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For a certain configuration of ablative pulsed plasma thruster, changing the initial energy is
an effective way to optimize the performance of the thruster. Different energy supply
methods will not only affect the macro discharge characteristics and system performance
of the thruster, but also affect the micro characteristics of the plasma in the discharge
channel, the equivalent parameters of the discharge circuit, energy conversion efficiency
and so on. In this study, the discharge characteristics, ablation characteristics and plasma
motion characteristics of the thruster under different energy supply methods are analyzed
experimentally and theoretically. The results show that using the method which includes
increasing capacitance to heighten the initial energy of system under the same voltage,
using a low-voltage, large-capacitor power supply method under the same initial energy,
can effectively increase the impulse generated by Lorentz force and its proportion in the
impulse bit. Moreover, the proportion of the ablative propellant effectively ionized and
accelerated by Lorentz force increases. Therefore, the thruster has higher specific impulse
and efficiency.

Keywords: pulsed plasma thruster, discharge characteristic, impulse bit, electric propulsion, energy supply
methods

INTRODUCTION

The Ablative Pulsed Plasma Thruster (APPT) has the advantages of small impulse, high specific
impulse, and simple structure (Lemmer, 2017). It is especially suitable for position holding, resistance
compensation, formation flight, and other space flight missions on small satellite (Huang et al., 2015;
Silnikov et al., 2015). However, the propellant utilization and system efficiency seriously restrict the
improvement of APPT performance and affect its application (Wu and Sun, 2018; Huang et al.,
2020).

The discharge energy of the thruster is an important factor which affects the performance of
the APPT system. Kazeev and Antropov et al. found out the specific impulse and system
efficiency of the APPT can be greatly improved by increasing system discharge energy (Kazeev
et al., 2002; Antropov et al., 2003). Benson and Arrington et al. found that the impulse bit and
specific impulse of the thruster increase along with the increasing of the discharge energy, but the
increase of discharge energy only has limited effect on improving the performance of the APPT
system. High initial energy not only requires a more complex power supply, making the system
more complex, but also aggravates the ablation of the thruster electrode and spark plug, affecting
the service life of the thruster (Arrington et al., 1997; Rezaeiha et al., 2011). Nawaz et al.
discussed the relationship between capacitance and inductance of the APPT according to the
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FIGURE 2 | (A) Equivalent circuit diagram and (B) typical discharge current waveform of APPT.
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theory and experimental research. They found out under
specific disposal conditions, the performance of the thruster
can be optimized (Nawaz et al., 2010; Schonherr et al., 2010).
Wu Zhiwen et al. studied the energy distribution of APPT to
find the ways to reduce the energy loss, and a double-discharge
APPT was designed to improve the efficiency of the thrusters
(Huang et al., 2018; Wu et al., 2018). Wu Jianjun et al. found
that increasing discharge energy can effectively improve the
ionization degree of ablative propellant and the speed of
plasma, high ionization and high velocity plasma produce
larger impulse (Ou et al., 2018), (Zhang et al, 2020),
(Zhang et al, 2013), (Wu et al, 2020a). For APPT with
fixed configuration, improving initial energy level of the
thruster is a possible and effective way to increase efficiency
of the thruster.

Different energy supply methods will not only affect the
discharge characteristics and system performance of the
thruster, but also affect the plasma characteristics,

equivalent parameters of the discharge circuit, energy
conversion efficiency and other micro characteristics
(Cheng et al,, 2017; Sun et al.,, 2019). Although researchers
have done a lot of research, its internal mechanism has not
been fully grasped, so it is still difficult to improve the
performance of the thruster. In order to understand the
influence of different power supply methods on APPT
performance, the discharge characteristics and system
performance of APPT wunder different initial voltages,
different capacitance, and different capacitance and voltage
configurations at the same energy level are studied.

EXPERIMENTAL SETUP AND METHOD

Thrutser and Vacuum Chamber
The experimental setup was schematically given in Figure 1. A
breech-fed parallel plate APPT was used in the experiment.
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FIGURE 3 | APPT discharge waveforms at different initial voltages.
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TABLE 1 | APPT discharge circuit parameter at different initial voltages.

