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Abstract: High-precision detection in fundamental space physics, such as space gravitational wave detection, high-precision 
earth gravity field measurement, and reference frame drag effect measurement, is the key to achieving important breakthroughs 
in the scientific study of fundamental space physics. Acquiring high-precision measurements requires high-performance satellite 
platforms to achieve “drag-free control” in a near “pure gravity” flight environment. The critical technology for drag-free control 
is variable thrust control at the micro-Newton scale. Thrust noise is the most important technical indicator for achieving drag-free 
flight. However, there is no literature about the current status and future prospects of variable thrust control based on thrust 
noise. Therefore, the micro-Newton variable thrust control technology and the thrust noise of the drag-free satellite platform are 
reviewed in this work. Firstly, the research status of micro-Newton scale variable thrust control technology and its applications 
to drag-free satellite platforms are introduced. Then, the noise problem is analyzed in detail and its solution is theoretically 
investigated in three aspects: “cross-basin flow problem,” “control problem,” and “system instability and multiple-coupled problem.” 
Finally, a systematic overview is presented and the corresponding suggested directions of research are discussed. This work provides 
detailed understanding and support for realizing low-noise variable thrust control in the next generation of drag-free satellites.
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1 Introduction 

The key to determining whether the study of the 
fundamental physics of space can make a significant 
advance is the detection of space’s basic physical quan‐
tities, such as the detection of gravitational waves in 
space (Bar-Kana, 1994; Wang YK et al., 2021), high-
precision measurements of the earth’s gravity (Fig. 1a) 
(Ziegler and Blanke, 2002; Canuto, 2008; Cesare et al., 
2010; Luo ZR et al., 2020), and the measurement of 
the reference frame drag effect (Fig. 1b) (Canuto and 
Massotti, 2009; Zhang et al., 2016; Iorio, 2019). The 
non-conservative forces of the atmosphere can be bal‐
anced by giving the satellite platforms a micro-Newton 
scale minimal thrust (Yu et al., 2021). Such platforms 

require micro-Newton scale cold gas variable thrust con‐
trol (MVTC) technology (Gao et al., 2014; Tummala 
and Dutta, 2017) with extremely low noise and high 
resolution (Cui et al., 2018). The platforms must have 
residual disturbance acceleration noise in the measure‐
ment frequency band of less than 1×10−15 m/(s2·Hz1/2) 
(Schleicher et al., 2018) to accurately detect new gen‐
eration space fundamental physics data. The technology 
is necessary to achieve “drag-free control,” almost “pure 
gravity” flight conditions (Canuto, 2008; Dittus et al., 
2008; DeBra and Conklin, 2011; Anderson et al., 2018), 
and to meet the payload’s technical specifications for 
an ultra-static working environment for the satellite plat‐
form (Anzalchi and Harverson, 2007; Tinto et al., 
2015; Li WJ et al., 2019). The smallest atmospheric 
disturbances (Giacaglia and Marcondes, 2007), solar 
pressure (Niu et al., 2022), cosmic rays, and other non-
conservative forces will be countered by this technology.

MVTC is the key technology that needs to be 
solved for the new generation satellite platforms. The 
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core indicators of variable thrust regulation technology 
to meet residual disturbance acceleration noise require‐
ments include (Yang et al., 2012; Nguyen and Conklin, 
2015; Li Y et al., 2019; Zou et al., 2023): (1) thrust 
noise better than 0.1 μN/Hz1/2 over the frequency band‐
width of 0.1 mHz–1 Hz at a thrust of 0.1–1000 μN; 
(2) thrust resolution of 0.1 μN; (3) thrust adjustment 
range of 0.1–1000 μN.

There is still a large gap between MVTC technical 
indicators for the thrust range of 0.1–1000 μN (Zhang 
et al., 2021), thrust noise of 0.1–0.3 μN/Hz1/2 over the 
frequency bandwidth of 30 mHz–1 Hz (Luo J et al., 
2020), and the actual demand. The technical difficul‐
ties arise mainly from the high complexity of the under‐
lying scientific issues involved and the interdisciplinary 
nature of the necessary approach (Robert et al., 2022). 
In particular, an in-depth understanding of the mecha‐
nism of microscale fluid flow with prominent nonlinear 
characteristics of micro-nozzles is required (Ding et al., 
2004; Weinert et al., 2008; Sukesan and Shine, 2021). 
Without it there is an inability to model accurately and 
pre-analyze the regulation system. Existing linear con‐
trol methods cannot meet the requirements of accurate 
regulation of micro-scale fluid flow and the realization 
of highly accurate and stable regulation of thrust is 
thus restricted.

Thrust noise (Cui et al., 2020), a systematic and 
comprehensive indicator parameter, is the MVTC tech‐
nology’s primary evaluation indicator (Cui et al., 2021). 
It is also related to the thrust range and resolution (Liu 
et al., 2022). It is characterized by the thrust informa‐
tion’s power spectral density in the time domain. Thrust 
noise is a random fluctuation superimposed on the effec‐
tive thrust. As the thrust increases, thrust noise also 
tends to increase. Space applications usually require 

thrust noise to be below a certain threshold across the 
entire thrust range in a particular frequency domain, 
with the ability to regulate it accurately over a wide 
frequency range of 0.1 mHz–1 Hz. The development 
of noise suppression technology is limited because the 
mechanism of thrust noise formation and the physical 
factors affecting the law still need to be clarified.

