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Abstract

In order to satisfy the national demands for developing a long-life satellite platform,
lunar exploration, and deep-space exploitation, Hall thrusters are now considered the
preferred candidate for spacecraft propulsion. A Hall thruster is a type of electric
propulsion with an annular structure, in which a propellant, usually xenon, is ionized
and then accelerated by electrostatic force to create a propulsive thrust. Low-frequency
discharge current oscillations, also called breathing mode oscillations in some refer-
ences, are among the major research topics of Hall thrusters. Low-frequency oscillations
in the range of 10–100 kHz might affect the reliability of power processing unit and
reduce the efficiency and specific impulse of Hall thrusters. The control of low-frequency
oscillations is an essential challenge in the space application of Hall thrusters. It is proved
that the electric field is a highly important influence factor for low-frequency oscillations;
therefore, application of a dynamic electric field is a practical way to control low-frequency
oscillation.

Keywords: electric field, low-frequency oscillation, control, filter unit, Hall thruster

1. Introduction

In order to adapt the technology requirements of surveying deep space and conducting

interplanetary travel, it is an inexorable trend in the development of spacecraft propulsion

systems that electric propulsion will take the place of chemical propulsion. A Hall thruster is a

type of electric propulsion with an annular structure, in which a propellant, usually xenon, is

ionized and then accelerated by electrostatic force to create a propulsive thrust. The typical

configuration is shown in Figure 1. A mostly transverse magnetic flux is produced by the

magnetic circuit and magnetic coils in the discharge channel, with a maximum radial intensity

near the channel exit. The discharge voltage is applied between the anode and an external

hollow cathode. The propellant, usually Xenon, is injected through the gas distributor. The

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



magnetic field limits the axial mobility of electrons and then causes a localized voltage drop of

the order of the anode-cathode discharge voltage. Electrons drift in the azimuthal direction,

with an average azimuthal velocity Ez/Br. Typical values of the axial electric field Ez are on the

order of 104 V/m, and the radial magnetic density Br is 0.02 T, leading to average electron

energies higher than 10 eV. This magnetically confined electron efficiently ionizes the propel-

lant gas. Ions are accelerated toward the exit by the electric field, which produces the thrust for

the satellite.

The plasma instability is inevitable in magnetic-confined plasma discharge of Hall thrusters.

Past research has shown that regardless of the magnetic topology used, a highly rich and

complex wave and noise characteristics over a wide frequency spectrum are inherent in the

magnetic-confined plasma discharge. Therefore, to study all kinds of plasma instability, clarify

the physical mechanism, understand their characteristics, and seek a stabilization method have

always been the central issues of plasma physics [1–6]. Hall thrusters, as typical magnetized

plasma discharge devices, exhibit varied oscillations with different lengths and time scales

related with various physical processes. These oscillations play a major role in the process of

ionization, diffusion, and acceleration of the particles. Low-frequency oscillations in the range

of 10–100 kHz, also called breathing mode oscillations in some references, are among the major

research topics of Hall thrusters [7, 8]. The typical low-frequency oscillation wave is shown in

Figure 2. These oscillations might affect the reliability of power processing unit, reduce the

efficiency and specific impulse of Hall thrusters, and therefore, its suppression is an essential

challenge in the space applications of Hall thrusters not only to relate with the effects on the

Figure 1. Schematic diagram of a Hall thruster: (1) anode, (2) magnetic pole, (3) magnetic coils, (4) accelerating channel,

and (5) cathode.
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thruster operation but also to control electromagnetic compatibility with other equipment

installed on satellites [9, 10]. Researchers have recognized the low-frequency oscillation phe-

nomena with Hall thrusters since the early 1970s [11]. Even now, research on this subject is

ongoing [12].

2. Research groups for plasma instability

In the world, there are many electric propulsion research groups, such as the Princeton Plasma

Physics Laboratory (PPPL) in the U.S., the LAPLACE (Laboratory on Plasma and Conversion

of Energy) in France, the Komurasaki-Koizumi Laboratory in Japan, the Moscow Institute of

Radio-Engineering in Russia, and other laboratories in Asia and Europe. Some studies of low-

frequency oscillation were performed in Russia in the early and mid-1970s; the main research

groups continuing to study this subject are located in the U.S., France, Poland, Japan, and

China. These groups have researched this subject from different angles and contributed to a

full understanding of low-frequency oscillations in Hall thrusters.