Vo V] Imax [KA] Leq [nH] Req [mQ] b 4 [Az.s] Nir [%]
1,062 8.29 76.89 50.39 72.38 88.21
1,350 11.86 57.57 27.78 236.1 88.15
1,629 13.31 50.33 25.28 303.9 87.26
1719 156.95 50.33 24.99 449.0 87.24
2031 19.12 48.11 21.01 673.0 86.71

The size of nonoxide copper electrode of the thruster was 35 x 15 x
3 mm3, and the distance between anode and cathode was 45 mm.
Polytetrafluoroethylene (PTEE) was used as solid propellant and its
ablative exposed surface was 45 mm long and 15mm wide. A
semiconductor spark plug was used as a discharge-inducing device
which was mounted on the cathode. Four 3 uF polyester film
capacitors were connected in parallel as energy storage device, and
the capacitance was changed by changing the number of capacitor
nc which was used. As shown in Figure 1, the thruster was placed
inside a cylinder shape vacuum chamber which was used to
simulate the space environment, whose working pressure was
3 x 107 Pa during testing.

Discharge Circuit Parameters

Tek P5100 high voltage probe was used to measure discharge
voltage, and CWT150 Rogowski coil was used to measure
discharge current. Each measurement signal was collected by
Tek DPO4034 four-channel oscilloscope.

The discharge circuit of APPT can be equivalent to an
inductor-capacitor-resistor (LCR) circuit (Wu et al, 2020b),
shown in Figure 2A. C is the capacitance, R¢ and L are the
equivalent resistance and equivalent inductance of the main
capacitor respectively. R,; and R,, are the resistance
transmission line to the electrode, L,; and L,, are the
inductance of the transmission line to electrode, R, and L, are
equivalent plasma resistance and inductance. L,,; and R,,; are the
inductance and resistance of the external circuit. L,,, is the sum of
Le, Ly, Lyo, R, is the sum of R, Ry, Ry

As shown in Figure 2B, the main discharge current waveform
of APPT oscillates is in the form of damped sine wave. By fitting
the waveform, the equivalent resistance R.,, inductance L., and
other important parameters of the discharge circuit can be

obtained as
T\*1
Lo=(—)= 1
1 (271) C M

4L, Tmax
R = in (lllmD @

Leg is the sum of Ly, Ly, Req is the sum of Ry, R,. Where T is
the discharge cycle, I, is the maximum value of the discharge
current, I,,,;,, the minimum value of the discharge current.

By using the measurement method in Ref. (Koizumi et al.,
2004), Ly R,y and inductance gradient of electrode L can be
obtained.

Ey = 1/2CV} is the initial energy of capacitor. Using discharge
voltage and current, the discharge energy of APPT E, and

TABLE 2 | Ablation characteristics of propellant at different initial voltages.

Vo [V] 1,052 1,350
My [ug] 18.8 + 0.3 36.9 + 0.2
Mpi/Eo [ugll] 2.65 + 0.04 3.16 + 0.02

1,529 1719 2031
509 + 0.4 69.63 + 0.2 95.8 + 0.3
3.409 + 0.03 3.6841 = 0.01 3.9916 + 0.01
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TABLE 3 | APPT performance parameters at different initial voltages.

VoVl Iem [UN-s] Igas [UN-s]  « [%] B [%] Cgas [km/s] Ve [km/s]
1,052 34.2 50.4 8.63 40.4 2.83 4.49
1,350 108.2 101.5 8.28 51.6 3.01 5.52
1,529 143.5 137.3 8.26 51.1 2.94 5.68
1719 2121 202.2 7.81 51.2 2.92 5.95
2031 317.8 271.6 6.82 53.9 3.04 6.15
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FIGURE 4 | APPT thruster performances at different initial voltages.

efficiency of the system energy converse to discharge energy #,,
over the discharge period ¢, are computed as follows:
t;

E, = J V(O (t)dt (3)

0

My = EnlE 4)

Performance Parameters

A pendulum micro impulse scale was used to measure the
impulse bit I;. The construction and theory of the pendulum
micro impulse scale can refer to Ref. (Zhang et al., 2016). The
impulse bit of APPT is the sum of the impulse which is generated
by aerodynamic force I, plus the impulse which is generated by
Lorentz force Igy. The Ip; can be expressed as

Lyie = Ipy + Igas (5)
The Iy produced by the Lorentz force Fg,, can be obtained as
(Pottinger et al., 2011)

te te

J Fpydt = 1 L J I (t)dt (6)

0

IEM =

o
N |

Performance of Pulsed Plasma Thrusters

60

55

a1
o

IS
[

w
a1

w
o

25

Velocity(km/s)
5
T T | T T | T T | T | LI | L | L | T T

et o
2%OO 1000 1200 1400 1600 1800 2000 2200
Voltage(V)

FIGURE 5 | Plasma movement velocity of APPT at different initial
voltages.