Aiming at the main challenge of thrust noise, an 
overview of MVTC technology for drag-free satellite 
platforms is studied. As the thrust noise mainly arises 
from the cross-basin flow problem, the control prob‐
lem, and the system instability problem, this work is 
organized as follows. Section 1 is the background and 
research motivation. Section 2 is an introduction to 
MVTC technology in general. It first introduces the 
basic principle of MVTC and its application status in 
satellite platforms. Then, Sections 3–5 are detailed 
analyses of the MVTC technology from three different 
aspects of the thrust noise. Specifically, Section 3 intro‐
duces the MVTC technology’s cross-basin rarefied gas 
flow problem. Section 4 studies the status of MVTC’s 
control method and the corresponding control prob‐
lem as well as the attempted noise-reducing method. 
Based on Sections 3 and 4, Section 5 studies the closed-
loop feedback measurement instability, the system 
drive actuator instability, and the coupling noise in the 
cross-basin flow environment. Finally, in Section 6, 
the conclusions are drawn and perspectives are dis‐
cussed in detail. It is hoped to guide and support the 
breakthrough of MVTC technology by means of an 
improvement in technical specifications, and to provide 
a theoretical basis for developing the next generation 
of high-performance MVTC.

2 MVTC technology for drag-free satellite 
platforms 

In this section, the fundamental mechanism of 
MVTC technology and the generation of the thrust 
noise are introduced first, followed by the MVTC’s 
application to drag-free satellite platforms.

2.1 Generation of the thrust noise in MVTC

The MVTC device structure (Fig. 2) consists pri‐
marily of micro-thruster, controller, and micro-valve 
drive components. According to preliminary China Na‐
tional Space Administration (CNSA)’s research results, 

Fig. 1  Example of the detection of space’s fundamental 
physical properties: (a) schematic of the detection of 
gravitational waves in space; (b) schematic of the detection 
of the earth’s gravity in space
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the generation of thruster noise is a systemic problem. 
This issue is mainly attributed to the following fac‐
tors: (1) flow fluctuations within the nozzle; (2) insta‐
bility in the closed-loop control due to measurement 
feedback and the drive actuator itself; (3) coupling 
noise in the cross-basin flow instability. It can be con‐
sidered that the generation of thrust noise is divided 
into three processes: (1) the flow measurement feed‐
back noise and precise fluid drive proportional valve 
action noise are transmitted in the control loop; (2) it 
is transmitted to the fluid in the micro nozzle tube 
through oscillation of the micro-valve; (3) the fluid 
transmits the micro-valve action oscillation downstream 
through the cross-basin flow mechanism, ultimately 
creating thrust noise.

2.2 MVTC applied on drag-free satellite platforms

MVTC uses inert gases such as nitrogen, argon, 
and helium as the working media (Ranjan et al., 2017; 
Xu XM et al., 2017; Ranjan et al., 2018). It is of stable 
thrust (Song et al., 2019), high resolution, and low 
thrust noise, and has an extensive adjustable range. 
These excellent technical advantages give it a wide 
application in drag-free satellite platforms. Lange (1964) 
first proposed to solve the offset of disturbance forces 
and moments on satellite platforms using drag-free con‐
trol techniques. After decades of accumulation and 
development in variable thrust control and payload 
technology (Collingwood et al., 2009; Hey, 2018; Mao 
and Wu, 2023), drag-free control technology has been 
applied on several model missions, including European 

Space Agency (ESA)’s gravity recovery and climate 
experiment (GRACE) (Christophe et al., 2015), the 
gravity field and steady-state ocean circulation ex‐
plorer (GOCE) (Sechi et al., 2011), microscope (Pittet, 
2007), laser interferometer space antenna (LISA) 
Pathfinder developed by National Aeronautics and 
Space Administration (NASA) and ESA (Cesare et al., 
2016; Armano et al., 2019; Korol et al., 2020), and the 
CNSA’s Tianqin-1 satellite (Luo et al., 2016) (Fig. 3).

Currently, NASA and ESA are planning and de‐
veloping the next generation of ultra-high precision 
drag-free control satellite platforms, including next gen‐
eration gravity mission (NGGM) with MVTC as the 

Fig. 2  Schematic diagram of the MVTC and noise transfer

Fig. 3  Physical picture of MVTC device
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preferred technology (Cesare et al., 2016; Bacchetta 
et al., 2017; Armano et al., 2018; Strugarek et al., 2019) 
and LISA with the aim of suppressing residual distur‐
bance acceleration noise to less than 1×10−14 m/(s2·Hz1/2) 
over the frequency bandwidth of 0.1 mHz–1 Hz (Bor‐
toluzzi et al., 2021; Burderi et al., 2021). However, the 
current residual disturbance acceleration noise is about 
3×10−9 m/(s2·Hz1/2) at 0.1 Hz (Luo J et al., 2020). Thus, 
the current noise rejection level of MVTC is still far 
from the requirements of the next generation of space 
science exploration missions. The high-precision drag-
free control of future spacecraft MVTC metrics requires, 
from a physical time domain perspective, a time scale 
of 10000 s over the entire thrust range, with very high 
thrust stability and control accuracy. This is technically 
challenging and so, in order to address the thrust noise 
problem, the next sections of this work focus on thrust 
noise and its generation and suppression.

3 Cross-basin rarefied gas flow problem of 
MVTC 

For the problem of cross-basin rarefied gas flow 
with minimal thrust, this section first introduces the 
cross-basin rarefied gas flow problem. We then ana‐
lyze the four main effect factors of micro nozzle cross-
basin flow. Finally, we introduce the thrust noise phe‐
nomena generated by micro nozzle gas flow fluctuation.