In the U.S., studies on low-frequency oscillations are conducted mainly in universities. In

PPPL, their research objectives include reducing beam divergence, scaling Hall thrusters, and

studying the physics involved in Hall thrusters, as well as plasma instabilities and their control

[13–16]. They have studied low-frequency oscillations experimentally and have established

some excellent plasma diagnostics devices, included a high-speed positioning system for

inside measurements, a movable radial probe, and a segmented probe [17–20]. Another

research group at Princeton is EPPDyL (Electric Propulsion and Plasma Dynamics Lab), which

has studied the physics and applications of plasma thrusters for more than 30 years. A review
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Figure 2. Typical low-frequency oscillation wave.
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of plasma oscillations in Hall thrusters published in Physics of Plasmas is their typical oscillation

research work [21]. Plasmadynamics and Electric Propulsion Laboratory (PEPL) founded and

directed by Gallimore in University of Michigan has operated all thruster types, including

electrostatic thrusters, electrothermal propulsion, and electromagnetic thrusters. A majority of

the research presently performed at the PEPL lies in Hall thrusters and ion thrusters [22]. In

addition, the Stanford Plasma Physics Lab and the Space Propulsion Laboratory at the Massa-

chusetts Institute of Technology are also advancing theoretical and experimental study on

plasma physics and space propulsion, including the low-frequency oscillations.

In Europe, the groups focusing on low-frequency oscillations in Hall thrusters are mainly

located in Poland and France. In France, Hall thrusters have been studied in the frame of a

Research Group on Plasma Propulsion consisting of about 10 academic labs that specialize in

all fields of Hall thruster physics (such as plasma physics, optical diagnostics, magnetism,

ceramics, and numerical simulation). LAPLACE at the University of Toulouse and the

Research Group on Ionized Media (GREMI) at Orléans University, headed by A. Bouchoule,

are two of the most important research groups. These two groups have performed many

theoretical and experimental studies on discharge instabilities of Hall thrusters in a wide

frequency range. Barral is one of the most active researchers in Hall thruster discharge insta-

bility for the past few years [8, 23–26]. His work is mainly focused on modeling of plasma

instability, discharge instabilities theory, and interactions between thruster and power supply.

He has done much research and provided some new perspectives on low-frequency oscilla-

tions. Moreover, the Space Propulsion and Plasmas (EP2) research group in Spain, headed by

E. Ahedo, has also performed some theoretical studies on the subject of discharge oscillations

in Hall thrusters. EP2 has built research relationships with SPL, PPPL, and the Dynamics of

Ionized Media group concerning the fundamental physics of Hall thrusters [24, 26–28].

The works of the Komurasaki-Koizumi Laboratory at the University of Tokyo include devel-

oping model and improving the characteristics and suppressing low-frequency oscillations

[7, 29]. The works of the Gas Discharge Physics Lab in the Korea mainly focus on cylindrical

type Hall thrusters and plasma diagnostics [30, 31]. The Harbin Institute of Technology Plasma

Propulsion Laboratory (HPPL) in China is a new research group, which began to study Hall

thrusters in 2004. They have done some exploratory research on low-frequency oscillations,

including the influencing factors, physical mechanism, and stabilization [4, 10, 32–37].

In addition to these research centers, some researchers in Japan (such as Nagoya University

and Gifu University) [38], Israel (such as in Technion Israel Institute of Technology and Holon

Institute of Technology) [39, 40], and the U.S. (such as the Air Force Institute of Technology)

[41], among others, also perform some research work on the subject of low-frequency oscilla-

tions in Hall thrusters.

3. Model and physical mechanism of low-frequency oscillation

The mechanism of low-frequency oscillations is usually explained using a predator-prey

model. In this model, the ions and neutrals in an ionization zone can be expressed as
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dni

dt
¼ βninn � ni

V i

Lion

dnn

dt
¼ �βninn þ nn

Vn

Lion

(1)

where ni and nn are the ion number density and neutral number density, respectively. Lion is

the length of the ionization zone. Neutrals enter the ionization zone at a rate nnVn, but few

neutrals leave. Ions leave the ionization zone at a rate niVi, but few ions arrive. Ionization

occurs at the rate of βninn. Results show that the ni and nn oscillate in an opposed-phase form,

which indicates that the ions and neutrals have the relationship of predator and prey.

