directly on the force-measuring sensor or the thrust generated by the thruster being
directly applied to the force-measuring sensor through the measuring platform. Dur-
ing the measurement, the thrust and impulse are identified by the sensor. This method
is suitable for thrust measurement environments with large thrusts, such as chemical
thrusters, electric arc thrusters, and resistance heating thrusters. The key to measure-
ment is the measurement sensor. The commonly used sensors include a piezoelectric
sensor, strain gauge sensor, and capacitance sensor [5, 13].

The direct transfer measurement method Is the preferred method for large thrust
measurement. Its structure is relatively simple, and the measurement process is sim-
ple and fast. However, when the thrust magnitude is small, the mechanical signal is
susceptible to be disturbed by environmental noise and mechanical vibration. This
makes it difficult for the sensor to capture the weak mechanical signal.

2.1.2 Measurement method of swing force

In the pendulous force measurement method, the thruster is mounted directly on
the measuring platform, which can measure the thrust and impulse of the thruster
with a small force. The measurement accuracy and resolution are high, which is the
current mainstream scheme of the thrust and impulse measurement of the electric
thruster. As shown in Figure 1, the swing force measurement process essentially uses
the thrust of the thruster to excite the pendulum structure bench and obtains the
thrust or impulse in reverse calculation by calibrating the relationship between the
motion law of the pendulum structure bench to the thrust or impulse [14, 15].

The specific implementation of the swing force measurement method includes
closed-loop and open-loop measurement methods. In the closed-loop measurement,
the electromagnetic force is used to compensate for the effect of the thrust so that the
measurement platform is in the random equilibrium and the electromagnetic force
equals to the thrust [16]. The closed-loop measurement method can eliminate the
interference of gravity and material rigidity on the measurement, and the
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Figure 1.

Measurement principle of swing force.
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measurement results are relatively more accurate. The open-loop measurement
method usually records the position change of the pendulum and then calculates the
thrust and impulse through the calibration of the standard force. The commonly used
sensors for measuring the change of pendulum position include a laser displacement
sensor, capacitance displacement sensor, laser angle sensor, and photoelectric sensor.
In addition, to control the motion of the pendulum and quickly return to the equilib-
rium state after the measurement, the pendulum force measurement device is usually
equipped with the corresponding dampers.

According to the structural form of the pendulum, the pendulum force
measurement methods can be divided into three types: suspended pendulum,
inverted pendulum, and torsion pendulum, as shown in Figure 2. Although the three
structures are slightly different, they can be considered a “spring-mass-damper”
system [9].

2.1.3 Target transfer measurement method

The target transfer measurement method is to impact the plume from the
thruster on the target and calculate the thrust of the thruster by measuring the
position change of the target under the impact force. Figure 3 shows the schematic
diagram of a typical target transfer measurement scheme, which consists of target,
elastic beam, displacement sensor, and calibration device. The elastic beam with
minimum rigidity is fixed with the target with maximum rigidity. When the plume
from the thruster impacts the target, the elastic beam will deflect obviously, and the
displacement sensor can measure the horizontal displacement of the elastic beam.
Calibrate the horizontal displacement and standard force of the elastic beam
through the calibration device, establish the corresponding functional relationship,
and realize the accurate measurement of different thrust sizes. Most target
structures are equivalent to simple pendulum structures, and their motion
characteristics are similar to the pendulum force formula [17, 18].

Compared with the other two kinds of measurement methods, the target transfer
measurement method is a non-contact indirect measurement, which can avoid the
impact of measurement and control cable, thruster working noise, and vibration on
the measurement results to a certain extent [5, 13, 16]. In addition, the target
transfer measurement method has a simple structure and is easy to install and
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Figure 2.
Spring-mass-damper system. (a) Hanging pendulum, (b) inverted pendulum and (c) torsional pendulum.
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Figure 3.
Schematic diagram of a typical tavget transfer measurement.

implement. However, due to the effectiveness and secondary effects of the plume,
the error is relatively large. The key points are as follows:

1.The plume is unable to ensure that all impacts are on the target and the actual
impact level is less than the theoretical generation;

2.For the transient thruster operation, the motion of the plume has greater
randomness, and the single impact force fluctuates greatly;

3. After the target impact, part of the plume will rebound, resulting in a larger
measured value than the actual value;

4.The angle deviation of the elastic target is inevitable after being impacted, and
the impact force of the plume will be partially lost [7, 11, 19, 20].