3.1 Cross-basin rarefied gas flow problem

Micro-Newton cold gas drive systems with piezo‐
electric drivers have a cross-basin rarefied gas flow 
problem. This problem arises mainly in micro devices 
such as micro nozzles.

Fig. 4 shows the structure of the cold gas micro 
thruster and micro nozzle. The piezoelectric driver can 
realize rapid response control of the pin displacement 
with nano-level accuracy. Moreover, the piezoelectric 
driver can adjust the flow in the throat of the micro 
nozzle with high precision. It can ensure the minimum 
thrust output of 0.1 μN, and is one of the most promising 
methods. Typically, a double-layer composite material 
is used in the downstream region of the micro nozzle 
throat to create a microfluidic channel with a sizeable 
length-diameter ratio (length-diameter ratio>10). This 
structure ensures the thruster’s sealing reliability and 
environmental adaptability.

The design of the cold gas propulsion system has 
cross-basin gas flow problems. The nitrogen pressure 
values at the inlet and outlet of the micro nozzle were 
reduced from 0.1 MPa to the vacuum state, and the 
average free travel distribution of gas molecules was 
wide (1×102 nm–1×10−3 m). The difference in the order 
of magnitude between the Knudsen numbers (Kn) in 
the micro nozzle is more than 1×104. The flow has 
four states: continuum region, slip region, transition 
region, and free molecular flow (Liu et al., 2023). As 
shown in Fig. 5, its flow mechanism covers the four 
flow states from continuous to free molecular flow.

Overall, the problem of cross-basin microscale rar‐
efied gas flow is usually caused by micro-nano devices 
such as micro nozzles, micro-heat exchangers, and 
micro-gas flow sensors. Transforming the above prob‐
lems into physical problems, the rarefaction factor, wall 
factor, inner-wall roughness factor, and fluid-solid heat 
transfer factor can affect the generation of a cross-basin 
rarefied gas flow problem (Grm et al., 2011). Details 
will be presented in the analysis of the cross-basin rar‐
efied gas flow problem in Section 3.2.

Fig. 4  Section structure of cold gas micro thruster and micro nozzle
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3.2 Analysis of the cross-basin flow

The influencing factors of the cross-basin flow 
of micro nozzles mainly include the rarefaction effect, 
wall effect, inner-wall roughness effect (Liu and Fan, 
2010), and fluid-solid heat transfer effect. These four 
main factors are discussed below.

3.2.1　Rarefaction effect

The rarefaction effect is one of the essential fac‐
tors affecting microscale flow. la Torre et al. (2011) 
found that the rarefaction effect reduced the thrust out‐
put, using a Navier–Stokes/direct simulation Monte 
Carlo (NS/DSMC) (Zeng et al., 2023) hybrid solution 
method. The Kn number is used to characterize the gas 
flow thinning effect (Sun et al., 2009), defined as the 
ratio of the average free travel of gas molecules to the 
flow geometric feature length. According to different 
Kn, flows are divided into the following four mecha‐
nisms: continuum flow (Kn≤0.01), slip flow (0.01<Kn≤
0.1), transition flow (0.1<Kn<10), and free molecular 
flow (Kn≥10) (Rosa et al., 2009; He et al., 2021). With 
the increase of the Kn number, the wall slip speed and 
temperature step degree continue to increase and that 
significantly impacts the microfluidic channel’s momen‐
tum and energy transfer (Le et al., 2019).

3.2.2　Wall effect

Compared with the macro-scale structure, the 
micro-scale structure has a larger surface-to-volume 
ratio and the wall effect will significantly impact the 
momentum and energy transfer of the flow. Varade et al. 
(2015) showed that viscous shear force is a significant 
factor in the pressure drop of the extended microfluidic 
channel. Due to the weakening of convection, the wall 
friction coefficient increases with the Kn. When Kn>1, 
the gas density pulsation weakens, and the diffusion 

transport is proportional to the pressure gradient. In‐
creasing the surface-to-volume ratio of the microfluidic 
channel increases the wall friction coefficient, Nusselt 
number (Zhang et al., 2020), and sensitivity to the Kn 
(Renksizbulut et al., 2006).

3.2.3　Inner wall roughness effect

The inner wall roughness of the micro nozzle of 
a micro-Newton scale cold gas thruster is about 4%. 
According to macro-scale flow studies, when the rela‐
tive roughness of the wall surface is less than 5%, the 
effect of roughness on the friction coefficient is negli‐
gible (Ji et al., 2006). However, in microfluidic chan‐
nels, even minor wall roughness can still impact rar‐
efied gas flow and heat transfer. Khezerloo et al. (2021) 
measured flow and heat transfer processes in micro‐
fluidic channels at a roughness of 3.55%. They found 
that the influence of roughness on friction coefficient 
and heat transfer coefficient was very significant. In 
addition, other researchers have found greater influ‐
ence of the wall roughness. On the one hand, the wall 
roughness will change the pressure gradient distribu‐
tion and reduce the outlet gas velocity and total pres‐
sure. On the other hand, it reduces the mass flow and 
Nusselt number, changes the flow boundary layer thick‐
ness, and increases the flow resistance (Shams et al., 
2009; Cai et al., 2016).