Although this model can reflect the complex processes of low-frequency oscillations, its

boundary conditions are unreasonable. We investigate the meaning of the term nnVn/Lion. In

the original predator-prey model, it means without the existence of the predator, the growth

rate of the prey is proportional to its own numbers. In the ionization model, it implies that the

rate of neutrals entering the ionization zone is proportional to the number density of neutrals

in the ionization zone, when in fact, neutrals are introduced into the channel at a constant rate.

If the rate of neutrals arriving is fixed, the system would be stable unconditionally. Detailed

calculation results are shown in [42].

It shows that the boundary conditions of the predator-prey model have a significant effect on

system stability, which is unreasonable. In order to give reasonable boundary conditions, we

can use the simplified equation set to reflect the characteristics of low-frequency oscillations.

The predator-prey model is derived from the ion continuity equation and the neutral continu-

ity equation. We begin with the following equation set:

∂nn

∂t
þ

∂nnVn

∂x
¼ �βnnni (2)

∂ni

∂t
þ

∂ niV ið Þ

∂x
¼ βnnni (3)

∂ niV ið Þ

∂t
þ

∂ niV
2
i

� �

∂x
¼

eni

mi

E xð Þ þ βnnniVn (4)

where the channel length is L = 3 cm, channel cross section is A = 25 cm2, neutral velocity is

Vn = 200 m/s, and ionization rate is β = 5� 10�13 m3/s. With operating conditions of a neutral

gas flow rate of 3.0 mg/s and pre-ionization rate of 1% (the ionization rate of the neutral gas

before entering the channel), the boundary conditions at the anode (x = 0) are nn(0, t) =

2.6� 1019 m
�3, Vi(0, t) = 2000 m/s, and ni(0, t) = 2.6� 1016 m

�3. The values of nn(x,0), ni(x, 0),

Vn(x,0), and E(x) are given according to a one-dimensional steady quasi-neutral hybrid model.

Simulation results show that the system is stable. The traces of ni and nn in the ionization zone

are shown in Figure 3 (we define the ionization zone as the region where ni and nn changes

from 5–90%). The results show that even with equation set (2)–(4), the mechanism of ionization

oscillations is incomplete. Further, we introduce the dynamic electric field as follows:
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E ¼
eneVe

σ xð Þ
¼

I=A� eniV i

σ xð Þ
(5)

ð
L

0

Edx ¼ U0 (6)

where the discharge voltage is U0 = 300 V. Electronic conductivity σ(x) depends only on the

transverse magnetic field, which is given by σ(x) =σ0(H0/H(x))2, σ0 = 8.3� 10�3 S/m, and

H0 = 0.02 T. H0 is the magnetic field at the cathode, and H(x) is the profile of the transverse

magnetic field. σ0 is the mean conductivity. The details of the parameter values and model can

be found in [43]. With this model, the discharge current fluctuates at a frequency of approxi-

mately 30 kHz. In addition, the ni and nn change with discharge current (Figure 4). The results

show that low-frequency oscillations are related with the changes of electric field.

From the view of the physical mechanism, the physical processes of low-frequency oscillations

are shown in Figure 5. Because the rates of neutrals leaving (nnVn) and ions arriving (ni_iVi_i)

are small, the main processes in the ionization zone are neutrals arriving at the rate of nn_iVn,

ionization at the rate of βninn, and ions leaving at the rate of niVi_o (marked with the oval in

Figure 5). For a fixed electric field, the ions acceleration characteristic is fixed. If a disturbance

occurs in the ionization process and the ionization intensity increases, the nn would decrease

and the rate of ions leaving would be increased; the effects of these two processes cause the

system balance again. When the time-dependent electric field is involved, the ionization

process disturbance would be followed by a various ion momentum niVi_o, and this change

would affect the ion momentum in the acceleration zone. From Eq. (5), the change of ion
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electric field.
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momentum in the channel would cause the redistribution of the electric field, which influences

the ion movement in the ionization zone again. The numerical results show that the feedback

of the electric field, together with the replenishment and ionization avalanche of neutral,

brings the oscillation. Analyzing particle movement process, the ionization zone is upstream

of the acceleration zone. Electrons go into the ionization zone from the acceleration zone. The

ionization zone and acceleration zone interact with each other due to this movement. The
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Figure 5. Physical processes of low-frequency oscillations.
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electric field equation is essentially the electron momentum equation which reflects the interact

between the acceleration zone and the ionization zone. Therefore, the import of a dynamic

electric field makes the system into whole. The dynamic electric field is a highly important

influence factor for low-frequency oscillation. The dynamic electric field is also applied and

studied in many research areas, and these research results shown in the electric field have a

plentiful scientific connotation [44–58].