2.2 Calibration

At present, the principle of the mainstream measuring platform is almost based on
the effect of force. The thrust is obtained by determining the basic parameters of the
vibration system and measuring the displacement response of the vibration compo-
nents and then by inversion according to the dynamic equation. The determination of
the basic parameters of the vibration system is the calibration process, which applies a
constant calibration force or calibration impulse to the measuring platform and then
determines the system parameters according to the obtained system response and
dynamic relationship [5]. Although the dynamic function can be calculated theoreti-
cally by obtaining the correlation coefficient of the measuring platform, it is more
convenient, intuitive, and reliable to determine the system parameters through the
calibration process.
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In the process of micro-thrust and impulse measurement, the calibration process is
indispensable. The first is to establish the functional relationship between thrust or
impulse and displacement through the calibration process. The second is to determine
the accuracy, repeatability, stability, and sensitivity of the measuring device by
repeatedly loading the standard known force. The third is to avoid system error
by comparing and correcting the measured value and theoretical value. Therefore,
the repeatability, operability, adjustability, stability, and accuracy of the
calibration device is one of the key technologies to ensure the performance of the
micro-thrust measurement system and also an important basis to verify its
measurement level.

According to whether the calibration force generation device is in direct contact
with the measuring device, the calibration method can be divided into contact type
and non-contact type. The contact calibration method includes the weight method
and the impact hammer. The principle of the weight method is simple and easy to
operate, but it is easy to be affected by sliding friction, air resistance, elastic expan-
sion, and drag of the rope and limited by the minimum weight; it is difficult to
provide high-precision micro-newton calibration force. The pendulum method uses a
pendulum with a known mass to impact the measuring bench from a certain height to
form an impulse with a known size. This method is also simple and easy to operate,
but the error is large and difficult to control [12, 13, 21]. Non-contact calibration
methods include the electrostatic comb method and the electromagnetic force
method. The electrostatic comb method is usually composed of a group of interlocking
non-contact comb teeth separated at very small intervals. The electrostatic repulsion
force generated when approaching is used as the calibration force. It can not only
provide a stable thrust but can also generate a high-accuracy impulse by controlling
the number of comb charges and voltage application time. The electromagnetic force
calibration method uses the magnetic effect of a current or the theorem of ampere
force to generate a stable electromagnetic force, including the combination of a coil
with a permanent magnet and the combination of an electromagnet with an energized
wire. Similar to the electrostatic comb method, the electromagnetic force method can
also generate stable calibration force and can also accurately generate calibration
impulses of known size. In addition, the electromagnetic force is not easily affected by
the external power supply line, and its accuracy is higher than that of the electrostatic
comb method [22-24].

2.3 Performance metrics

The main technical indicators of the micro-thrust and impulse measurement plat-
form include sensitivity, stability, accuracy, resolution, and response time.

2.3.1 Sensitivity

As the core technical index of the measuring platform, sensitivity, accuracy, and
resolution are closely related, the definition of sensitivity in micro-thrust and impulse
measurement is slightly different. Generally speaking, the sensitivity of steady-state
micro-thrust measurement is the offset that the platform can achieve under a given
thrust. As shown in Formula (2.7), the sensitivity is related to the length of the
moment arm and the elastic coefficient and is regarded as the key index of the
mechanical design of the measuring bench [5, 9].
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2.3.2 Stability

In the process of micro-thrust and impulse measurement, it is necessary to ensure
that the response of the measuring bench is consistent and repeatable; otherwise, the
calibration will be meaningless, and the accuracy and accuracy of the measurement
cannot be guaranteed. In addition, long-term measurement needs to ensure the long-
term stability of the bench. There are two main factors that affect the repeatability of
measurement. One is the zero drift, that is, the change of zero point or the actual position
of the pendulum, and the other is the gain drift, that is, the change of response coefficient
or elasticity coefficient. The temperature change or friction of mechanical or electronic
components and elastic components will cause drift. In order to pursue the accuracy of
measurement, the generation of drift should be avoided as much as possible [9, 21].

2.3.3 Resolution

Resolution is defined as the minimum difference in the response of the measuring
platform after being loaded by two different thrusts or impulses. Resolution is the
ability of the measuring platform to distinguish the mechanical effects of loading and
is also a measure of the minimum value of thrust and impulse change of the measuring
platform. The noise level of the measuring platform is directly related to the resolu-
tion, and high resolution can be achieved by minimizing the noise. In the process of
micro-thrust and impulse measurement, the noise sources usually include the electri-
cal noise of the sensor, the mechanical noise caused by environmental vibration, and
the response change caused by the periodic change of temperature.