3.2.4　Fluid-solid heat transfer effect

Fluid-solid heat transfer (Zhang et al., 2018) is 
another crucial factor to be considered in studying the 
cross-basin flow of a micro nozzle. When the satel‐
lite is in orbit, the thruster will undergo drastic temper‐
ature changes under solar radiation. This situation will 
affect the energy transfer between the micro nozzle 
and the internal fluid. Louisos and Hitt (2007) used 

Fig. 5  Cross-basin flow mechanism in micro nozzle (half-profile schematic)
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numerical simulation methods to study that. They found 
that the heat loss of the fluid reduces the viscosity effect 
and the subsonic boundary layer scale, and changes 
the thrust performance. Alexeenko et al. (2006) used 
the DSMC method to find that the adequate viscous 
boundary layer thickness of the internal flow of micro-
electromechanical system (MEMS) thrusters increases 
with the fluid temperature. Hameed et al. (2013) also 
found that wall cooling reduces subsonic boundary layer 
thickness and viscosity loss in the micro nozzle (Fig. 6a). 
Moríñigo and Hermida-Quesada (2010) and Rafi et al. 
(2019) all showed that the microscale nozzle needs to 
consider the gas-solid wall effect because gas-solid heat 
transfer will, when coupled with viscous and rarefied 
effects, change the thickness of the subsonic layer and 
ultimately affect the thrust performance (Fig. 6b).

As seen above, the cross-basin rarefied gas flow 
problem is influenced by a combination of the rarefac‐
tion effect, wall effect, inner wall roughness effect, 
and fluid-solid heat transfer effect. There are complex 

multi-physics domain issues involved, which in a cold 
gas propulsion system can produce airflow fluctuation 
effects that cause thrust noise. This will be discussed 
in Section 3.3.

3.3 Thrust noise phenomena: airflow fluctuation

As introduced in Section 3.2, airflow macroscale 
and microscale fluctuations in the ejection gas stream 
of the nozzle directly contribute to thrust noise. Accord‐
ing to the theory of boundary layer reception and flow 
stability, fluid fluctuations originate from the boundary 
layer or the development of incoming flow disturbance 
waves, and disturbance waves start from the receptive 
mechanism of the boundary layer (Jiang and Li, 2017). 
Boundary layer susceptibility theory is currently used 
to study the transition process of flow mechanisms, 
especially the transition problem of turbulence (Fig. 7) 
(Picella et al., 2019). Boundary bulge structures, vibra‐
tions, and pulsating excitation are all external distur‐
bances to boundary layer susceptibility problems (Dietz, 
1999).

The heat transfer on the nozzle wall and the micro-
protrusion of the rough wall create the initial disturbance 
of flow through the boundary layer receptive mecha‐
nism for the micro-Newton scale cold gas thruster. 
Linear or nonlinear growth occurs during the flow pro‐
cess of the microfluidic channel and eventually develops 
into flow fluctuations that produce thrust noise. Fig. 8 
shows the mechanism analysis of cross-basin flow fluc‐
tuation and thrust noise in the micro nozzle based on 
the theory of boundary layer sensitivity (Guo et al., 
2021) and flow stability (Dou, 2022). At a macro level, 
that is what generates thrust noise.

In summary, the cross-basin flow in the micro 
nozzle is subject to the combination of the rarefaction 
effect, wall effect, wall roughness, and fluid-solid heat 
transfer. The flow fluctuation due to boundary layer 
sensitivity and flow stability problems directly deter‐
mines the thrust noise. The inlet flow of the micro-
Newton scale cold gas thruster shows the characteris‐
tics of cross-basin in the spatial environment. More‐
over, the research on the cross-basin flow mechanism in 
the micro nozzle considers complex influencing factors. 
Especially the mechanism of thrust noise needs to be 
investigated further because of different fluid morphol‐
ogies of the incoming flow. Thrust noise is generated 
not only from cross-basin airflow fluctuation but also 
from the control methods, the instability of closed-loop 

Fig. 6  Effect of wall temperature on subsonic boundary layer 
and thrust in a micro nozzle: (a) rarefied and continuous 
flow zones; (b) layout of the 3D computational domain, that 
exploits the symmetry planes of the nozzle (reprinted from 
(Moríñigo and Hermida-Quesada, 2010), Copyright 2010, 
with permission from Elsevier). Ldiv is the divergent length
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regulation measurement feedback, and the instability 
of the actuator itself. These components are covered in 
Sections 4 and 5.

4 Control problem of MVTC 

The MVTC technology applied to drag-free con‐
trol can accurately regulate the cross-basin fluid through 

closed-loop control. This method can achieve the con‐
tinuous variable thrust output of the submicro-Newton 
scale. In the spatial environment, the rapid and com‐
plex changes of various physical conditions in the cross-
basin flow directly affect the high-precision thrust con‐
trol output. Therefore, this section first presents the cur‐
rent state of research on the control method of MVTC 
and then describes its application in achieving low-
thrust noise on “drag-free” satellite platforms.