4. Stabilizing low-frequency oscillation

The stabilizing method of low-frequency oscillation is an essential challenge for the space appli-

cations of thrusters. Researchers have tried many different ways to mitigate low-frequency

oscillations. A filter, sometimes also called a matching network, is a component mainly applied

to reduce the discharge current low-frequency oscillations in the range of 10–100 kHz; it is also

an important component in the space mission of a Hall thruster. Previous studies indicated that

the low-frequency oscillations are sensitive to filter parameters and can be mitigated to an

acceptable level with proper filter values [59]. A filter unit is always involved between the

thrusters and the power supply. The traditional filter consists of an inductor and a capacitor,

and sometimes a resistor is also applied. This type of filter is a low-pass filter designed to isolate

the interfering signal from the thrusters to the power supply. Recently, the role of the filter in the

oscillation control was introduced by Yu et al. [4, 10, 33] and Barral et al. [25, 26]. It is noted that

the filter regulates the voltage across itself according to the variation of discharge current so as to

decrease its fluctuation in the discharge circuit, which is the function of a controller. Therefore,

the matching network between the thrusters and power supply has two functions, which are

those of a filter and controller. However, it is highly difficult to mix the function of a filter and

controller in one network, because the aim and function of these two parts are quite different.

This may be the reason that there have been no design methods of the matching network until

now. The parameters are in practice always obtained through a trial-and-error method. There-

fore, it follows that we should separate the matching network into two stages. The first stage is

the filter, which aims to isolate the interfering signal from the thrusters to the power supply. The

second stage is the controller, which provides a regulated voltage to decrease the low-frequency

discharge current oscillation.

4.1. Design of the filter stage

As a matching network between the thruster and power supply, the function of a filter is to

protect the power supply, that is, to obtain a stable load for the power supply and, therefore,

enable the power supply to operate in its normal electrical state. Another requirement is that

the filter has low insert impedance. In a manner of speaking, the design goal is to ensure

stable current or voltage on the power supply side, even though the current fluctuates on the

thruster side. The filter can be seen as a two-port network: the power supply provides

constant input power, and the thruster consumes it with a frequency of 20–40 kHz. Thus,

from the point of view of energy conservation, the filter needs a capacitor large enough to

store energy and release it to a fluctuating load. Connecting the capacitor between the

Electric Field8



positive and negative terminals of the power supply directly may be unreasonable, because

there will be a large current peak in the circuit when the power supply is turned on.

Therefore, designers must choose a component to connect between the capacitor and the

power supply, with the aim of charging the capacitor. This chosen component should have

low DC impedance because it is connected in the discharge circuit. Moreover, the component

should have high AC impedance. The reason can be understood as follows: The thruster

consumes power with a pulsating mode, which would cause fluctuation in the capacitor

voltage. The voltage difference between the power supply port and the thruster port would

draw a fluctuating current from the power supply, and we do not expect that situation to

occur. Thus, the component should have high AC impedance to suppress this kind of current

fluctuation. Obviously, the component meeting these criteria is an inductor. Therefore, the

filter stage consists of an inductor and a capacitor. On the thruster side, we use specific

properties of charge storage to stabilize the discharge voltage, and on the power supply side,

we use the inductor to achieve constant current. In order to avoid the LC circuit resonance

and electromagnetic interference after extinguishing the thrusters, a resistor is connected

parallel with the inductor. That is, the typical configuration of the filter stage is as shown in

Figure 6.