The resolution of the measuring bench can be quantified by continuously changing
the magnitude of the loading force until the response cannot be resolved. However, in
the actual measurement process, the error of this method is relatively large. Usually, the
resolution is determined according to the measurement noise level, and the resolution
can be specified to be twice the noise signal. The noise signal can be characterized by the
ratio between amplitude and frequency or power spectral density [5, 8, 9, 25].

In the measurement process of an electric thruster, unless some measurement
methods specifically use the resonance principle, the natural frequency between the
electric thruster and the measuring platform should generally be avoided, so as to
prevent the generation of resonance. In addition, to ensure the accuracy of measure-
ment, the noise of the bench must be far less than the range of the thruster that can be
produced by the thruster.

2.3.4 Response time

The response time of the measuring bench is an important indicator of dynamic
measurement, which can be characterized by many parameters, such as rise time (the
time required for the response to reach 100% of the steady-state value), peak time
(the time required for the response to reach the peak value), and stability time (the
time required for the response to change less than 2% near the steady-state value) [9].

2.3.5 Accuracy

Accuracy is a measure of the error between the measured value and the true value
of the measuring bench. For a high-performance measuring bench, it is not only
required to be sensitive enough, the results have obvious repeatability, not affected by
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random errors, but also to ensure the measurement results [16]. In the measurement
process, the system error is usually minimized to improve the measurement accuracy,
and the accuracy needs to be calibrated through standard thrust and impulse. In
addition, the calibration method needs to be strictly designed to avoid introducing
new system errors.

3. Impulse measurement stand in NUDT

Since 1960s, researchers across the countries both domestically and internationally
have successively developed various micro-thrust/micro-impulse measurement devices,
including balance, single pendulum, double pendulum, torsion pendulum, and cantilever
beam. The measuring range of these devices is mostly in the millinewton scale, and some
attempts have also been conducted for the lower scale. Based on the inverted pendulum
structure, NASA uses capacitive displacement sensors and gravity accelerometers to
detect the position change of the swing arm and then measure the thrust, which can
achieve 0-700 p N measurement range, and the noise is less than 1 p N/Hz [26].
Researchers at the University of the Witwatersrand improved the torsion pendulum,
which can achieve micro-newton thrust and 0.27-600 pN, the error of impulse mea-
surement in the range of N is less than 4% [27]. NASA also developed a single-end fixed
torsion wire suspension torsion pendulum, with a resolution of 25nN and a force mea-
suring range of 100 nN ~ 500 pN. The error is less than 25% [28]. Researchers at the
University of Tokyo in Japan has developed an elastic pivot type non-equal arm torsion
pendulum with a resolution of 0.7 pN:s impulse measurement [29]. Researchers at
Huazhong University of Science and Technology have achieved a resolution of 0.09 pN
with a maximum range of 264 uN micro-thrust measurement and a resolution of 0.47
pN-s with a maximum range of 1350 pN-s through a special suspension and torsional
balance design for the torsional pendulum [30]. Although the measurement of thrust and
impulse at the level of millinewton has reached a high level, there are still many difficul-
ties in the measurement of thrust and impulse at the level of micro-nano or even nano-
nano. For example, there is noise in the measuring instrument itself and the environ-
ment, which often submerges the measured signal and greatly affects the measurement
accuracy. At the same time, when the micro-thruster works, the measuring platform will
vibrate under the force, which will also affect the measuring accuracy. In addition, the
vacuum pumping process will also have adverse effects on the vacuum chamber and
internal measuring system. These difficulties lead to less thrust and impulse measure-
ment methods of micro-newton magnitude and low accuracy. At the same time, it is
extremely difficult for the existing international measurement technology to meet the
requirements of integrated thrust/impulse measurement with a large range, high resolu-
tion, and high accuracy at the same time.

In order to realize the integrated measurement of micro-impulse, the National
University of Defense Technology (NUDT) has built a C-tube torsion micro-impulse
measurement method and a direct calibration method based on ampere force, which
has solved the problems of weak signal sensing, anti-interference and anti-
randomness, and online calibration, and developed a C-tube torsion micro-impulse
measurement device and online calibration system as shown in Figure 4. The
theoretically achievable micro-impulse measurement range is 100 nNs-100 mNss,
The micro-thrust measurement range is 100 nN-100 mN, providing a necessary
device for the development and engineering application of micro-nano satellite
propulsion systems.