Fig. 7  Flow velocity of boundary layer and evolution of inverse vortex under boundary disturbance force. Reprinted 
from (Picella et al., 2019), Copyright 2019, with permission from Elsevier. fx is the streamwise component of the forcing, 
u is the streamwise velocity perturbation, λ2 is the λ2 criterion, and Reτ is the friction Reynolds number

Fig. 8  Mechanism of cross-basin flow fluctuation and thrust noise in a micro nozzle
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4.1 Status of MVTC

So far, MVTC methods have mainly been based 
on proportional integral derivative (PID) control and 
have evolved from open-loop PID control to closed-
loop PID control. Segismundo and Daniel (1975) of 
Stanford University and Saccoccia and Berry (2000) 
of ESA used open-loop pulse and open-loop PID con‐
trol methods in the preliminary exploration of variable 
thrust control. They realized thrust control on the scale 
of a milli-micro-Newton. However, the open-loop regu‐
lation scheme lacks real-time feedback. This results in 
a system that is not sufficiently resilient in complex 
environments and does not allow for further improve‐
ments in regulation accuracy (Zhou et al., 2022).

Furthermore, this weakness can also cause sys‐
tem oscillations. To achieve regulatory stability, Haines 
(2000) studied the simulation method of PID closed-
loop control. This research paves the way for apply‐
ing closed-loop control of the micro-Newton scale cold 
gas propulsion system. In addition, some researchers 
have discussed the feasibility of using genetic and 
optimization algorithms to control thrust output (Ortega 
and Giron-Sierra, 1998; Lloyd-Davies et al., 2000; 
Wang et al., 2014). Wang et al. (2014) studied the 
MVTC based on fuzzy PID control (Fig. 9a), but there 
are still problems with control hysteresis and insta‐
bility. Matticari et al. (2006) designed a closed-loop 

PID control scheme based on a piezoelectric driver 
with flow feedback (Fig. 9b). The scheme forms an 
optimized system architecture for minimal thrust reg‐
ulation that is more mature at this stage. It has the ad‐
vantage of achieving high accuracy and low noise con‐
trol. The scheme uses pre-set PID control parame‐
ters to regulate the voltage of a high-precision piezo‐
electric actuator based on the feedback signal from 
the flow controller. The scheme can achieve a continu‐
ous output of 1–500 μN. The feasibility of fluid con‐
trol for minimal thrusts was verified under laboratory 
conditions. However, thrust noise evaluation has yet 
to be carried out.

4.2 MVTC of low-thrust noise in space drag-free 
task

In order to achieve low-thrust noise control for 
the space drag-free task, Liénart and Pfaab (2013) 
studied the optimization of a PID-based control system. 
They added noise filtering processing as well as drive 
and measurement cooperative control algorithms. This 
improved method reduced the thrust noise. Later, Marie 
et al. (2019) proposed a piezoelectric driver method 
based on the PID closed-loop control approach with a 
high-precision flow sensor as feedback (Fig. 10). This 
method achieved continuous thrust adjustment in the 
range of 0.1–1000 μN, with a thrust resolution of 0.1 μN. 
This result satisfied the project requirements and has 
already been applied to the Gaia and LISA Pathfinder 
satellites. However, the on-orbit experimental results 
show that this method still has problems, such as exces‐
sive thrust noise spikes (2 μN/Hz1/2) and excessive noise 
in the low-frequency domain. These are due to the 

Fig. 10  Schematic diagram of piezoelectric driver method. 
PS: pressure sensor/transduce; MFS: mass flow sensor; PVN: 
proportional valve with nozzle; PRS: pressure regulation 
stage; TAS: thrust actuation stage; CCE: conditioning and 
control electronics

Fig. 9  Example of control methods in MVTC: (a) block 
diagram of variable universe fuzzy PID controller, where 
rin is the input of system and yout is the output of system; 
(b) schematic diagram of piezoelectric PID closed-loop 
control, where N2 is nitrogen flow, SMFS is silicon mass 
flow sensor, PV is proportional valve, and SW PID is square 
waveform PID
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drift of flow feedback and piezoelectric nonlinearity. 
Until now, the technology can only partly satisfy the 
required indicators of the next-generation LISA satel‐
lite platforms.

In summary, although the PID control method for 
flow control has been explored in various engineering 
situations (Cho and Song, 2004; Chen et al., 2009; 
Bolea et al., 2014), its control accuracy and noise pro‐
cessing ability can only partially satisfy the MVTC sys‐
tem. The existing MVTC system mainly adopts the 
PID control mode (Table 1), which can achieve 0.1-μN 
high-resolution control, and the thrust noise (in the 
frequency domain above 30 mHz) can be well con‐
trolled in a lower range. However, due to the promi‐
nent cross-basin nonlinear characteristics of the fluid 
flow in the micro nozzle and the complex fluid mor‐
phological transformation, the linear PID control method 
cannot adapt to the high-precision control require‐
ments of minimal thrust. In particular, the control level 
of thrust noise cannot meet the application require‐
ments. It is necessary to investigate the cross-basin 
microfluidic control approach adapted to the nonlin‐
earity of piezoelectric execution and the uncertainty of 
flow feedback drift. By addressing these two challenges, 
it is believed possible to realize higher resolution, 
broader thrust range, and lower noise variable thrust 
regulation.

5 System instability and the coupled problem 
of MVTC 

In Section 4, the control method of MVTC and 
its research status in achieving minimal thrust and low 
noise control are studied. As can be seen from the pre‐
vious section, thrust noise originates from more than 
flow fluctuations in the micro nozzle and the control 
method of the MVTC. Thrust noise also comes from 
instabilities in the MVTC, including instabilities in the 
flow measurement feedback and instabilities in the drive 
actuation. Therefore, in this section, based on the key 
issue of thrust noise, the studies of thrust noise from 
the instability of the piezoelectric actuator and the insta‐
bility in the closed-loop feedback of the flow measure‐
ment are analyzed separately. Then the coupling of these 
two instabilities with the cross-basin flow is further 
studied.