According to the preceding analysis, the inductor in the filter stage should be sufficiently large

to achieve a small power supply current fluctuation. On the other hand, the capacitor should

be sufficiently large to ensure a small thruster voltage fluctuation. According to Fourier

analysis, a fluctuating signal can be expressed as summation of different frequency compo-

nents. Therefore, the supply current can be expressed as

is ¼
X

n

i

I ið Þ
s sin 2πf itþ φi

� �

(7)

where I ið Þ
s is the amplitude of the fluctuating current with frequency fi and phase angle φi. If

we temporarily neglect to consider the existence of the resistor, the inductor voltage can be

expressed as

uL tð Þ ¼
X

n

i

2πf iL1∙I
ið Þ
s cos 2πf itþ φi

� �

(8)

According to electric circuit theory, the capacitor voltage can be expressed as

Figure 6. Configuration of the filter stage.
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uC tð Þ ¼

ð

1

C1
id tð Þ � is tð Þð Þdt (9)

where id(t) is the discharge current between the filter stage and the thruster as shown in

Figure 1. Additionally, we introduce the Fourier analysis method, and therefore, Eq. (9) can

be written as

uC tð Þ ¼

ð

1

C1

X

n

i

I
ið Þ
d tð Þ sin 2πf itþ θi

� �

� I ið Þ
s tð Þ sin 2πf itþ φi

� �

� �

dt (10)

uC tð Þ ¼
X

n

i

1

2πf iC1
I ið Þ
s tð Þ sin 2πf itþ φi

� �

� I
ið Þ
d tð Þ sin 2πf itþ θi

� �

� �

(11)

According to Kirchhoff’s law and taking into account the requirement of a small thruster

voltage fluctuation, the sum of capacitor voltage and the inductor voltage fluctuation should

be zero. Thus, we obtain

uC tð Þj j ¼
X

n

i

1

2πf iC1
I ið Þ
s tð Þ sin 2πf itþ φi

� �

� I
ið Þ
d tð Þ sin 2πf itþ θi

� �

� �

�

�

�

�

�

�

�

�

�

�

¼ uL tð Þj j (12)

Substituting Eq. (8) into Eq. (12) yields

X

n

i

I ið Þ
s tð Þ sin 2πf itþ φi

� �

� I
ið Þ
d tð Þ sin 2πf itþ θi

� �

� �

2πf iCi

�

�

�

�

�

�

�

�

�

�

�

�

¼
X

n

i

2πf ii
ið Þ
s cos 2πf itþ φi

� �

�

�

�

�

�

�

�

�

�

�

(13)

As is well known, the phase angle of an ideal inductor voltage leads its current by 90�, and the

phase angle of an ideal capacitor voltage lags its current by 90�, an ideal voltage source

equivalent to a line in an AC circuit. Therefore, the phase relationship between uL and uC is

opposite. The phase relationship between is and iC is also opposite. Considering that id is the

sum of is and iC, the phase angle of is and id is equal to 180�. That is, θi andφi in Eq. (13) have a

phase-angle difference of 180�. However, it is highly difficult to simplify Eq. (13) with all

frequency components because of the limitation of the mathematical equivalence relation.

From the angle of decrease for the low-frequency oscillation, it is also unreasonable to consider

waves of all frequencies to set the parameters of the inductor and capacitor. Thus, we simply

take into account the main frequency component as low-frequency oscillation f0. The goal of

the design is that the power supply current fluctuation is one part per α of the thruster current

fluctuation, which means Is ¼
1
α Id. The inductor and capacitor of the filter stage must satisfy

L1C1 ¼

1
2πf 0

1� αð Þ cos 2πf 0tþ δ0
� �

�

�

�

�

�

�

2πf 0 cos 2πf 0tþ φ0

� �
�

�

�

�

(14)

where δ0 is the vector resultant angle of the power supply current and thruster current. α can

be represented as the current attenuation ratio. Eq. (14) can be also simplified to

Electric Field10



L1C1 ¼
1� αð Þγj j

4π2f 20
�

�

�

�

: (15)

Here, the parameter γ represents the effects of the phase angles δ0 and φ0. Obviously, it is

difficult to obtain the value of γ, but we can estimate the range of its value. φ0 is the phase

angle of the inductor current, and δ0 is the vector resultant angle of the power supply current

and thruster current. According to the analysis of the phase relationship in [45], the phase

angle difference between δ0 and φ0 is equal to 180�. Thus, γ ¼ cos δ0
cosϕ0

and its value is approxi-

mately �1. For example, if we want to ensure that the ripple current of the power supply is

one-tenth the thruster current fluctuation, then α is larger than or equal to α0 = 10. The fre-

quency of the low-frequency oscillation is assumed to be 20 kHz. Under these assumptions, the

product of the inductance and capacitance should be greater than or equal to 5.7 � 10�10. If we

choose the inductance to be 0.1 mH, the capacitance should be greater than 5.7 μF. The

inductance and the capacitance values could be different combinations as long as they satisfy

Eq. (9). However, the value of the inductor and capacitor should also take certain factors into

consideration, such as the DC power dissipation, volume, and weight. After the determination

of the inductance and capacitance, it can be seen that an LC network would have a resonant

peak in its characteristic frequency. This would induce undesired electromagnetic interference.