9



Propulsion Systems—Recent Advances, New Perspectives and Applications

L | R

= - Torsion arm
: Planar mitror

|
Calibration |

i a3

Planar mirror

Photoelectric displacement sensor Vacuum

ol

Data collector

Figure 4.
C-tube torsion micro-impulse measurement device.

3.1 Fundamental theory

The C-tube torsion pendulum micro-impulse measurement system can be divided
into the following subsystems: (1) displacement signal optical measurement subsystem,
including He-Ne laser, planar mirror array, and photoelectric displacement sensor
(PDS); (2) torsion pendulum structural parts, including torsion bar, swing arm, bracket,
connecting parts, etc.; (3) damping and electromagnetic calibration subsystem, includ-
ing several electromagnetic coils, permanent magnets, control circuits, etc. [21].

As shown in Figure 4, when the thruster works, its impulse will act on the torsion
pendulum system. When the thruster works, its impulse will act on the swing arm and
drive the torsion bar to rotate. The reflector installed on the swing arm reflects the
laser beam emitted by the He-Ne laser to the remote PDS photosensitive surface. With
the action of the impulse, the light spot produces a small displacement on the PDS
photosensitive surface, which makes the PDS produce a small voltage signal output.
Therefore, by calibrating the relationship between the impulse and the micro voltage
signal, the corresponding micro-impulse can be calculated using the voltage signal.

The elastic element of the torsion pendulum is the key component of the torsion
pendulum measurement system, which determines the mechanical response charac-
teristics of the torsion pendulum, and is also an important component that affects the
measurement performance of the torsion pendulum. According to the knowledge of
engineering mechanics, it can be proved that within the elastic range of the material,
the torsional deformation of the metal C-tube is strictly linear with the magnitude of
the axial torque it is subjected to. The C-tube torsion pendulum measurement system
uses this linear relationship to measure the impulse.

Assume that the wall thickness of the C-shaped tube is ¢, the length is /, the length
of the cross-section centerline is 7, the material shear modulus of elasticity is G, the
rotational inertia of the torsion pendulum relative to the axis of the C-shaped tube is I,
the impulse generated by the propulsion system is micro I, and the instantaneous
rotational angular velocity of the torsion pendulum beam is w. When the torque T is
loaded on the C-shaped tube, the torsional deformation generated is [31]:

T_ 2Gmt3
3l

a (1)

where « is the torsion angle of the C-shaped pipe under the action of torque. By
integrating formula (1), the rotation angle of the C-tube torsion beam can be obtained
a9, and its stored energy is [31]:

10



Impulse Measurement Methods for Space Micro-Propulsion Systems
DOI: http://dx.doi.org/10.5772/intechopen.110865

%o % 2Gmt3 Gmt3a?
E = Tda = = 0 2
Jo do Jo 3l ada 3l (2)

The motion of the torsion pendulum is fixed axis rotation, and its instantaneous
kinetic energy is Iw”/2. When the impulse Is acts on the torsion pendulum, the torsion
pendulum starts to move. In the first quarter period of its movement, it can be consid-
ered that the energy is converted between the rotational kinetic energy of the torsion
pendulum and the elastic potential energy stored in the C-tube, that is, the energy
consumed by the C-tube is ignored. Let the initial angular velocity of the torsion
pendulum beam be w,, which can be obtained from the conservation of energy:

qujg) — Gmilaznax (3)

where apy,, is the maximum swing angle of the torsion pendulum in the first
quarter period of motion.

Let the distance between the impulse action point and the axis of the C-shaped
tube be L,, which can be obtained from the conservation of the moment of
momentum:

LL, = Iwg (4)

By combining Egs. (3) and (4):

am X
IS - 22‘ 31 (5)
L /—g’l‘

Combining Egs. (1) and (5), it can be seen that when the C-tube torsion pendulum
is under the action of static force or impulse, its static force and impulse values are
linear with the mechanical response of the system.