5.1 Instability of drive actuator: piezoelectric 
precision driver

ESA has carried out micro-Newton scale thrust 
control using an annular stacked piezoceramic driver on 
Gaia, LISA Pathfinder, and other satellites (Li Y et al., 
2019) and completed the application of on-orbit vari‐
able thrust. However, the hysteresis, creep, and sudden 

Table 1  Example of control methods in MVTC

Method

Open-loop PID

Closed-loop PID

Fuzzy logic

Robust composite 
control

Active disturbance 
rejection control

Characteristic

It is preliminary exploration of variable thrust control

It effectively suppresses various noises and disturbances 
caused by device temperature drift and complex 
operating characteristics of the thruster;

It can apply genetic algorithm to determine the optimum 
gains required for the controller efficiently and easily;

It is applied in Centre National d'Etudes Spatiales’ 
scientific micro-scope satellite and the LPF science 
mission

It can produce smooth control actions around the set points

It solves the problem of the existence of external time-varying 
environmental disturbances and the unmodelled internal 
uncertainties;

It can combine with state observer design drag-free and 
attitude controllers

It is robust for the perturbation of the system and displays 
strong performance in suppressing the disturbances;

It could decouple the system and also exhibit good 
performances in respect of parameter uncertainties and 
disturbance rejections

Reference

Segismundo and Daniel, 1975; Saccoccia and 
Berry, 2000

Haines, 2000; Matticari et al., 2006; Lié nart 
and Pfaab, 2013; Wang et al., 2014; Marie 
et al., 2019; Zhou et al., 2022

Ortega and Giron-Sierra, 1998; Wu et al., 2001

Singh et al., 2015; Wang EY et al., 2021; Ma 
et al., 2022

Zhang et al., 2019
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changes in the external load force of piezoelectric driver 
components significantly affect the accuracy and sta‐
bility of fluid control. For nonlinear characteristics, such 
as hysteresis and creep of stacked piezoelectric ceram‐
ics, the typical treatment method is feed-forward con‐
trol to eliminate instability. Especially when thrust is 
continuously regulated with a high resolution of 0.1 μN, 
precise driving significantly impacts the noise. Ge and 
Jouaneh (1997) were the first to apply the generalized 
Preisach model to the hysteresis analysis of compen‐
sated stacked piezoelectric ceramics. They realized high-
precision tracking of arbitrary non-periodic signals. 
Krejci and Kuhnen (2001) used the proportional inte‐
gral model to compensate for the hysteresis of stacked 
piezoelectric ceramics and achieved good control re‐
sults by inverse feed-forward control. Galinaitis and 
Rogers (1998) used the proportional derivative inverse 
model to study the nonlinear characteristics of stacked 
piezoelectric ceramics, which reduced the error of the 
entire control system to 1%. Wen (2009) applied the 
Preisach model as a composite control method, com‐
posed of a feed-forward model for control and fuzzy 
adaptive PID, to stacked piezoelectric ceramics, which 
improved the stability of the system. Wang et al. (2011), 
Wang and Zhu (2011), and Zhu and Wang (2012) sys‐
tematically studied the hysteresis characteristics, param‐
eter identification, and linearization control methods of 
piezoelectric stack actuators and their systems (Fig. 11). 
They established the symmetric/asymmetric Bouc-Wen 
mathematical models as well as the corresponding 
parameter identification methods, in order to accurately 
describe the hysteresis phenomenon of piezoelectric 
ceramic stack actuators.

In the piezoelectric driver of the micro-Newton 
scale cold gas thruster, the creep will intensify under 
the action of the compression force, and its predictable 
deterioration will occur. The temperature change and 
the other complex space environment factors will also 
cause the piezoelectric ceramics’ mechanical merit and 
piezoelectric constant to deteriorate sharply. Moreover, 
the convective heat transfer caused by gas flow leads 
to variations in the temperature domain of the piezo‐
electric actuator. This variation can further increase 
the unpredictability of the displacement characteristics. 
Therefore, under multi-physics action in the space 
environment, the influence of the controlled instability 
includes creep characteristics, temperature drift char‐
acteristics, and mechanical properties of piezoelectric 
actuators (Wang et al., 2022). Thus, the analysis of 
controlled instability and its control methods needs 
further study.

5.2 Instability of measure feedback: flow 
measurement feedback

In the minimal thrust continuous variable thrust 
system, the stability and response time of fluid mea‐
surement directly affect the thrust stability and noise 
level. The thermal flow measurement technology is 
usually based on the MEMS process, using the princi‐
ple of thermal balance. The flow measurement is car‐
ried out by heat or temperature difference, which has 
the advantages of a wide range ratio, fast response, 
small size, and low power consumption. It maintains 
good performance under a shallow flow rate. Noci et al. 
(2007) developed an MEMS thermal flow sensor for the 

Fig. 11  Hysteresis simulation and linearization of piezoelectric ceramic actuators based on Bouc-Wen hysteresis operators: 
(a) hysteretic curves; (b) hysteresis component. Reprinted from (Zhu and Wang, 2012), Copyright 2012, with permission 
from Elsevier. h(t) is the hysteretic component, and u(t) is the voltage applied to the piezoelectric ceramic actuator
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MVTC system of Gaia, LISA, and Darwin drag-free 
spacecraft, which supported the MVTC applied during 
orbit. However, the on-orbit data showed that the tem‐
perature drift caused a significant measurement error, 
resulting in unstable thrust control (Matticari et al., 
2006, 2011). In the usual case of continuous flow, the 
influence of pressure measurement can be ignored. 
However, the influences of MVTC cannot be dismissed 
because the flow measurement feature size is in the 
micron range and the gas thinning effect is prominent 
(Bruschi et al., 2006). The structural form, structural 
temperature distribution, and microstructure character‐
istics of the fluid channel are significantly affected 
(Dijkstra et al., 2009; Xu W et al., 2017). Therefore, 
studying the influence of complex factors and stable 
measurement methods is necessary.