Thus, a resistor is usually connected in parallel with the inductor. Under normal conditions,

the resistance is in the range 50–200 Ω. Excessive resistance will cause the damping coefficient

to be too small, and the electromagnetic interference will increase. Undervalued resistance will

weaken the effects of the inductor and cause an increase in power supply current fluctuation.

Thus, the resistance of the resistor is often chosen on the basis of experiments.

Figure 7 shows a contour plot of the current attenuation ratio α, with different inductance and

capacitance values. It can be seen that the current attenuation ratio increases with the increase

in inductance and capacitance in the filter stage. Though the larger inductance and capacitance

yields a larger current attenuation ratio, it is also accompanied by an increase in the capacitor

volume and inductor weight. Therefore, the reasonable range of current attenuation ratio is

approximately 5–10.

4.2. Design of the controller stage

From the view of control theory, a thruster, discharge power supply, and filter can be seen as a

feedback control system as shown in Figure 8. In this system, the Hall thruster is the controlled

object, the discharge power supply voltage is the reference signal, and the filter is the control-

ler. Therefore, we designate the filter stage as the controller stage. The controller stage filter

regulates the voltage across itself according to the variation of discharge current, so as to affect

the electric field distribution in the discharge channel and therefore decrease the discharge

current fluctuation in the discharge circuit [8, 10, 12, 26, 33]. The simplest component that can

provide a varying voltage with a change in current is an inductor. However, the magnetized

plasma of a Hall thruster exhibits varied oscillations ranging from kilohertz to gigahertz. High-

frequency current oscillation will cause an undesirable high-amplitude oscillation of the induc-

tor voltage. Thus, we require the controller stage to have sufficient gain in the low band but to

decay the signal in the high-frequency band. The required frequency response characteristics
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would look like that shown in Figure 9. According to control theory, it is a typical second-order

system that can be realized by the network (controller stage) shown in Figure 10. If we

consider the oscillation current as the input signal and the voltage of the control filter stage

(the voltage at the thruster) as the output signal, the transfer function can be expressed as

Figure 8. Schematic diagram of the feedback control system for Hall thrusters.

Figure 7. Contour plot of the current attenuation ratio α, with different inductance and capacitance values.
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Figure 9. Schematic diagram of the ideal frequency response characteristics of the controller stage.

Figure 10. Schematic diagram of the two-stage filter for Hall thrusters.
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Φ sð Þ ¼ Kω2
ns

s2 þ 2ωnξsþ ω2
n

(16)

where K = L2, ωn ¼ 1
ffiffiffiffiffiffiffiffi

L2C2

p , ξ ¼ 1
2R2

ffiffiffiffi

L2
C2

q

, and s is the Laplacian operator. Obviously, the parame-

ters of the controller stage relate to the required gain of the system. If we suppose the mini-

mum gain is g0 with the low-frequency oscillation frequency f, it must satisfy

20 lg Φ sð Þjs¼jω

� �

¼ 20 lg
Kω2

njω

jωð Þ2 þ 2ωnξ∙jωþ ω2
n

�

�

�

�

�

�

�

�

�

�

¼ 20 lg
2πf L2R2j

2πf L2j� 4π2f 2R2L2C2 þ R2

�

�

�

�

�

�

�

�

�

�

≥ g0 (17)

Rewriting Eq. (17), we obtain

2πf R2L2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 � 4π2f 2R2L2C2

� �2 þ 2πf L2ð Þ2
q ¼ 10

g0
20

: (18)

Considering the turnover frequency of the system is

f z ¼
1

2π
ffiffiffiffiffiffiffiffiffiffi

L2C2

p , (19)

Eq. (18) can be expressed as

1� f
f z

� �2
� 	2

2πf L2ð Þ2
� 1

R2
2

¼ 10�
g0
10

: (20)