When the pendulum is stationary, the total length of the optical path from the
circular mirror to the PDS is L, and the displacement of the light spot on the PDS is s
when the pendulum is stationary to moving. The PDS can convert the displacement
signal to the voltage signal V for output. Set the gain coefficient of PDS signal con-
version as i, then there are:

s = Ltana (6)
V = us (7)

The relationship between voltage signal and impulse can be obtained from simul-
taneous formula (5)-(7) as follows:

Vmax

I, =
L 1 2Gmt’ ]  apyy (8)
*Lu 3l tan oy

The impulse generated by the micro-nano satellite propulsion system is very small,
corresponding to the maximum swing angle generated o« Max is smaller, at this time
Anax/taN Ay, ~ 1. Therefore, formula (8) can be simplified as:
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Vmax

L 1 2Gmt31 9)
"Ly 3l

I, =

IfK :ﬁ \ /ZGg’l“aI , the K value can be determined by calibrating the torsion pendu-

lum system, and then, the measurement impulse can be calculated by recording the
maximum voltage Vmax displayed on the PDS.

3.2 Calibration

The establishment of a highly sensitive micro-impulse measurement platform
enables accurate measurement of the thrust and impulse of the micro-thruster. In
order to accurately measure thrust and impulse and ensure that the system operates
properly and performs well, the measuring system must be calibrated as accurately as
possible. Calibration is a necessary step prior to all accurate measurements, and the
accuracy of calibration directly affects the accuracy of the measurements system.
There are many kinds of calibration methods, and more than one method of calibra-
tion for the same measurement system. The measurement system should use the
calibration method as accuracy as possible. The high-precision electromagnetic cali-
bration technology based on pulsed ampere force uses the energized copper wire to
pass through the magnetic field orthogonal to it to generate ampere force and uses this
ampere force to act on the measuring bench as the calibration force, effectively
solving the high-precision calibration problem of the C-tube torsion pendulum mea-
suring device.

For a ring electromagnet, as shown in Figure 5, when the cross-sectional area and
permeability of the electromagnet are the same everywhere, a magnetic circuit will be
generated in the electromagnet and the magnetic lines of force will be basically
concentrated in the magnetic core. When the air gap height is small, most of the
magnetic force lines pass through the air gap, and only a few of the magnetic force
lines are outside the air gap. In most areas of the air gap, the magnetic induction
intensity is uniform, and at the edge of the air gap, the magnetic induction intensity
drops rapidly. The software Ansoft is used to carry out a numerical simulation on the
magnetic induction intensity of the air gap and its periphery, and the magnetic
induction intensity distribution on the middle cross-section of the annular magnetic
gap is obtained, as shown in Figure 6. In the simulation, the electromagnet material is
silicon steel, the electromagnet coil is 200 turns, the energizing current is 0.5 A, the
gap section area is, and the gap spacing is 2 mm. It can be seen from Figure 6 that

Amue N
+— :
force wadlh

/-l

Figure 5.
Ampere force in annular magnet and gap.
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Figure 6.

Distribution of magnetic induction intensity.

when the volume is 2 x 15 x 15 mm?, the uniformity of magnetic induction intensity
is satisfied.
In magnetic field B, the force on the current-carrying conductor can be expressed as

df =Ic-dl x B (10)

Therefore, when the electrified straight wire is in the gap, it will be affected by the
magnetic field. The force is called ampere force, that is, L is the effective length of the
straight wire with current I in the uniform magnetic field with strength B.

F = BIcL (11)

Due to the edge effect of the magnetic field, it is difficult to calculate the ampere
force through Eq. (11). However, when the magnetic field remains constant and L
remains constant, the ampere force will be proportional to the coil current. In addi-
tion, when the current in the copper coil remains constant, the ampere force will be
constant. As shown in Figure 7, the ampere force can be obtained by the physical
analysis balance weighing method, and then it can be used as the calibration force.
Different coil currents will correspond to different ampere forces for calibration. If
there is a pulsed current in the coil, a pulsed ampere force will be generated between
the coil and the magnetic field. By integrating the pulse ampere force with time, the
impulse received by the copper coil can be obtained and then used as the impulse
required for calibration.

Another advantage of this electromagnetic calibration method is that the ampere
force is not sensitive to the angular displacement of the force arm. This is because the
magnetic field is uniform in a large range of the electromagnet gap. Therefore, as long
as the energized wire is not close to the edge of the gap, the generated ampere force
will not be affected by the position of the copper wire. No matter how the position of
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Figure 7.
Measuring ampere force with physical analytical balance. (a) Physical measurement diagram (b) schematic
diagram.

the copper wire changes, as long as the copper wire enters and exits from one side of
the air gap, the ampere force will remain unchanged, thus ensuring the accuracy of
the calibration process.