¥ is time integral value of the square of current I(1)

te

y- jzz (t)dt %

0

B is ratio of the impulse which is generated by the Lorentz
force to the impulse bit, which can be expressed as

B = Ien/Iyis (8)
I,;; also can be expressed as
T = myi (1 - ‘x)cgas + mbitavp )

Where «a is proportion of the ablated propellant which is
accelerated by the Lorentz force, Cg,, is movement speed of
the ablated propellant accelerated by the aerodynamic force.

Four double Langmuir probes with a bias voltage of 27V were
placed in the APPT plume area on axis of the thruster at 8, 12, 16
and 20 cm away from exposure face of the propellant. The plasma
velocity V,, was measured by time-of-flight method (Myers et al,,
1996).

The XS205DU electronic scale was used to weigh the mass
change of propellant after 5400 times of discharge. Single-pulse
ablation of propellant mass, m,;, can be calculated by the average.
System specific impulse I, The efficiency # can be obtained as

Isp = Tpie/ My g (10)
1 = I,/ 2my; E (11)

Average velocity of the ablative propellant V, can be
obtained as

Ve = Lpi/my; (12)
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FIGURE 6 | Discharge waveforms of APPT at different capacitances.

TABLE 4 | APPT discharge parameters at different capacitances.

C [vF] Imax [KA] Leg [nH] Req [mQ] ¥ [KAes] ¥in [A%es] 1 [%]
3 6.27 55.5 22.15 49.8 49.81 85.56
6 8.02 43.6 24.08 85.8 42.89 80.15
9 10.81 52.4 24.92 180.7 60.24 7777
12 13.31 50.3 25.28 303.9 75.98 87.26

TABLE 5 | Ablation characteristics of propellant at different capacitances.

C [uF] 3 6 9 12
Mee [ug] 282103 39.4 04 414+ 05 50.8 + 0.2
mu/Eo [Ugl)]  8.46 0089 521+ 0055 3.63+0.044 3410013

EXPERIMENTAL RESULTS AND
DISCUSSION

Effect of Different Initial Voltages on System
Performance

There are Four capacitors are connected in parallel. In peace
with the increasing of charging voltage from 1052 to 2031V,
the initial energy of thruster increases from 7.09 to 24.74].

Figure 3 shows APPT discharge current and voltage
waveforms measured at different initial voltages. The
waveforms in the figure are the average values of 10
measurements. By adopting formulas given in Discharge
Circuit Parameters, discharge circuit parameters which are
listed in Table 1 can be obtained.

As we can see, E, increases with the increasing of discharge
voltage. The more energy is transferred to the discharge
channel in a single discharge process, the more ablative
propellant ionized, and provide energy for plasma
acceleration. Furthermore, as ¥ increases from 72.38 A’es
to 673 A’es, the impulse generated by Lorentz force

increases, which is conducive to the acceleration of plasma.
However, it’s worth noting that high initial voltage promotes
the generation of highly ionized plasma (Gatsonis et al., 2002),
because the highly ionized plasma reduces the plasma
resistance in the discharge channel and, R., decreases with
the increase of discharge voltage, resulting in #;, reduced from
88.21 to 86.71%. Low discharge energy transfer efficiency at
high initial voltage will cause more energy consumption in the
external circuit which goes against improving system
efficiency.

As Table 2 shows, both my; and m,;/E, increase with the
increase of initial voltage. This means more energy is needed to
further ionize additional ablated propellant, which is not
conducive to performance improvement of the thruster
(Keidar et al., 2004).

As shown in Table 3 and Figure 4, in pace with the
increasing of the initial voltage, both Ipy and Ig,, increase
and, I,;, increases from 84.56 puN-s to 589.46 uN-s. The specific
impulse increases from 458.97 to 627.85s and, thruster
efficiency increases from 2.7 to 6.81%. It can be seen that
APPT system performance is improved with the increasing of
initial voltage.