5.3 Closed-loop control coupled with cross-basin 
flow

Drive actuator and measurement feedback are two 
key items in closed-loop control that need to be con‐
sidered when establishing control systems and methods. 
In real engineering, the three items: drive actuator, 
measurement feedback, and cross-basin flow environ‐
ment, are coupled together, which means the instability 
and noise challenge is a multiple-coupled problem. To 
understand the problem, this subsection first introduces 
the coupled noise and then analyzes the current status 
of a coupled noise mechanism to explore the thrust noise 
characteristics for the realization of active control.

5.3.1　Analysis of control and couple

The thrust noise problem in the process of MVTC 
involves the coupling of complex power conversion, 
electromagnetic conversion, and valve-core movement 
with the cross-basin flow. Currently, the research on 
thrust noise is mainly based on experiments, which 
are limited by test technology. The influencing factors 
and mechanisms of thrust noise need to be studied 
in-depth. ESA carried out the thrust noise test mea‐
surement work of the LISA Pathfinder MVTC system 
and showed that both piezoelectric driver and mea‐
surement instability can cause thruster noise (Nicolini 
et al., 2009; Jarrige et al., 2014). Ziemer et al. (2010) 
carried out active thrust noise control on the ST7-DRS 
system and found that active control can improve the 
thrust noise level at a higher level. At higher control 
frequencies, microfluidic piezoelectric drivers and flow 

measurement feedback add background noise, which is 
further complicated in spatially complex environments. 
The unsteady thermal boundary in the space environ‐
ment, along with the non-equilibrium effect brought 
by the movement of the pin, as well as the measure‐
ment instability, will interfere with the flow and cause 
thrust noise in the MVTC system. Thus, research on the 
active control and the coupling effect of cross-basin flow 
is important. Therefore, the following account explores 
the influence of active control on thrust noise, and a 
quantitative relationship between active control and 
thrust noise is studied.

5.3.2　Exploring the coupled noise mechanism

The thrust is traditionally measured by a double 
pendulum and other methods for obtaining thrust noise 
characteristics. However, MVTC is off the ideal mea‐
surement environment, and its environmental noise 
possibly affects the measurement result, which cannot 
meet the research needs. Moreover, theoretical methods, 
such as verifying thrust noise models and understand‐
ing thrust noise mechanisms, can provide only limited 
information (Jarrige et al., 2014). The practical obser‐
vation of the flow field must be carried out by other 
means. Laser-induced fluorescence (LIF) is a non-
contact optical diagnostic technique with high tempo‐
ral and spatial resolution. It can realize the measure‐
ment of a variety of parameters and has a wide appli‐
cation and significant advantage in the study of the 
non-uniform flow field. Palmer and Hanson (1993) used 
nitric oxide (NO) planar laser-induced fluorescence 
(PLIF) to measure the temperature distribution at the 
hypersonic nozzle. They verified the numerical calcu‐
lation model of hypersonic speed. Palma et al. (2003) 
used NO PLIF to observe the airflow instability in the 
shock wave wind tunnel experiment and finally miti‐
gated the instability problem by modifying the nozzle 
design. Zhang et al. (2017) used LIF to measure the air‐
flow velocity at the vent of the cathode arc heating wind 
tunnel and verified the design index of the wind tun‐
nel. By measuring the plume at the outlet of the micro-
Newton scale thruster with LIF technology, more de‐
tailed velocity, boundary layer, and temperature distri‐
bution information can be obtained. It provides richer 
data support for exploring the thrust noise mechanism 
and establishing the thrust noise mathematical model.

The MVTC is achieved by a piezoelectric preci‐
sion drive and flow closed-loop feedback due to the tiny 
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thrust. Piezoelectric hysteresis, oscillation of the piezo‐
electric driver mechanism, and uncertainty of the flow 
measurement feedback will cause the instability of the 
minimal thrust closed-loop control. The coupling of the 
actuator, flow feedback, and cross-basin flow will also 
cause thrust noise. The acquisition of accurate thrust 
noise characteristics will help to improve the effective‐
ness of active noise control and mitigate the effects of 
cross-basin coupling noise.

6 Summary and perspectives 

6.1 Summary

Variable thrust control technology involves multi-
disciplinary intersections such as cross-basin flow, elec‐
tromechanical effects, and control. Thrust noise is the 
key challenge of MVTC for drag-free flight. To realize 
minimal thrust, the coupling mechanism and active 
control method of cross-basin noise are core scientific 
issues for reducing the noise. Based on this, this paper 
provides an overview of the following four main areas.

(1) Core issue: The basic concepts of MVTC tech‐
nology and thrust noise are introduced generally, as 
well as some practical applications on drag-free satel‐
lite platforms. The on-orbit experiments indicate that the 
current thrust noise still cannot meet the requirements. 
The key noise factors are the cross-basin flow problem, 
the control problem, and the system instability and 
multiple-coupled problem.