3.3 Electromagnetic compatibility technology

In the electronic circuit system, when there is a high-frequency circuit, the circuit
will radiate electromagnetic waves to the outside, or some parts of the system use
components that can radiate electromagnetic waves. These radiated electromagnetic
waves will interfere with other nearby equipment and will be coupled to the circuit
through wires and various connectors, causing interference to the signal in the circuit.
There are also many elements with antenna functions in the circuit system, such as
cables, printed circuit boards, and some mechanical structures. These elements can be
coupled to other lines in the form of electric and magnetic fields, causing interference
to the system. Electromagnetic compatibility (EMC) of equipment or system refers to
the ability of equipment or system to work normally in an electromagnetic environ-
ment without causing unbearable electromagnetic interference to any other thing in
the environment.

The project team has analyzed and studied the electromagnetic compatibility
technology of the C-tube torsion pendulum micro-thrust/micro-impulse measuring
device and processed the line shielding, grounding, lapping technology, and signal
filtering technology for the system according to the actual situation, and finally car-
ried out a comparative study of the influence of the electromagnetic compatibility
technical measures on the measured signal of the system. The research results show
that these processes reduce noise and improve the signal-to-noise ratio to a certain
extent, but at the same time, it is also concluded that electromagnetic compatibility
technology is not perfect, and it is difficult to completely eliminate noise and obtain
clean measured signals by using electromagnetic compatibility technology alone. It is
also necessary to filter the signal data by software, and the combination of the two can
obtain more ideal signal data.
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3.4 Experimental measurement

The thrust of the thruster with known parameters is measured to further verify the
accuracy of the measurement method. The overall test device is shown in Figure 8.
The thruster is installed on one side of the torsion pendulum. When the thruster
works, its impulse will act on the torsion pendulum system. When the thruster works,
its impulse will act on the swing arm and drive the torsion bar to rotate; The reflector
installed on the swing arm reflects the laser beam emitted by the He-Ne laser to the
remote PDS photosensitive surface; With the action of the impulse, the light spot
produces a small displacement on the PDS photosensitive surface, which makes the
PDS produce a small voltage signal output.

The measurement results of micro and thrusts and impulses are shown in Tables 1
and 2. According to the results in the table, this measuring device can realize the
measurement of thrust and impulse of microns. At the same time, the resolution of
PDS can be further improved and more sensitive materials can be selected to excavate
higher resolution. In theory, this measuring device can achieve at least 100 nN and
100 nN's measurements.

3.5 Error analysis

According to the possible error sources, the measurement error sources of the C-
tube torsion pendulum are divided into the error introduced by the optical lever
structure, the error introduced by the PDS sensor, and the error introduced by the
acquisition card and the calibration error. The optical lever is used to measure the
mechanical response of the C-tube torsion pendulum, and its structure affects the
resolution of the C-tube torsion pendulum. PDS is a part of the optical lever and a
sensor sensitive to the change of light spot displacement. Its resolution and optical
path of the optical lever together determine the resolution of the C-tube torsion
pendulum. The acquisition ability of the data acquisition card determines the system’s
ability to capture signals, and the acquisition accuracy of signals also affects the
accuracy of the system’s measurement results. Calibration is the basis for accurate
measurement of C-tube torsion pendulum, and the calibration error introduced by
calibration will be directly introduced into the measurement results. Other factors that
may cause the measurement error of the system include the mechanical vibration of
the system, the imperfection of the measuring circuit, and some undetected influenc-
ing factors. The mechanical vibration of the system will cause the vibration of the

Figure 8.

Test device.
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Theoretical thrust (pN) Measuring voltage (V) Measuring thrust (pN)
25 0.00116 26.721
50 0.00698 48.398
100 0.01860 104.487
150 0.03023 158.843
200 0.04186 211.273
250 0.01860 267.128
1250 0.11163 1208.676
2500 0.22790 2581.426
12,500 1.15814 12700.4687
Table 1.

Measuring results of thrusts.

Theoretical impulse (pN s) Measuring voltage (V) Measuring impulse (pN s)
10 0.04186 9.870
20 0.08837 20.345
40 0.18140 39.898
60 0.27742 62.448
80 0.36774 81.539
100 0.46065 107.352
500 2.32093 513.682
1000 4.64651 1089.613
5000 23.25116 5204.365
Table 2.