The resistor affects only the gain near the turnover frequency, and thus, we temporarily ignore

the effects of the resistor. We then obtain

L2 ¼ 10
g0
20 ∙

1� f
f z

� �2

2πf
: (21)

Considering Eq. (19), we therefore know that the capacitance must satisfy

C2 ¼ 10�
g0
20 ∙

f

2π f 2z � f 2
� � (22)

A proper filter parameter can provide a regulated voltage with a suitable amplitude and phase

angle to control the oscillation of plasma density in the channel so as to decrease the current

oscillation in the discharge circuit. Though it is difficult to determine the phase angle of plasma

density in the ionization region, the phase relationship between the discharge current and the

plasma density in the ionization region can be obtained by analyzing the propellant ionization

process in the discharge channel. When the propellant is ionized in the ionization region, the

plasma density in the ionization region reaches its highest point. Subsequently, the produced

ions are accelerated to their high velocity in the accelerating region, and the discharge current

Electric Field14



reaches its maximum. From the analysis of the propellant ionization process, it can be seen that

there is a lag of time between the discharge current and the plasma density of the ionization

region in the time scale of low-frequency oscillation. Thus, when the plasma density in the

ionization region increases, the control stage filter should provide a voltage to balance the

large ion production. Thus, the regulated voltage of the filter has a phase-angle difference from

the discharge current. According to the accelerated time of ions in the discharge channel, the

phase-angle, δ, should be in the range of 0–90�. This phase angle can be provided by the

resistor paralleled between the inductors. From circuit theory, for the designed filter, the phase

angle between the voltage and current can be calculated by

tan δ ¼ 2πf R2C2 �
R2

2πf L2
: (23)

Substituting Eqs. (21) and (22) into Eq. (23) enables the resistance to be estimated by

R2 ¼ 10
g0
20 ∙ tan δ, (24)

where δ is the phase angle between the regulated voltage and the discharge current. This phase

angle is estimated in the range of 0–90�, which would affect the variation of the electric field

and therefore help to balance the ion production.

The discharge circuit of a Hall thruster can be seen as a feedback control system. The controller

stage regulates the voltage across itself according to the variation of discharge current, so as to

decrease its fluctuation in the discharge circuit. As the ion number density increases, the ioniza-

tion production becomes larger than the number of ions being ejected. A high discharge voltage is

helpful for balancing the large ion production by increasing the ion mobility. When the ion

number density decreases, a relatively small discharge voltage will decrease the ion mobility and

help balance the ion production. According to Eq. (17), the minimum gain is the logarithm

transformation of the ratio between the minimum fluctuating discharge voltage and the fluctuat-

ing discharge current. Here, the minimum fluctuating discharge voltage is the voltage to balance

the fluctuating discharge current at that time. That is, the physical meaning of the minimum gain

is the voltage provided by the controller stage to stabilize the unit current oscillation. Obviously, it

is almost impossible to determine the exact minimum gain for various discharge operating

conditions. However, we also can determine some useful reference values for the minimum gain

along with experimental testing and analysis. We can calculate the RLC parameters in the

controller stage under different gains and turnover frequencies of the system as shown in

Figure 11 according to Eqs. (21)–(23). It can be seen that the inductance increases with increasing

given system gain and turnover frequency, and the capacitance decreases with increasing given

system gain and turnover frequency. The choice of turnover frequency has no effect on the

resistance of the resistor. The resistance increases only with the increase in given system gain.

Keeping the turnover frequency unchanged, we choose the RLC parameters to obtain different

system gains. The relationships between the standard deviation of low-frequency oscillations

and system gain with a confidence coefficient of 95% are shown in Figure 12. As the system

gain increases, the standard deviation of the discharge current low-frequency oscillations

measured on the thruster side with a current probe declines and then slightly increases. When
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the system gain is approximately 25–35 dB, the low-frequency discharge current oscillation

reaches its minimum. When the system gain deviates from this range, the low-frequency

discharge current oscillations will increase. This can be explained as follows: When the system

gain is comparatively low, the provided regulated voltage is too small to stabilize the low-

frequency oscillation. The discharge current oscillation thus increases. On the contrary, when

the system gain is too high, the provided regulated voltage is excessive. The discharge current

oscillation will increase as well. In other words, if the regulated voltage (system gain) is too

Figure 11. RLC parameters under different gains and turnover frequencies of the system: (a) Calculated results of

inductance, (b) calculated results of capacitance, and (c) calculated results of resistance.