(2) Cross-basin: The cross-basin rarefied gas flow 
problem is one of the main issues, and covers the con‐
tinuum region, slip region, transition region, and free 
molecular region. The thrust noise caused by gas flow 
fluctuation is analyzed. The cross-basin flow is mainly 
due to the coupling of the rarefaction effect, wall effect, 
wall roughness, and fluid-solid heat transfer. The thrust 
noise will generate from the flow fluctuation’s bound‐
ary layer sensitivity and flow stability problems.

(3) Control: The control methods of MVTC tech‐
nology and its application on “drag-free” satellite plat‐
forms are reviewed. Through the analysis, the defi‐
ciency of the current control methods means that the 
control accuracy and noise processing ability can only 
partially satisfy the MVTC system. The commonly used 
PID solution falls short of the target. To satisfy the indi‐
cators of control under a cross-basin environment, more 
research adapted to the nonlinearity of piezoelectric 

execution and the uncertainty of flow feedback drift is 
required.

(4) Instability and couple: Inside the system, 
piezoelectric execution and the measurement feedback 
itself show an instability where the noise strongly 
increases. However, in real engineering, the three items: 
the drive actuator, measurement feedback, and the 
cross-basin flow environment, are coupled together, 
and the noise is seen as a multiple-coupled problem. 
The observance of thrust noise is helpful for explor‐
ing the mechanism and finally realizing active noise-
reducing control.

6.2 Perspectives

Based on existing research, there is still a lack of 
in-depth consideration of “complex cross-basin flow,” 
“space working environments,” “thrust noise mecha‐
nism,” and “active suppressing methods,” which could 
bring a further improvement of the noise problem in 
the future. In totality, the following discussions need 
to be further explored:

(1) In the study of trans-basin flow mechanisms, 
the existing microscale flow research has progressed in 
respect of the cross-basin flow mechanism. However, 
the control of minimal thrust still needs the advanced 
mechanism of cross-basin flow instability in micro 
nozzles and the comprehensive influence of multiple 
physical factors (Galindo-Rosales et al., 2014). Some 
researchers have used the NS/DSMC method to ana‐
lyze the flow in the micro nozzle (Sun et al., 2008; Li 
et al., 2022). However, there needs to be more consid‐
eration of the heat transfer factors in the space envi‐
ronment and of the lack of comprehensive impact anal‐
ysis of the actual rough wall in the micro nozzle (Cai 
et al., 2015a, 2015b, 2017), as well as the microscale 
effect and wall effect. More research still needs to be 
conducted on the formation mechanism of the initial 
disturbances affecting flow fluctuations and thrust 
noise. An accurate prediction model for the full range 
of thrust of the micro-Newton scale thruster has yet to 
be established.

(2) In the study of control methods for MVTC, 
linear control theory based on accurate models cannot 
fully consider uncertain influences. It requires research 
into control methods oriented towards cross-basin fluid 
nonlinearity and complex coupling laws of regulation 
and flow. To study variable thrust regulation at the 
micro-Newton level, researchers are currently adopting 
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linear PID control, which cannot satisfy the demand 
for thrust noise suppression (Ma et al., 2022). There is 
a lack of basic research on the mechanism of thrust 
instability generated by the coupling of fluid regulation 
links such as piezoelectric driver, flow measurement 
feedback, and cross-basin flow. Control methods that 
adequately consider complex influences on the nonlin‐
earity of microfluidic flow still need to be established. 
The above reasons lead to the insufficient adaptability 
and regulation stability of cross-basin fluid control for 
minimal thrusts.

(3) In the study of instability in closed-loop con‐
trol, the nonlinearity and uncertainty of the implemen‐
tation and feedback of minimal thrust closed-loop con‐
trol have an important impact on thrust noise suppres‐
sion. Studying the minimal thrust noise suppression 
method based on the piezoelectric driver and flow feed‐
back closed-loop control is necessary. Much research 
has been carried out on variable thrust regulation of 
piezoelectric hysteresis characteristics, as well as on 
control methods and the basic methods of flow mea‐
surement. However, stability control of piezoelectric 
creep for long-term service is lacking. A stability model 
for flow measurement considering spatial multi-physics 
factors is needed. Moreover, research should be car‐
ried out into low-frequency domain thrust noise sup‐
pression methods considering the piezoelectric driver 
and flow measurement. There is also a need to achieve 
noise suppression in the closed-loop control itself and 
noise transfer suppression. Moreover, an advanced noise 
observing method, such as LIF, will be able to bring a 
better understanding of the coupling mechanism. A 
clear coupling mechanism will help to establish the 
noise coupling model with consideration of cross-basin 
flow, active control, system instability, environment, 
etc. Based on this noise model, better nonlinear con‐
trol algorithms might be achieved. Examples are mode-
predictive control, noise active suppression control, feed‐
forward active disturbance rejection controller (Wang 
et al., 2020), and noise-description flatness feedback 
control (Singh et al., 2015; Wang EY et al., 2021).

Future research could be undertaken in three areas: 
cross-basin flow mechanisms, control methods for 
MVTC, and measurement feedback and drive actua‐
tion for closed-loop control of MVTC to achieve sup‐
pression of thrust noise generated in MVTC. Further 
research, aiming at precision measurements (Li et al., 
2021), noise couple mechanism, high-precision control 

methods, precision devices, and fluid thermodynamics, 
will support MVTC in the next generation of high-
precision drag-free spacecraft.
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