Measuring results of impulses.

C-tube, plane mirror, laser light source, and other structures of the system. The
vibration of these structures will cause the vibration of the measuring optical path and
cause low-frequency vibration interference to the measuring signal. The preliminary
measurement circuit is not optimized, and the circuit itself may affect the quality of
the measured signal, resulting in the reading error of the signal.

At the same time, the measuring range of the C-tube torsion pendulum is related to
the machining accuracy and assembly accuracy when machining structural parts. For
example, the beam and C-shaped tube, in order to ensure that the torsion pendulum
has sufficient accuracy and resolution, the beam should have sufficient strength, and
the processing should have good symmetry. When cutting an ordinary tube into a
C-shaped tube, it should ensure sufficient cutting accuracy; otherwise, it will affect
the mechanical properties of the C-shaped tube. During assembly, the structural
dimension shall be measured before assembly. In the optical lever structure, the
biggest influence on the measurement is the angle between PDS and incident light.
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When the pendulum is still, PDS and incident light should be perpendicular, so the
measurement model can be approximated as a linear model. Although this introduces
method error, the relative error introduced by this approximation is very small. When
the pendulum swing angle is 1 degree (actually far less than 1 degree), the relative
error introduced by the approximation is about 0.1%. The relative position of the
parallel plane mirror will affect the size of the system error. The larger the included
angle of the plane mirror, the greater the system error caused, and of course, the
greater the impact on the measurement results. Therefore, one of the mirrors can be
installed on an adjustable platform, and the platform can be used to adjust the two
mirrors close to the parallel state. The installation accuracy of the circular reflector
does not need to be particularly high, but the connection between the circular
reflector and the C-tube must be ensured to be tight enough.

4. Conclusion

Summarize the current status of micro-impulse measurement. To improve
measurement accuracy, the following key technologies remain to be explored.

4.1 Environmental noise control technology

The system response measurement error caused by environmental noise interfer-
ence is the dominant factor that causes thrust or impulse measurement errors. There-
fore, environmental noise interference suppression technology is one of the key
technologies for thrust or impulse measurement.

The challenge in suppressing environmental noise interference lies in its multi-
source and diverse effects. Therefore, the research on the control technologies for
environmental noise interference should focus on the identification of noise sources.
These sources can be complex, including displacement hidden excitation interference,
external force excitation interference, thrust or impulse loading interference, as well
as the sight and drag interference caused by thruster connecting pipelines and cables,
and the measurement error of displacement sensors.

4.2 High compensation system response measurement technology

The thrust or impulse is obtained from the inverse calculation of the measurement
system response. The precision regarding the response of the measurement system
will directly affect the accuracy of the thrust or impulse measurements. Therefore,
high-precision system response measurement technology is one of the key technolo-
gies for thrust or impulse measurement.

The challenge of high-precision system response measurement is the measurement
of small system response under environmental noise interference and small thrust-to-
weight ratio. Spaceborne thruster (e.g., micro-thruster) has a very small thrust-to-
weight ratio, which means that when carrying a thruster to measure thrust, the
rotational inertia of the rotating parts of the measuring system is large, and the thrust
that the thruster can generate is relatively small, so the displacement generated by
thrust is very small, and there is also the impact of environmental noise interference,
involving environmental noise interference and high-precision measurement of small
displacement under small thrust-to-weight ratio.
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4.3 High-precision calibration technology

Thrust or impulse measurement is to use the vibration differential equation of the
measurement system to calculate thrust or impulse inversely. The calibration accuracy
of system parameters will directly affect the accuracy of the thrust or impulse mea-
surement. Therefore, high-precision system parameter calibration technology is one
of the key technologies of thrust or impulse measurement. The difficulty of high-
precision system parameter calibration is the suppression of environmental noise
interference and the generation of high-precision constant force. In addition to the
influence of environmental noise on the calibration accuracy of system parameters,
the generation and acquisition method of high-precision constant force is an effective
technical way to improve the calibration accuracy of system parameters.

4.4 High-precision evaluation technology

Thrust or impulse measurement is to give the measurement results of micro-thrust
or impulse of millinewton (s) or even micro-newton (s) under the conditions of
environmental noise interference suppression, micro-system response measurement,
and high-precision system parameter calibration, as well as the evaluation conclusions
with high confidence. Therefore, high-precision thrust or impulse measurement
and evaluation technology is one of the key technologies of thrust or impulse
measurement.
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