With the increase of voltage, 8 increases from 40.4 to 53.9%,
the ratio of the impulse generated by Lorentz force to the impulse
bit increases. V,, (as shown in Figure 5), Cg,, V. all increase
accordingly. However, « decreases with the increase of initial
voltage, which means that the proportion of the ablative
propellant accelerated by aerodynamic force increases.
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TABLE 6 | APPT performance parameters at different capacitances.

Performance of Pulsed Plasma Thrusters

C [uF] IEM [uN-s] Igas [pN-s] a [%] B [%] Cgas [km/s] Ve [km/s]
3 241 36.02 291 40 1.31 213
6 41.2 77.01 3.18 34.8 2.02 3.01
9 85.4 76.19 6.01 52.9 1.96 3.89
12 143.5 137.3 7.81 51.1 2.93 5.68
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FIGURE 8 | APPT system performances at different capacitances.
FIGURE 7 | APPT plasma movement velocities at different
capacitances.
303.9 A%es at 12 uF and, single capacitor discharge current
square integral average value ¥/n, also increases. Since the
Low-speed  ablative propellant which is accelerated by  porentz force is proportional to the square integral of the

aerodynamic force is not conducive to the ionization and
acceleration because it contributes little to the system thrust
(Wu et al.,, 2018). This is an adverse factor that will affect the
utilization efficiency of propellant and the improvement of
system efficiency. It can also be seen from Figure 4 that with
the increasing of voltage, the specific impulse and efficiency
growth rate of the thruster show a trend of gradual slowing down.

Effect of Different Capacitances on System

Performance

The capacitor charging voltage is maintained at 1500V. By
adjusting the number of parallel-connected capacitors, the
capacitance increases from 3 to 12 pF. The initial discharge
energy increases correspondingly. As Figure 6 shows, the
discharge cycle of the thruster increases gradually and, I,
increases from 6.27 KA to 13.31 KA.

As shown in Table 4, under the influence of connection
method and number of the parallel-connected capacitors, L.,
R4, and 7, show a non-monotonic trend of change. With the
increase of capacitance, ¥ increases from 49.81 A”es at 3uF to

current, the average Lorentz force that produced by a single
capacitor increases.

As shown in Table 5, with the increase of capacitance, m;,
increases from 28.2 to 50.8 ug. Compared with the way of
increasing the initial energy by increasing the initial voltage,
my;i/Ey decreases accordingly, which is beneficial to improve
the utilization and ionization of the propellant (Keidar et al,,
2004).

As shown in Table 6, as the capacitance increases, a also
increases from 2.91 to 7.81%. This means that more ablative
propellants are effectively ionized and accelerated by Lorentz
force, which is a beneficial factor for improving propellant
utilization and system efficiency. Figure 7 and Figure 8 show
that performance parameters such as system efficiency,
specific impulse, impulse bit, and plasma velocity all
increase with the increase of capacitance. In particular, the
impulse, specific impulse, and efficiency parameters all show a
trend of rapid increase in slope. It seems that the performance
of the thruster system can be improved more effectively by
increasing the capacitance to increase the initial energy of the
system.
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TABLE 7 | Parameters of APPT discharge circuit with different capacitance and voltage configurations.

Capacitance, voltage

3pF, 2000V
6uF, 1414V
9uF, 1155V
12uF, 1000V

Performance of the APPT System at the

Imax [KA]

8.21
7.71
747
6.86

Leg [nH]

23.23
4217
53.24
76.92

Same Energy Level but With Different

Capacitance and Voltage Configurations
This section focuses on the APPT system performance under
the same initial energy (E, = 6]), with different capacitance
(C =3, 6,9, 12 yF), and different voltage configurations. As

Roq [MmQ]

36.97
22.37
34.94
50.41

lo [KA] ¥ [A%es] win; [A%es] 1er [%]
3.07 87.39 87.39 78.31
2.91 76.40 38.20 80.85
2.79 75.93 25.31 78.74
2.28 72.35 18.09 88.21

Figure 9 shown, in the low-capacitance, high-voltage
configuration, the discharge cycle is shorter, the peak value
and current rise steepness of the discharge current are larger,
and the energy stored in the capacitor is released in a

shorter time.

Figure 10A shows the plasma density of the APPT plume
which is measured by a current-model triple Langmuir probe.
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FIGURE 11 | Normalized discharge current waveform.