Figure 12. Standard deviation of low-frequency oscillation as a function of minimum gain of the controller stage.
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small or too large, the Hall thruster performs as over-regulated or inadequately regulated.

Though the frequency of the low-frequency discharge current oscillations will vary with the

discharge parameter, the variation is slight because of the mechanism of low-frequency oscil-

lations. In addition, the controller stage is designed to have enough bandwidth in the range of

the frequency of the low-frequency oscillations. Therefore, the variation in frequency may not

affect the controllability of the controller stage. [10, 12, 33]

The analysis can also be verified by the experimental data for a turnover frequency 35 kHz as

shown in Figure 12. The current oscillation in Figure 12 was measured between the filter and

thruster. As seen in Figure 12, when the turnover frequency is high, the bandwidth of the

controller is widened. More high-frequency components in the discharge current across the

control stage networks cause the controller to provide more regulated voltage. Therefore, in

the range of low system gain, the low-frequency oscillation with fz = 35 kHz is lower than that

of fz = 25 kHz. However, in the range of high system gain, the relation is the reverse. If we

propose g0 = 30 dB, δ = 80
�

, f = 20 kHz, and fz = 25 kHz, we can therefore obtain the parameters of

the controller stage as R2 = 179 Ω, L2 = 0.09 mH , and C2 = 0.447 μF. According to these experi-

ments and analysis, it can be considered that a reasonable system gain is approximately

25–35 dB per unit current input, the output voltage can be expressed as

u ¼
2πf R2L2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 � 4π2f 2R2L2C2

� �2
þ 2πf L2ð Þ2

q ¼ 10
g0
20 (25)

If we consider the required gain, g0, is approximately 25–35 dB, the output voltage is in the

range 17.78–56.23 V. Supposing that the length of the accelerated region is approximately

10 mm, the equivalent electric field strength increase or decrease for stabilizing a unit dis-

charge current fluctuation is 1700–5600 V/m. We cannot give a precise physical explanation of

why it needs this quantity of fluctuating electric field strength, because these are derived

average control values. However, it can be evaluated that this fluctuating electric field strength

will increase or decrease the average velocity of ions by 3–10%. For the experimental thruster

with a 4-A mean discharge current, the unit discharge current fluctuation is roughly equivalent

to the discharge current fluctuation in the range 87.5–112.5%. The fluctuation scale of the

parameters seems to be reasonable.

Owing to the fact that the effects of the dynamic electric field on plasma instability are a

highly complex subject, much work is expected to be done in this field in the future. The

contribution of this work lies in the thought process, which is to separate the design of the

filter into two stages. The first stage is a filter that aims to isolate the interfering signal from

the thrusters to the power supply. This second stage is a controller, which provides a

regulated voltage to decrease the low-frequency discharge current oscillation. The range of

the parameters in the two stages is given according to the experiments and analysis. Finally,

it should be noted that the design method of the two-stage filter works on the premise that

the magnetic field of the thruster is reasonably designed. That is, the ionization zone should

be controlled in a small region. The action of the controller stage might then be executed

effectively [60].
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Nomenclature

A Channel cross section

Br Radial magnetic density

C1 Capacitance in filter stage

C2 Capacitance in controller stage

Ez Axial electric field strength

f Fluctuating current frequency

f0 Main frequency of low-frequency oscillation

fz Turnover frequency

g0 Minimum gain is

H0 Magnetic field at the cathode

id Discharge current

I
ið Þ
d

Amplitude of discharge current with frequency fi and phase angle θi.

is Power supply current

I ið Þ
s

Amplitude of power supply current with frequency fi and phase angle φi

L Channel length

L1 Inductance in filter stage

L2 Inductance in controller stage

Lion Ionization zone length

ni Ion number density

nn Neutral number density

R1 Resistance in filter stage

R2 Resistance in controller stage

s Laplacian operator
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uL Inductor voltage

uC Capacitor voltage

U0 Discharge voltage

Vi Neutral number velocity

Vn Neutral number velocity

α Current attenuation ratio

β Ionization rate

δ Phase angle between the regulated voltage and the discharge current

σ0 Mean conductivity of the channel

φ Power supply current phase angle

θ Discharge current phase angle
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