The construction and theory of a triple Langmuir probe can refer
to Ref. (Gatsonis et al., 2004). Large peak current produces high-
density plasma which causes the peak of plasma density increases
from 6.98x10”m>at 12uF to 1.39x10*m~at 3yF.
Additionally, as shown in Table 7 and Figure 10B, the value
of ¥ and ¥/n, are larger which means not only the Lorentz force
but also the average Lorentz force produced by a single capacitor
increase, and the plasma velocity is relatively high.

By normalizing the discharge current waveform, as shown in
Figure 11, when the initial energy remains the same, the APPT
discharge current oscillation intensifies under the condition of
low capacitance and high voltage. The reverse discharge current
will not only affect the service life of the capacitor, but will also
cause “re-striking” on the surface of the propellant, and it will
aggravate the ablation of the propellant (Spanjers et al., 1998). As
shown in Table 8, the mass of ablative propellant is 3 times when
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FIGURE 12 | APPT thruster performances under different capacitance
and voltage configurations.

the 3 uF capacitor is charged to 2000V of the 12 pF capacitor
when it is charged to 1000V. Also, m;/¥ and my,;/E, value
increase as the decrease of capacitance. Therefore, under the same
initial energy condition, the large capacitance and low voltage
configuration can be more effective to reduce the ablation of the
propellant and improve the utilization efficiency of the
propellant.

As shown in Table 9, as capacitance increases, Iy decreases
from 41.3 uN-s to 34.2 uN-s and, I, decreases from 74.3 uN-s to
50.4 uN-s. V,, Ca and V., also decrease accordingly. APPT with
low capacitance and high voltage configuration has a relatively
higher impulse bit. However, it’s worthless because 8 decreases
from 40.4% at 12pF to 35.7% at 3 pF and, « decreases from 8.63 to
1.84%. The proportion of impulse which is generated by Lorentz

TABLE 8 | Ablation characteristics of propellant under different capacitance and voltage configurations.

12pF, 1000V 9pF, 1155V 6pF, 1414V 3uF, 2000V
Mpi ug] 18.86 + 0.3 24.44 + 0.04 34.55 + 0.2 58.71 + 0.2
My [ug/(A%es)] 0.26 + 0.034 0.32 + 0.001 0.45 + 0.003 0.67 + 0.003
Mpi/Eo [Hg/J] 3.14 + 0.05 4.07 + 0.007 5.76 + 0.033 9.79 + 0.033
TABLE 9 | APPT performance parameters under different capacitance and voltage configurations.
Capacitance, voltage Iem [MN-s] lgas [UN-s] a [%] B [%] Cgas [km/s] V. [km/s]
12uF, 1000V 34.2 50.4 8.63 40.4 2.83 4.49
9uF, 1155V 35.9 53.8 4.41 42.7 2.30 3.67
6uF, 1414V 36.1 62.8 2.98 36.5 1.87 2.86
3uF, 2000V 41.3 74.3 1.84 35.7 1.29 1.97
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force and the proportion of ablative propellant which is
accelerated by Lorentz force both decrease with the increase of
capacitance. Therefore, as shown in Figure 12, although APPT
has a higher impulse bit under low capacitance and high voltage
configuration, the specific impulse and system efficiency of the
thruster decrease as the capacitance decreases.

CONCLUSION

In this paper, the discharge characteristics, propellant ablation
characteristics, and system performance of APPT under different
energy supply methods are systematically studied. By fitting and
estimating the parameters of the APPT discharge circuit and
system performance under various working conditions, the internal
mechanism of how each parameter change affects the performance of
the thruster is obtained.

1) Under a certain capacitance, with the increasing of
discharge voltage, the plasma velocity, the impulse bit,
the specific impulse, and the efficiency of the thruster all
increase, and the system performance improves. However,
in peace with the increasing of voltage, the efficiency of the
system energy conversion to discharge energy decreases.
While the mass of the ablative propellant increasing, the
proportion of the ablative propellant which is effectively
ionized and accelerated by the Lorentz force decreases, and
the proportion of the ablative propellant which is
accelerated by the aerodynamic force increases. This is
not conducive to the performance improvement of the
thruster. It can be concluded that simply increasing the
initial voltage of the thruster has certain limitations on
optimizing thruster performance.

2) At a given voltage, by increasing the capacitance can also
improve system performance. Although the mass of the
ablative propellant increases with the increasing of the
capacitance, the mass of propellant ablated per unit energy
decreases. Meanwhile, the ratio of impulse which is generated
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